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Purna Chandra Rath
(8 October 1889–1 May 1982)
This book is dedicated to Kaviraj Purna 
Chandra Rath (1889–1982), an exponent of 
Ayurveda, the ancient Indian traditional 
science of life, health, and medicine, who 
lived up to the age of 93 without any major 
health issue in the holy city of Puri situated 
in the state of Odisha on the east coast of the 
Bay of Bengal in India. He was educated in 
Sanskrit, Ayurveda, and prepared large 
number of ayurvedic medicines from natural 
medicinal herbs and other materials 
according to the ancient ayurvedic scripts at 
his home dispensary. He had successfully 
practiced Ayurveda for 60 years for the 
treatment of thousands of patients suffering 



from various diseases across the state of 
Odisha. He had played key role in the 
establishment of ayurvedic schools and 
trained next generations of experts, many of 
them learnt the age-old science by staying 
with him at his home as a “gurukul” free of 
cost. For these exemplary contributions in 
Ayurveda and public life, he was awarded 
the prestigious title of “Vaidyaratna” by the 
then viceroy of British-India in 1938. Purna 
Chandra had written many books on 
Ayurveda and poetry in Odia, the language 
of Odisha which later became the sixth 
classical language of India, for the benefit of 
people. His biography was written by a 
professor of Odia literature, describing the 
journey of his life beginning as a village boy 
to a highly acclaimed authority in Ayurveda, 
who demonstrated the unmatched value and 
utility of this ancient Indian traditional 
medicine system for the society at a nominal 
cost. This is an ideal example of healthy 
aging of a socially relevant person who lived 
in India several decades ago.
Original Address: Late Vaidyaratna Kaviraj 
Purna Chandra Rath, South Gate, Puri-
752001, Odisha
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Preface

Since life emerged in cellular form, two things must have become imminent, the cell 
must propagate itself and there should be a limited lifespan of a cell. If cells do not 
die, new cells will gradually become less and less in number and the population of 
cells would soon stop making any more new cell. Such a population of cells will 
ideally contain “senescent” cells or old cells. Thus, we have precursor cells (“stem 
cells”), which are ready to divide; dividing cells; cells that do not divide any more – 
hence becoming old cells; and cells undergoing the process of cell death. Therefore, 
if old cells accumulate in a tissue or organ, it manifests expression of aging. If we 
can remove old cells from tissues or organs, it would result in “rejuvenation” – a 
process of reverse aging. Biological differences among stem cells, dividing cells, 
senescent cells, dying or dead cells and rejuvenated cells constitute the entire spec-
trum of aging. Cellular aging is planned at the birth of a cell, so also for the tissues, 
organs and organisms. Aging may finally eliminate a cell or an individual but keeps 
the rest of the system or population young and active. Possibly, that is why aging 
has been selected through evolution. However, we would like that the aging cell or 
individual should remain free of major faults until the end. Hence, health-span is the 
new name for longevity or lifespan. Health is wealth at all ages.

Biology of aging is both inherent and intrinsic to individual cells, the genetic 
material (DNA) of cells, the cellular genomic information (DNA and RNA), non-
genomic component (proteins and membrane systems) and the network of events 
(cell signalling pathways). The cellular compartmentalization (nucleus, mitochon-
dria, endoplasmic reticulum, lysosome and peroxisome) presents an organizational 
and architectural design, where the processes of both life and death are executed. 
Since biological processes have to be carried out by macromolecular assembly of 
units of structure and function, be it chromatin-DNA, RNA-protein, protein-protein 
complexes or structural designs of bio-membranes or polymers of sugar, lipid and 
peptide, restrictions on temperature, pH, ionic concentration and osmolarity have to 
be imposed to ensure native conformation, lower activation energy, efficient cataly-
sis, sustainable positive-negative regulations and recycling of resources. 
Optimization of structure gives way to efficiency of catalysis and regulation. 
Metabolic pathways establish foundation of cellular physiology. Utilization of 
nutrients generates energy and releases free radicals such as reactive oxygen species 
(ROS) and reactive nitrogen species (RNS). These cause oxidative stress in cells 
due to oxidation of proteins, lipids and DNA/RNA. In order to keep it under control, 
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cellular scavenger molecules have evolved either as enzymes (Glutathione-S-
transferase, catalase, super oxide dismutase, etc.) or as metabolites (glutathione, 
ascorbic acid, etc.). A small amount of ROS activates cellular signalling and gene 
expression but higher amounts of ROS cause disease. 

During aging of cells and tissues in almost all organisms studied so far, oxidative 
stress increases, telomeres at the chromosomal ends get shortened, the stem cell 
reserves of the tissues get exhausted, the gene expression and regulation mecha-
nisms become less efficient, the metabolic pathways lose their balance, the protein 
synthesis and regulation machinery gets affected, DNA damage increases and DNA 
repair systems fall, mutations accumulate in the genomic DNA, low grade chronic 
inflammation becomes persistent and immune responses against infections become 
weaker, and senescent cells accumulate in tissues and organs. The old organism suf-
fers from decline of almost all physiological functions and becomes more prone to 
age-related diseases ultimately leading to death. Thus although aging is not a dis-
ease, it invites many diseases. Diseases and human suffering are a curse but drugs 
and medical treatments are a big market. Social values and cultural virtues in human 
civilizations have always stood for humanity and nature. Scientific advancements 
brought new knowledge into existence and gave birth to technology for further 
development. Appropriate policies ensure development to be inclusive and plural in 
human society. The need of the hour is to give a patient listening to the problems of 
the elderly and extend a helping hand to those who have spent their life in hand-
holding in a socially relevant lifetime.

Models, Molecules and Mechanisms in Biogerontology: Cellular Processes, 
Metabolism and Diseases contains two parts: (I) Alterations in Cellular Mechanisms 
During Aging and (II) Alterations in Metabolism During Aging and Diseases. There 
are 21 chapters written by authors from nine Indian university/institute(s) and three 
university/institute(s) in the USA, Germany and Italy. Section I deals with 15 chap-
ters: protein structure and function, DNA replication, transcription and gene expres-
sion, ribosome and translation, transcription factors (p53 & Pax), telomere and 
telomerase, epigenome and epigenetic rejuvenation, mitochondria and free radicals 
(ROS), stem cells and model systems (Dictyostelium, Drosophila & Killifish) in 
relation to aging and age-related diseases. Section II deals with six chapters: mus-
cle, metabolic diseases, nutrient sensing, protein aggregation, biological rhythms 
and cancer in relation to aging. The concepts, molecules and mechanisms involved 
in cellular processes linked to aging, longevity and age-related diseases are high-
lighted. There has been an attempt to link the basic biology with gerontology and 
geriatrics in order to provide contemporary and cutting-edge information for basic 
research and clinical situations. The text is designed for graduate students and 
researchers. It could also help policy makers as well as public and private bodies in 
the field of biomedical gerontology and geriatrics.

The editor of this book thanks all the authors who have contributed the chapters 
unconditionally. Apologies are due for not being able to make a mention of all the 
work done in this field. Some of us writing chapters for this book have been either 
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Master’s or Ph. D. students of Prof. M. S. Kanungo, our teacher, who started research 
on biology of aging after founding the Biochemistry Section in the Department of 
Zoology at Banaras Hindu University, Varanasi, India, as early as 1960s. We express 
our sincere regards to his departed soul. The School of Life Sciences at Jawaharlal 
Nehru University, New Delhi, India is acknowledged for all help.

New Delhi, India Pramod C. Rath 
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1Protein Structure and Function in Aging 
and Age-Related Diseases

Anshumali Mittal and Pramod C. Rath

 Introduction

The central dogma of molecular biology, first stated by Francis Crick, is an explana-
tion of flow of genetic information that “DNA makes RNA and RNA makes pro-
tein” [1]. However, recent advances in biology have suggested that the central 
dogma of molecular biology is more complex than envisaged by Crick. For exam-
ple, RNA is not just a passive intermediary link between DNA and protein but has 
many structural and regulatory roles, such as catalyst (ribozyme), scaffolds, decoy, 
and guiding and signaling molecules (rRNA, tRNA and noncoding RNAs) [2, 3]. 
However, proteins are the predominant product of gene expression and are the most 
abundant and diverse biomolecules in living cells. They perform wide variety of 
roles including catalysis, immunity, transportation, scaffold, signaling, and as struc-
tural component. These functions suggest that proteins are responsible in part for 
maintaining functional stability and homeostasis of tissues and cells and, therefore, 
may occupy central stage in the aging and longevity process. During aging, there 
are many opportunities for an appositely transcribed peptide and protein to become 
structurally altered and, hence, accumulation of altered proteins may be correlated 
with a loss of function or, in some cases, a gain of inappropriate or toxic functions 
[4, 5]. In general, protein molecules need to fold into a unique three-dimensional 
structure to perform its function. The functional conformation of newly encoded 
polypeptides in the cell is achieved by the regulated folding during/after protein 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9005-1_1&domain=pdf
https://doi.org/10.1007/978-981-32-9005-1_1#ESM
mailto:mittalans@gmail.com
mailto:pcrath@mail.jnu.ac.in
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synthesis, which is often assisted by chaperones. Chaperones bind and stabilize 
unfolded or partially folded polypeptides along the folding pathway that leads to 
correctly folded conformation, which otherwise fold incorrectly or aggregate into 
insoluble complexes [6, 7]. However, if chaperones fail to refold a protein and 
extent of protein damage is too large or the cellular conditions are not adequate for 
refolding, then the unfolded protein is delivered to the ubiquitin–proteasome or the 
lysosomal systems for degradation. Chaperone malfunctions or alterations in the 
cellular degradative pathways, at least in part, result in intracellular accumulation of 
damaged proteins and organelles, which form the basis of different human patholo-
gies. Accumulation of damaged biomolecules is one of the characteristics of tissues 
in all organisms as they age and results in their functional loss during aging [8].

In addition to protein folding, modifications of amino acids and their side chains 
contribute significantly to the structural and functional diversity of proteins, and 
these modifications substantially increase the complexity of the eukaryotic pro-
teome than coded by the genome. These posttranslational modifications of proteins 
influence the enzyme activity, gene expression and silencing, DNA repair, protein 
turnover, localization, protein–protein interactions, many cell signaling cascades, 
and cell division process [9]. As we age, our cells encounter an alteration in these 
pathways listed. Thus, it is necessary to identify and understand the alterations of 
specific proteins during aging and their roles in age-related pathologies.

Recently, Lopez-Otin et al. have proposed nine candidate hallmarks that contrib-
ute to the aging process and thus determine the aging phenotype [10]. These hall-
marks are genomic stability, telomere attrition, epigenetic alterations, loss of 
proteostasis, deregulated nutrient sensing, mitochondrial dysfunction, cellular 
senescence, stem cell exhaustion, and altered intercellular communication [10]. In 
these cellular and molecular hallmarks, protein molecules occupy prominent posi-
tion and during aging or in age-related pathologies, alteration in the rate of protein 
synthesis, posttranslational modifications, folding, turnover, and cell signaling are 
accelerated. In this chapter, we are discussing these topics listed and starting with 
the metabolic signaling pathways that regulate aging and life span.

 Metabolic Pathways and Aging

Aging is a complex process driven by diverse molecular pathways and biochemi-
cal events, which are contributed by both environmental and genetic factors. 
Caloric restriction is one of the most robust interventions for extending life span 
in mammals due to its ability to affect different pathways including sirtuin 1 
(SIRT1) activation [11], insulin/IGF-1 pathway [12], AMP-activated protein 
kinase (AMPK) pathway [13], and mammalian target of rapamycin (mTOR) sig-
naling [14] (Table 1.1). In these pathways, the longevity response is under active 
control by specific regulatory proteins, and the collective aim of these pathways is 
to promote cell survival, stress defense mechanisms, autophagy activation, pro-
tein synthesis, and ultimately life span extension [15]. The nutrient-sensing TOR 
pathway regulates protein synthesis as well as protein degradation by autophagy, 

A. Mittal and P. C. Rath
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and these processes are known to be influenced during aging [16], and therefore, 
here, we are focusing on the role of the TOR pathway in aging, and the other 
pathways are described elsewhere [17].

 TOR-Signaling Network

Almost a decade back, Mikhail V. Blagosklonny proposed that the main driver of aging 
is TOR signaling rather than reactive oxygen species [18], as inhibition of the TOR 
pathway extends life span in many species, from yeast to mice [14, 19, 20]. mTOR 
protein is a 289-kDa multidomain serine–threonine kinase that belongs to the phos-
phoinositide 3-kinase (PI3K)-related kinase family. mTOR interacts with other pro-
teins to form two main types of complexes, mTOR complexes 1 and 2 (mTORC1 and 
mTORC2). Raptor and Rictor are unique proteins associated with the mTORC1 and 
mTORC2 complexes, and they have been linked with longevity, suggesting a role of 
TOR pathway signaling in age-specific functions [21]. mTOR is essential for viability 
in organism ranging from yeast to mammals, and disruption of the mouse mTOR gene 
results in embryonic lethality and inhibition of embryonic stem cell development [22].

mTORC1 is an important node in cellular regulation impacting on cell growth 
that is linked to aging. Signaling through mTORC1 is activated by a variety of 
agents including hormones, mitogens and growth factors, and amino acids, and is 
negatively regulated by stressful conditions, such as decreased energy (ATP) 
availability [16]. It is a master regulator of cell metabolism (such as autophagy 
and protein synthesis), growth, proliferation, and survival. In the following sec-
tion, we are discussing in brief the ways in which autophagy [23] and protein 

Table 1.1 Examples of conserved pathways that are known to regulate lifespan in different model 
organisms

Pathway Characteristics
Change that 
extends lifespan Conservation

Insulin/IGF-1 Endocrine signaling Inhibition Worms, flies, mice, 
humans

TOR Nutrient/amino acid 
sensing

Inhibition Yeast, worms, flies, mice

AMPK Nutrient/energy sensing Overexpression Worms, mice (indirect 
study)

SIR2 NAD+-dependent 
histone deacetylase

Overexpression Yeast, worms (in some 
cases), flies (in some 
cases)

Mitochondrial 
electron transport 
chain

Respiration Inhibition Worms, flies, mice

Germline stem cells Reproduction Inhibition Worms, flies

TOR target of rapamycin, AMPK AMP-activated protein kinase, SIR2 silent information 
regulator-2
Reprinted from the permission from Elsevier (License Number 4006491099104)
Histone methylation makes its mark on longevity, Shuo Han and Anne Brunet, Trends in Cell 
Biology, Vol. 22, No.1, January 2012

1 Protein Structure and Function in Aging and Age-Related Diseases
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synthesis [24] may contribute to modulate longevity by the TOR pathway. The 
overall thrust of these studies is that inhibiting mTOR signaling or protein synthe-
sis can extend life span [16].

 mTOR, Protein Synthesis, and Life Span
Protein synthesis is an essential part of cellular metabolism during which living 
cells build proteins. Accumulating evidence of research in many organisms, includ-
ing human, have suggested that aging is accompanied by marked alterations in the 
total protein synthesis, indicating a link between aging process and the regulation of 
protein synthesis. Protein synthesis is a conserved process involving three main 
steps: initiation, elongation, and termination, and the major components involved in 
this multistep process are ribosomes, tRNAs, aminoacyl-tRNA synthetases, and 
translation initiation factors (eIFs). However, protein synthesis is principally regu-
lated at the initiation stage, which requires coordinated assembly of a large number 
of proteins known as initiation factors, and it appears that the activity of these pro-
teins decline with age, resulting in reduced protein synthesis [25, 26].

Two well-known substrates of mTORC1, namely, 4E-BP1 and ribosomal protein 
S6 kinase (S6K), are linked to the regulation of protein synthesis at translational 
initiation and elongation step and are coupled to the aging process in different 
organisms [27–29]. TOR-mediated phosphorylation of 4E-BPs disrupts an inhibi-
tory interaction between 4E-BP and elF4E and promotes increased translation ini-
tiation. Reduced expression of elF4E or enhanced inhibition between 4E-BP and 
elF4E leads to life span extension in both worms and flies [30, 31]. A similar obser-
vation was also reported in C. elegans where inhibition of ifg-1 and rsks-1 (the 
worm homologue of eIF4G and S6 kinase) results in reduction of global protein 
synthesis and extends life span [32]. Ribosomal S6 kinase, a downstream effector of 
mTOR, is one of the most conserved modulators of aging, and reduced expression 
leads to life span extension. mTOR also regulates protein synthesis by phosphory-
lating S6K, which, in turn, leads to the phosphorylation and activation of translation 
elongation factor 2 kinase (eEF2K), which could ultimately affect global translation 
[30, 33]. In mice, it has been observed that deletion of S6 kinase 1 (S6K1) led to 
increased life span and as well as resistance to age-related pathologies, such as 
bone, immune, and motor dysfunction [34].

In all cases, the rate of protein synthesis in “long-lived” animals is reduced, com-
pared to wild-type control animals. Since protein synthesis consumes approximately 
two-thirds of the total energy produced by a cell, a reduction in protein synthesis would 
lead to significant conservation of energy, and the surplus energy can be directed for the 
DNA repair and cellular maintenance, therefore, extending longevity. During aging, 
lowering the rate of protein synthesis may additionally reduce the risk of accumulation 
of misfolded, aggregated, and mutated proteins, which occurs in many age-related neu-
rodegenerative diseases, such as Alzheimer’s and Parkinson’s disease [35].

A. Mittal and P. C. Rath
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 Autophagy, mTOR, and Life span
Autophagy, regulated by mTORC1 signaling, is a self-degradative process in which 
misfolded or aggregated proteins and damaged cytoplasmic organelles are removed. 
Three different types of autophagy have been described in mammalian cells: 
chaperone- mediated autophagy (CMA), microautophagy, and macroautophagy, 
with each of them promoting proteolytic degradation of cytosolic components at the 
lysosome [36, 37]. In CMA, all substrate proteins contain a pentapeptide motif (Q, 
K/R, F/VL/I and E/D and fifth amino acid can be either K/R or F/VL/I) that is rec-
ognized by a 70 kDa heat-shock protein, and the complex formed is targeted to the 
surface of the lysosomes for its translocation and followed by degradation [38]. 
Macroautophagy involves sequestrations of random cytoplasm and dysfunctional 
organelles by the expanding phagophore leading to the formation of a double- 
membrane vesicle referred to as autophagosome that subsequently fuses with lyso-
somes for degradation. In microautophagy, cytosolic components are directly taken 
up by the lysosome itself through invagination of the lysosomal membrane [37].

Defects in autophagy have been associated with age-related cellular changes, 
such as intracellular accumulation of damaged proteins and organelles [39, 40]. In 
a study to understand a link between autophagy and aging, loss-of-function 
mutants in the autophagy genes (bec-1, unc-51 and atg-18) were analyzed, which 
showed a clear acceleration in tissue aging and a reduced life span in C. elegans 
[16, 41]. Similar observations were also obtained from the RNAi knockdown of 
atg-7 that reduced the life span of wild-type C. elegans [42]. Additionally, in 
Drosophila, mutation in autophagy gene Atg7 and reduced expression of Atg8 
also decreased longevity, while upregulation of Atg8 increased longevity [43, 44]. 
As indicated by the studies in C. elegans, inactivation of autophagy genes, such as 
bec-1, unc-51, and atg-18 resulted in the inhibition of TOR activity. Taken all 
together, this indicates that the TOR and autophagy function via the same signal-
ing pathways to affect life span. A decrease in the autophagic activity is observed 
in almost all cells and tissues during aging and age-related diseases. Cancer, neu-
rodegenerative diseases, and metabolic disorders, such as diabetes, are some of 
the examples that have been identified due to alterations in autophagy. Alterations 
in macroautophagy and CMA have been associated with early changes in 
Alzheimer’s disease- and Parkinson’s disease–affected neurons, respectively. 
Autophagy has also been identified in playing a role in tumor suppression by 
removing damaged organelles and reducing chromosome instability [8]. 
Sarcopenia, an aging-related disease with a decline in mass and strength of skel-
eton muscle due to the imbalance between protein synthesis and protein degrada-
tion, is also associated with inaccurate regulation of Autophagy. In sarcopenia, 
loss of skeleton muscle mass is caused by many factors including accumulation of 
denatured, misfolded and aggregated proteins [45]. Detailed role of autophagy in 
aging can be read elsewhere [8, 23].
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 Posttranslational Modifications of Proteins During Aging

Posttranslational modifications (PTMs) modulate protein function in most eukary-
otes and contribute to the functional diversity of the proteome. These modifications 
may alter physical and chemical properties of proteins, and consequently determine 
their correct folding, targeting, activity, and stability. It includes (a) covalent modi-
fications of amino acids, such as methylation of lysine, arginine, and methionine 
and phosphorylation of serine, threonine, and tyrosine residues; (b) proteolytic 
cleavage of the polypeptide backbone; and (c) nonenzymatic modifications, such as 
deamidation of asparagine.

 Phosphorylation

Phosphorylation of serine, threonine, and tyrosine residues is one of the best- studied 
modifications of proteins. The coordinated activities of protein kinases and protein 
phosphatases result into phosphorylation and dephosphorylation of protein mole-
cules, which are central to many biological processes, including transcription, trans-
lation, protein synthesis, cell division, signal transduction, cell growth, and 
development [25, 46, 47]. Phosphorylation of proteins involved in the regulation of 
cell cycle progression has been shown to play a significant role in the progression of 
aging. For example, senescent fibroblast cells are unable to pass the restriction point 
(R) in the G1 stage of the cell cycle due to the absence of phosphorylation of retino-
blastoma protein resulted due to the accumulation of inactive cyclin E/Cdk2 and 
possibly cyclin D/Cdk4 kinases. Additionally, senescent cells contain high amounts 
of p21, which is a potent cyclin-dependent kinase inhibitor whose levels are also 
elevated in cells arrested in G1 following DNA damage, indicating a common 
mechanism involved in both arrests [48]. Various proteins involved in protein syn-
thesis undergo phosphorylation and dephosphorylation and thus regulate protein 
synthesis through a variety of mechanisms [49]. For example, phosphorylation and 
dephosphorylation of many translation initiation factors (eIF-2), elongation factors 
(eEF-1, eEF-2), ribosomal proteins (S6), and amino acid-tRNA synthetases affect 
the rate of protein synthesis, and there are indirect evidences indicating that the 
phosphorylation/dephosphorylation by specific protein kinases of these regulatory 
proteins may affect the protein synthesis during aging [50–53].

At the molecular level, protein phosphorylation-mediated signal transduction is 
accompanied by a series of biochemical events comprising phosphorylation and 
dephosphorylation by specific protein kinases and phosphatases, respectively. 
Several protein kinases have been reported to play critical roles in brain functions. 
In particular, protein kinase C, a family of serine- and threonine-specific protein 
kinase, expresses in brain tissues and plays an important role in short-term pro-
cesses (ion fluxes, neurotransmitter release), midterm process (receptor modula-
tion), as well as long-term processes (cell proliferation, synaptic remodeling, and 
gene expression). Based on sequence homology and sensitivity to activators 10, 
isoforms of PKC have been described [54–59]. Each isoform of PKC may have 
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unique role in subcellular localization, and substrate phosphorylation and the spec-
ificity in these pathways are achieved by protein–protein [60] and protein–lipid 
[61] interactions, and any alteration in these interactions may impair the PKC path-
way functioning, which may cause physiological or pathological aging (i.e., 
Alzheimer’s disease) [58].

 Methylation

Methylation occurs on all three components of the central dogma of molecular biol-
ogy that include RNA, DNA, and protein molecules. In DNA, methylation takes 
place at typically at CpG sites by DNA methyltransferases [62]; in RNA, including 
mRNAs, tRNAs, and noncoding RNAs, methylation modification is found on ade-
nosine at the N6 position (m6A) catalyzed by RNA methyltransferases [63] and in 
protein molecules by the specific methyltransferases protein complexes [64, 65]. 
Methylation either in DNA, RNA, or histone proteins is maintained over cell divi-
sions and help in establishing the cell type–specific gene expression patterns. Using 
microarray methodology, it has been shown recently that age-related DNA methyla-
tion changes occur in human genome. For example, promoter-associated CpG 
islands contain low DNA methylation, and intergenic non-island CpGs contain high 
DNA methylation, which tend to gain and lose methylation, respectively, with age. 
In addition to general pattern of DNA methylation alteration with age, DNA meth-
ylation at specific sites in the genome are highly associated with age and have been 
used to predict chronological age accurately [66–69]. A recent report suggests that 
the methylation of a cytosine residue (C2381/C2278) within a conserved region of 
25S rRNA, located in the vicinity of the peptidyl transferase center of the large 
ribosomal subunit, is critical for the rRNA-mediated translational regulation. They 
discovered that NSUN5 and Rcm1, conserved m5C-rRNA methyltransferase 
enzymes found in flies and yeast, are responsible for the methylation of C2381/
C2278 of ribosomal RNA. Interestingly, it was found that the modification of 25S 
rRNA either by a reduced levels of RNA methyltransferase or a point mutation of 
cytosine C2381/C2278 modulates longevity and is able to influence the aging pro-
cess in flies/yeast [70]. The role of RNA methyltransferases in tissue renewal and 
pathology can be read elsewhere [71].

In proteins, methylation is one of the most observed posttranslational modifica-
tions in mammalian cell. Addition of methyl groups to the side chains of arginine, 
lysine, and histidine (at amino group) and glutamate and aspartate (at carboxyl 
group) residues increases the hydrophobicity of the protein and can neutralize a 
negative amino acid charge when bound to carboxylic acids [72]. Methylation, 
occurring to the side chain of arginine and lysine residues in the N-terminal histone 
tails, is catalyzed by multiprotein complexes referred to as arginine/lysine methyl-
transferases [73]. MLL/PcG family members are lysine methyltransferases, which 
modify histone H3 at lysine 4 (H3K4)/H3 at lysine 27 (H3K27) by adding mono- 
(Me1), di- (me2), or tri-methyl (me3) groups. These H3K4 me1/me2/me3 and H3K27me1/

me2/me3 marks are responsible for maintaining transcriptional state of HOX genes 
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important for the development and stem cell function [74–76]. In mammals, H3K4 
methyltransferase core complex is composed of RbBP5, Ash2L, WDR5, Dpy30, 
and MLL subunits. Recent work in C. elegans has reported that a deletion of ASH-2, 
WDR5, or SET-2 reduces genome-wide levels of H3K4 trimethylation and signifi-
cantly extends life span in worms. Interestingly, overexpression of RBR-2, which 
specifically demethylates H3K4-me2/me3, also extends life span in C. elegans [77]. 
As H3K4 me1/me2/me3 is generally associated with transcriptional activation, and there-
fore, it appears from these studies that limiting H3K4 methylation level increases 
longevity in C. elegans through reducing the transcription of longevity-related 
genes (Table 1.2) [78]. The role of H3K4 me1/me2/me3 histone mark in longevity has 
different effects on life span in different species (such as Drosophila and human) 
suggesting that the answer is likely complex [78]. For extensive reviews focusing on 
key aspects on histone methylation-mediated epigenetic regulators in aging and lon-
gevity, please see [78, 79].

Table 1.2 Histone methylation regulators in aging and longevity

C. elegans Drosophila Mammals
H3K4me3
Change with age? NT Decrease (in the 

brain) ♀
Change in landscape

KD or mutation of 
methyltransferase

Increase lifespan ⚥ No effect on lifespan 
(Trx complex) ♂

(in the brain) NT

COMPASS complex
OE of methyltransferase NT NT NT
KD or mutation of 
demethylase

Decrease lifespan ⚥ Decrease lifespan ♂ NT

OE of demethylase Increase lifespan ⚥ NT NT

H3K4mel/me2
Change with age? NT NT NT
KD or mutation of 
methyltransferase

NT NT NT

OE of methyltransferase NT NT NT
KD or mutation of 
demethylase

Increase lifespan ⚥ NT NT

OE of demethylase NT NT NT
H3K27me3
Change with age? Decrease ⚥ NT NT

KD or mutation of 
methyltransferase

NT Increase lifespan ♂ NT

OE of methyltransferase NT NT NT
KD or mutation of 
demethylase

Increase lifespan ⚥ NT NT

OE of demethylase NT NT NT

NT not tested, KD knockdown, OE overexpression
Reprinted from the permission from Elsevier (License Number 4006491099104)
Histone methylation makes its mark on longevity, Shuo Han and Anne Brunet, Trends in Cell 
Biology, Vol. 22, No.1, January 2012

A. Mittal and P. C. Rath



11

Barber et al. studied age-dependent modifications in the membrane proteins of 
human erythrocytes and observed three- to sevenfold increments in carboxyl meth-
ylation with age for cytoskeleton proteins, such as bands 2.1, 3, and 4.1. They pro-
posed that age-dependent methylation at carboxyl end is different from the other 
form of covalent modifications because carboxyl methylation is observed only in 
“abnormal proteins,” accumulated with age, formed by spontaneous racemization 
of L-aspartyl or L-asparaginyl residues [80].

 Deamidation, Racemization, and Isomerization

Deamidation is a posttranslational modification observed in large percentage of pro-
teins, where asparagine (Asn or N) and glutamine (Gln or Q) residues lose ammo-
nium molecule to form aspartic (Asp or D) and glutamic acid (Glu or E), respectively. 
Deamidation, a hydrolytic reaction, introduces an additional negative charge in the 
altered protein by losing an ammonium group from the neutral amide side chain of 
N/Q amino acid to produce a negatively charged amino acid D/E, respectively. 
Although this modification does not alter the amino acid chain length, change in 
primary sequence may affect the secondary and tertiary structure ultimately affect-
ing the stability and functionality of the altered protein [81, 82]. However, deamida-
tion of Asn is found more frequently than that of Gln, both in vitro and in vivo 
during development and aging of cells [83].Whether and to what extent Asn or Glu 
is deamidated depends primarily on primary sequence and three-dimensional struc-
ture of the protein, as well as on the pH, temperature, buffer ions, and other solution 
properties [82, 84]. Protein deamidation rates are encoded in the protein structure, 
and therefore, they serve as molecular clock in biological events, such as protein 
turnover, development, and aging [81, 85].

One aspect of human aging involves the degradation of long-lived proteins, and 
therefore, different methodologies, such as radioisotope pulse labelling and L/D 
aspartic acid racemization, were used for estimating the protein turnover rate, which 
identified elastin, tooth enamel, tooth dentine, and eye lens crystallins to have half- 
lives on the order of years [86–89]. The α-, β-, and γ-crystallins, major structural 
proteins of human lens responsible for maintaining transparency of lens, are excel-
lent examples for studying age-dependent alteration of proteins. The α-crystallin 
occurs as large aggregates of about 800  kDa, comprising two types of αA- and 
αB-crystallin. Both forms of α-crystallins β-, and γ-crystallins get deamidated in an 
age-dependent manner, namely, at Asn101  in human αA-crystallin, Asn149  in 
chicken αA-crystallins, Asn146 in bovine αB-crystallin, and Gln92 and Gln170 in 
γ-crystallin [83, 90]. Deamidation reaction can cause changes in charge and mass of 
crystallins that potentially decrease their stability, enhance aggregation, alter crys-
talline–crystalline interactions and finally alter the physical properties of lens and 
accelerate cataract formation [91].

In an effort to examine structural changes in another lens protein, major intrinsic 
protein (MIP), MIP-enriched membrane fractions were prepared from human lenses 
with age varied from 7 to 86  years, followed by chemical cleavage by CNBr 
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combined with reverse-phase HPLC to fractionate the protein into fragments for 
mass spectrometric analysis. It was found that the human MIP is heterogeneously 
modified by truncation at the N- and C-terminal, phosphorylation, and deamidation, 
which result in decreased levels of native intact MIP with age. These modifications 
can be used as a marker for cell aging [92]. Deamidation also plays a role in the 
progression of Alzheimer’s disease and Prion diseases.

 Oxidation

In 1956, D. Harman conceived the “free radical theory” of aging [93], which was 
further modified by him in 1972 and referred to as mitochondrial theory of aging 
[94]. This theory proposes that reactive oxygen species produced in the mito-
chondria causes aging through random molecular damage of DNA and macro-
molecules including proteins and lipids. Random modification of protein side 
chains, induced by oxidative damage, is estimated to be a dominant source of 
protein stability loss in aging cells [95]. Proteins, among other biological mole-
cules such as nucleic acids, are most important targets for oxidative damage 
because they are most abundant macromolecule in the cell and mediate cellular 
processes necessary for an organism to survive. Studies focusing on understand-
ing the effects of oxidative damage on proteins in the context of aging suggested 
that approximately less than one amino acids per protein molecule are modified 
but account for large phenotypic changes in aged organisms [95, 96]. Oxidation 
of positively charged side chains (Lys, Arg) and neutral side chains (cysteine, 
methionine, proline, threonine, and histidine) is most frequent and results in sig-
nificant protein instability in aging cells and organisms. Thus, these untargeted 
modifications can perturb catalytic activity as well as stability of proteins [95]. 
Other than prominent methods of oxidative modifications to amino acids side 
chains, shown in Table 1.3, and oxidation of guanine and methylation of cytosine 
in DNA also become abundant with age.

Proteins implicated in aging are often may have the following malfunctions: [1] 
altered chromatin packing (DNA–histones proteins interactions), (2)abnormal histone 
modification, [3] decreased telomere stability, [4] decreased transcriptional response 
to stress, and (5) decreased protein translation and degradation. Histone proteins are 
highly basic and are required for packaging the nuclear DNA into a compact structure 
known as nucleosome, which further assembles to form higher- order chromatin struc-
tures. Oxidative damage to DNA or histone proteins affects specific charge–charge 
interactions and could alter stability, gene expression patterns, cell metabolism, and 
aging. Heat shock transcription factor-1, histone H2AX, histone-binding RbBP7, 
chromatin remodeling factor RbBP4, telomerase reverse transcriptase TERT, and 
ribosomal protein S6 are some of examples of protein relevant in aging and aging-
related diseases and are at high risk of oxidative destabilization [95].

Aging-related oxidative stress is a potential source of protein carbonyl modifica-
tions and is the well-used biomarker of severe oxidative protein damage. Human 
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diseases associated with protein carbonylation include Alzheimer’s disease, chronic 
lung disease, chronic renal failure, diabetes, and sepsis [97]. Furthermore, the car-
bonylation of side chain amino acids can induce protein aggregation by promoting 
unfolding and formation of non-covalent (hydrophobic, electrostatics, and hydro-
gen interactions) as well as covalent bonds among proteins. In a study, Tanase et al. 
used molecular biophysics tools for establishing a relationship between aging- 
related oxidative stress and protein aggregation phenomenon. They concluded that 
oxidative stress-induced protein carbonylation favors increased protein aggregation 
and observed formation of denser and more compact aggregates in aging organism, 
which were different from the aggregates present in the cellular proteome of young 
and adult mice [98]. Interestingly, protein aggregate size and conformation can have 
an influence in the activation of ubiquitin machinery, macroautophagy, microau-
tophagy, or chaperone-mediated autophagy. For example, soluble and ‘rod shape’ 
aggregates can be more easily unfolded and disposed of by the proteasome or 
through chaperone-mediated autophagy, whereas compact aggregates tend to 

Table 1.3 Oxidative modifications on amino acids

Amino acid Products
Cysteine Oxidation of a sulfydryl group (Cys-SH) to form sulfenic  

(Cys-SO2H) or sulfonic (Cys-SO3H) derivative
Formation of a disulfide bond (Cys-S-S-Cys) between two nearby 
Cys residues within a protein (intramolecular cross-linking) or 
between two proteins (intermolecular cross-linking)
Formation of a mixed disulfide (Cys-S-S-glutathione) between a 
sulfydryl group and glutathione (S-glutathionylation)

Glutamic acid, tyrosine, 
lysine

Hydroperoxide

Leucine, valine, proline
Isoleucine
Histidine 2-oxo-histidine
Lysine, arginine, proline
Threonine

Formation of carbonyl derivatives by direct oxidative attack on 
amino acid side chains (α-aminoadipic semialdehyde from Lys, 
glutamic semialdehyde from Arg, 2-pyrrolidone from Pro, and 
2-amino-3-ketobutyric acid from Thr)

Lysine, cysteine, 
histidine

Formation of carbonyl derivatives by secondary reaction with 
reactive carbonyl compounds derived from
Oxidation of carbohydrates (glycoxidation products), lipids 
(malondialdehyde, 4-hydroxynonenal, acrolein)
And advanced glycation and lipoxidation and products

Methionine Methionine sulfoxide
Phenylalanine O-Tyrosine, m-tyrosine
Trypthophan N-Formylkynureine, kynureine, 5-hydroxytryptophan, 

7-hydroxytryptophan
Tyrosine 3,4-dihydroxyphenylalanine, 3-chlorotyrosine, 3-nitrotyrosine, 

dityrosine (Tyr-Tyr cross-links)

Reprinted from the permission from Elsevier (License Number 4006571384145)
Protein carbonylation in human diseases, Isabella Dalle-Donne, Daniela Giustarini, Roberto 
Colombo, Ranieri Rossi and Aldo Milzani, Trends in Molecular Medicine Vol.9 No.4 April 2003
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accumulate in the cytosol and compromise cellular functions [98]. Human diseases 
associated with carbonylated proteins are listed in Table 1.4.

 ADP-Ribosylation

ADP-ribosylation is a posttranslational modification, in which ADP-ribose is trans-
ferred from NAD to specific amino acid residues in proteins, catalyzed by specific 
poly-ADP-ribosyltransferases (PARPs). There are 17 genes encoding PARP enzymes 
in mammals including PARP-1, PARP-2, PARP-3, PARP-4, PARP-5/tankyrases-1, 
and PARP 6/tankyrases-2 [99, 100]. The areas of involvement of PARPs range from 
the regulation of cell signaling, chromatin structure, DNA repair, telomere mainte-
nance, gene transcription, and many others [101–103]. Among all other PARPs, 
PARP-1 is best studied and a DNA nick sensor that responds very rapidly to single-
stranded DNA breaks. The PARP-1 knockout mice (PARP-1−/−) exhibit reduction 
in life span and a significant increase of population aging rate. In human fibroblast 
cells, indirect evidences suggest a decrease in poly-ADP- ribosylation with age due to 
decreased activity of PARP [104]. There are evidences suggesting a reduced ADP-
ribosylation of eEF-2 (an elongation factor which catalyzes the translocation of 

Table 1.4 Human diseases associated with carbonylated proteins

Disease Selected references
Acute/adult respiratory distress 
syndrome
Alzheimer’s disease [109–114]
Amyotrophic lateral sclerosis
Cataractogenesis
Chronic lung disease and 
bronchopulmonary dysplasia
Chronic renal failure (CRF) and 
chronic uremia
Cystic fibrosis
Dementia and with Lewy bodies
Diabetes
Ischemia-reperfusion
Parkinson’s disease [130, 131]
Pre-eclampsia
Psoriasis
Rheumatoid arthritis and juvenile 
chronic arthritis
Severe sepsis
Systemic amyloidosis
Varicocele

Reprinted from the permission from Elsevier (License Number 4006571384145)
Protein carbonylation in human diseases, Isabella Dalle-Donne, Daniela Giustarini, Roberto 
Colombo, Ranieri Rossi and Aldo Milzani, Trends in Molecular Medicine Vol.9 No.4 April 2003
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peptidyl-tRNA from the A site to the P site of the ribosome) levels in aged and SV40-
transformed human cell cultures [105]. In conclusion, PARP activity influences the 
organism aging process by modulating the immune system via NFκB pathway and in 
the maintenance of the genomic stability by several pathways [100].

 Protein Misfolding, Aggregation, and Associated Diseases

Proteins are the most diverse biomolecule, both structurally and functionally, and 
central to the biology. In cellular milieu, protein–protein and protein–nucleic acid 
interaction networks are the chief component of communication within and between 
cells. To mediate diverse arrays of cellular functions, most protein molecules after 
their synthesis as a polypeptide chain need to achieve a specific three-dimensional 
structure through a process referred to as protein folding. Protein folding essentially 
brings key functional groups into close proximity, otherwise located distantly on the 
primary structure of the protein, and enables living systems to develop structural 
diversity, substrate specificity, catalysis, and many other biological processes. Cells 
have molecular chaperones which interact with nascent chain emerging from the 
ribosome and stabilize non-native conformations and facilitate correct protein fold-
ing. However, failure of proteins to fold correctly or remain correctly folded is at the 
origin of a wide variety of pathological conditions, such as cystic fibrosis and 
Alzheimer’s and Parkinson’s diseases [106–108]. Thus, the accumulation of aber-
rant proteins in these pathologies places a burden on protein homeostasis machinery 
and may accelerate aging (Fig. 1.1).

 Neurodegenerative Disorders

 Alzheimer’s Disease
Alzheimer’s disease (AD) is a chronic irreversible neurodegenerative disease asso-
ciated with dementia that gets worse with age. The first description of AD was 
reported as the case of “presenile dementia” by a German psychiatrist Dr. Alois 
Alzheimer [109]. Since then the cause of AD is still unknown, but genetic herita-
bility [110], oxidative stress [111], amyloid generation [112], and tau protein 
abnormalities [113] are some of the key factors essential in the pathogenesis. AD 
pathogenesis is believed to be induced either by the accumulation of the amyloid-β 
peptide (Aβ) or the failure of clearance mechanism. They are hydrophobic pep-
tides, 39 to 42 residues long, and derived from the amyloid precursor proteins by 
sequential proteolysis by β- and γ-secretases. The major species generated are 
Aβ40 and Aβ42 peptides, with Aβ42 being the dominant in neuritic plaques of AD 
patients. These peptides rapidly aggregate to form oligomers, protofibrils, and 
fibrils that can deposit outside neurons in dense formations known as senile plaques 
[114]. In addition to amyloid plaques, hyperphosphorylation of Tau protein leads 
to the formation of aggregates, which form neurofibrillary tangles, a hallmark of 
Alzheimer’s disease. The abnormal hyperphosphorylation of Tau is also associated 

1 Protein Structure and Function in Aging and Age-Related Diseases



16

with several other neurodegenerative disorders referred to as tauopathies [115]. 
These pathologies might arise due to disruption in proteostasis network due to 
aging and that may increase kinase or decrease phosphatase activity. Solid-state 
nuclear magnetic resonance (NMR) spectroscopy and electron microscopy have 
been used widely to study the molecular structures of these aggregates. Direct 
measurements on aggregates obtained from brain tissue are not possible because 
NMR experiments requires milligram-scale quantities of N15 and C13 labelled pro-
tein, and therefore, Aβ fibrils formed in vitro have been used in the past [116–118]. 
Aβ fibrils have a cross-β structure where individual β-strands are oriented perpen-
dicular to the fibril axis [119]. Models of Aβ40 and Aβ42 fibrils have been com-
pared based on data from NMR and scanning-tunneling electron microscopy. In 
brief, NMR experiments of Aβ40 fibrils have shown that residues 1–10 are unstruc-
tured and 11–40 adopt a β-turn fold, and in Aβ42 fibrils [118, 120], residues 1–17 
may be unstructured and residues 18–42 adopt a β-turn-β fold [121]. In both Aβ40 
and Aβ42 fibrils, the turn conformation is stabilized by hydrophobic interactions 
and by a salt bridge between Asp23 and Lys28 (Fig. 1.2).

Fig. 1.1 Protein homeostasis. A newly synthesized polypeptide can assemble into various kinds 
of structures, such as native conformation, a misfolded structure that can be refolded by Chaperone 
proteins to its native conformation. Failure to fold correctly can result in misfolding and aggrega-
tion, which are associated with wide range of human neurodegenerative disorders. The ubiquitin 
code links misfolded/aggregated protein to lysosome or proteasome for degradation
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Oxidative damage is common in the aging brain but is more severe in AD. Protein 
oxidation, lipid peroxidation and ROS formation are some of the features that cause 
oxidative stress and play a major role in the pathogenesis of AD. Proteomic analysis 
has identified several proteins, such as creatine kinase BB, β-actin, ubiquitin 
C-terminal hydrolase L-1, and dihydropyrimidinase-related-protein-2 that appear to 
be more cabonylated in AD brain than age-matched controls, particularly in those 
regions which contain severe histopathological alterations [98, 122–125]. 
Identification of these carbonylated proteins have suggested a plausible role of these 
proteins in neurodegeneration in AD brain, for example, ubiquitin C-terminal 
hydrolase L-1 (UCH-L1), a deubiquitylase enzyme, is an extremely abundant pro-
tein in the brain (1–5% of total neuronal proteins) and is necessary for maintaining 
the axonal integrity. UCH-L1 is part of the ubiquitin system, and carbonylation of 
UCH-L1 will affect proteasomal function, which is one of the drivers for degrada-
tion of damaged, misfolded, or aggregated proteins [126]. Taken together, these 
carbonylated or altered proteins have suggested plausible mechanism for neurode-
generation in AD brain.

 Parkinson’s Disease
Parkinson’s disease (PD) is the second most common age-related neurodegen-
erative disorder as a result of protein misfolding and aggregation. The most 
prominent signs of disease are akinesia and tremor. At molecular level, PD is 
characterized by the accumulation of neuron-associated aggregates of proteins, 
such as α-synuclein. These aggregates are central to the formation of Lewy 
bodies, which is a pathological hallmark of the disease and is associated with 
neuronal damage [127, 128]. Giasson and colleagues have suggested a link 
between oxidative damage and the neurodegeneration diseases. They showed 
an extensive and widespread accumulation of nitrated α-synuclein at selective 
tyrosine residues in the signature inclusions of Parkinson’s disease [129]. 
Though most cases of PD are sporadic, a subset of PD cases is inheritable and 
attributable to mutations in specific genes including parkin, α-synuclein, 
PINK1, and LRKK2 [130, 131]. Loss-of-function mutations in parkin, an E3 
ubiquitin ligase that functions to promote the ubiquitin–proteasome system of 
protein degradation, have been implicated in heritable forms of Parkinson’s 
disease [132]. Two mutations, namely, A30P [133] and A53T [134] in 
α-synuclein gene, have been linked to early-onset PD.  Remarkably, at high 
local concentration, α-synuclein forms amyloids [135], and its aggregation is 
central to the formation of Lewy bodies. α-synuclein is a 140-amino acid 
intrinsically disordered protein, and residues 61–95 were referred to as NAC 
region (non-amyloid-β component) that was reported to be deposited with 
amyloid-β in the brains of Alzheimer’s disease patients and is sufficient for the 
aggregation and toxicity of α-synuclein [136–138]. Though segments outside 
NAC also influence the aggregation of α-synuclein and have been associated 
with fibril structure, residues 68–78 are critical in both aggregation and cyto-
toxicity [127, 139]. A study by Conway et al. demonstrated that α-synuclein 
mutants (A30P and A53T) are disordered as the wild-type α-synuclein in dilute 
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solution. However, at higher concentration, Lewy bodies like fibrils and dis-
crete spherical assemblies were observed most rapidly for A53T. These obser-
vations suggested that mutant forms fibril more rapidly and accelerate its 
transition into amyloid state and hence early onset of PD [140].

 Protein Turnover During Aging

The balance between protein synthesis and protein degradation in a cell is referred 
to as protein turnover, where old and damaged proteins are degraded and replaced 
by newly synthesized polypeptides. Protein turnover is believed to decrease signifi-
cantly with age in all organisms including humans [141] and rats [142], which is 
marked by an increased concentration of damaged protein within the body. 
Additionally, the rate of protein synthesis also declines with age, and it must be 
counterbalanced by the decreasing protein degradation to maintain a functional pro-
teome [143]. In fact, the half-life of an average protein increases about tenfold in old 
nematodes (Turbatrix aceti) in comparison to young worms [144]. Age-dependent 
decline in protein turnover can also contribute to the development of neurodegen-
erative disorders, such as Parkinson’s and Alzheimer’s diseases, which are associ-
ated with the accumulation of protein aggregates [143, 145]. Indeed, there are 
experimental evidences suggesting a decrease in the proteolytic activities of lyso-
some and proteasome with age [146, 147]. However, ubiquitin-mediated proteoly-
sis, in aging fibroblasts, did not decline, and no change in the levels of ubiquitin 
mRNA and free ubiquitin pools were detected [148].

 Conclusions

Understanding the molecular and cellular basis of aging progression is very intri-
cate and complex and is subject to regulation by multiple factors ranging from pro-
tein synthesis, protein folding, posttranslational modifications, protein turnover, and 
involvement of many cell signaling pathways. Though it is widely accepted that 
aging derives from the malfunctioning of multiple maintenance mechanisms, the 
magnitude of the effects of each factor listed above regarding the onset and progres-
sion of aging and age-related diseases remains unclear. Therefore, a comprehensive 
understanding of protein-folding pathway and posttranslational modifications in the 
context of aging and role in cell signaling can help in preventing the early onset of 
aging and age-related diseases.

Epigenetic dysregulation has emerged as one of the hallmarks of the aging pro-
cess. Recently, in an exciting research, Belmonte and his colleagues have demon-
strated that short-term expression of Yamanaka factors (Oct4, Sox2, Klf4 and 
c-Myc) has the capability to rejuvenate cellular phenotype of aging in mouse and 
human cells [149]. Since the Yamanaka factors have the capability to reset the epi-
genetic landscape of differentiated cells, and therefore, Belmonte’s lab findings 
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indicate that cellular aging, in part, is driven by epigenetic shift and reprogramming 
can correct these epigenetics errors. With exciting advances in the genome editing, 
analysis methods, and emergence of noncoding RNA, epigenetics research is enter-
ing into an exciting era and is a promising area of investigation in the context of 
aging and neurodegenerative diseases. In fact, several long noncoding RNAs 
(lncRNA) have emerged as major regulators of transcription and chromatin- 
modifying complexes and in telomere maintenance and have also been implicated 
in aging process and aging-related diseases [2, 150–154]. There are questions 
remaining to be answered: Why do protein aggregation diseases primarily affect the 
brain and why older cells respond less effectively to clear these aggregations? 
Further studies are needed for a complete understanding of the protein structure 
function in the context of aging process, which can facilitate the development of 
effective interventions and therapy to increase “health span.”
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 DNA and Aging

Cells are the building block of an organism. Each cell in the body consists of 
genetic material in the form of DNA.  The genes are arranged in long twisted 
double- stranded DNA molecule called chromosomes. Linear chromosomes have a 
stretch of hundreds of hexameric repeats at either ends which constitute the telo-
mere. DNA replication particularly telomere replication is associated with aging. 
Apart from DNA replication and DNA damage, epigenetic modifications are also 
responsible for aging (Fig. 2.1a) [1, 2]. Additionally, many disorders which may 
lead to premature aging are directly or indirectly linked with mutations in the par-
ticular gene segment involved in the maintenance of DNA. Saccharomyces cerevi-
siae, defective strain of TEL1 gene (ataxia telangiectasia mutated ortholog), shows 
chromosomal aberrations and short telomeres, causing premature aging [3]. The 
caretaker genes which protect the genome integrity against mutations (e.g., tran-
scription-coupled repair genes, nucleotide excision repair genes) may cause pre-
mature aging phenotypes after decreasing its activity [4]. On the other hand, 
increased activity of caretaker genes may increase the life span. Defects in nucleo-
tide excision repair (NER) pathways cause premature aging phenotypes in xero-
derma pigmentosum and trichothiodystrophy diseases [4].
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 DNA Replication Stress and Aging

The term “replication stress” covers a wide variety of events that change the spatial 
and temporal DNA replication programs. These set of events that can be of endog-
enous or exogenous origins have impact on the dynamics of DNA replication. 
Replication stress occurs when replication fork is stalled due to DNA damage, 
excessive chromatin compacting which prevents replisome access, and oncogene 
overexpression [5]. Replication stress may lead to genomic instability, aging, and 
cancer [6]. Genomic instability may increase during aging due to replication paus-
ing and stalling. Generally, different forms of DNA damage and DNA breakage 
increase in pausing/stalling of replication (Fig. 2.1b) [7, 8].

Interestingly, it has been found recently that in aging yeast cells, the reduced 
replication pause sites (RPSs) are found at different ribosomal DNA (rDNA) and in 
non-ribosomal DNA (non-rDNA) locations [9]. These locations are rich in nonhis-
tone proteins complexes which may reduce replication pausing and potential DNA 
damage. Less efficient nuclear protein import during aging and the presence of non-
stoichiometric amounts of nonhistone protein complexes in the nucleus cause defect 
in proper formation of the mature complexes that can bind to DNA [10].

Secondary structure of DNA and proteins bound to DNA also cause replication 
stress. A number of overlapping mechanism have been proposed to explain age- 
related genomic instability that may include oxidative damage to DNA, mitochon-
drial oxidative stress damaging cellular constituents, mutations in proteins required 
for efficient DNA replication, and altered DNA repair and other genomic mainte-
nance programs (Fig. 2.1b) [11, 12].

Fig. 2.1 (a) Possible ways of aging. (b) DNA replication stress covers a wide variety of events
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 Telomeres and Aging

During the process of replication, the leading strand is copied continuously; how-
ever, there is discontinuous synthesis of the lagging strand which is formed as 
Okazaki fragments. Each Okazaki fragment has its own set of RNA primer, which 
is later replaced with DNA nucleotides in order to make the strand continuous. RNA 
primers which are synthesized during replication are removed with DNA strand 
except 5′ end of newly synthesized strand [13]. This 5′ end RNA can be removed by 
RNase and FEN1, but DNA polymerase can add new DNA only if it has existing 
strand 5′ behind it to extend. As a result, the newly replicated DNA is shorter at its 
5′ end. This creates 3′ overhang at one end of each daughter DNA strand resulting 
two daughter DNAs having their 3′ overhang at opposite ends (Fig. 2.2a). In telo-
meric ends, there is no DNA template in the 5′ direction after the final RNA primer. 
In this condition, DNA polymerase cannot replace the RNA with DNA. Consequently, 
both the daughter DNA strands have an incomplete 5′ strand with 3′ overhang 
which can be digested with cellular nucleases, and each daughter strand will become 
shorter than parental DNA. The eukaryotic chromosome has telomere to prevent 
this shortening. In telomeric DNA replication, G-rich strand is synthesized as lead-
ing strand, and C-rich strand is synthesized as lagging strand. Due to the noncoding 
nature of telomere, their loss during successive replication cycle may not adversely 
affect the cell. However, after adequate rounds of the replication of telomere, all the 
telomeric repeats will be lost creating risks of losing coding sequences with subse-
quent rounds of DNA replication [14, 15].

Telomeres play important role in maintaining genome integrity. The length of 
telomeres is maximum at birth (~8000 bp) and decreases with increasing age up to 
~3000 bp in adults and as low as ~1500 bp in old age people. After each division, on 
an average, cell loses 30–200 bp sequences from end of the telomeres [16]. In non-
dividing cells such as heart muscles, the telomeres do not shorten. Cells undergoing 
progressive shortening of the telomere may become senescent or die, a process 
known as replicative senescence.

Embryonic stem cells and germ cells have a mechanism to evade replicative 
senescence owing to the presence of an enzyme, telomerase. It is a reverse transcrip-
tase with its own RNA template that maintains the chromosome ends by adding 
complementary RNA bases to 3′ end of the DNA strand [17] (Fig. 2.2b). After 3′ 
end elongation by telomerase, the DNA polymerase adds the complementary DNA 
sequences to the ends of the chromosomes. This enzyme is absent in adult somatic 
cells. As a result, telomeres are continually shortened with subsequent rounds of 
cell division in somatic cells. Telomeres (tandem repeats motif of 5′ TTAGGG 3′) 
along with its associated proteins (sheltering complex) are the endcaps of chromo-
somes that prevent the degradation of coding DNA [18]. A telomere-associated six- 
subunit protein complex known as sheltering complex (TRF1, TRF2, RAP1, TIN2, 
TPP1, and POT1) plays very crucial role in the protection of chromosome ends [19, 
20]. The sheltering protein TRF1 and TRF2 specifically bind to telomeric repeats of 
dsDNA and different accessory proteins of the telomere. TRF2 helps in formation 
of single-stranded 3′ overhang, while POT1 helps in the formation of t-loop by 
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binding to single-stranded 3′ overhang region [21]. Both POT1 and its interacting 
partner TPP1promote the recruitment of telomerase to the telomere [22].

Telomere length shortening during cell proliferation is a combined effect of 
various activities and factors that may include repeated cell replication, oxidative 

Fig. 2.2 (a) shows the 3′ overhang region at one end of each daughter DNA strand (two daughter 
DNAs have their 3′ overhang at opposite ends). (b) Replication of 3′ overhang region of telomere 
with the help of enzyme telomerase
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stress, inflammation, and generation of reactive oxygen species (ROS) [23]. ROS 
produced during mitochondrial respiration have major effect on chromosomal 
DNA by oxidizing nucleotides. ROS-induced loss of telomere is more (~50–
200  bp per cell division) as compared to loss due to end replication problem 
(~10 bp per cell division) [16, 24, 25]. However, the rate of telomere shortening 
varies among species. For example, the shortening is slower in slow-aging ani-
mals than in fast-aging animals [26].

It has been found that shorter telomere length is associated with increased age 
[27]. They have shown that older people (60 plus) who have shorter telomeres are 
three times more prone to heart disease and eight times more prone to infectious 
disease as compared to young with larger telomeres [28]. At this stage, we do not 
know whether shorter telomeres are just a sign of aging or really contributing to 
aging. In one interesting finding, scientists have found that telomerase can reverse 
the age-related conditions. They have taken the telomerase deficient mice with tis-
sue atrophy, organ failure, impaired tissue injury, and stem cell depletion condi-
tions. In these mice, reactivation of telomerase led to reduced DNA damage, 
improvement of the function of the spleen, intestine and reversal of neurodegenera-
tion suggesting that telomerase reactivation has the potential to cure the age-related 
disease in human [29].

 Telomeres, Aging, and Cancer

Since cancer cells divide more frequently, theoretically their telomeres should 
become very short, and finally cells would die. On the contrary, these cells escape 
death by producing more telomerase enzyme which prevents telomere length 
shortening. Measuring the level of telomerase or length of telomere could be a 
way to detect cancer. If the telomerase converts cancer cells to immortal cells, will 
it be possible to prevent the normal cells from aging? What would be the possibil-
ity to extend the life span by restoring the telomere length using induced telomer-
ase? If it is possible then, what would be the risk of getting cancer? At present, we 
are not sure about extending the life span by increasing the telomere length. 
Scientists are using telomerase to keep human cells dividing beyond their normal 
limit without converting it to cancerous cells [30, 31]. Telomerase-directed 
immortalized human cells can be used in transplantation, for treating arthritis, for 
insulin production, for treating muscular dystrophy, and healing from severe 
burns. It will also open the path of using laboratory grown human cells for the 
testing the drug and gene therapy [32, 33].

 DNA Damage and Aging

All the macromolecules within the cells (proteins, lipids, and nucleic acid) are 
exposed to endogenous and exogenous reactive agents [34]. Damage caused to pro-
teins and lipids may be taken care of by fast turnover and will not accrue in the long 
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run. However, DNA (nucleic acid) is the carrier of the hereditary information of an 
organism, and any DNA insult will be critical to cellular function. Cells have devised 
DNA repair pathways to rectify DNA damage to an extent [35] but beyond that cel-
lular senescence and cell death (apoptosis) will occur which promotes aging.

 Theories of Aging

Various theories were put forth to answer how DNA damage can account for aging. 
These broadly belong to two classes – one theory considers aging as a programmed 
process in which changes in gene regulation are preset to reduce viability and the 
other which takes into account the stochastic changes (wear and tear) of the cellular 
macromolecules.

 Theory of Intrinsic Mutagenesis
In 1974, Burnet introduced the theory of intrinsic mutagenesis which proposes that it 
is the organism which plays with the balance between beneficial mutations which are 
essential for adapting to the changes in the niche and the somatic mutations that accu-
mulate with time and lead to senescence [36]. It is the genetic constituent and the gene 
products that determine the faithfulness of DNA and its replication. He advocated that 
short-lived mammals tend to accumulate more somatic mutations as compared to 
long-lived mammals. The DNA replication mechanism of short-lived organisms is 
more error-prone. However, there is little experimental proof for this theory [36].

 Somatic Mutation Theory of Aging
A lot of reports were published which dealt with the accumulation of somatic muta-
tions in the genetic material, collectively called as the somatic mutation theory of 
aging. These mutations could be lethal or nonlethal. Lethal mutations in the nuclear 
DNA impair cellular functions leading to cell death. These mutations mount up with 
increasing age and lessen the cellular viability, ultimately responsible for shortening 
the life span of the organism [37, 38].

 The Free Radical Theory of Aging
The free radical theory of aging, lately termed as the mitochondrial theory of aging 
has gained substantial acceptance [39, 40]. Mitochondria are specialized organelle 
required for cellular respiration and energy production. Electron transport chain and 
oxidative phosphorylation are responsible for ATP production along with by- 
products like superoxide anion, hydrogen peroxide, and hydroxyl radicals. The 
mitochondrion has its own DNA (mtDNA), which encodes for 13 proteins required 
in respiratory chain. Since mitochondria are the main site of production of free radi-
cals, the mtDNA is constantly exposed to damaging agent like free radicals as men-
tioned above (Fig. 2.3). Further, unlike the nuclear DNA, mtDNA is devoid of any 

B. Sharma et al.



33

protection in the form of histone coat. This makes it even more prone to insults. 
Damage to mtDNA is detrimental to cellular function because mutations incorpo-
rated in mitochondrial genome result in incorrect or abridged proteins that will 
affect the sustainability of the respiratory chain and generation of ATP. These muta-
tions are kept in check by proteins involved in DNA repair like XRCC4, RAD23A, 
and mitochondrial DNA polymerase θ [41]. Many studies have linked inability of 
cell to repair mtDNA to faster or premature aging [42, 43].

 DNA Damage Theory of Aging
Another theory which comprehends the abovementioned facts is the DNA damage 
theory of aging. DNA carries the genetic information of an organism and needs to 
be maintained throughout its lifetime. DNA can be either physically damaged which 
results in the distortion of the double helix, or it can be mutated by exogenous or 
endogenous damaging agents. Mutations primarily modify the nucleotide sequence 
of the DNA; these can be classified as deletions, insertions, rearrangements, or sub-
stitution of nucleotides. In essence, this theory identifies DNA damage and subse-
quent alterations in its sequence as a major cause of cellular senescence (Fig. 2.4). 
Accumulation of these senescent cells in the body gradually leads to decline in 
growth and repair and thus aggravates aging (reviewed in [44]. We will focus on the 
DNA damage-related aspect of aging in this chapter.

Fig. 2.3 Production of ROS and mitochondrial DNA (mtDNA) damage, followed by nuclear 
DNA damage and cellular senescence
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 Sources and Types of DNA Damage

As mentioned earlier, DNA damage can result from intrinsic (within the cells) or 
extrinsic (foreign) sources. Most common endogenous agents are chemicals, ultra-
violet rays (UV), or ionizing radiations, and in some cases even viruses [45]. 
Chemical mutagen like 5-bromo-deoxyuridine (5BU) is a base analogue which 
mimics thymine in keto form and cytosine in enol form, respectively. Thus, it can 
pair with both adenine and guanine in different tautomeric forms. Pairing of enolic 
5BU to guanine will lead to base transition in the subsequent DNA replication 
cycles. Besides base analogues, there is another class of chemical mutagens termed 
alkylators. These chemicals directly bind to the G-rich regions and modify the gua-
nine residue. The modified G-residues lead error-prone repair, most often leading to 
base degradation or double-strand breaks. Examples of alkylating mutagens are 
ethyl methane sulfonate (EMS), methyl methane sulfonate (MMS), diethyl sulfate 
(DES), and nitrosoguanidine. Using yeast cells as model system, it has been reported 
that MMS damages both nuclear DNA and mitochondrial DNA, making DNA heat- 
labile and more prone to DNA breaks [46, 47].

UV rays are classified according to their wavelength components; UV-A 
(320–400 nm) is the most energetic and lethal but is absorbed by the ozone layer; 
UV-B (280–320 nm) and UV-C (200–280 nm) have distinct mutagenic effects in 
the form of generation of pyrimidine dimers (covalent bond between adjacent 

Fig. 2.4 Different ways of DNA damage following mutation and finally upregulation of senes-
cence pathways
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thymine–thymine or thymine–cytosine) and oxygen-free radicals, respectively. 
Most common DNA lesions produced by UV rays are cis-syn cyclobutane pyrim-
idine dimers (CPDs) and the pyrimidine (6–4) pyrimidone photoproducts [(6–4) 
PPs] [48]. These are bulky in structure and result in stalling of DNA replication 
and transcription at these sites, unless repaired. UV-B radiations are also respon-
sible for deamination of cytosine and 5-methylcytosine within the dimer site 
[45]. In addition to UV rays, ionizing radiations like X-rays or gamma rays also 
create free radicals after interacting with biological molecules like water. There 
can be direct effect exhibited in the form of single-stranded or double-stranded 
DNA breaks giving rise to deletions, rearrangement, or chromosome loss if unre-
paired. Radiations are also capable of cross-linking DNA to itself or a protein. 
However, it has been shown that damaging effect of these radiations is dose-
dependent. Recently, the role of ionizing radiations in inducing mutagenesis in 
the germ line has been established. The offspring of male parents exposed to 
radiations had higher frequency de novo copy number variants (CNVs) in which 
certain sections of genome are repeated as well as more insertion/deletions of 
nucleotide sequences are found in the genome [49].

 DNA Damage and Senescence Pathway

As described above, cells undergo aging as a result of replicative senescence 
(telomere- dependent) or DNA damage-induced premature aging. Signal trans-
duction pathways are induced if any DNA lesion is not taken care of by DNA 
repair system. Several reports have shown p53 protein as the mediator of cell 
arrest at G1-phase or apoptosis post-DNA damage. Upon irreparable DNA dam-
age, phosphorylated p53 protein levels increase, and it translocates to the nucleus 
to bind at specific DNA sequences and activates transcription of genes like mdm2, 
gadd45 (the growth arrest and DNA damage response gene), and CIPl (cyclin-
dependent kinase (Cdk) inhibitor) [50]. Phosphorylation status of retinoblastoma 
protein (pRb) has been known to control cell cycle progression. Phosphorylated 
pRb dissociates itself from E2F, which then activates transcription of genes 
required for DNA replication. Cells undergoing senescence express Cdk inhibi-
tors like CIP1 which facilitate hyperphosphorylation of pRb and keep E2F in 
bound state [50, 51]. This is the mechanism by which p53 and pRb arrest the 
cells whose DNA damage cannot be fixed.

Further, a p53-related protein named p63 has been shown to directly prevent the 
cells from undergoing senescence. Loss of p63 leads to widespread cellular senes-
cence as well as accelerated aging [52]. Cells cultured from patients having prema-
ture aging syndrome showed increased senescence in vitro [53]. Moreover, many 
studies on human samples and animal models have established that senescent cells 
accumulate in the organism with aging. These reports clearly establish link between 
cellular senescence and organismal aging.
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 DNA Repair and Associated Diseases

The primary mechanisms of DNA repair are base excision repair and nucleotide 
excision repair for single-stranded DNA breaks and homologous recombination and 
nonhomologous end-joining method for double-strand breaks. It has been shown 
that inefficiency of these pathways leads to accumulation of mutations and thus cel-
lular senescence. Double-strand breaks have been held responsible for high-scale 
genomic instability [54]. A prime example is Werner syndrome which is character-
ized by symptoms of normal aging like cataracts, graying of hair, and skin aging but 
at very early age. Patients exhibit high number of DNA strand breaks along with 
dysfunctional telomeres due to mutation in gene coding for helicase protein WRN 
[55]. WRN helps in maintenance and repair of DNA by processing replicating DNA 
for cell division.

Another example of aging-related disease due to defects in DNA damage repair 
is Cockayne syndrome. It is caused due to mutations in either excision repair 8 
(ERCC8gene) or the ERCC6 gene (CSB). Proteins encoded by these genes are 
involved in DNA repair. Other examples are trichothiodystrophy (TTD), xeroderma 
pigmentosum (XPE), Rothmund–Thomson syndrome (RTS), dyskeratosis congen-
ita, atypical Werner syndrome, restrictive dermopathy (RD), and mandibuloacral 
dysplasia (MAD) (reviewed in [56]).

Thus, there are evidences that DNA damage, cellular senescence, and organismal 
aging are interrelated. But a new school of thought is whether DNA damage occurs 
first which contributes to senescence or it is the loss of efficiency and fidelity of 
DDR system which allows DNA damage to accumulate with time.

 DNA Modification and Aging

With the current understanding, aging is contemplated as a complex process during 
which many changes accumulate at the molecular, cellular, and organismal levels. 
Change in chromatin status during aging and role of chromatin modifiers in modu-
lating life span bring the idea of studying aging and epigenetic research together. 
DNA modifications (epigenetics) include numerous changes such as reduced level 
of bulk histone proteins, altered pattern of DNA methylation and histone posttrans-
lational modifications, altered noncoding RNA expression, and replacement of 
canonical histones with variants of histone and other processes that are reversible 
and heritable (Fig. 2.5), [57–60]. Epigenetic modifications are heritable phenotypic 
changes without any alteration in the sequence of DNA and protein [61]. These are 
influenced by lifestyle, environmental exposure, aging, and many complex diseases. 
Environmental stimuli like stress and dietary changes can also influence life span 
and health span of an individual [62].

During the past two decades, it has been shown clearly that epigenetic processes 
play a major role in aging [63, 64]. For instance, there is a tenfold difference between 
the life span of a queen bee as compared to workers, even though the genetic composi-
tion is same. This sheds light on the importance of nongenetic factors in aging [65].
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 DNA Methylation and Aging

DNA methylation is the basis of epigenetics, and it occurs through addition of 
methyl group at cytosine-5 position that is usually present in CpG dinucleotides [66, 
67]. There are three DNA methyltransferases (DNMTs) which are responsible for 
most of the DNA methylation that happens in the genome. DNA methylation pat-
terns that are inherited are carried out by DNMT1 which causes majority of DNA 
methylation [68]. Methylation pattern of DNA influences various biological pro-
cesses like genomic imprinting, cellular differentiation, X chromosome inactiva-
tion, and control of gene expression. However, control of gene expression is the 
most significant biological effect due to DNA methylation where hypermethylation 
in a gene regulatory region is generally associated with transcriptional repression 
and hypomethylation is usually associated with transcriptional activity with some 
notable exceptions [69]. DNA methylation decreases with age; maximum methyla-
tion is present in tissues of embryos and newborn animals [70]. Lower levels of 
5-methylcytosine are present in senescent cells compared to actively cycling cells 
[71]. Hypomethylation of DNA is not only related to process of aging but also asso-
ciated with many chronic age-associated pathologies. Loss of heterochromatin due 
to demethylation leads to changes in nuclear architecture, and the expression of 
genes in those regions causes aging and cellular senescence. Loss of transcriptional 
silencing has been observed in yeast to humans due to loss of heterochromatin. 
DNA hypomethylation is observed in many age-related diseases such as cancer, 
atherosclerosis, Alzheimer’s disease, autoimmunity, and macular degeneration. 

Fig. 2.5 Different ways of epigenetic changes involved in aging process. DNA methylation, his-
tone posttranslational modification like acetylation or methylation, noncoding RNA expression 
and changes in histone levels, and replacement with variants causes activation or repression of 
genes related to aging and senescence
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Gene- or region-specific hypermethylation also occurs during aging; tumor suppres-
sor genes that play an important role in cancer and key genes from the lung, colon, 
breast, and kidney undergo hypermethylation during aging [72].

 Histone Posttranslational Modification and Aging

Histone components of chromatin are subject of variety of posttranslational modifi-
cations (PTMs). Levels of histone methylation, acetylation, and expression change 
with aging. PTMs of histones such as acetylation and methylation are major epigen-
etic processes that can control gene expression either by disrupting chromatin orga-
nization or by creating sites for binding of other proteins to specific regions of 
genome. Histone acetyltransferases (HATs) and histone deacetylases (HDACs) are 
the major enzymes that cause histone modifications. Generally, histone acetylation 
caused by HATs is associated with increased transcriptional activity, while histone 
deacetylation performed by HDACs represses transcription by compacting 
DNA. Histone acetylation directly affects the physical association of histones with 
DNA [73]. This balance between HATs and HDACs is lost with age leading to 
either overactivity of gene, for example, in cancer cells or gene repression that can 
lead to neurodegeneration during the aging process [74]. The role of HATS and 
HDACs in aging is exemplified by a condition termed sarcopenia. It is characterized 
by involuntary loss of skeletal muscle mass and strength in older adults. Exact 
mechanisms involved in sarcopenia are not clearly understood, and no pharmaceuti-
cal treatment exists for sarcopenia. Involvement of HDACs in controlling muscle 
atrophy, dysfunction due to denervation, and muscle dystrophy further suggest the 
role of epigenetic modifiers in the process of aging. Therefore, inhibitors of HDACs 
are potential target for intervention in sarcopenia and already in use in the clinic for 
the treatment of sarcopenia to delay aging [75].

Histone methylation might have different effects either active or repressed 
genome regions depending upon the specific residue that is methylated (e.g., H3–
K9 leads transcriptional repression, whereas H3–K4 is often found in active chro-
matin regions) [76]. The nature of methylation is dynamically regulated by histone 
methyltransferases and demethylases, and hence manipulation in these enzymes can 
modulate the life span of organism. Redistribution of active histone modification 
mark (H3K4me3) is observed during aging and in cellular senescence [77, 78].

 Epigenetics and Age-Related Diseases

Epigenetic alterations affect many of the disease associated with age. Decrease in meth-
ylation is one global characteristic of all human cancer cells causing genome instability 
[79]. DNA methylation also plays an important role in Alzheimer’s disease where many 
genes undergo epigenetic changes that may contribute to the disease [80]. Epigenetic 
regulation has a major role in adaptive response of the immune system. Age-related 
demethylation causes reduction in immune competence and decrease in autoimmunity 
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which can contribute to diseases like rheumatoid arthritis [81]. Differential expression of 
genes important for T cell differentiation with aging affects immune response. Epigenetic 
changes have a role in premature aging diseases like Werner syndrome and progeria. The 
WRN gene responsible for Werner syndrome gets epigenetically silenced in different 
types of tumor, leading to the idea that this gene plays a role in pathogenic feature of 
Werner syndrome [82]. Overall, epigenetic mechanisms do not only influence fundamen-
tal aspects of aging but also play a crucial role in age-associated diseases.

 Summary

Aging is an inevitable multifaceted process principally associated with the vicissi-
tudes of the genetic material, DNA. Errors in DNA replication, telomere shortening, 
replication stress, DNA damage, and DNA modification all contribute to gradual 
aging of the cells and the organism. Different forms of DNA damage and DNA 
breakage increase the stalling of replication fork that causes replication stress and 
cellular dysfunction. Replicative senescence proves to be an intrinsic mechanism 
that prevents cells from dividing indefinitely and serves as an efficient means of 
tumor suppression. From evolutionary aspect, the shortening of telomeres during 
each DNA replication cycle leads to altered differentiation of senescent cells that 
contribute to aging, a path distinct from tumorigenesis. Other major factor of aging 
is oxidative stress. The reactive oxygen species which are generally generated from 
breath, infection, consumption of alcohol, cigarettes, and inflammation damage the 
DNA, proteins, and lipids. It has been shown that on exposure to substances that 
neutralize oxidant, the life span of worms is increased suggesting that oxidative 
stress is one of important cause for aging. Besides DNA replication stress and dam-
age, another important cause of aging is glycation. Binding of glucose to DNA, 
protein, and lipids leads to interference of their actual function. Restriction on calo-
rie intake can extend the life span explaining the role of glucose in aging. This 
chapter describes how telomere shortening, replication stress and DNA damage, 
epigenetic modifications, chronological age, and glycation of macromolecules work 
together to cause aging.
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 Introduction

Gene expression changes are a measure to indicate the various cellular events occur-
ring during aging. The decline in organismal fitness due to impaired molecular pro-
cesses that change with age can be queried on a quantitative genome-wide scale 
using transcriptomics technologies, among which microarrays and RNA sequenc-
ing have proven popular. This global transcriptomic view provides an unbiased 
screen for transcript changes accompanying aging. Gene expression studies also 
help compare the aging process across various species, one goal of which is to iden-
tify biomarkers for aging.

Given that the exact nature of aging is unknown, various molecular mechanisms 
have been put forth to explain aging such as DNA transposition; telomere shorten-
ing; DNA, RNA and protein damage accumulation; transcriptional deregulation; 
etc. These changes are expected to be accompanied by gene expression changes 
over time, and in this sense, expression biomarkers are often discussed in terms of 
identifying physiological states for an aging organism. There are limitations to tran-
scriptional profiling serving as an outcome for identifying biomarkers and therapeu-
tic targets of aging. First, the profiles are correlative, and causation cannot be derived 
from them. Second, transcript changes do not inform about possible post- 
transcriptional alterations downstream, even though they provide a global view of 
the processes affected by aging. Since aging is a multifactorial process, results from 
transcriptional profiling combined with studies of signalling pathways, genetics, 
translational mechanisms and metabolism would be able to provide a more holistic 
picture of the molecular events that contribute to aging.
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While studying changes in transcript levels in aging organisms, it is important to 
keep in mind that aging is not considered to be an evolutionarily conserved process; 
that is, it does not follow a predetermined programme [1, 2]. The force of natural 
selection decreases with increasing age of an individual, because with time, the 
expected reproductive output, on which selection can act, declines. Hence, a deter-
ministic aging programme is unlikely to be selected for on an evolutionary level, 
because it is not beneficial to the individual [2]. However, while the evolutionary 
theory accommodates genes as the basis for functional decline, it does not postulate 
precise mechanisms for the decline observed with age.

Aging then, is an effect of the failure of to maintain normal function of organs 
and tissues in individuals who survive to old age. Since there are no specific path-
ways for aging, longevity maintenance is likely to be a polygenic trait, as it is non- 
specific to a particular process. Changes occurring during aging would be reflected 
in changing gene expression patterns, which have been widely studied. Several 
mechanistic theories for aging have been proposed which could provide a frame-
work for the various gene expression changes observed with age in organisms [3, 4]. 
For example, the mutation accumulation theory postulates that the weakening force 
of selection with increasing age could allow mutations that may be deleterious but 
late acting to accumulate in the germ line, while the antagonistic pleiotropy theory 
proposes that beneficial alleles may be favoured by selection to accumulate for 
function in early life, but in late life, these allele functions may turn detrimental [5].

The disposable soma theory of aging postulates that the limited resources avail-
able to organisms are partitioned between maintenance and reproduction in a trade- 
off. There is evidence for longevity induced by infertility, for example, by castration. 
However, it is not clear why organisms supplied with unlimited food resources and 
are thus resource rich have shorter lifespans than those subject to dietary restriction, 
which live longer. Also, it is not clear why in a post-reproductive organism, age- 
related decline is not countered more efficiently. Damage theories of aging cover a 
wide variety of damages that a cell could endure during its lifespan that could con-
tribute to aging. From the free radical theory of aging to mutation accumulation or 
mitochondrial dysfunction, many types of damage have been postulated to serve as 
the prime factor in the aging process. It is unclear though if one form of damage 
should be considered more important than others and also why cells are less able to 
surmount these challenges with increasing age [6].

A newer theory of aging postulates that the progressive decline in aging is due to 
the imperfect physicochemical properties of biological systems [7]. According to 
this theory, not all reactions in a cell are perfectly balanced, and virtually all cellular 
processes, whether replication, transcription, translation or metabolic, are error 
prone. The inherent errors in these deterministic processes, along with mutation- 
induced variations and stochastic elements, will add up over time, leading to physi-
ological decline. This could result in variable lifespan even within genetically 
identical individuals, due to the inevitable age-related decay in non-dividing somatic 
cells [7]. Thus, stochastic, genetic as well as environmental factors precipitate a 
decline in cellular function.
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Though the precise mechanisms of aging are as yet unclear, increase in longevity 
across various model organisms has been demonstrated via manipulation of genetic 
and/or environmental variables. Among environmental variations, caloric or dietary 
restriction has been shown to increase lifespan in various species. Calorie restriction 
(CR) is a dietary intervention, where either the total caloric intake for an organism 
is reduced or specific restrictions on dietary components, like proteins, carbohy-
drates, etc., are made without causing malnutrition. This manipulation has been 
shown to increase lifespan across a wide range of species, from yeast to mice [8, 9]. 
The effect on longevity due to CR is known to be mediated by the sirtuin family of 
deacetylases in yeast, flies, worms and mice. Sirtuins act via the insulin/IGF1 path-
way to modulate lifespan. Other pathways such as AMPK, TOR, etc. also function 
as nutrient-sensing pathways to modulate aging [10].

Among genetic interventions, mutations in various processes have been known 
to increase longevity, for example, in the insulin and insulin-like growth factor sig-
nalling (IIS) pathways in C. elegans. Some of these mechanisms for enhancing 
longevity are similar in diverse model organisms, which suggests that it may be 
possible for various aspects of the aging phenotype to be delayed by interventions 
targeting the specific proteins that enhance longevity [4]. Expression profiles of 
calorie-restricted organisms as well as genetic mutants have been queried via tran-
scription profiling in various species, giving a snapshot of the underlying molecular 
changes during interventions that enhance longevity. These will be described in the 
next few sections.

 A Brief Introduction to Transcription Initiation

A variety of signals can cause changes in gene expression, such as external stimuli, 
developmental processes, stress responses, etc. Changes in gene expression are 
regulated events, usually mediated by one or more transcription factors, which can 
be either transcriptional activators or repressors. These factors bind to or associate 
with cognate DNA sequences or other proteins on DNA, to effect a change in tran-
scriptional output. For example, a transcriptional activator such as Gcn4p in S. cere-
visiae recruits multiple general transcription factors (GTFs) and chromatin-modifying 
activities to assemble a pre-initiation complex (PIC) in association with RNA poly-
merase II (RNAP II) to activate gene expression [11]. Since studies on mechanisms 
of RNAP I– and III–based transcription reactions during aging are currently sparse 
or lacking, only an RNAP II–based mechanistic outline for transcription will be 
described here.

Transcription factors are usually modular proteins with a DNA-binding domain 
and an activation/repression domain that recruit GTFs to promoter sequences of 
genes [12]. The GTFs comprise multi-protein complexes including TFIIA, TFIIB, 
TFIID, TFIIE, TFIIF, TFIIH and others such as mediator, which form the PIC at 
gene promoters [12]. Gene promoters contain a variety of DNA motifs that facilitate 
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transcription. Besides activator/repressor-binding sequences, core promoter 
sequences present at most gene promoters add to transcription efficiency or speci-
ficity. Common core promoter elements include TATA boxes, initiator elements 
(INR), downstream promoter elements (DPEs), the B-recognition element, etc. 
[13]. PIC assembly occurs over a ~200 bp nucleosome free region (NFR) in the 
promoter DNA which is marked by the flanking presence of the histone variant 
H2A.Z at the −1 and + 1 nucleosome positions, which directs the positioning of 
transcription initiation factors and complexes [13]. Nucleosomes in the promoter 
and gene body are liable to remodelling by a variety of chromatin remodelling fac-
tors or complexes such as SAGA (Spt-Ada-Gcn5-acetyltransferase complex) and 
SWI/SNF which facilitate PIC assembly and RNAP II recruitment. Factor recruit-
ment is also influenced by epigenetic modification of histone tails by complexes 
such as the polycomb-group proteins, methyltransferases and histone acetyltrans-
ferases among others, which in turn influence gene expression outcomes [11].

Various transcription factors are associated with aging, for example, sirtuins that 
are NAD+−dependent lysine deacetylases which influence longevity under DR, and 
are involved in DNA damage repair, p53 regulation, telomere function, etc. The 
primary mode of action of the sirtuin SIRT1 found in mammals is via deacetylation 
of histones H3K9, H4K16 and H1K26. Additionally, the role of epigenetic modifi-
cations is closely linked to the availability of metabolites such as acetyl-CoA, 
NAD+, S-adenosyl methionine (SAM), etc., which are known cofactors for enzy-
matic complexes that establish chromatin modifications. Aging is also correlated 
with changes in heterochromatin structure, histone loss, increased transposition and 
decreased nucleosome occupancy at telomeres. Changing levels of metabolites with 
age as well as nucleosome loss could have a close impact on the epigenetics of 
aging, indicating once again that it is a multifactorial process [14].

Thus, various signalling pathways, epigenetic changes and metabolic and other 
physiological changes together impinge on the gene expression outcome. Expression 
microarrays as well as RNA sequencing studies have been employed to decipher 
changing expression patterns with age. The studies have been performed across a 
wide variety of organisms, from yeast, worms, flies, mice and humans, giving an 
insight into progression patterns in aging within as well as across species.

 Gene Expression Studies in Yeast

The yeast S. cerevisiae has proved to be an excellent model system to study aging, 
given its short lifespan, genetic tractability and a well-annotated genome. Many 
yeast genes have been shown to have human orthologs, including those involved in 
age-related disease-causing genes such as for Bloom’s and Werner’s syndromes 
[15]. The lifespan of S. cerevisiae is measured in terms of either its replicative lifes-
pan (RLS) or its chronological lifespan (CLS). Yeast has been an excellent model 
system to identify markers for aging as well as helping understand the causes asso-
ciated with aging, with insights from both RLS and CLS aging mechanisms.
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 Replicative Aging

Yeast cells divide asymmetrically, and the number of times a single cell produces a 
daughter cell by budding is called its RLS. The RLS is generally studied as a model 
for aging in dividing cells in higher organisms. Normally, yeast cells do not divide 
indefinitely and stop after a median lifespan of 20–25 divisions, after which they 
enter a post-replicative state before they lyse. Cells become progressively larger 
with age and also show a decline in mitochondrial function, linearly decreasing 
protein and ribosomal activity, accumulation of extrachromosomal rDNA circles, 
oxidative stress and an increasingly fragmented nucleolus in mother cells, changes 
which are not passed onto daughter cells [16]. This asymmetry in partitioning, how-
ever, decreases with age, and symmetry is restored with age. A symmetric partition-
ing of increasingly damaged molecules would lead to the progressive decline and 
eventual demise of the species, and thus, even in symmetrically dividing organisms 
like fission yeast and E. coli [17, 18], there is evidence that they are functionally 
asymmetric. Hence, even in symmetrically dividing organisms, the rejuvenated 
daughter cells would continue to divide, while the cell accumulating the damaged 
macromolecules would die after a certain number of divisions [3].

RLS studies are typically performed via microdissection every 2–3 h with cells 
being maintained at 30 °C during the day and kept at 4 °C overnight to prevent cells 
from overgrowing [19, 20]. For large-scale studies, microfluidic platforms or elu-
triation is also used. Genes that are differentially expressed between young and old 
cells have been queried during various stages of the yeast RLS. In one such RLS 
study using elutriation to separate young newly budded cells from larger and older 
yeast cells, a trend for genes related to glucose storage and gluconeogenesis to be 
upregulated was observed, due to a shift away from glycolysis to gluconeogenesis 
and energy storage (glyoxylate cycle and glycogen synthesis). Genes involved in 
gluconeogenesis, environmental stress response (ESR), DNA repair, chaperone 
genes, the glyoxylate cycle, various cell cycle regulatory genes, mitochondrial 
genes and lipid metabolism were upregulated in older cells relative to younger 
daughter cells [21, 22]. Metabolism, stress response and genome stability genes are 
the most altered in older yeast cells, and these changes are perhaps interlinked, 
given that DNA damage may cause ESR genes to be upregulated. Given that genes 
for DNA damage are also upregulated in older cells without any exogenous inter-
vention with chemical agents, it would indicate that genomic instability increases 
with age, as is evidenced with an increase of rDNA circles in yeast.

Older yeast cells show differences in their cell cycle, and there is evidence that 
this may be linked with entry into senescence. Genes involved in cell cycle regula-
tion, and particularly the G2/M phase, are upregulated in older yeast cells. 
Additionally, an increase in the proportion of cells in the G2 phase of the cell 
cycle indicates alterations to cell cycle regulation in older cells [22]. The median 
replicative lifespan of S. cerevisiae is 20–25 generations, and even as early as the 
11th generation, genes upregulated in stationary phase such as SNZ1, HSP12 and 
SNO1as well as ESR genes were already beginning to be expressed. Older cells 
also display a shift to increasing aerobic respiration from a glycolytic mode of 
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energy generation in younger cells. In addition, they show decreased amino acid 
biosynthesis and lower intracellular glucose corresponding to decreased hexose 
transporter expression [23].

Increased glycogen production and accumulation were found to be upregulated 
in older cells in what has been described as a pseudo-stationary phase. Older cells 
show an increase in hexose transporter expression and a diauxy-like shift, which is 
interesting because during RLS studies, cells are not kept in a glucose-limiting envi-
ronment while getting older. This implies that there may be a glucose-sensing prob-
lem in older cells, which has been attributed to mother cells growing in volume as 
they get older [24]. However it could also indicate that the older cells may have a 
shifted metabolic cycle [25], in concert with altered cell cycles which are also 
observed in older cells.

Aged yeast cells show an increase in expression of stress response genes which 
is linked with a concerted downregulation of genes involved in ribosome synthesis, 
regulation of protein levels, protein folding and degradation. The causative reason 
has been proposed to be the decline of the protein quality control system with age 
[21, 22, 26]. Ribosome protein expression genes are downregulated around the 
fourth division of the mother cell, and their transcript levels steadily decrease there-
after [22]. However, another study found that gene expression of ribosomal and 
most other genes increases with increasing age and cell size. There was decreased 
correlation between RNA and protein expression levels for ribosomal biogenesis 
genes in older cells, where the protein level for ribosomal genes was higher than the 
corresponding transcript levels [27]. It was proposed that this uncoupling, accompa-
nied with an imbalance in stoichiometry in many proteins and complexes may be 
one of the proximal causes for the degenerative effects of aging in yeast. However, 
this loss of stoichiometry was not observed in the ribosome biogenesis protein 
machinery expression, indicating that this majorly expressed protein group may not 
be the primary driver of aging-related degeneration. Further, ribosome protein con-
centrations as a function of cell size were not determined, given that the cells 
become larger with age [27].

The question of cell size and ribosome protein levels was addressed in a separate 
study by Janssens et al. [28]. According to their results, ribosome concentrations 
showed an absolute increase but a relative decline in concentration with age in 
larger cells. Dividing mother yeast cells increase in size with age. At the point of 
greatest cell size change during yeast RLS, individual cells entered senescence and 
showed slowed cell cycles. Deletion of ribosome components increases lifespan, 
and correspondingly, lower ribosome concentrations increased lifespan in cells past 
their senescence entry point (SEP). Younger cells showed the opposite trend of lon-
ger lifespans with higher ribosome concentrations [28]. An uncoupling between the 
levels of transcript levels for ribosomal proteins and their corresponding protein 
levels could occur due to a loss in regulation of protein production or degradation, 
or both. This could have a cascading response downstream, as ribosomes are respon-
sible for translation of the proteome, further exacerbating the uncoupling effect. 
This in turn may impact transcription and lead to greater increases in the stress 
response, as is evidenced with aging yeast cells [27].
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Another set of changes that lead to lifespan regulation in yeast are histone levels, 
which are lowered in aging yeast cells due to their reduced synthesis. This leads to 
a global increase in gene expression with age. Conversely, overexpression of his-
tones increases lifespan, indicating that histone loss could also be a contributing 
factor to yeast aging [29]. Nucleosome occupancy is less precise in older cells and 
reduced by almost 50%; as a consequence, most genes across the genome have an 
elevated expression in older cells, with repressed genes and those containing TATA- 
promoters being highly induced [30]. Besides histone levels, certain histone modi-
fications levels are correlated with increasing age in yeast. As an example, 
overexpression of the Sir2 H4K16 deacetylase leads to an increase in yeast longev-
ity by inducing telomere and sub-telomere silencing. The levels of H4K16 increase 
with age, perhaps due to decreasing Sir2 levels. Other modifications such as H3K56 
are also known to decrease with age [31].

Since dividing S. cerevisiae cells ensure retention of damaged molecules with 
the mother cell, various mechanisms have been proposed for this asymmetric seg-
regation. Dividing mother yeast cells retain rDNA circles that are formed due to 
intrachromosomal recombination of repeat elements and are thought to contribute 
to RLS in yeast. The asymmetric nature of the budding process ensures that rDNA 
circles remain with the mother cell, allowing the propagation of daughter cells 
with restored replicative potential. The SAGA transcription complex promotes 
aging in yeast during its RLS by anchoring rDNA circles to the nuclear pore com-
plexes (NPCs) of the mother cell. The NPCs cluster around the ERCs, causing 
selective retention of ERCs by mother cells [32]. In addition, the SAGA/SLIK 
complex is also known to act in a Sir2-dependent manner to increase lifespan in 
yeast, and deletion of the SAGA components SGF73, SGF11 and UBP8 is known 
to increase lifespan [33].

Given that aging is not evolutionarily conserved, ‘public’ or shared mechanisms 
of longevity across species such as calorie restriction imply that there may be a 
redundancy in how certain interventions may contribute to aging. Interestingly 
enough, the response to moderate CR in yeast is mediated via the NAD-dependent 
Sir2 deacetylase, which also prevents replicative senescence by reducing ERC for-
mation, the latter being a ‘private’ mechanism of aging specific to yeast [34], indi-
cating that the effects of CR maybe different even within the same organism. Since 
aging-related mechanisms and interventions in yeast show similarities with higher 
organisms, it remains a popular tool for aging research.

 Chronological Aging

The chronological lifespan or CLS is defined as the amount of time a non-dividing 
cell in a post-diauxic state can maintain viability in a non-replicative environment 
that is depleted of extracellular glucose. These are cells that have exited the cell 
cycle and are metabolically active though non-dividing. The yeast CLS serves as a 
model for post-mitotic mammalian cell aging. Chronologically aging cells in sta-
tionary culture accumulate and utilize glycogen and trehalose, while being 
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relatively more thermotolerant and resistant to multiple stresses. Damaged proteins 
accumulate during chronological aging, and interventions such as an increase in 
superoxide dismutase expression enhance CLS [16].

Yeast cells during chronological aging employ mitochondrial respiratory 
pathways for energy production and use ethanol formed from glucose fermenta-
tion as a carbon source, a metabolic state that is thought to resemble that of non-
mitotic human cells [19]. The high ethanol levels contribute to acetic acid 
formation which acidifies the culture medium and leads to apoptotic cell death of 
the yeast cells. If CR is imposed on cells while they are growing exponentially, 
it decreases culture acidification later as it induces cells to undergo respiration at 
an earlier stage [17, 34].

Microarray studies on a time-course studying stationary phase aging relative to 
exponentially growing cells have shown that genes involved in β-oxidation of fatty 
acids, alcohol catabolic process and glyoxylate metabolism are upregulated during 
stationary phase. In early stationary phase, cells upregulated genes for trehalose 
biosynthesis, pyruvate metabolism, glucose transport, pentose metabolic process 
and cytogamy [35]. During early stationary phase, cells shift from glycolysis to 
oxidative metabolism and accumulate storage carbohydrates like trehalose. About 
4 days later, a shift to aerobic respiration occurs with genes from the TCA cycle 
being upregulated, while rRNA export from the nucleus, nucleobase biosynthesis, 
pentose metabolic process and cytoplasmic translation genes are downregulated, 
indicating that growth is slowed or almost stopped. The slow growth upon entry to 
stationary phase is correlated with a downregulation of translation, ribosome bio-
genesis, tRNA synthesis, nucleotide biosynthesis and other processes due to nutri-
ent depletion, with the largest shift occurring in cells after 6  days in stationary 
phase. By day 10, few genes remain differentially expressed relative to log phase. 
Various transcription factors like Yap1, Xbp1 and Adr1 integrate signals from the 
MAPK and Ras/PKA pathways and upregulate stress response signals like heat 
shock proteins, repression of nucleotide metabolism, autophagy and amino acid 
metabolism [35].

In a screen for genes that contribute to CLS in yeast, genes that reduced culture 
acidification due to accumulation of acetic acid in the medium containing stationary 
phase cells were found to be significantly enriched. There is little homology between 
CLS yeast genes that contribute to yeast RLS and aging in C. elegans, indicating 
that longevity-influencing aspects of these genes perhaps evolved later [36, 37]. 
Dietary restriction increases lifespan in both RLS and CLS of yeast. DR induces a 
shift in metabolism from fermentation towards respiration while also signalling 
downstream via the TOR/Sch9 and PKA pathways.

 Aging in Caenorhabditis elegans

The soil nematode C. elegans plays an important role in aging studies owing to its 
short life cycle, well-defined tissues, a tractable genome and a well-studied devel-
opmental programme. C. elegans has proven to be a useful model in studies on the 
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effect of dietary restriction on longevity, as well as in analysing the effect of various 
gene mutations influencing longevity. Screening for genes and pathways that alter 
expression levels with age has been pursued using transcriptomics as well as RNAi 
methodologies on wild-type worms as well as mutants displaying altered lifespan 
durations. Early studies using whole-genome microarrays have been used to iden-
tify senescence patterns in roundworms, and about 164 responsive genes were iden-
tified. These included genes for heat shock response which showed decreased 
expression, while various transposases showed increased expression with age in 
adult worms. These and other studies were performed with worms of similar chron-
ological age spanning different ages, using pooled populations of worms [38, 39]. 
While this approach is useful for a systems-level averaged view of changing gene 
expression patterns, there is considerable heterogeneity in physiological age 
between worms of similar chronological lifespans, based on studies in age-related 
motility and related mortality patterns [40].

Using single worms for microarray analysis of aging patterns, Golden et al. [40] 
found that genes that show increasing expression with age include those associated 
with apoptosis or necrotic cell death, mitochondrial and respiratory chain genes, 
collagen metabolism, etc. In worms with impaired motility and coordination with 
age, genes for amino acid metabolism and actin-related genes were increased in 
expression, even though muscle function was declining. This indicated that physi-
ologically old worms were trying to compensate for impaired muscle function. 
Gene expression patterns in worms were highly correlated with their physiological 
age, which closely corresponds to motility patterns in the organisms. Post- 
reproductive worms were enriched in stress response, ER-nuclear signalling, chap-
erones, various transcription factors and aging-related genes. Downregulated genes 
included those for metabolism of tRNA, DNA, carbohydrates, peptidoglycan and 
lipid metabolism [40]. While this study did not address tissue-specific temporal 
aging patterns, such differences are prominent in C. elegans tissues, for example, as 
seen in the increased autophagy in intestinal tissues of worms relative to others dur-
ing aging [41].

Various genes have been shown to regulate lifespan in C. elegans. Mutations in 
the genes involved in the insulin/IGF-1 pathway when deleted extended lifespan 
[19, 42]. Transcriptional profiles of mutant worms having mutations in genes, such 
as sir2.1, daf16, daf2 and others involved in the insulin/IGF-1 pathway, which 
altered longevity have been generated to identify downstream targets that influence 
lifespan [43–45]. In these studies, genes involved in stress response, metabolism, 
nutrient uptake and energy generation were found to be altered, and specific expres-
sion patterns relating to longevity in each of these mutants identified.

Dietary restriction in worms has been shown to increase longevity. The mTOR 
pathway is linked to longevity and DR in worms, with reduced mTOR activity in 
calorie-restricted worms leading to increases in lifespan [19]. CR in worms is 
autophagy dependent, with a number of genes involved in the process. TFs required 
for CR- or TOR-mediated lifespan extension like PHA-4 or HLH-30 induce 
autophagy- dependent gene expression, and PHA-4 overexpression can also extend 
lifespan and improve resistance to stress. Several other transcription factors have 

3 Transcription and Aging



52

been found to mediate lifespan extension during DR such as KLF-1, ELT-3, WWP- 
1, HIF-1 and SKN-1 [46–50], usually acting in specific tissues. In addition to TFs, 
various epigenetic modifications have been correlated with aging in C. elegans. For 
example, the histone mark H3K36me3 is deposited by elongating RNAP II and has 
been shown to be important for suppressing cryptic transcription [51]. H3K36me3 
modification has been found to be inversely correlated with gene expression during 
aging in worms, with genes having low levels of the histone mark showing the most 
dramatic increases in expression with age. A reduction in H3K36me3 levels due to 
inactivation of the methyltransferase met-1 also resulted in a shorter lifespan, indi-
cating an involvement in longevity regulation [52]. A more detailed analysis of epi-
genetic modifications during aging will be considered elsewhere in this volume.

MicroRNAs play an important role in regulating gene expression across a 
variety of processes, from development, metabolism and aging. Various RNAi 
studies have been done to uncover aging regulators in worms. For example, 
components of the electron transport chain when silenced produced long-lived 
worms, indicating a role for oxidative phosphorylation in determining lifespan 
[53]. Mutations in the lin-4 miRNA and its target lin-14 affect aging in worms, 
and they act in the insulin/IGF-1 signalling pathway. Other miRNAs have been 
found to play roles in the TOR nutrient signalling pathway, while miRNAs such 
as let-7 interact with a homolog of the amyloid precursor protein and are thus 
implicated in playing a role in Alzheimer’s disease [54, 55]. The miRNAs miR-
71, miR-238 and miR-246 extend lifespan in worms, while miR-239 limits it. 
miR-71appears to have multiple functions; it promotes resistance to oxidative 
and heat stress in C. elegans and interacts with the DNA damage checkpoint 
pathway and the insulin signalling pathway [56]. miR-71 also specifically acts 
in the neurons to extend lifespan after germ line removal, acting via the TF 
DAF16/FOXO in the worm intestine [57]. About 50 of the 200 odd identified 
miRNAs in C. elegans are differentially expressed during aging, with most 
being downregulated with age, in contrast with aging studies in mice, indicating 
differences in miRNA regulation across species [58].

 Aging in Drosophila melanogaster

Gene expression profiling across various tissues in Drosophila melanogaster has 
revealed variable expression patterns in response to aging, indicating that different 
tissues have differing physiological aging mechanisms. While analysis of tissues 
from flies of similar chronological age does not prevent homogenisation of indi-
vidual fly tissue expression patterns, it remains an improvement over whole body 
comparisons. A summary of transcriptomic profiling across various tissues in 
Drosophila is provided (Table 3.1).

From the above Table 3.1, it is clear that very few genes or processes are found 
to be common across tissues in flies, indicating that transcriptomic changes with age 
relate to tissue-specific functions. In calorie-restricted flies, many signatures for 
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aging are alleviated and an increase in longevity is observed with transcriptome 
signatures of young flies resembling that of calorie-restricted older ones. CR caused 
upregulation of genes involved in cellular growth, metabolism and genes responsi-
ble for light perception, which are downregulated in aging flies. Conversely, genes 
for cell cycle, DNA repair, RNA metabolism and processing as well as protein 
metabolism and modification were downregulated in CR conditions [59].

Table 3.1 Examples of changes in gene expression during aging

Tissue Upregulated genes Downregulated genes References
Brain Immune response, alcohol 

metabolism, carbohydrate 
metabolism, amino acid 
metabolism, neurotransmitter 
secretion, protein catabolism

Microtubular processes, TCA 
cycle, oxidative stress 
response, immune function, 
neuronal function, proton 
transport, light reception

[57–60]

Muscle Antimicrobial humoral response, 
protein catabolism, autophagy, 
signalling and secretory pathways 
(protein membrane targeting, 
secretion pathway, RTK 
signalling), cell motility

Energy generation, oxidative 
phosphorylation, signalling 
and metal ion transport genes

[57]

Malpighian 
tubule

Anion transport, metal ion 
homeostasis, tRNA metabolism, 
chromosome organization, amino 
acid metabolism

Metabolism and vesicle 
exocytosis

[57]

Gut Amino acid metabolism, nutrient 
intake and transport

Oxidative phosphorylation, 
metabolism, muscle 
contraction, apoptosis and 
vesicle transport

[57]

Accessory 
gland

Cytoskeleton, cellular 
homeostasis, protein targeting, 
stress-activated protein kinase 
signalling pathway, ROS 
metabolism, intracellular transport

Protein targeting, 
glycoprotein biogenesis

[57]

Testis Cellular morphogenesis, tRNA 
aminoacylation, mRNA 
metabolism, protein folding

Metabolism genes [57]

Adipose 
tissue

Immune response, signalling and 
metabolism genes

JNK cascade, glucose 
catabolism, protein 
catabolism, signal 
transduction

[57]

Thorax Immune response, morphogenesis, 
proteasome complex, actin 
filament processes, JNK signalling

Muscle fibre components, 
mitochondrial components, 
oxidoreductase activity, 
calcium ion binding

[58, 59]

Heart Extracellular matrix, DNA repair, 
mitochondrial ATP synthesis, 
mitochondrial β-oxidation 
Transcription factor Odd and its 
targets, miR-1 target genes

Carbohydrate metabolism, 
microRNA miR-1

[61]
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 Aging in Mice

Mus musculus or the common mouse is a popular model for aging studies, despite 
its relatively long lifespan of up to 2–3 years in laboratory conditions. Mouse tissues 
display distinct physiological aging signatures. In a comparison of expression pat-
terns in the brain, heart and kidney tissues of mice, the mouse brain shows less age- 
related gene regulation. Few common regulatory processes across tissues that reflect 
aging such as innate immunity–related functions were common to all three tissues 
[60]. The brains of old mice show differentially expressed genes for glutathione 
metabolism and chemokine signalling, while genes for focal adhesion and cancer 
pathways are downregulated. Glutathione counteracts oxidative stress due to ROS 
and hence may be upregulated as part of a protective mechanism against degenera-
tive processes, while chemokine signalling is involved in pathways that mediate 
stress and immune responses. Additionally, cancer pathways are downregulated in 
the brains of old mice, indicating that their brains are protected against aging-related 
diseases, and this may impact longevity of the animals [61].

The mouse brain shows an increased immune response, complement cascade 
induction and an increase in stress response with a concomitant decrease in devel-
opmental regulated genes and ubiquitin-proteasome pathway genes with age. These 
changes are reversible with calorie restriction [62]. CR influences a wide variety of 
tissues and cell types. Genes as well as gene modules are affected, as seen with 
mRNA processing activities such as splicing factors, mRNA processing and stabil-
ity factors as well as immune response genes and histone clusters. For some biologi-
cal processes, there is an inverse relation between CR and aging, such as for 
immunity and inflammation. For most modules, however, there is a weak correla-
tion between aging and CR on a genome-wide level, and this correlation is stronger 
in some tissues than others [62]. In a comparison of lung, liver and kidney tissues, 
growth-promoting genes show decreased expression during the development past 
the juvenile stage, which continues into adulthood. Cell cycle genes show the most 
change, and this could be due to a decline in proliferative capacity with aging [63].

The aging mouse heart shows upregulation for genes involved in processes 
related to cellular structural proteins (ECM, collagen deposition, cell adhesion) and 
immune response. Downregulated genes include those related to beta-oxidation and 
protein synthesis initiation factors [64]. In the murine heart, a loss of myocytes 
ensues with age (cardiomyopathy), with a concomitant hypertrophy of remaining 
myocytes, increasing fibrosis of the heart, increased apoptosis, calcium transport 
and stem cell loss. There is accelerated collagen deposition with age, as also reduced 
fatty acid metabolism and protein synthesis, effects which are reversible with 
induced calorie restriction [65].

Aging results in muscle mass loss called sarcopenia, a general effect of aging. 
Genes in skeletal muscle upregulated due to aging include those responsive to stress 
(oxidative, heat shock, DNA damage), and a reduction is seen in glycolysis and 
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mitochondrial genes. Most age-related changes in gene expression in the muscle are 
partially or completely reversible by CR, with a shift towards increased protein and 
energy metabolism. A reduction in damage due to reduced expression of genes 
involved in oxidative stress response, heat stress and DNA repair due to reduced 
oxidative damage in calorie-restricted mice is observed [66]. In mouse skeletal tis-
sue, p53-dependent genes show altered mRNA and protein expression profiles with 
age. Older muscle cells showed increased p53 levels, and this was correlated with 
an increase in p53-dependent apoptotic gene expression. Changes in p53-dependent 
transcript changes have been shown to be reversible via caloric restriction, indicat-
ing a role for p53 in mediating aging [67].

Older mice show decreased co-expression of genes relative to younger ones, 
indicating an increase in heterogeneous expression in older cells. This could result 
from a variety of mechanisms, such changes in chromatin dynamics with age, 
changes in TF-dependent activation, etc. The loss of co-expression is not a uniform 
phenomenon for all co-expressed genes and is evident for smaller expression mod-
ules only [68]. Besides gene expression profiling, studies on DNA methylation 
changes in the mouse muscle, brain and liver showed that the methylation changes 
in CpG sites during transition from juvenile to adult and from adult to aged period 
are correlated. Genes affected in the aging process may be a continuation of growth 
processes as no significant expression change was found for genes which showed 
methylation changes, except for some stress genes [69].

In a meta-analysis of 27 microarray profiling datasets across mice, rats and 
humans to identify common gene signatures correlated with aging, genes from pro-
cesses like immune response, complement activation, lysosomal genes, apoptosis- 
related and cell cycle regulation, among others, were upregulated. Genes decreased 
in expression with age included those involved in mitochondrial and oxidative phos-
phorylation functions, negative regulation of transcription, and collagen-related 
genes, which may relate to reduced elastin and collagen deposition with age [70]. 
Few gene modules are commonly affected due to aging across species as disparate 
as worms, flies, mice and humans. Components of the electron transport chain have 
been shown to decrease in expression with age across all these species, indicating 
that these could serve as a biomarker for aging. Deletion of ETC components in 
worms additionally has been shown to increase lifespan, and this may apply to other 
species as well. Few other mechanisms have shown such widespread conservation 
across species, except for CR-induced anti-aging effects [9, 71]. It is not clear why 
mitochondrial components responsible for oxidative damage would limit their 
expression with age and also affect different survival times such as 2 years in a lab 
mouse but nearly 80 years in case of humans, even though the mechanisms of mito-
chondrial function are largely conserved. This indicates also that aging mechanisms 
are different across species with similar outcomes and that most aging-related 
mechanisms are private and very few are public, making it difficult to envision a 
general mechanistic theory of aging.
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 Aging in Humans

Genome-wide studies on aging in humans have been performed using tissue sam-
ples across the lifespan of individuals and also comparing to other species. The 
underlying molecular mechanisms that cause aging appear to be diverse, and vari-
ous transcriptomic studies have been performed to dissect tissue-specific and com-
mon mechanisms for aging. These analyses hold promise for identifying normal 
organ/tissue processes during aging, as well as mechanisms for the development of 
age-associated degenerative diseases, such as Alzheimer’s disease.

Differences arise within the same tissue as well; for example, the human brain 
is functionally differentiated into various regions. These have been shown to 
exhibit distinct expression signatures as well as different aging rates. For exam-
ple, the cerebellum showed less-differential gene expression than the cortex in the 
human brain and aged slower compared to the cerebral cortex in humans, perhaps 
due to slower metabolism [72], while the converse was seen in the mouse [72]. 
Despite brain region heterogeneity, various pathways have been shown to be 
involved in human brain aging across regions, including the apoptotic signalling 
pathway, glutathione derivative biosynthesis, neurotransmitter transport, spliceo-
some complex assembly, ROS metabolism, etc. [73]. Genes related to oxidative 
phosphorylation and mitochondrial function are among the most consistently 
downregulated genes in the brain, indicating that a general decrease in energy 
metabolism accompanies old age [74].

The prefrontal cortex in human brains shows a maximal rate of expression 
change during foetal development with genes for cell division showing decreases 
during foetal development and infancy, while axonal function genes are upregu-
lated. These changes reflect on the processes occurring during the development of 
the human brain. Some genes that show reversals from foetal expression patterns, 
such as the declining expression of ATP synthesis, energy metabolism, ion binding 
and transport genes during foetal development, are reversed after birth. Changes in 
gene expression declines postnatally and continues to decline till the 40s. In more 
mature brains over 40  years of age, expression change increases again [75].The 
human brain cerebral cortex and cerebellum showed 56 genes in the frontal cortex 
and 7 genes in the cerebellum with positive correlations for age, including genes for 
transcription, histone acetylation, nuclear lumen, DNA metabolic process and RNA 
processing. Some of the age-related changes found in bulk tissue are also reflected 
in isolated neurons. Mitochondria- and metabolism-related genes are downregu-
lated, indicating that metabolism decreases with age in these brain regions with age 
[76]. Differential gene expression in the prefrontal cortex brains region during old 
age is initiated in early childhood and is linked to developmental processes, suggest-
ing a link between development and aging. This reflected in protein expression as 
well, with various miRNAs extending a regulatory influence on gene expression for 
both mRNAs and proteins [77]. Activation of the brain immune system is increased 
in old age. In brain regions such as the entorhinal cortex, hippocampus, superior 
frontal gyrus and postcentral gyrus, immune-related genes, toll-like receptor signal-
ling and complement cascade showed a general increase in expression across the 
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regions examined. Activation of microglia and perivascular macrophages which are 
part of the brain immune system is observed, along with a downregulation of factors 
that curtail activation of microglia and macrophages such as TOLLIP and fractal-
kine. However, long-term innate immune system activation can be deleterious, 
because of the release of factors such as pro-inflammatory cytokines [78].

An interesting aspect of gene expression related to Alzheimer’s is the correlation 
with expression of genes which are increased during foetal development (and 
reversed after birth) and decreased during Alzheimer’s and vice versa, indicating a 
link between development and aging processes [75]. Increasingly, evidence has 
been uncovered implying that brain aging and cognitive decline are related to syn-
aptic decline and remodelling and not neuronal loss as was previously thought. 
Genes influencing brain aging overlap with those expressed during some neurode-
generative diseases, such as Alzheimer’s [79]. The transcription factors SP1, SOX2, 
KLF15 and ESR1 regulate about half of aging-related genes, based on motif- 
enrichment scores on regulated gene promoters. Multiple gene modules are enriched 
for differential expression of genes involved in DNA repair, telomere maintenance, 
apoptosis, immune response, NF-kappaB signalling, growth regulation, RNA 
metabolism and modification, extracellular matrix, cytokine secretion, signalling 
pathways and some developmental processes, among others. Genes enriched 
between Alzheimer’s and aging have a number of pathways in common between the 
two processes, such as those involved in apoptosis, growth signalling, neuron devel-
opment, synaptic vesicle trafficking, cytoskeleton and cell adhesion [79, 80].

Human brain aging is sexually dimorphic, with greater changes occurring in 
the male brain for gene expression than the female brain during aging in certain 
brain regions [81]. Males have enrichment for GO categories of differentially 
expressed genes for energy production, RNA processing, ribonucleotide metabo-
lism, protein synthesis, ribosome biogenesis, translation, protein processing and 
mitochondrial function. These categories for energy production were not enriched 
in the female brain. Instead, the female brain had greater enrichment for genes 
involved in immune function and inflammation relative to male brains. 
Downregulated genes in the female brain included those for neural morphogene-
sis, signal transduction, intracellular signalling, etc. Some responses are common 
though: Both sexes showed decreased expression of genes involved in synaptic 
transmission and an increase for expression of cell death, angiogenesis and cell 
growth responses globally [81].

Various sex-specific gene expression responses to aging have also been observed 
in other diverse tissues. In the lung, gene expression signatures could be grouped by 
age as well as by sex. The age-specific signatures had an overrepresentation of 
genes that were differentially expressed in old age for extracellular matrix and pro- 
inflammatory response [82]. Similar responses were observed in the human skin 
with age, with inflammatory gene expression increasing with age in the females, 
along with transcripts associated with T-cells, macrophages, dendritic cells, mono-
cytes and neutrophils. In males, T- and B-cell associated transcripts alone increased 
with age, highlighting sex-related differences in aging. Interestingly, these sex- 
specific differences were not observed in mouse tail skin, indicating once again that 
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aging mechanisms among species vary [83]. Changes in gene expression and 
metabolite levels in the skin occur in concert. Various metabolites such as coenzyme 
Q10, DHEA sulphate, proline betaine, etc. are reduced, along with expression path-
ways for amino acid and central carbon metabolism, tRNA biosynthesis and glyco-
lytic flux, while gluconeogenesis shows an increase [84].

Cellular stress response pathways in male skin analysis from healthy adults 
showed an increased expression with old age without a corresponding increase in 
cellular repair, indicating that cell stress and inflammation were increased in older 
individuals. Most age-related genes showed a regulatory dependence on transform-
ing growth factor beta 1 (TGFβ1), tumour necrosis factor (TNF) and mitogen- 
activated protein kinases (MAPKs), with apoptosis, angiogenesis and cell 
proliferation among important age-regulated gene processes. In male skin, midlife 
was marked by transient change in expression of thousands of genes involved in 
protein and cell metabolism, translational modification, cell cycle, etc. There was 
reduced enrichment for genes involved in telomere maintenance, growth and devel-
opment processes and oxidoreductase activity, which reverted to earlier expression 
levels with age, with TNF and p53 being important regulators for these genes. 
Though skin composition is assumed to be more or less constant throughout life, it 
would appear that age-related changes in expression are not necessarily progressive 
throughout life [83, 85, 86].

Peripheral blood leukocytes show few age-associated transcripts, and the main 
pathways involved are related to mRNA processing and maturation, ribosome bio-
genesis and assembly, and chromatin remodelling. Transcripts with the largest 
effect sizes such as for immunity and inflammation, muscle development and vas-
cularization were good predictors of young and aged individuals and can perhaps be 
used as biomarkers. Alterations in splicing patterns increased with age, even though 
gene expression levels remain relatively consistent across ages. Because these stud-
ies were done with arrays, RNA-Seq analysis would further bring out different 
splice patterns related to aging [87]. Genes involved in cancer, growth, maintenance 
and apoptosis change in gene expression as early as the late 20s/30s, with a critical 
shift observed in the age range of 49–56 years. Age is associated with decline in 
immune function due to reduced production of B- and T-cells and increase in 
immune senescence, leading to a greater involvement of inflammation and immune 
response genes with age [88].

Peripheral blood mononuclear cell (PBMC) gene expression shows sex-spe-
cific differences, implying gender-specific immune differences also exist. For 
example, IL6 plasma levels in males was associated with 62 differentially 
expressed transcripts related to processes such as inflammatory response, cell 
adhesion and secretion. Seven genes were found to harbour DNA methylation 
levels correlating with IL6 levels, indicating that some of the differences may be 
epigenetic in nature [89]. However, irrespective of ethnicity and gender, purified 
monocytes in middle-aged to old individuals showed a reduction in expression of 
ribosomal protein synthesis, autophagy and oxidative phosphorylation genes. A 
similar result was seen for T-cells, with the ribosomal protein synthesis machin-
ery being downregulated in both cell types, though the oxidative phosphorylation 
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machinery was not downregulated in T-cells. Additionally, the immune response 
pathway genes are upregulated in T-cells but not in monocytes, highlighting cell-
specific differences [90].

Aging patterns across tissues are not always concordant. The human kidney has 
very few age-related genes in common with other tissues such as the muscle and did 
not show much similarity for aging processes across species. The human muscle 
showed about 250 genes involved in age-dependent differential expression, with 
differences in expression for most genes between old and young individuals being 
small [91]. Common processes related to aging in muscle, kidney and brain showed 
a common signature gene set involving extracellular matrix, cell growth, cytosolic 
ribosomal genes, electron transport chain, chloride transport and complement acti-
vation genes. The increased expression of ribosomal genes was peculiar, given that 
with age, a decline in protein synthesis occurs. The increase in expression was 
attributed to offset this effect [92]. Not all gene expression changes with age occur 
linearly across tissues. Cells in the brain, kidney cortex and medulla and muscle 
undergo a marked shift at two distinct age stages, around 40 and 70 years in humans. 
In muscle, the sixth decade shows a decrease in muscle strength though these 
changes start in early midlife. After 70 years of age, sarcopenia or muscle waste is 
known to set in [93]. In tissues such as heart, lung and blood, there is greater cor-
relation between aging gene signatures than muscle, indicating a role for functional 
connection in leading to co-regulation of gene signatures across differing tissues. 
Mitochondrial functions are frequently downregulated, indicating that they have a 
central role in human aging. Many gene signatures are tissue-type correlated. A 
comparison of the AGEMAP and GTEx studies for heart and lung tissues showed 
that there are very few commonly differentially expressed homologous genes 
between humans and mice. Part of the discrepancy has been attributed to the study 
designs and experiment conditions [94].

In addition to gene expression, DNA methylation changes with age also show 
differences across various tissues. Promoter hyper-methylation is known to increase 
for specific genes in various tissues, which is also seen in diseases such as 
Alzheimer’s and type II diabetes [95]. Differential DNA methylation between 
young and old subjects in leukocytes includes hyper-methylation at CpG islands 
(CGIs), mostly at TSSs and the first exon of genes. Hypo-methylation of DNA at 
non-CGIs in gene bodies and inter-genic regions increases with age, indicating that 
de novo methylation as well as DNA methylation maintenance changes with age. 
The methylation levels do not always correspond to expression levels, and most of 
the increasing hyper-methylation occurs at genes associated with developmental 
processes, transcription and DNA binding. Hypo-methylated sites do not impair 
very specific functions or processes, indicating that hyper-methylation may be a 
more regulated occurrence. Hyper-methylation-associated GO terms in old indi-
viduals include processes for transcription, growth, development, signalling pro-
cesses and metabolism. Across various tissues, some functions are more affected by 
methylation than others, indicating that there may be some programmed features 
that correlate with aging. In leukocytes, genes that are affected due to expression- 
methylation correlation belong to immunological processes, signalling pathways, 
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endocytosis and cytoskeletal remodelling, which may affect immune system func-
tion in old age [95].

DNA methylation pattern changes with age as observed from blood were found 
to be independent of the composition of the blood cell types. Hypo-methylation was 
seen in large blocks, containing many CGIs within them which were found to be 
hyper-methylated with age. These hypo-methylated blocks were also hypo- 
methylated in cancer, indicating that cancer-associated DNA hypo-methylation 
could be related to aging or may already be present in aged tissues. Gene expression 
at differentially methylated regions was sparsely affected, with the direction of 
change acting to stabilize expression levels of genes. About 58 TFs were enriched 
with age-dependent methylation of DNA, indicating a global change in chromatin 
patterning with age. TFs enriched in hypo-methylated regions include NANOG, 
POU5F1, OCT4, HDAC2, BCL11A, etc., while polycomb factors, TAF1, REST and 
CTBP2, were enriched among hyper-methylated DMRs [96].

 Transcriptome Heterogeneity During Aging

Cellular heterogeneity is a well-studied phenomenon and is known to be responsi-
ble for cell-to-cell variation and may arise due to factors intrinsic or extrinsic to the 
cell. The wide variation in cellular lifespans observed across model organisms indi-
cates that not all cells and organisms respond to the same environmental stimuli in 
an identical manner. Studies in S. cerevisiae have shown that during the RLS of 
single yeast cells, there is a marked variation in age of cells at death [28]. Cellular 
heterogeneity arising due to underlying variable gene expression patterns in single 
cells could contribute to a decline in tissue functioning. For instance, murine cardio-
myocyte heterogeneity was found to be increased in old mice, with genes for β-actin, 
β-2 microglobulin and lipoprotein lipase showing variable transcript levels. The 
highly expressed mitochondrial COX1, COX2, COX3 genes were not noisy, per-
haps because of their relative abundance [97]. Oxidative stress induced greater 
noise in gene expression and combined with other factors like genome arrange-
ments has been an indicative cause for a decline in heart function due to dramatic 
variation in cell function [97].

Although cellular heterogeneity within tissues is a commonly observed phenom-
enon [98], increased cellular heterogeneity with old age could lead to mosaicism in 
cellular function within the same tissue, which could be a possible reason for func-
tional decline. Besides transcriptomic heterogeneity arising due to intrinsic factors 
such as stochasticity in molecular processes or extrinsic factors such as the sur-
rounding environment of the cell, accumulating mutations with age could also cause 
expression heterogeneity increase with age. Mutations accumulate with age in post-
mitotic cells as well as dividing cells [99]. Gene expression heterogeneity was found 
to be increased in correlation with genome rearrangement mutations and was greater 
in older mice compared to young ones [100]. Mutation frequency increases with 
age, with replication-induced mutations being mainly point mutations and 
replication- independent genome rearrangements occurring in dividing as well as 
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non-dividing cells. The increase of these genome errors with age enhances the prob-
ability of gene expression alterations leading to the functional decline of organs 
harbouring postmitotic cells such as brain and heart cells. This could be due to 
complete loss of gene function or even heterozygosity induced due to rearrange-
ments in one allele [101]. More research is required to uncover the link between 
stochastic gene expression leading to cellular heterogeneity and aging phenotypes, 
with the above studies underscoring a possible mechanism for tissue function 
decline with age.

 Therapeutic Approaches for Aging

Human life expectancy is on the rise, due to improvements in public health and 
biomedical interventions for disease. This also means that larger numbers of indi-
viduals are reaching old age today, and this proportion is expected to rise. Aging 
phenotypes vary across tissues, and a decline in function correlated with age ensues 
with increasing age. Though aging is not an adaptive process, key interventions that 
have prolonged lifespan have been gene mutations in select genes and calorie 
restriction.

While many of the mutations enhancing longevity relate to nutrient signalling 
pathways such as the insulin/insulin-like growth factor-like signalling (IIS) pathway 
in invertebrates [102, 103], not all lifespan increasing mutations have resulted in an 
increase in the health span of the animals under study [104]. Unlike developmental 
programmes which are quite precise, lifespan extension seen in genetic mutants has 
extremely variable effects even in genetically closely related individuals. Some 
studies have shown that long-lived mutants suffered from reduced resistance to vari-
ous stresses, indicating that they were compromised in surmounting the challenges 
faced under adverse conditions [105]. The increased lifespan may also be due to a 
diversion of resources to maintain the somatic component of cells while compro-
mising on reproductive fitness, whether in D. melanogaster, C. elegans or M. mus-
culus. In a natural environment then, these mutants would not be favoured by 
selection. Hence, anti-aging interventions need to take cognisance of the conditions 
under which a genetic modification is judged as long-lived. Animals in the wild usu-
ally do not survive to the old age spans observed under laboratory conditions, and 
the majority die due to external causes like predation, disease, accidents, etc. This 
means that natural selection may have limited opportunity to act on the processes of 
senescence.

Caloric restriction has been shown to increase lifespan as well as the health span 
in model organisms, and there is indirect evidence that it may be beneficial in 
humans too as an intervention against aging [106]. Key pharmacological interven-
tions to inhibiting nutrient response pathways like mTOR and insulin-like signal-
ling (ILS) also appear to have a similar response to longevity as CR, and this has 
been visible across species. For example, rapamycin, which targets the mTOR path-
way, is known to inhibit aging in mice, as does CR. This indicates that at least to 
some degree, there may be a genetic basis to longevity, even though it has been 
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difficult to understand the precise molecular mechanisms behind their working [4, 
103]. Mimetics of CR-dependent longevity modulation have shown promise, and 
most of these drugs have as their target the activation of sirtuins or AMPK targets. 
Resveratrol is best known to be a CR mimic, with a decrease in insulin signalling, 
increase in mitochondrial biogenesis and increase in NAD+/NADH ratio leading to 
sirtuin activation, AMPK activation and increased mitophagy and autophagy. 
Another compound metformin has been reported to have effects similar to CR 
including increased sensitivity to insulin, AMPK-independent SIRT1 increase in 
autophagy, increased protection to ROS and reduction in chronic inflammation [53, 
107]. Other compounds such as coenzyme Q10, alpha-lipoic acid and vitamin also 
exert partial CR-like effects offsetting age-related transcriptional changes [64]. 
Global gene expression studies can reveal the effects of CR mimetics, enabling 
comparisons across treatments in addition to longevity outcomes, and also revealing 
the contributing genes for mechanistic insights.

Thus, though CR appears to be a ‘one-size-fits-all’ intervention for aging, the 
processes contributing to aging have been shown to be diverse across species and 
even tissues within the same organism. Identification of genes and processes 
involved in longevity indicate that therapeutic targets for regulatory proteins could 
be found to intervene in age-related diseases and help enhance healthy aging. This 
could also help in treatment of late-onset diseases such as Alzheimer’s and 
Parkinson’s diseases, if therapy could incorporate the effect of delayed aging and be 
restructured to a preventive course.
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 Introduction

Aging is a progressive decline involving a decrease in the organism’s fitness leading 
to disease manifestation and eventually death. The hallmarks representing the com-
mon denominators of aging in different organisms are genomic instability, telomere 
attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient-sensing, 
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and altered 
intercellular communication [1].

The maintenance of protein homeostasis (proteostasis) dictates that at a given 
time, the rate of protein synthesis should be in balance with that of protein degrada-
tion. However, owing to age-related accumulation of damaged proteins due to 
impaired functioning of the cellular maintenance and repair pathways, loss of pro-
teostasis occurs as a consequence of the aging process (Fig. 4.1). Even at the pre- 
translational level, multiple regulatory mechanisms are employed to both spatially 
and temporally regulate the process of protein synthesis. Dysregulation of the sur-
veillance mechanisms at either the pre-translational or translational level has been 
related to aging and disease onset (Fig. 4.1) [2]. Genomic instability thus also has a 
direct impact on the process of mRNA translation.

Emerging research findings indicate that there exists a causative relationship 
between the regulation of protein synthesis and aging such that lowering the rate of 
protein synthesis also lowers the rate of aging and helps in life span extension in 
various organisms. This involves the interplay of signaling pathways which modu-
late protein synthesis and hence aging (Fig. 4.1). In vitro protein synthesis moni-
tored in several studies using incorporation of radioactively labeled amino acids in 
cell-free extracts, using hepatocyte suspension or purified ribosomes, has revealed 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9005-1_4&domain=pdf
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that bulk protein synthesis slows down during aging in various cells, tissues, and 
organs in different organisms. Furthermore, an increase in misincorporation of 
amino acids into proteins with age has also been observed [3].

Among the multiple molecular mechanisms underlying the aging process, altera-
tions in the protein synthesis machinery appear to play a crucial role. This chapter 
attempts to dissect the role played by various components of the translation machin-
ery in the aging process and how aging in turn affects them. The role of the ribo-
some, which is at the heart of the translation process, transcriptional regulation 
involving RNA granules and noncoding RNAs, and translational regulation along 
with their alterations during the aging process, has been discussed. The signaling 
pathways regulating these processes and their relation to aging are also documented. 
The chemical changes and damage occurring to the polypeptide chains during the 
aging process and the contribution of these to the loss of proteostasis have been 
discussed. Finally, various theories explaining how downregulation of protein syn-
thesis may contribute to longevity in different organisms have been explained.

 Ribosome and the Aging Process

Ribosomes are ribozymes which constitute various subunits like different 
rRNAs, ribosomal proteins, and other ribosome-associated proteins. Ribosomes 
act as key players in translational quality control by involving transport and 
protein-folding components depending on the nature of polypeptide chain [2]. 
For example, the ribosome helps in preventing proteotoxicity arising from the 
misfolding of secretory proteins due to the presence of regulation of aberrant 
protein production (RAPP) mechanism. RAPP manifests in the form of associa-
tion of the N-terminal signal sequence in the secretory polypeptide with the 
signal recognition particle (SRP) at the ribosomal exit terminal. This associa-
tion fails in case of a mutated N-terminal sequence, and instead the polypeptide 
chain now interacts with another ribosome interacting protein, Ago2 (argo-
naute2), which directs it for degradation (Fig. 4.2) [4].

Ribosomal chaperones play an important role in regulating translational activity 
especially under stress conditions. For example, nascent polypeptide-associated 
complex (NAC) is a chaperone complex which associates reversibly with the ribo-
some and helps in solubilization of misfolded proteins under cellular stress condi-
tions. However, during aging due to constitutive expression of protein aggregates, 
there occurs an irreversible sequestration of these chaperones leading to stalled 
ribosomal activity (Fig. 4.2) [5]. Acute proteotoxic stress causes ribosomal pausing 
on the first 50 codons of the transcript during the early elongation phase due to the 
limited availability of ribosome-associated chaperones like Hsc/Hsp70 which aid in 
translocation of the nascent polypeptide chain from the interior of ribosomes to the 
cytoplasm. Thus, accumulation of proteotoxic stress during aging leads to reduced 
protein synthesis and negatively effects ribosome functions (Fig.  4.2) [6]. It has 
been proposed that an increase in oxidative stress during aging may cause damage 
to ribosomal RNA and lead to diminished translational speed and efficiency 
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observed in age-associated pathologies which involve impaired neuronal function 
like Alzheimer’s disease, etc. However, the effect of oxidation of ribosomal RNA on 
ribosome function and protein synthesis still awaits concrete experimental investi-
gation [3].

Ribosomes are also regulated by small or long noncoding RNAs associated 
with them. These ribosome-bound noncoding RNAs can act as regulators of pro-
tein synthesis by modulating translation on a global scale under stress conditions. 
It has been observed that tRNA- or mRNA-derived fragments bound to the small 
or large ribosomal subunits, respectively, decrease the global mRNA translation 
rate during particular stress conditions in the archaea H. volcanni and yeast S. 

RAPP (regulation of aberrant protein production) mechanism

Ribosome

N-terminal
signal sequence 

Nascent polypeptide 
chain

Mutated signal sequenceWild type signal sequence

Ago2SRP

Targeted for degradationTargeted to Endoplasmic reticulum

Proteotoxic stress Induction of Ribosomal 
chaperones 

NAC               Hsc/Hsp70 

Solubilization of misfolded proteins AGING

Irreversible 
sequestration 
of ribosomal 
chaperones 

Stalled 
ribosomes

Protein aggregate 
formation 

Fig. 4.2 The translational quality control mechanism at the ribosome involves RAPP (regulation 
of aberrant protein production). It helps in preventing proteotoxicity due to association of 
N-terminal signal sequence with SRP (signal recognition particle). This association fails in case of 
a mutated signal sequence which instead interacts with Ago2 (Argonaute 2) and is directed for 
degradation
Ribosomal chaperones like NAC (nascent polypeptide-associated complex) and Hsc/Hsp70 aid 
in solubilization of misfolded proteins under stress conditions. During aging, increased produc-
tion of protein aggregates leads to acute proteotoxic stress and irreversible sequestration of ribo-
somal chaperones, causing stalled ribosomes. Red bar lines indicate negative (inhibitory) 
regulation
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cerevisiae, both in vitro and in vivo [3]. The expression of the long noncoding 
RNA transcribed telomeric sequence 1 (tts-1) helps in promoting longevity by 
regulation of ribosome levels in C. elegans. The ribosomes of the worms harbor-
ing the life-extending daf-2 mutation have been found to be associated with tts-1. 
Depletion of tts-1 levels in the daf-2 mutants leads to an increase in ribosome 
levels and shortened worm life span [7].

Genetic evidence provides clues that stripping off the ribosome of particular 
ribosomal proteins affects the rate of translation and leads to life span modulation. 
It is observed that yeast strains harboring gene deletions for ribosomal proteins rpl3, 
rpl6b, rpl10, rps6, and rps18 have a significant increase in replicative life span. In 
another study in yeast, where the paralogous gene copies were also deleted to pre-
vent rescue of the phenotype, 11 new ribosomal protein deletions contributing to 
longevity were identified. Likewise, in C. elegans siRNA-mediated knockdown of 
six ribosomal proteins of the small subunit and five of the large subunits reduced the 
level of protein synthesis and concurrently led to life span extension [3].

The depletion of factors involved in ribosomal biosynthesis and tRNA synthesis 
results in life span extension in C. elegans [8]. In S. cerevisiae, inhibiting the bio-
genesis of 60S ribosomal subunit leads to a significant increase in life span via 
induction of the nutrient-responsive transcription factor, Gcn4 [9]. The depletion of 
RNA methyltransferase NSUN5 which methylates 28S/25S rRNA induces increased 
stress resistance and life span in flies, worms, and yeast [10].

Ribosomes have been found to be dynamic structures which form distinct sub-
populations with unique molecular compositions and functions under varied cellu-
lar needs. This concept of the “specialized ribosomes” explains the role played by 
ribosomes in response to various stimuli which require the translation of specific 
mRNAs. The heterogeneity in ribosome composition is contributed by post- 
synthetic modification of ribosomal proteins or rRNAs, association with different 
factors or proteins, rRNA methylations, etc. [11]. An example of the existence of 
“specialized ribosomes” has been documented in E. coli. The endonuclease MazF 
cleaves a 43-nucleotide fragment from the 3′ end of 16S rRNA of the 30S ribosomal 
subunit. This truncated fragment lacks the anti-Shine–Dalgarno sequence typically 
required for bacterial translation initiation. The ribosomes formed post this cleavage 
selectively translate leaderless mRNA that lack the canonical Shine–Dalgarno 
mRNA sequences [12]. The role of “specialized ribosomes” in aging is beginning to 
be unveiled. The lack of a single conserved C5 methylation of 25S rRNA at position 
C2278 (S. cerevisiae) reportedly extends the life span and stress resistance in yeast, 
worms, and flies. This occurs by locally altering the ribosome structure and “repro-
gramming” the ribosome toward translation of mRNAs involved in cellular stress 
response and aging [10]. Thus, ribosomes are dynamic components of the transla-
tion apparatus which help in ensuring protein quality control, undergo changes to 
accommodate various cellular stimuli, and also play a role in healthy aging of the 
proteome (Figs. 4.2 and 4.3).
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 Age-Related Changes in Protein Synthesis

Aging has been described as degeneration resulting from progressive decline in the 
ability to withstand stress, damage, and disease [13]. The rate of both global and 
specific protein syntheses is affected with age in organisms. Aging affects protein 
synthesis both at the transcription and translation levels (Fig. 4.3).

 Transcriptional Level

Aging is known to impact the expression level of genes in different species, and 
specific patterns have also been observed. The nematode Caenorhabditis elegans 
and the fruit fly Drosophila melanogaster though evolutionarily highly diverged 
share an early adulthood onset of the expression of genes involved in mitochondrial 
metabolism, DNA repair, catabolism, peptidolysis, and cellular transport. The alter-
ations in mitochondrial energy production and proteasomal pathways are the con-
served aging patterns observed in these organisms [14]. The electron transport chain 
pathway which decreases expression with age has emerged as a marker for aging 
across species from humans to those of the mouse and fly [15, 16].

An organism’s transcriptional profile undergoes changes from the developmental 
to the reproductive stage during the life cycle [17–19]. A significant proportion of 
the age-related changes in gene expression are tissue-specific, such that different 
tissues are found to have different temporal patterns of transcriptomes during the 
aging process [13, 20]. Zhan et al. found a number of biological processes to be 
notably affected during aging in a tissue-specific manner in Drosophila melanogas-
ter neuronal function, protein degradation, and energy production in the brain; 
nutrient intake and energy production in the gut; proteasome and mitochondrial 
function in the muscle; protein degradation, immune response, and energy metabo-
lism in the adipose tissue; and metabolism and cell cycle-related processes in the 
testis [20]. Glass et al. concluded that the molecular signatures of aging predomi-
nantly reveal a tissue-specific transcriptional response in humans. Also, the skin 
shows most age-related gene expression changes, with many of the genes impli-
cated in fatty acid metabolism, mitochondrial activity, cancer, and splicing [13]. 
Distinct and measurable patterns of gene expression changes with age have also 
been found in the human brain [13, 21].

Age is also a major risk factor in the development of many diseases. The inter-
play between the age-related gene expression changes in human tissues and mani-
festation of complex diseases is beginning to be revealed. A large number of diseases 
show tissue-specific connections with aging genes in humans [22, 23]. Age- 
associated changes in gene expression have been observed which lead to increased 
aneuploidy and the subsequent initiation of tumorigenesis [24].

Aging not only influences the level of gene expression but also leads to changes 
in the variation in gene expression. It is hypothesized that variation in gene expres-
sion increases with age due to weakening of gene regulation. Somel et al. observed 
that aging leads to heterogeneity in gene expression in rats and humans such that 
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this heterogeneity has a minor effect on individual genes but is widespread 
throughout the transcriptome. This study attributed the heterogeneity to the accu-
mulation of cellular damage and mutations in the somatic cells [25]. Bahar et al. 
observed a significantly elevated level of heterogeneity and increased transcrip-
tional noise in cardiomyocytes from old mice when compared to young ones and 
attributed it to stochastic deregulation of gene expression as a cause of DNA dam-
age during aging [26]. An increase in the variation of gene expression in immune 
function genes with advancing age in Drosophila melanogaster has been linked 
with loss of gene expression regulation [27]. The integrity of the gene expression 
networks has been found to decline with age in C. elegans [28]. The alteration of 
gene expression networks and pathways associated with T-cell aging leading to 
decline in cellular function has been identified in humans and mice [29]. At the 
cellular level, single-cell transcriptome analysis of human islet cells from the pan-
creas of old donors showed increase in transcriptional noise and inappropriate 
hormone expression, indicating the occurrence of age-associated transcriptional 
instability [30]. This age-associated transcriptional instability may be a result of 
genomic instability, arising from the accumulation of mutations during aging 
[31]. For example, the human islet cells show C–A and C–G transversions arising 
due to oxidative stress during aging [30]. The accumulation of epimutations (aber-
rant changes in epigenetic state) like changes in DNA methylation patterns also 
appears to stochastically increase with age thus further contributing to the preva-
lence of age-related genomic instability [31].

 Pre-translational Level

The spatial and temporal regulation of protein synthesis occurs via multiple mecha-
nisms at the post-transcriptional/pre-translational level. Impairment in these regula-
tory mechanisms causes disease onset and aging (Fig. 4.3) [2].

 RNA-Binding Proteins
RNA-binding proteins (RBPs) associate with specific mRNA sequences in various 
pre-translation pathways to function as TTR–RBPs–mRNA turnover and transla-
tion regulatory (TTR) RBPs with roles in regulation of the expression of many age- 
associated proteins [32]. RBPs play an important role in maintaining the structure 
and function, biogenesis, stability, localization, and transport of mRNAs. The post-
translational modification of RBPs like phosphorylation, arginine methylation, 
ubiquitination, and poly ADP-ribosylation help in regulating RNA function and 
localization. Also, signaling pathways like phosphoinositide-3-kinase (PI3K) and 
mitogen-activated protein kinases (MAPK) targeting RBPs affect mRNA transla-
tion and stability by activation of specific mRNA decay pathways [33]. Examples 
include the UPF proteins which regulate the nonsense-mediated decay pathway [34] 
and PUF proteins which promote translation repression by decapping/deadenyl-
ation and degradation across species [35]. The significance of RBP-mediated 
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posttranscriptional regulation in controlling the progression of human aging is 
beginning to be highlighted [36].

The 3′ UTR of 5–8% human mRNAs harbor the instability conferring AU-rich 
element (ARE) [37]. The RNA-binding proteins which interact with these AU-rich 
elements (ARE) are called ARE-binding proteins (ABPs). Examples of ABPs 
include HuR, AUF1, BRF, TIA-1, and TTP. HuR protein is an example of an ABP 
that enhances translation of target mRNAs. AUF-1 and TIA-1 bind to the 3′ UTR of 
their target mRNAs and repress their translation. Aging differentially affects the 
levels of ABPs within the same or different tissues [2]. ABPs carry out physiologi-
cal and pathological functions in processes like immune response and inflamma-
tion, cell cycle, and carcinogenesis where they may contribute to mRNA stability or 
stimulate degradation [38]. AUF-1 functions to block senescence and mediates nor-
mal aging by activating the transcription of telomerase, thereby preserving telomere 
length [39]. Experimental insights and research outcomes in the role assayed by 
ABPs in the aging process are awaited.

 Regulation of mRNA Turnover by RNA Granules
Translationally inactive mRNAs and their associated RNA-binding proteins can 
assemble in highly dynamic non-membranous foci in the cytoplasm of eukaryotic 
cells called P-bodies or processing bodies. P-bodies are sites of mRNA storage and 
decay of translationally repressed transcripts. mRNAs found in P-bodies are subject 
to decapping/decay or released to the translation machinery. P-bodies are constantly 
present in the cell under normal conditions but increase rapidly both in size and 
number upon exposure to stress conditions [2, 33].

P-bodies often fuse or mature to form stress granules under conditions of stress 
when translation initiation is inhibited. Stress granules are cytoplasmic RNA gran-
ules which contain translationally repressed mRNAs at the initiation phase. 
Therefore, unlike P-bodies, they contain translation initiation factors, 40S ribo-
somal subunit, etc. but lack the machinery for mRNA decay. The dynamic relation 
between P-bodies and stress granules indicates their function in quickly responding 
to cellular signals. P-bodies can also interact with tissue-specific RNA granules like 
the neuronal transport granules and germ granules in embryonic cells. Thus, the 
reversible regulation of mRNA transcripts by RNA granules represents a dynamic 
life cycle for mRNAs in the cytoplasm. However, the impact of disruption or mal-
function of the RNA granules on the aging process still needs to be deciphered [33].

 Noncoding RNAs

Small Noncoding RNAs
The noncoding miRNAs are a type of trans acting factors that help in the regulation 
of steady-state transcript levels of many genes by promoting silencing and/or deg-
radation [33]. miRNA expression is reported to change during aging in a tissue- 
specific pattern in mice, humans, and primates. The targets of miRNA-mediated 
regulation include longevity modulators like mTOR, ARE-binding proteins (ABPs), 
and components involved in maintenance of cellular homeostasis and stress response 
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signaling. Also, an age-associated decline in miRNA processing factors further 
indicates their role in the aging process [33]. miRNAs participate in the regulation 
of the aging process and are also reciprocally regulated by it. For example, 
Drosophila miRNAs show distinct isoform pattern changes with age such that an 
increase in 2′-O-methylation of select isoforms is observed. Also, an increased 
loading of miRNAs into Ago2 and not Ago1 with age is observed. Mutations which 
affect these phenotypes result in accelerated neurodegeneration and reduced life 
span [40].

lin-4 and let-7 miRNAs discovered in C. elegans have been found to undertake 
developmental regulation of cell fates and also modulate adult life span [41, 42]. 
mir-71 and mir-246 in C. elegans are found to be significantly upregulated during 
aging and act upstream in the insulin/IGF-1-like signaling as well as other known 
longevity pathways to aid life span extension. On the other hand, mir-239 affects 
life span negatively in C. elegans [43]. Detailed reviews that focused on the roles of 
miRNAs in the aging process in different model organisms can be found elsewhere 
[2, 44, 45]. The role assayed by miRNAs in manifestation of the aging phenotype in 
humans has been reviewed separately [46].

Long Noncoding RNAs
Long noncoding RNAs (lncRNAs) are transcripts that exceed 200 nucleotides in 
length and are heterogeneous in their size, origin, localization, and function. 
lncRNAs differ from miRNAs in size, their dependence on the 2-D and 3-D struc-
tures apart from the primary sequence to undertake their function, and in being able 
to operate both in cis and trans [2]. They play an important role in the regulation of 
gene expression at the transcriptional, post-transcriptional, and post-translational 
levels. A detailed review of the role assayed by various lncRNAs in the processes 
which characterize the aging phenotype is described elsewhere [47, 48].

lncRNAs have also been implicated in age-associated illnesses. Examples 
include diseases arising from impairment in energy metabolism (obesity, diabetes), 
loss of homeostasis to proliferative and damaging stimuli (cancer, immune dysfunc-
tion), and neurodegeneration. A comprehensive review of various lncRNAs and 
their connection to age-related illnesses can be found documented elsewhere [49].

 Translational Level

Aging affects the translation of mRNA taking place in the cytoplasm which involves 
the initiation phase, elongation of the polypeptide chain, and termination phase 
(Fig. 4.3).

 Initiation Phase
Initiation is the most tightly regulated step of the translation process and is con-
trolled by mechanisms involving the eukaryotic initiation factors (eIFs) and ribo-
some. The initiation phase involves the pairing of initiation codon of mRNA with 
the anticodon loop of initiator tRNA.  The 40S ribosomal subunit and various 
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initiation factors come together to form the 43S pre-initiation complex. This com-
plex incorporates the initiator methionyl-tRNA bound on eIF2 and unwinds the sec-
ondary structures in mRNA as it scans it in the 5′–3′ direction. At the ATG start 
codon, this complex unites with the 60S ribosomal subunit to form the 80S initiation 
complex, and the translation initiation factors are released. Thereof, the elongation 
phase of protein synthesis is initiated on the 80S ribosome [50].

The regulation of initiation phase occurs at two junctures. Firstly, the activity of 
eIF2 is regulated by phosphorylation of its α subunit. Phosphorylation interferes 
with the recycling of GDP for GTP on eIF2 by eIF2B. The activity of eIF2B which 
is a guanine nucleotide exchange factor (GEF) is also regulated by phosphorylation. 
Secondly, the cap-binding protein eIF4E regulates the recruitment of 43S pre- 
initiation complex on the 7MeG cap at the 5′ end of the mRNA. The activity of eIF4E 
is in turn controlled by direct phosphorylation and/or its association with eIF4E- 
binding protein (4E-BP). 4E-BP associates with eIF4E to limit its availability. 
Phosphorylation of 4E-BP releases eIF4E to associate with eIF4G, eIF4A, eIF4B, 
and poly-A binding protein (PABP) to promote the initiation of protein synthesis 
[50].

The regulation of translation initiation is linked to the aging process. The inhibi-
tion of translation initiation mediated through the phosphorylation of α subunit of 
eIF2 at Ser51 allows protection of cells from oxidative stress and senescence [51]. In 
C. elegans, the inhibition of eIF4G worm homologue ifg-1, which is a scaffold pro-
tein of the cap-binding complex, causes extension of worm life span [52, 53]. 
Similarly, aging in C. elegans is also influenced by a specific eIF4E isoform (ife-2) 
that functions in somatic tissues. Loss of ife-2 reduces overall protein synthesis, 
protects against oxidative stress, and extends worm life span [54]. In another study 
in C. elegans, depletion in the levels of ribosomal proteins, translational regulator 
S6 kinase, and initiation factors eIF2β/iftb-1, eIF4E/ife-2, and eIF4G/ifg-1 was 
found to extend life span in adult nematodes [55]. In D. melanogaster, overexpres-
sion of the translational repressor 4E-BP notably enhances life span upon dietary 
restriction [56]. These examples point to a link between rate of protein synthesis and 
the aging process across species wherein inhibition of protein synthesis helps in 
extension of life span.

 Elongation and Termination Phase
The process of elongation involves two eukaryotic translation elongation factors 
(eEFs). eEF1 provides the ribosome with appropriate aminoacylated tRNAs and 
eEF2 mediates translocation of the ribosome along the mRNA. The activity of eEF2 
is regulated by the calcium–calmodulin-dependent eEF2 kinase. mRNA translation 
is terminated when a stop codon is encountered. The eukaryotic release factors 
(eRFs) mediate dissociation of the ribosome from the mRNA and release of the 40S 
and 60S ribosomal subunits by binding and inducing hydrolytic cleavage of 
peptidyl- tRNA at the ribosomal P-site [33].

A decline in the activity of translation elongation factors with age has been 
implicated in the reduction of protein synthesis. Diminished activity of eukaryotic 
elongation factor 1 (eEF-1) has been observed in Drosophila and in the rat liver and 
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brain [57]. Aging leads to loss of activity, increased susceptibility to oxidation, and 
fragmentation of eukaryotic elongation factor 2 (eEF-2) due to the effect of lipid 
peroxidation, as observed in the pineal gland of aged rats [58]. The efficiency of 
co-translational folding of the polypeptide chain being synthesized on the ribosome 
is influenced by translation fidelity during elongation. An increase in elongation 
speed due to persistent mTORC1 activation leads to reduced translation fidelity and 
less functional proteins. Thus, the elongation phase may be implicated to play a 
critical role in the maintenance of protein quality and healthy aging [59].

The translation release factors (eRFs) contribute in the maintenance of protein 
quality control by helping in clearance of aberrant polypeptides and rescue of stalled 
ribosomes. Stalling of ribosomes occurs on the polylysine segments which interact 
electrostatically with the ribosome tunnel and are encoded by polyadenylated non-
stop mRNA. The release factor eRF3 helps in premature translation termination in 
ribosomes stalled at these polylysine segments in Saccharomyces cerevisiae [60]. 
Translational release factors have also been implicated as mediators in the co- 
translational proteasomal degradation of nascent polypeptide chains associated with 
60S subunit which are released by stalled ribosomes [61]. Overall, the eRFs 
 contribute in the maintenance of protein quality control during the termination 
phase and help in healthy aging.

 Nonenzymatic Posttranslational Modification of Proteins 
and Aging

An increase in oxidative stress during aging leads to the induction of post- 
translational modifications in proteins like carbonylation, glycation, lipoxidation, 
etc. These modifications are often also observed in degenerative or metabolic dis-
ease conditions.

Glycation reaction involves the condensation of sugar with an amino acid residue 
on a protein to form a Schiff base. This Schiff base undergoes an Amadori rear-
rangement followed by subsequent rearrangements like oxidations and eliminations 
leading to the formation of advanced glycation end (AGE) products like carboxy-
methyllysine (CML). Further, the Amadori reaction can give rise to high amount of 
reactive carbonyl groups called α-dicarbonyls, thus causing “carbonyl stress” and 
generation of more AGEs [62]. Carbonylation of amino acid side chains induces 
formation of denser and compact protein aggregates with implications during the 
aging process [63].

Oxidative modifications in proteins are induced when reactive oxygen species 
(ROS) directly attack the protein backbone or the amino acid side-chain residues 
which leads to generation of protein carbonyls. Secondary by-products like oxi-
dized sugars, aldehydes, and lipids can also cause indirect damage to proteins. 
Oxidized proteins are eliminated by the lysosomal or proteasomal degradation sys-
tems or other repair mechanisms. However, as these mechanisms decline during 
aging, oxidative modifications accumulate in proteins resulting in loss of their bio-
chemical function. Protein oxidation has been found to occur in many age-related 
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pathological disorders. Oxidative damage leads to the accumulation of oxidized 
proteins and lipids, aggregates such as lipofuscin, and advanced glycation end prod-
ucts (AGEs) [64].

AGEs modification alters the protein’s structure, activity, and biological half- 
life. AGEs accumulate in tissues with age and are involved in pathophysiological 
processes. AGEs can act through specific receptor molecules like receptor for AGEs 
(RAGE), galectin-3 (AGE-R3), etc. RAGE is a multi-ligand receptor capable of 
inducing various signaling pathways like p38 MAP-kinase, Akt, JNK, JAK/STAT, 
rho-GTPases, and PI3-kinase with the major downstream target being the pro- 
inflammatory NF-κB pathway [62]. AGEs activate the cells for generation of ROS, 
which induces DNA oxidation and membrane lipid peroxidation. Extracellular pro-
teins like collagen which are directly exposed to high glucose levels are established 
targets for AGE modifications, and glycation reduces cell migration and proteolytic 
degradation of collagen by membrane-type matrix metalloproteinases [62].

Lipofuscin constitutes of highly oxidized material from covalently cross-linked 
proteins (30–70%) and lipids (20–50%) which accumulates intracellularly in a 
time-dependent manner. As humans age, sugar residues are also found to be a part 
of lipofuscin. The binding of iron in mammalian cells to lipofuscin leads to genera-
tion of the highly reactive hydroxyl radical from hydrogen peroxide which leads to 
cytotoxicity. Lipofuscin also competitively binds the proteasomal and lysosomal 
proteases, thereby impairing the degradation of oxidized proteins. This results in 
further accumulation of cross-linked proteins in the cell [64].

Carbamylation is another form of nonenzymatic posttranslational modification 
caused by the binding of isocyanate to the free amino groups of proteins. Isocyanate 
is generated from the dissociation of urea or myeloperoxidase-mediated catabolism 
of thiocyanate. This leads to the accumulation of carbamylated proteins in tissues. 
Carbamylation brings about an adverse effect on protein structure and function and 
also contributes to aging in skin [65].

Other physiological chemical reactions like isomerization, deamidation, or race-
mization of Asn/Asp residues in proteins have been described which may induce 
changes in protein structure and function during aging. Molecular aging of proteins 
is an established complex process that involves many distinct chemical reactions 
which contribute to metabolic diseases during aging. The development of methods 
to detect the end products of these nonenzymatic chemical reactions may poten-
tially present interesting biomarkers characteristic of the aging process [66].

 Signaling Pathways That Regulate Protein Synthesis and Aging

 The TOR Pathway

Target of rapamycin (TOR) is a kinase of the serine/threonine family. The TOR 
pathway responds to the supply of energy and nutrients, growth factors, and stress. 
When nutrient and energy resources are plentiful in the cell, activation of TOR 
triggers anabolic processes like protein and lipid biosynthesis at the expense of 
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catabolic processes like autophagic induction [20]. TOR plays an important role in 
the regulation of protein translation both at the initiation and elongation phase by 
undertaking the phosphorylation of eIF4E-binding protein (4E-BP), which is a 
negative regulator of eIF4E cap-binding protein allowing the formation of a func-
tional complex to allow cap-dependent translation initiation and eukaryotic elon-
gation factor 2 kinase (EEF2K) which allows the activation of elongation factor 2 
(eEF2), respectively. Other targets of TOR are the S6 kinases S6K1 and S6K2 
which upon activation subsequently phosphorylate several components of the 
translation machinery including 40S ribosomal protein S6, eIF4B, and eEF2 kinase 
(Fig. 4.4).

Genetic inhibition of TOR is observed to promote longevity in several model 
organisms. Likewise, inhibition of the factors lying downstream of TOR such as S6 
kinase led to life span extension in C. elegans, Drosophila, and mice. Also, the spe-
cific inhibitor of TORC1, rapamycin, is reported to have beneficial effect on life 
span. Thus, the TOR signaling pathway is pivotal and evolutionarily conserved 
modulator of life span across species [2]. Interestingly, mTOR inactivation mimics 
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Fig. 4.4 Regulation of mRNA translation by signaling pathways: insulin-IGF-1, TOR, and 
MAPK pathway. Blue arrows indicate positive (stimulatory) regulation. Red bar lines indicate 
negative (inhibitory) regulation
Insulin-IGF-1 pathway activation leads to inhibition of forkhead (FOXO) transcription factor 
DAF-16 and SKN-1 (mammalian NRF-1/2 homologue) via PI3K-Akt signaling. DAF-16/FOXO 
and SKN-1/NRF-1,2 are essential for lifespan extension mediated by the inhibition of insulin/
IGF-1 signaling pathway
TOR signaling allows cap-dependent translation initiation to progress via phosphorylation of 
4E-BP, causing its dissociation from eIF4E. TOR stimulates S6 kinase which phosphorylates the 
40S ribosomal protein S6 and eIF4B enhancing translation initiation. TOR also promotes transla-
tion elongation by phosphorylation and deactivation of eEF2 kinase. Inhibition of TOR signaling 
by dietary restriction or rapamycin leads to inhibition of aging phenotype
MAPK pathway activation causes p38 MAPK to activate Mnk1 which then phosphorylates eukary-
otic initiation factor 4E (eIF4E), thereby facilitating translation initiation
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the effects of dietary restriction (DR) (Fig. 4.4). DR is reported to extend life span 
and restrict late-onset diseases in various species and also provides an overall health 
benefit in primates [67].

 The MAPK Pathway

The mitogen-activated protein kinase (p38 MAPK) pathway plays an important 
role in the regulation of protein synthesis by targeting several components of the 
translation machinery. p38 kinases are activated by MAP kinase kinases (MKKs) 
such as MKK3 and MKK6. Under conditions of stress, MAPK activates the 
mitogen- activated protein kinase-interacting kinase Mnk1. Mnk1 is a member of 
the eIF4F complex and directly binds eIF4G.  After activation by p38 kinase, 
Mnk1 phosphorylates eukaryotic initiation factor 4E (eIF4E) thereby facilitating 
translation initiation by stabilizing its interaction with eIF4G and 5′ cap of 
mRNA. The activity of Mnk1 is regulated by p38 MAPK and extracellular signal-
regulated kinases 1 and 2 (ERK1 and ERK2). ERK1 and ERK2 also stimulate the 
S6 kinase (S6K). The involvement of the p38 MAP kinase pathway in aging can 
be inferred from various studies that have reported phenotypes such as cell cycle 
arrest and premature senescence upon activation of MKK6 and MKK3, in a p38 
kinase-dependent manner (Fig. 4.4) [3, 50].

 The Insulin-IGF-1 Pathway

The insulin-IGF-1 pathway is known to modulate aging across species. Many 
studies have reported the link between genetic inhibition of the insulin-IGF-1 
signaling pathway and significant life span extension. In C. elegans, downregula-
tion of the insulin-IGF-1 signaling pathway by mutations in the genes encoding 
the insulin- IGF- 1-like receptor abnormal DAuer Formation 2 (DAF-2) or the 
phosphatidylinositol 3-kinase (PI3K) orthologue aging alteration 1 (AGE-1) 
leads to extended life span. This induction of longevity is dependent on a fork-
head (FOXO) transcription factor DAF-16 which targets genes involved in 
metabolism, resistance to oxidative stress, detoxification, and immunity. Apart 
from DAF-16/FOXO, SKN-1 (the mammalian NRF-1/2 homologue) and HSF-1 
are also essential for the life span extension mediated by the inhibition of insulin/
IGF-1 signaling (Fig. 4.4) [2, 50]. Recent studies propose that the extended life 
span conferred due to inhibition of insulin/IGF-1 signaling is accompanied by 
reduced rate of protein synthesis. In C. elegans, DAF-2 mutant exhibits reduced 
levels of ribosomal subunits, translation initiation, and elongation factors in 
high-throughput proteomic studies. Polysome profiling further confirms compro-
mised de novo protein synthesis dependent on DAF-16/FOXO in these mutants. 
DAF-16/FOXO and SKN-1 transcription factors have a role in TOR inhibition-
mediated longevity [68].
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In Drosophila, mutations in both the insulin-like receptor (InR) and the insulin- 
receptor substrate (chico) lead to extended life span which is dependent on the activ-
ity of dFOXO. Overexpression of dFOXO in the muscles of Drosophila increases 
the relative 4E-BP mRNA levels indicating a direct inhibitory relationship between 
insulin/IGF-1 signaling and protein synthesis [2, 50].

In case of mammals, separate receptors for insulin and IGF-1 coordinate cel-
lular metabolism and growth and differentiation, respectively. Mutations in either 
the receptor gene or in upstream genes that regulate insulin or IGF-1 levels are 
known to extend life span. The Ames and Snell dwarf mice having low levels of 
insulin, IGF-1, and growth hormone have been reported to live significantly lon-
ger than the normal mice. The rate of protein synthesis is significantly downregu-
lated in Snell dwarf mice as a result of reduced insulin-IGF-1 signaling through 
Akt/PKB and p38 MAPK, which in turn control translation regulators like mTOR 
kinase, ribosomal S6K, Mnk1, and translation initiation factors eIF4E and 
4E-BP1 (Fig.  4.4). A similar mechanism mediating reduced protein synthesis 
operates in long-lived Ames dwarf mice in which the PI3K-Akt-mTOR signaling 
axis is mitigated [50].

 Aging and Protein Damage

Proteostasis (protein homeostasis) is the state in which the proteome of an organism 
is in functional equilibrium maintained by the machineries of protein synthesis, 
folding, and degradation. These machineries regulate protein synthesis, autophagy, 
proteasomal degradation, and chaperone-mediated protein folding to prevent the 
accumulation of misfolded/aggregated proteins.

Aging is associated with compromised protein quality control leading to 
widespread protein aggregation resulting from the accumulation of aberrant 
protein species. This causes an imbalance in the proteome by burdening the 
proteostasis machinery causing interference in protein folding, clearance, etc. 
[69]. For example, a reduction in the activity of cytosolic proteasomal system 
during aging has been reported to cause an increase in the pool of oxidized pro-
teins in human fibroblasts. The accumulation of oxidized proteins during aging 
causes inhibition of the proteasome and thus further contributes to the buildup 
of damaged proteins [70]. In Drosophila melanogaster, the assembly of 26S 
proteasome gets perturbed with age [71]. A role of the proteasomal pathway in 
determination of C. elegans life span has been deciphered under conditions of 
reduced insulin signaling [72].

Notably, studies on different model systems have established a connection 
between increased proteasomal activity and longevity as well as protection against 
age-related diseases [73]. In a similar way, the activation of autophagy by genetic/
pharmacological means helps in life span extension and protection against neurode-
generation [74]. These observations indicate that reducing the protein damage that 
occurs with age can lead to extension of life span in the organism.
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 Hanging in the Balance: Life Span Extension by Regulation 
of Protein Synthesis

Several theories shed light on the benefits of reduced protein synthesis on the organ-
ism’s survival and life span extension. The “antagonistic pleiotropy theory of aging” 
suggests that some genes that increase the odds of successful reproduction early in 
life may have deleterious effects later in life. Since their harmful effects do not 
manifest until after the reproductive phase, these genes are not eliminated by natural 
selection. The use of RNAi in C. elegans during late adulthood to reduce the expres-
sion of genes which are essential during the early reproductive life stages revealed 
enhanced longevity and increased stress resistance [8]. This observation points to a 
possible trade-off between reproduction and somatic maintenance, involving mRNA 
translation and its implications for longevity.

The “disposable soma” theory of aging suggests that in the somatic tissues, more 
energy resources are allocated to biosynthesis activities than repair, slowly leading 
to their senescent decline. On the other hand, in the germ line tissues, energy is 
mostly invested in maintenance and repair, thereby promoting immortality. Protein 
synthesis is one of the energy-consuming cellular processes. Taking a cue from 
here, it may be inferred that a decrease in the level of protein synthesis may have 
beneficial effects contributing to longevity by activation of stress response pathways 
and shifting of the cellular energy resources from anabolism to cellular maintenance 
and repair. This is supported by the observation that depletion of ribosomal proteins 
and translational factors in several model organisms increases stress resistance and 
extends life span [50]. This also explains the observed phenomenon of life span 
extension by methionine restriction in yeast, rodents, and human fibroblasts [75]. 
“Hormesis” manifests as mild stress-induced stimulation of maintenance and repair 
pathways in the cells by exposure to low doses of harmful agents like heat stress, 
reactive oxygen species, calorie restriction, etc. The hormetic effects extend longev-
ity by an increased defense capacity and reduced load of damaged macromolecules 
leading to stress tolerance, adaptation, and survival [76]. The regulation of heat 
shock proteins levels and overexpression of components of the ubiquitin- proteasome 
system are a few molecular bases for the beneficial effects of hormesis [77]. 
However, whether the phenomenon of hormesis involves the regulation of mRNA 
translation for life span extension still needs to be unraveled.

High levels of protein biosynthesis may lead to the accumulation of damaged/
misfolded proteins due to the occurrence of transcriptional/translational errors thus 
leading to disruption of cellular protein homeostasis. These altered proteins accu-
mulate to form toxic aggregates in the cell resulting in cellular damage and aging. 
Altered proteins are associated with age-related pathologies like Alzheimer’s dis-
ease, Parkinson’s disease, and atherosclerosis [78]. Thus, the upregulation of chap-
erones in different model organisms is observed to extend life span by neutralizing 
the effects of protein misfolding/aggregation [79]. The damaged/misfolded proteins 
are recognized by the protein quality control system and either targeted for degrada-
tion or assisted folding. However, the functioning of the proteasomal system 
involved in the maintenance of protein quality control declines with age leading to 
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the cellular accumulation of damaged proteins [1]. Hence, reduced protein synthesis 
leads to decreased levels of damaged/misfolded proteins in the aging organism with 
an already declining proteasomal apparatus, ultimately contributing to longevity.

However, it is important to note that perturbing protein synthesis may confer 
longevity benefit only till a certain threshold, beyond which it will be detrimental 
for the cell. Therefore, a delicate balance exists wherein impairing protein synthesis 
may either promote longevity or lead to senescence by impacting cellular 
functions.
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 Introduction

Senescence can be defined as a stress response in which cells withdraw from the 
normal cell cycle and lose the capability to proliferate [1, 2]. Senescent cells can be 
distinguished on the basis of typical morphological characteristics like a flat and 
enlarged shape and increased expression of established senescence biomarkers. 
These include positive staining for β-galactosidase at pH 6.0 (senescence-associated- 
β-gal or SA-β-gal), decreased replication, and elevated expression of p53, p21, p16, 
and other cyclin-dependent kinase inhibitors, such as p27 and p15 [2–4]. Initially 
considered a cell culture artifact, senescence was afterwards observed in vivo in 
cancer lesions and during physiological aging [3, 5–8]. As senescence suppresses 
cell proliferation, it is likely to protect against cancer onset. Hence, in recent times, 
there has been considerable interest in senescence pathways as a promising cancer 
therapy approach.

As expected, senescence is closely related to aging as both limit lifespan. 
Senescent cells accumulate during the course of constant regeneration of somatic 
tissues. This accumulation of senescent cells gradually limits tissue renewal and 
affects tissue homeostasis, ultimately resulting in aging. Senescence has been char-
acteristically associated with a state of permanent growth arrest, with the cells being 
unable to reenter the cell cycle. Although this concept is still widely accepted, recent 
studies have provided evidence that under certain conditions this cellular status is 
reversible. Stable suppression or changes in p53 expression in senescent fibroblasts 
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lead to cell-cycle reentry and immortalization, indicating that both initiation and 
maintenance of senescence are p53 dependent [5, 9].

The p53 gene, arguably the most widely studied tumor suppressor gene, is aptly 
termed “guardian of the genome” alluding to the critical role it plays in tumor sup-
pression. p53 initiates stress responses by regulating a number of its target genes in 
response to diverse stress signals, including DNA damage, hyperproliferative sig-
nals, hypoxia, oxidative stress, ribonucleotide depletion, and nutrient starvation. In 
response to these varied stresses, p53 triggers cell-cycle arrest, apoptosis, and/or 
senescence. p53 is the most frequently mutated gene in human tumors with muta-
tions occurring in more than 50% of all tumors and disruption of normal p53 func-
tion is often associated with the development and progression of tumors. p53 is 
highly conserved and its orthologs have been identified in worms (Caenorhabditis 
elegans), flies (Drosophila), zebrafish, frogs, and other species.

The p53 protein contains two amino-terminal transcriptional activation domains 
(TADs), a proline-rich domain (PRD), a DNA-binding domain (DBD), a tetramer-
ization domain (TET), and a carboxy-terminal region rich in basic residues. 
Inactivation of p53 in human tumors typically occurs through missense mutations in 
the DBD of the p53 protein.

In response to stress signals, p53 becomes functionally active and initiates differ-
ent tumor suppressor responses depending upon the trigger. These include a tran-
sient cell-cycle arrest, cell death (apoptosis), or cellular senescence. Although both 
apoptosis and cellular senescence are advantageous in that they irreversibly prevent 
damaged cells from undergoing neoplastic transformation, they can also diminish 
the pool of renewable proliferation-competent progenitor or stem cells. Such deple-
tion can result in degenerative features of aging.

p53 is clearly involved in cancer, but the existence of p53 in short-lived organ-
isms that do not develop cancers, such as flies and worms, suggests that tumor sup-
pression is not its only, and probably, original function. Indeed, recent studies have 
shown that p53 influences development, reproduction, metabolism, and longevity. 
This chapter will focus on the role of p53 in cellular senescence and aging.

 Molecular Mechanisms of Senescence and Aging

Aging is an extremely familiar yet poorly understood aspect of human biology. It is 
characterized by a progressive loss of physiological integrity, leading to impaired 
function and increased susceptibility to death. The process of cellular senescence 
was first described by Hayflick and Moorhead (1961) when they observed a state of 
irreversible growth arrest in normal human fibroblasts after serial passaging in in 
vitro culture conditions, whereas cancer cells continued to proliferate indefinitely 
[10]. This observation led them to speculate the existence of cellular factors which 
could be responsible for the limited proliferation of normal cells. Further, they con-
templated the association of these factors with the process of organismal aging. 
Now cellular senescence is increasingly well understood at the molecular level as a 
response triggered by a number of mechanisms such as telomere shortening. The 
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mechanisms contributing to cellular senescence are also involved in protection 
against cancer and may be responsible for aging.

The process of aging is characterized by distinct features which include genomic 
instability, telomere shortening, epigenetic modifications, deregulated protein 
homeostasis, hampered nutrient sensing, mitochondrial dysfunction, cellular senes-
cence, stem-cell depletion, and affected intracellular communication. Several 
molecular pathways have been implicated in the aging process as discussed below.

 Insulin/IGF-1 Signaling

The first pathway shown to be involved in aging was the insulin/insulin-like growth 
factor 1 (IGF-1) pathway [11]. Inhibiting insulin/IGF-1 signaling alters lifespan 
through changes in gene expression caused by transcription factors such as fork-
head box O (FOXO), heat shock factor 1 (HSF-1), protein skinhead 1 (SKN-1), and 
nuclear respiratory factor (Nrf)-like xenobiotic-response factor. These transcription 
factors are involved in the regulation of diverse genes that collectively act to pro-
duce significant effects on lifespan. Downstream genes shown to be functionally 
relevant in aging include stress-response genes such as catalases, glutathione 
S-transferases, and metallothioneins, genes encoding antimicrobial peptides, chap-
erones, apolipoproteins, lipases [12], and channels [13]. In C. elegans, mutations 
that decrease the activity of daf-2, which encodes a hormone receptor similar to the 
insulin and IGF-1 receptor, extend the lifespan of the animal significantly. The same 
effect is observed in case of mutations affecting the downstream phosphatidylinosi-
tol 3-kinase (PI(3)K)/RAC-alpha serine/threonine kinase (AKT)/phosphoinositide- 
dependent kinase 1 (PDK) cascade. Surprisingly, the same genes that are normally 
expressed in the germ line show altered expression in the somatic tissues of daf-2 
mutants, where they contribute to longevity [14]. This indicates the involvement of 
germline genes in extending organismal lifespan. However, even though the germ-
line lineage is immortal, unfertilized germ cells that express these germline genes 
do age, along with the rest of the animal [15]. Thus, germline genes may be only 
partially responsible for the longevity mechanism. Autophagy, the process of recy-
cling cellular organelles, is involved in the inhibition of daf-2 leading to extended 
lifespan [16]. Hence, autophagy is likely to be a potent antiaging mechanism.

The effect of insulin/IGF-1 pathway on the lifespan has been evolutionarily con-
served [11, 17]. In Drosophila, inhibition of insulin/IGF-1 signaling or increased 
activity of FOXO in adipose tissue results in increased lifespan. Similarly, in mice, 
an inverse correlation between exists between IGF-1 levels and lifespan [18]. Also, 
mutations that inhibit the insulin receptor [17], the IGF-1 receptor [17, 19], upstream 
regulators [17, 19], or downstream effectors [17, 20], have all been reported to result 
in an extended lifespan. Interestingly, small dogs, with a mutation resulting in 
decreased IGF-1 levels, live longer than large dogs. Therefore, it seems likely that a 
mutation causing reduction in the insulin/IGF-1 signaling leads to activated DAF- 
16/FOXO-like proteins which consequently result in a physiological shift toward 
cell maintenance and longevity. Consistent with this theory, mutations in IGF-1 
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receptor have been reported in a cohort of Ashkenazi Jewish centenarians [21] and 
linked to longevity in a Japanese cohort [22]. Variants of AKT and FOXO3A have 
also been linked to longevity [23]. The FOXO3A cohorts include Hawaiians of 
Japanese descent [24], Italians [25], Ashkenazi Jews [23], Californians [23], New 
Englanders [23], Germans [26], and Chinese [27]. In the German cohort, the 
FOXO3A variants were found to be more frequent in centenarians than in 90 year 
olds, further strengthening the assumption that these variants extend lifespan. 
FOXO1 gene variants have also been linked to longevity in American and Chinese 
cohorts [27, 28]. Hence, FOXO variants seem to be consistently associated with 
longevity by affecting many cellular pathways [11].

Because the insulin/IGF-1 pathway senses nutrients, it could be involved in 
mediating the longevity response to dietary restriction (DR) [29]. In worms, 
alternate- day feeding has been shown to extend lifespan by inhibiting insulin/IGF-1 
signaling [30]. Similarly, in flies, insulin/IGF-1 pathway mutants show enhanced 
response to DR [31, 32], suggesting that the two pathways may overlap [13].

Hence, evolution of longevity can be explained by these findings that lifespan 
can be increased by pathways that shift physiology toward cell protection and main-
tenance. This explanation does not indicate selection for longevity, as these path-
ways could have evolved simply for survival under harsh, unfavorable environments, 
however, once established, they would naturally extend lifespan by counteracting 
internal metabolic wear and tear that accelerates aging.

 TOR Signaling

The target of rapamycin (TOR) kinase is a major amino-acid and nutrient sensor 
that stimulates growth and inhibits recovery pathways such as autophagy when food 
is abundant. Inhibiting the TOR pathway has been reported to increase lifespan in 
many species [33–37]. TOR inhibition increases resistance to environmental stress 
[38], simultaneously causing a physiological shift toward tissue maintenance. 
However, TOR inhibition appears to extend lifespan independently of DAF-16/
FOXO3 [36, 37]. TOR modulates translation, according to the nutrient levels. 
Inhibition of translation by other methods also has been shown to extend lifespan 
[34, 38–42]. TOR inhibition also encourages autophagy, which, as in the case of 
mutations in insulin/IGF-1 pathway, leads to an extended lifespan [43–45]. TOR 
pathway is known to be linked to dietary restriction and mimics its physiological 
effects [33, 34, 38, 44]. In addition to translational control, the TOR pathway acts 
via the transcription factor SKN-1 [20]. Different diets are known to trigger differ-
ent longevity responses, for example, reduced methionine or protein intake extends 
lifespan in mammals and flies, respectively. A low-glycemic-index diet or amino- 
acid limitation could trigger the response to low insulin/IGF-1 or TOR signaling 
[13]. Therefore, the possibility of determining the kind of diet that could lead to 
youthfulness and longevity is not far flung.
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 AMP Kinase

AMP kinase is a nutrient and energy sensor that modulates catabolic and anabolic 
pathways depending upon the cell’s AMP/ATP (adenosine triphosphate) ratio. 
Overexpression of AMP kinase extends lifespan in C. elegans [46]. The same 
effect is observed in mice after administration of the antidiabetic drug metformin, 
which is known to activate AMP kinase [47]. AMP kinase has also been reported 
as a mediator for insulin/IGF-1 mutations to exert their effect on the worm lifespan 
[46]. AMP kinase is also involved in lifespan extension in response to dietary 
restriction. It appears to act directly on DAF-16/FOXO to phosphorylate and acti-
vate it [13, 48]. However, the AMP kinase and dietary restriction work indepen-
dently of each other to extend lifespan under continuous low availability of food 
[46, 49, 50].

Altogether, the insulin/IGF-1, TOR, and AMP kinase pathways are all inter-
linked and may work in conjunction with or independent of each other to regulate 
the process of aging.

 Sirtuins

Sirtuins are nicotinamide adenine dinucleotide (NAD)+-dependent protein deacety-
lases which have been linked to longevity in yeast, worms, and flies, however, their 
mode of action is not yet clear [11, 51]. One of the proposed possibilities of lifespan 
extension by Sir2 is the inhibition of the formation of toxic extrachromosomal ribo-
somal DNA circles. Another report suggests that Sir2 extends lifespan by maintain-
ing gene silencing at telomeres during aging [52]. It has also been proposed to act 
through DAF-16/FOXO as mammalian SIRT1 is known to deacetylate FOXO pro-
teins in response to oxidative stress, consequently shifting their target specificity 
toward genes involved in stress resistance [11, 13, 53]. However, sirtuin overexpres-
sion has not yet been reported to extend lifespan in mammals.

 Inhibition of Respiration

A modest inhibition of respiration extends lifespan in a number of species including 
yeast, worms, flies, and mice [11, 54–57]. Perhaps, larger mammals, in general, live 
longer partly because of their lower metabolic rates. Inhibiting respiration activates 
a conserved gene expression response called the “retrograde response.” The retro-
grade response activates alternative energy-generating as well as cell-protection 
pathways. Mutations that impair the retrograde response or affect individual 
retrograde- response genes can hamper this lifespan extension [58, 59]. Thus, inhib-
iting respiration may be one of the mechanisms triggering a regulated longevity 
response. In worms, respiration is inhibited during development in order to increase 
lifespan [11, 60], creating a molecular memory of the event. A similar situation 
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might be occurring in mice [57]. Also, in flies, inhibiting respiration in neurons 
alone extends lifespan [54], again suggesting a regulated response [13].

 ROS

Intracellular reactive oxygen species (ROS) levels are a major determining factor of 
cellular senescence [2, 61]. ROS are generally small, short-lived, and highly reac-
tive molecules (e.g., oxygen anions, superoxide and hydroxyl radicals, and perox-
ides) formed by partial reduction of oxygen, which, if not detoxified promptly by 
antioxidant agents, can oxidize macromolecules and damage organelles (Fig. 5.2). 
Enhanced ROS production and a reduced antioxidant response are contributors to 
the aging process by oxidative modification of different macromolecules such as 
lipids, proteins, and genomic DNA [62–65]. Mitochondria, being the major intra-
cellular source of ROS, have been implicated in oxygen radicals mediated oxidative 
damage eventually leading to aging. This theory has been widely accepted as the 
“mitochondrial free radical theory of aging.” [66, 67] The mitochondrial ROS the-
ory of aging proposes a feedback loop wherein elevated ROS levels cause senes-
cence and aging, also resulting in damage to mitochondria, and these damaged 
mitochondria, in turn, produce more ROS [68–70]. Several studies have shown a 
negative correlation between mitochondrial ROS production and lifespan in differ-
ent organisms. [71, 72]

 Telomeres

Telomeres are repetitive TTAGGG sequences that protect chromosome ends by pre-
venting them from being recognized as DNA damage [73]. Usually, human cells 
lack adequate levels of the telomerase enzyme which is required to maintain telo-
meres, and this results in gradual telomere shortening with each round of replication 
[74–76]. The importance of telomere length in aging was initially inferred from the 
work of Hayflick and Moorhead carried out in primary human fibroblasts [77]. 
These cells undergo a finite number of divisions, undergoing telomere shortening 
with each consequent passage and eventually enter a state of senescence. Telomerase 
reactivation results in elongation of telomeres, which, consequently, enables fibro-
blasts to grow indefinitely without going into senescence [78]. Since shortening of 
telomeres is associated with progressive aging, they have been considered as candi-
dates for aging determination. Mice engineered to have longer telomeres are known 
to live longer than their normal counterparts [79]. However, for longevity, these 
mice require additional genetic modifications to evade cancer. Therefore, this mode 
of lifespan extension differs from other pathways like dietary restriction, alterations 
in nutrient sensors, and reduced respiration which themselves inhibit tumor forma-
tion [11, 80]. These facts suggest that unlike other mechanisms, telomere elongation 
does not increase lifespan by causing a protective physiological state. Instead, it 
may do so for other reasons like preventing stem-cell loss [13, 81, 82]. It would be 

N. Dogra and T. Mukhopadhyay



95

of interest to know whether lifespans could be greatly extended if telomere length-
ening were combined with dietary restriction or mutations in nutrient sensors.

 p53 in Senescence and Aging

The tumor suppressor p53 functions as a transcription factor involved in the control 
of cell-cycle, DNA repair, apoptosis, and other cellular stress responses (Fig. 5.1). 
The role of p53 in cancer has been extensively studied, but the presence of p53 in 
short-lived organisms that do not develop cancer, such as flies and worms, suggests 
that its function is not limited to tumor suppression. Recent studies have shown that 
p53 influences development, reproduction, metabolism, and longevity [83–88]. p53 
is also known to modulate cellular senescence and organismal aging. Senescence is 
a state of irreversible cell-cycle arrest that has a crucial role both in aging as well as 
an anticancer response, which protects cells from oncogenic insults. Therefore, 
depending upon the cellular context, senescence is one of the mechanisms by which 
p53 counteracts tumor growth.

The first evidence linking p53 to aging came from the analysis of a mutant mouse 
model: Tyson and colleagues obtained an aberrant serendipitous truncation of the 
N-terminal portion of p53 in an attempt to develop a knock-in (KI) model of the 
gene. Surprisingly, the truncated mutant protein resulted in an elevated constitutive 
p53 activity and the mutant mice manifested numerous aging-related features and 
drastically reduced lifespan. Consequently, a transgenic mouse model 

Loss of 

survival 

signals

Telomere 

erosion
DNA damage

Oxidative 

stress
Hypoxia

Ribonucleotide

depletion

Mitotic 

dysfunction

p53

Cell cycle 

arrest
Apoptosis Differentiation Senescence DNA repair

Metabolic 

homeostasis

Antioxidant 

defence

S
T

R
E

S
S

R
E

S
P

O
N

S
E

Fig. 5.1 The p53 stress response

5 p53 and Aging



96

overexpressing the truncated dominant negative (DNp53) or p44 isoform of p53 
showed defective growth, reduced lifespan, and accelerated aging [75, 89]. 
Interestingly, p44 overexpression resulted in hyperactive p53 and increased IGF 
signaling, the known master regulator of aging. Further, a KI mouse model of p53 
mimicking constitutively active p53 showed prominent aging features, which 
appeared to result from extensive apoptosis affecting the stem-cell components of 
several organs, hence compromising tissue self-renewal [90]. This effect was fur-
ther seen to be mediated by the p53 target PUMA [90]. Thus, widespread apoptosis 
of stem cells may mediate p53-mediated aging, in agreement with reports highlight-
ing stem-cell involvement in the aging process [91]. Although the mechanisms 
underlining this accelerated aging are still unclear, these results suggest that exces-
sive p53 activity might compromise healthy aging. Conversely, whether absent or 
reduced p53 activity affects lifespan has been difficult to address as loss of p53 is 
known to result in severe tumor phenotype [92]. Nonetheless, some in vivo models 
have shed light on the issue. Serine 15 (Ser-15) (Ser-18 in mouse) is known to be 
phosphorylated by ATM in response to DNA damage. KI mice in which Ser-18 of 
p53 was replaced with nonphosphorylable alanine developed signs of accelerated 
aging, indicating the protective role of p53 against aging-related damage [93, 94]. 
In addition, the super-(Arf)/p53 mouse model bearing long genomic sequence of 
p53 and p19(Arf), allowing their increased expression but maintaining endogenous 
regulation, showed an increase in lifespan and an overall improvement in the aging-
related health decline [95, 96]. Overall, these findings suggest that loss of p53 leads 
to accelerated aging. To summarize, it can be said that normal physiological activity 
of p53 protects from cancer and aging, whereas excessive p53 activation acts as a 
tumor suppressor, but is detrimental to the normal aging process.

In the following section, we discuss p53-mediated regulation of several physio-
logical pathways that could explain its role in cellular senescence and aging.

 p53 and the IGF-1/mTOR Pathway

As discussed earlier, the mechanistic target of rapamycin (mTOR) pathway is the 
major environmental nutrient-sensing pathway and regulates several processes in 
response to nutrient levels including cell growth and protein translation. In the 
absence of glucose, AMP levels rise in the cell, which in turn activates AMP kinase 
and results in a downstream cascade finally causing the inactivation of S6 kinase 
and activation of eukaryotic translation initiation factor 4E (eIF4E)-binding protein 
(4EBP1), both of which act to slow down protein translation of mRNAs encoding 
the proteins involved in ribosomal and mitochondrial biogenesis, oxidative phos-
phorylation, and cell growth. Simultaneously, the absence of mTOR activity also 
results in the activation of autophagy, a catabolic process which degrades endoge-
nous macromolecules to provide nutrients in times of scarcity [97–99]. p53 activa-
tion under stress negatively regulates the IGF-1/mTOR promotion of cell growth 
and division and positively regulates apoptosis and autophagy. Four p53-regulated 
gene products, phosphatase and tensin homolog (PTEN), insulin-like growth 
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factor- 1- binding protein 3 (IGF-1-BP3), tuberous sclerosis complex 2 (TSC-2), and 
the beta subunit of AMP kinase, negatively regulate the IGF-1 and mTOR pathways 
creating an interpathway crosstalk that permits the cell under stress to shut down the 
cell growth and division, nutritional sensing, and metabolic regulation for entry into 
the cell cycle [100, 101]. Induction of p21 by p53 causes an irreversible senescent 
arrest. However, further accumulation of transcriptionally active p53 triggers inhibi-
tion of mTOR and results in a reversible cell-cycle arrest [102, 103]. The p53- 
target(s) responsible for this phenotype is not yet unidentified, but the ability of p53 
to induce cell-cycle arrest and inhibit mTOR simultaneously could help explain the 
effect of moderate increase of p53 activity in protection from cancer and simultane-
ously prolonged lifespan. Hence, p53-mediated regulation of senescence and aging 
is a complex cellular process involving modulation of several additional targets and 
pathways. To conclude, p53 activation in a time of stress negatively regulates the 
IGF-1/mTOR promotion of cell growth.

 p53 and E2F7

E2F7 has been described as a p53-target involved in cell-cycle arrest and senes-
cence [104, 105]. This gene is a member of the E2F-family of transcription factors, 
however, unlike canonical E2Fs, it does not heterodimerize with DP1 proteins, but 
binds DNA as a monomer and promotes repression of several E2F target genes, 
including E2F1 [106, 107]. Moreover, it acts as a repressor of many genes essential 
for mitosis, such as cyclin A, cyclin B, and cdc2/cdk1. Hence, E2F7 arrests cell- 
cycle progression at the mitotic phase and is a mediator of cellular senescence.

 p53 and Autophagy

Autophagy is an evolutionarily conserved catabolic mechanism by which cytoplas-
mic portions and organelles are delivered to the lysosome via a double-membraned 
vesicle called autophagosome, for degradation and recycling. Degraded cellular 
components are then recycled for energy production or other metabolic processes, 
which explains the execution of autophagy under conditions of nutrient deprivation 
[108]. Overall, autophagy is a cytoprotective process and can modulate aging and 
cancer survival [109–111]. Besides macromolecule and organelle turnover, cross-
talk between the longevity pathways and autophagic process is involved in the regu-
lation of diverse cellular functions including growth and differentiation, cell death, 
oxidative stress as well as response to nutrient deprivation. Mutations in genes that 
promote autophagy result in reduced lifespan in C. elegans, D. melanogaster, and 
yeast [109, 112–115]. Moreover, as discussed earlier, induction of autophagy via 
repression of the mTOR signaling is essential for the antiaging outcome of dietary 
restriction [116, 117]. p53 has a dual role in the regulation of autophagy. While 
nuclear p53 can induce autophagy through transcriptional upregulation of targets 
such as 5’-AMP-activated kinase (AMPK), PTEN, sestrins, or damage-regulated 
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autophagy modulator (DRAM), which codes for a lysosomal protein, cytoplasmic 
p53 represses autophagy through a largely unknown mechanism. Kroemer’s group 
reported enhanced autophagy upon loss of p53 activity and importantly, their data 
showed that cytoplasmic and not nuclear p53 is responsible for autophagy inhibi-
tion. Inducers of autophagy, such as starvation or rapamycin, induce degradation of 
p53 [118–121]. Functional activity of p53 is known to decline during aging in mice 
and a diminished response of p53 to various stress signals and reduced apoptosis 
has also been linked to aging progression [122]. Reduced transcriptional activity of 
p53 could result in impaired mitochondrial respiration and, hence, enhanced gly-
colysis. These observations can also provide an explanation of increased tumor inci-
dence in older populations [122]. The inefficiency of p53 function could also lead 
to a decrease in autophagic degradation, a cleansing mechanism of cells. The 
autophagic capacity of a cell is known to decrease during aging leading to the accu-
mulation of damaged organelles in cytoplasm [123]. An impairment in p53 tran-
scriptional function could also hamper the expression of DRAM, a p53-dependent 
inducer of autophagy [124] and lead to reduced autophagy during aging.

 p53 and ROS

ROS-mediated damage has been extensively implicated in the induction of cellular 
senescence and in the onset of aging disorders. p53, by its ability to regulate ROS 
levels, shows a dual role in regulating senescence [72, 102, 125]. Emerging evi-
dence suggests that p53 plays an important role in repressing senescence by reduc-
ing intracellular ROS levels through transcriptional regulation of its target 
antioxidant genes, for example, mitochondrial superoxide dismutase 2 (SOD2), glu-
tathione peroxidase 1, and mammalian sestrin homologs 1and 2 [126–130]. On the 
contrary, p53 induced in response to DNA damage enhances cellular ROS content, 
resulting in cell death or senescence [72, 125, 131, 132]. Therefore, p53 has a dual 
role in regulating the senescence process. Based on the studies on mouse models, it 
may be inferred that sustained activation of p53, caused either by interference with 
Mdm2 regulation or by constitutive DNA instability, is detrimental and results in 
premature aging possibly by exhausting the renewal capacity of tissues [96, 133–
135]. Conversely, Arf/p53 transgenic mouse model, in addition to conferring cancer 
protection, also shows antiaging activity, probably by reducing the buildup of age- 
associated damage [95, 136]. Thus, overall, genetic evidence in mice indicates that 
deregulated constitutive activation of p53 results in accelerated aging, whereas 
modest increase of regulated Arf/p53 activity is antiaging.

 p53 and Mitochondria

Elevated level of oxidative damage is a major cause of aging. In this context, p53, 
which plays an important role in cellular response to oxidative stress, is speculated 
to be a crucial regulator of the aging process. p53 plays a dual role depending upon 
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the level of oxidative stress. In response to low levels of oxidative stress, p53 acts as 
an antioxidant to eliminate oxidative stress and ensure cell survival, whereas in 
response to high stress levels, it behaves as a prooxidant causing further enhance-
ment in the stress levels, eventually leading to cell death. These context- dependent 
responses are brought about by differential regulation of the genes involved in cel-
lular responses to oxidative stress and also by modulation of other cellular pathways 
involved in the process. p53-target genes, like sestrin, glutathione peroxidase 
(GPX), and aldehyde dehydrogenase (ALDH), are involved in reducing oxidative 
stress [127, 129, 137]. Alternatively, p53 can also reduce intracellular ROS levels 
indirectly by regulating cellular metabolism. For example, TIGAR (TP53-induced 
glycolysis and apoptosis regulator) is a p53-inducible gene that hampers glycolysis 
and promotes the production of nicotinamide adenine dinucleotide phosphate 
(NAPDH) to decrease ROS levels [138]. In addition, p53 also reduces ROS produc-
tion by suppressing the expression of phosphoglycerate mutase (PGM), conse-
quently, causing reduction of pyruvate required for oxidative respiration in 
mitochondria [139]. Conversely, in response to high levels of oxidative stress, p53 
displays prooxidant function by upregulating prooxidative genes such as p53-
induced gene-3 (PIG3) and proline oxidase [126, 140]. Overexpression of these 
genes enhances the levels of oxidative stress. At the same time, p53 induces the 
expression of Bcl-2-associated X protein (BAX) and p53 upregulated modulator of 
apoptosis (PUMA), which are proapoptotic genes [132, 141]. p53 can also cause 
elevated oxidative stress levels by inhibiting the expression of antioxidant genes like 
SOD2 and Nrf2 [128, 142–144]. The precise mechanism that controls the p53 pro- 
or antioxidant functions remains unclear, but it could explain the association of 
increased p53 activity with accelerated aging and prolonged lifespan in mice. 
Overall, a balanced pro- and antioxidant response of p53 acting to mitigate the  
accumulation of oxidative stress and DNA damage might be a key factor for  
longevity [145].

 p53 and NF-kB

A number of reports have linked p53 and NF-κB crosstalk to aging. Since p53 is 
known to suppress NF-κB signaling through the inhibition of glycolysis [146, 147], 
this points toward the possibility of NF-κB signaling involvement in the regulation 
of the aging process by p53. A number of reports have highlighted the role of NF-κB 
in inducing proinflammatory aging associated changes in tissues [148]. This could, 
in turn, elevate glycolysis levels, since cytokines are well-established inducers of 
the glycolytic pathway [149–152]. In particular, macrophage migratory inhibitory 
factor (MIF) activates glycolysis by increasing the expression of phosphofructoki-
nase (PFK-2). MIF can also interact with and suppress the function of p53 as well 
as prevent its nuclear translocation [153]. This is an interesting observation in the 
context of aging since cytoplasmic p53 can repress the autophagic degradation. 
There are various reports suggesting that NF-κB signaling increases with aging 
[154–157]. There appear to be several mechanisms regulating the NF-κB signaling 
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[123, 158, 159]. The Sirtuins SIRT1 and SIRT6 are strong inhibitors of NF-κB sig-
naling. Sir2 proteins are known to extend the lifespan in numerous species [160]. 
On the other hand, free radicals and oxidative stress, which are increased during 
aging, are effective NF-κB signaling activators [161]. NF-κB signaling is involved 
in several aging-associated pathways, such as apoptosis, autophagy, muscle atrophy, 
immunosenescence, and inflammatory responses [123].

 p53 and Sirtuins

Sirt1 is a class III histone deacetylase, having the ability to deacetylate target his-
tone and nonhistone proteins. It can therefore regulate the chromatin structure and 
DNA accessibility, and also transcriptional control through deacetylation of tran-
scription factors and cofactors. SIRT1 is crucial for the occurrence of senescence 
and is strongly downregulated in senescent cells [162, 163]. The regulation of p53 
by SIRT1 has been implicated in senescence [164–170] and SIRT1 is strongly 
downregulated in senescent cells. A major substrate for SIRT1 is p53, and the 
deacetylation of p53 regulates cell cycle, cellular senescence, and stress resistance 
in various cell types. Deacetylation inhibits p53’s ability to transcriptionally acti-
vate some, but not all, target genes—including those involved in apoptosis, prolif-
eration, ROS production, and presumably also senescence [164, 171, 172]. 
Deacetylation of p53 by SIRT1 has been shown to impede the induction of senes-
cence [173].

 p63 and p73

Two p53 homologs, p63 and p73, have been characterized over the past two decades 
[174]. Although there have been several studies to unravel specific functions of 
these proteins, the exact roles for these different variants are still unknown. 
Nonetheless, like p53, both p63 and p73 genes have a role in senescence and aging. 
p63 null mice die shortly after birth [175, 176], whereas premature aging could be 
detected in heterozygous mice [177]. In inducible p63-KO (knockout) mice, deple-
tion of p63  in the epithelium could accelerate aging, with increased senescence 
markers in vivo and in vitro [178]. Promyelocytic leukemia protein (PML) was 
found to be the major mediator of senescence caused through p63 depletion [178–
180]. Flores et  al. also showed that p63 isoform specific KO mice demonstrated 
premature aging and reduced lifespan. This could be correlated with genomic insta-
bility induced cellular senescence, which involves loss of the epithelial stem-cell 
population [181, 182]. However, there are additional studies suggesting that p63 
itself mediates the induction of senescence independently of p53 [183]. Hence, it 
appears that both p63 and p53 have a dual role: In response to oncogenic stress their 
activation is crucial to stop transformation via senescence induction, and their 
absence depletes the stem-cell reservoir causing accelerated aging.
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p73 has also been linked to senescence and the expression of ΔNp73 has been 
reported to overcome Ras-induced senescence, thereby allowing cellular transfor-
mation to occur [184]. Ras, in turn, promotes a switch from TAp73 to ΔNp73 
expression in order to sustain transformation. Isoform-specific TAp73 KO models 
show enhanced aging-related features [185, 186]. Accelerated aging phenotype has 
been ascribed to mitochondrial and metabolic dysfunction ensuing as a result of loss 
of TAp73 in KO animals [186].

Therefore, it appears that p53 along with its family members p63 and p73 plays 
an important role in the regulation of senescence and aging. Altogether, this com-
plex crosstalk interrelates stress, longevity, control over metabolic networks and 
pathways involved in tumor suppression and diabetes [100, 101, 187].

 Conclusion

The molecular pathways involved in senescence are becoming increasingly relevant 
owing to its role in tumor suppression, and the possibility of its potential exploita-
tion in cancer therapy. Many of the molecular mechanisms resulting in senescence 
and aging are still poorly understood, however, it has been established that the 
tumor suppressor p53 plays a key role in  their regulation  (Fig. 5.2). p53 is now 
known to modulate senescence at different levels and can act dually, either promot-
ing or inhibiting the senescence program. The cause underlying this dual effect is 
still relatively unclear, but as is the case with its other functions, a possible explana-
tion can be the context dependence, that is, the level and form of stress or the cel-
lular milieu. Relatively low stress levels result in p53-mediated reparative and 
antioxidant mechanisms, while elevated stress leads to apoptosis and senescence, 
via ROS production. Since p53-mediated signaling can be manipulated to stimulate 
senescence, it is emerging as an alternative new therapeutic approach to eliminate 
cancerous cells.

p53

Autophagy
DNA 

Damage
Oncogenic 

signals
Telomere
shortening

ATM
ROS

mTOR

SENESCENCE

Cell cycle 
arrest

p21

E2F7

SIRT1

NFkB

Fig. 5.2 Senescence regulation by p53

5 p53 and Aging



102

References

 1. Sherwood SW, Rush D, Ellsworth JL, Schimke RT.  Proc Natl Acad Sci U S A. 
1988;85:9086–90.

 2. Kuilman T, Michaloglou C, Mooi WJ, Peeper DS. Genes Dev. 2010;24:2463–79.
 3. Romagosa C, Simonetti S, Lopez-Vicente L, Mazo A, Lleonart ME, Castellvi J, Ramon y 

Cajal S. Oncogene. 2011;30:2087–97.
 4. Alessio N, Squillaro T, Cipollaro M, Bagella L, Giordano A, Galderisi U.  Oncogene. 

2010;29:5452–63.
 5. Collado M, Gil J, Efeyan A, Guerra C, Schuhmacher AJ, Barradas M, Benguria A, Zaballos 

A, Flores JM, Barbacid M, Beach D, Serrano M. Nature. 2005;436:642.
 6. Krishnamurthy J, Torrice C, Ramsey MR, Kovalev GI, Al-Regaiey K, Su L, Sharpless NE. J 

Clin Invest. 2004;114:1299–307.
 7. Sharpless NE. Exp Gerontol. 2004;39:1751–9.
 8. Caldwell ME, DeNicola GM, Martins CP, Jacobetz MA, Maitra A, Hruban RH, Tuveson 

DA. Oncogene. 2012;31:1599–608.
 9. Beausejour CM, Krtolica A, Galimi F, Narita M, Lowe SW, Yaswen P, Campisi J. EMBO 

J. 2003;22:4212–22.
 10. Hayflick L, Moorhead PS. Exp Cell Res. 1961;25:585–621.
 11. Kenyon C. Cell. 2005;120:449–60.
 12. Wang MC, O'Rourke EJ, Ruvkun G. Science. 2008;322:957–60.
 13. Kenyon CJ. Nature. 2010;464:504–12.
 14. Curran SP, Wu X, Riedel CG, Ruvkun G. Nature. 2009;459:1079–84.
 15. Garigan D, Hsu AL, Fraser AG, Kamath RS, Ahringer J, Kenyon C.  Genetics. 

2002;161:1101–12.
 16. Melendez A, Talloczy Z, Seaman M, Eskelinen EL, Hall DH, Levine B.  Science. 

2003;301:1387–91.
 17. Bartke A. Cell Cycle. 2008;7:3338–43.
 18. Yuan R, Tsaih SW, Petkova SB, Marin de Evsikova C, Xing S, Marion MA, Bogue MA, 

Mills KD, Peters LL, Bult CJ, Rosen CJ, Sundberg JP, Harrison DE, Churchill GA, Paigen 
B. Aging Cell. 2009;8:277–87.

 19. Kappeler L, De Magalhaes Filho C, Dupont J, Leneuve P, Cervera P, Perin L, Loudes C, 
Blaise A, Klein R, Epelbaum J, Le Bouc Y, Holzenberger M. PLoS Biol. 2008;6:e254.

 20. Selman C, Tullet JM, Wieser D, Irvine E, Lingard SJ, Choudhury AI, Claret M, Al-Qassab 
H, Carmignac D, Ramadani F, Woods A, Robinson IC, Schuster E, Batterham RL, Kozma 
SC, Thomas G, Carling D, Okkenhaug K, Thornton JM, Partridge L, Gems D, Withers 
DJ. Science. 2009;326:140–4.

 21. Suh Y, Atzmon G, Cho MO, Hwang D, Liu B, Leahy DJ, Barzilai N, Cohen P. Proc Natl Acad 
Sci U S A. 2008;105:3438–42.

 22. Kojima T, Kamei H, Aizu T, Arai Y, Takayama M, Nakazawa S, Ebihara Y, Inagaki H, Masui 
Y, Gondo Y, Sakaki Y, Hirose N. Exp Gerontol. 2004;39:1595–8.

 23. Pawlikowska L, Hu D, Huntsman S, Sung A, Chu C, Chen J, Joyner AH, Schork NJ, Hsueh 
WC, Reiner AP, Psaty BM, Atzmon G, Barzilai N, Cummings SR, Browner WS, Kwok PY, 
Ziv E. Aging Cell. 2009;8:460–72.

 24. Willcox BJ, Donlon TA, He Q, Chen R, Grove JS, Yano K, Masaki KH, Willcox DC, 
Rodriguez B, Curb JD. Proc Natl Acad Sci U S A. 2008;105:13987–92.

 25. Anselmi CV, Malovini A, Roncarati R, Novelli V, Villa F, Condorelli G, Bellazzi R, Puca 
AA. Rejuvenation Res. 2009;12:95–104.

 26. Flachsbart F, Caliebe A, Kleindorp R, Blanche H, von Eller-Eberstein H, Nikolaus S, 
Schreiber S, Nebel A. Proc Natl Acad Sci U S A. 2009;106:2700–5.

 27. Li Y, Wang WJ, Cao H, Lu J, Wu C, Hu FY, Guo J, Zhao L, Yang F, Zhang YX, Li W, Zheng 
GY, Cui H, Chen X, Zhu Z, He H, Dong B, Mo X, Zeng Y, Tian XL.  Hum Mol Genet. 
2009;18:4897–904.

N. Dogra and T. Mukhopadhyay



103

 28. Lunetta KL, D'Agostino RB Sr, Karasik D, Benjamin EJ, Guo CY, Govindaraju R, Kiel 
DP, Kelly-Hayes M, Massaro JM, Pencina MJ, Seshadri S, Murabito JM. BMC Med Genet. 
2007;8(Suppl 1):S13.

 29. Kenyon C, Chang J, Gensch E, Rudner A, Tabtiang R. Nature. 1993;366:461–4.
 30. Honjoh S, Yamamoto T, Uno M, Nishida E. Nature. 2009;457:726–30.
 31. Clancy DJ, Gems D, Hafen E, Leevers SJ, Partridge L. Science. 2002;296:319.
 32. Grandison RC, Piper MD, Partridge L. Nature. 2009;462:1061–4.
 33. Kaeberlein M, Powers RW 3rd, Steffen KK, Westman EA, Hu D, Dang N, Kerr EO, Kirkland 

KT, Fields S, Kennedy BK. Science. 2005;310:1193–6.
 34. Kapahi P, Zid BM, Harper T, Koslover D, Sapin V, Benzer S. Curr Biol. 2004;14:885–90.
 35. Harrison DE, Strong R, Sharp ZD, Nelson JF, Astle CM, Flurkey K, Nadon NL, Wilkinson JE, 

Frenkel K, Carter CS, Pahor M, Javors MA, Fernandez E, Miller RA. Nature. 2009;460:392–5.
 36. Jia K, Chen D, Riddle DL. Development. 2004;131:3897–906.
 37. Vellai T, Takacs-Vellai K, Zhang Y, Kovacs AL, Orosz L, Muller F. Nature. 2003;426:620.
 38. Hansen M, Taubert S, Crawford D, Libina N, Lee SJ, Kenyon C. Aging Cell. 2007;6:95–110.
 39. Hamilton B, Dong Y, Shindo M, Liu W, Odell I, Ruvkun G, Lee SS.  Genes Dev. 

2005;19:1544–55.
 40. Pan KZ, Palter JE, Rogers AN, Olsen A, Chen D, Lithgow GJ, Kapahi P.  Aging Cell. 

2007;6:111–9.
 41. Syntichaki P, Troulinaki K, Tavernarakis N. Nature. 2007;445:922–6.
 42. Steffen KK, MacKay VL, Kerr EO, Tsuchiya M, Hu D, Fox LA, Dang N, Johnston ED, Oakes 

JA, Tchao BN, Pak DN, Fields S, Kennedy BK, Kaeberlein M. Cell. 2008;133:292–302.
 43. Hansen M, Chandra A, Mitic LL, Onken B, Driscoll M, Kenyon C. PLoS Genet. 2008;4:e24.
 44. Bjedov I, Toivonen JM, Kerr F, Slack C, Jacobson J, Foley A, Partridge L.  Cell Metab. 

2010;11:35–46.
 45. Toth ML, Sigmond T, Borsos E, Barna J, Erdelyi P, Takacs-Vellai K, Orosz L, Kovacs AL, 

Csikos G, Sass M, Vellai T. Autophagy. 2008;4:330–8.
 46. Apfeld J, O'Connor G, McDonagh T, DiStefano PS, Curtis R. Genes Dev. 2004;18:3004–9.
 47. Anisimov VN, Berstein LM, Egormin PA, Piskunova TS, Popovich IG, Zabezhinski MA, 

Tyndyk ML, Yurova MV, Kovalenko IG, Poroshina TE, Semenchenko AV.  Cell Cycle. 
2008;7:2769–73.

 48. Greer EL, Dowlatshahi D, Banko MR, Villen J, Hoang K, Blanchard D, Gygi SP, Brunet 
A. Curr Biol. 2007;17:1646–56.

 49. Lakowski B, Hekimi S. Proc Natl Acad Sci U S A. 1998;95:13091–6.
 50. Greer EL, Brunet A. Aging Cell. 2009;8:113–27.
 51. Kaeberlein M, Powers RW 3rd. Ageing Res Rev. 2007;6:128–40.
 52. Dang W, Steffen KK, Perry R, Dorsey JA, Johnson FB, Shilatifard A, Kaeberlein M, Kennedy 

BK, Berger SL. Nature. 2009;459:802–7.
 53. Berdichevsky A, Viswanathan M, Horvitz HR, Guarente L. Cell. 2006;125:1165–77.
 54. Copeland JM, Cho J, Lo T Jr, Hur JH, Bahadorani S, Arabyan T, Rabie J, Soh J, Walker 

DW. Curr Biol. 2009;19:1591–8.
 55. Dell'agnello C, Leo S, Agostino A, Szabadkai G, Tiveron C, Zulian A, Prelle A, Roubertoux 

P, Rizzuto R, Zeviani M. Hum Mol Genet. 2007;16:431–44.
 56. Kayser EB, Sedensky MM, Morgan PG, Hoppel CL. J Biol Chem. 2004;279:54479–86.
 57. Lapointe J, Hekimi S. J Biol Chem. 2008;283:26217–27.
 58. Cristina D, Cary M, Lunceford A, Clarke C, Kenyon C. PLoS Genet. 2009;5:e1000450.
 59. Kirchman PA, Kim S, Lai CY, Jazwinski SM. Genetics. 1999;152:179–90.
 60. Rea SL, Ventura N, Johnson TE. PLoS Biol. 2007;5:e259.
 61. Atzmon G, Cho M, Cawthon RM, Budagov T, Katz M, Yang X, Siegel G, Bergman A, 

Huffman DM, Schechter CB, Wright WE, Shay JW, Barzilai N, Govindaraju DR, Suh Y. Proc 
Natl Acad Sci U S A. 2010;107(Suppl 1):1710–7.

 62. Chen JH, Hales CN, Ozanne SE. Nucleic Acids Res. 2007;35:7417–28.
 63. Lenaz G. Biochim Biophys Acta. 1998;1366:53–67.
 64. Linnane AW, Marzuki S, Ozawa T, Tanaka M. Lancet. 1989;1:642–5.

5 p53 and Aging



104

 65. Toescu EC, Myronova N, Verkhratsky A. Cell Calcium. 2000;28:329–38.
 66. Harman D. J Gerontol. 1956;11:298–300.
 67. Harman D. J Am Geriatr Soc. 1972;20:145–7.
 68. Balaban RS, Nemoto S, Finkel T. Cell. 2005;120:483–95.
 69. Gough DR, Cotter TG. Cell Death Dis. 2011;2:e213.
 70. Lemarie A, Huc L, Pazarentzos E, Mahul-Mellier AL, Grimm S.  Cell Death Differ. 

2011;18:338–49.
 71. Lambert AJ, Boysen HM, Buckingham JA, Yang T, Podlutsky A, Austad SN, Kunz TH, 

Buffenstein R, Brand MD. Aging Cell. 2007;6:607–18.
 72. Lu T, Finkel T. Exp Cell Res. 2008;314:1918–22.
 73. Millis AJ, Hoyle M, McCue HM, Martini H. Exp Cell Res. 1992;201:373–9.
 74. Ventura A, Kirsch DG, McLaughlin ME, Tuveson DA, Grimm J, Lintault L, Newman J, 

Reczek EE, Weissleder R, Jacks T. Nature. 2007;445:661–5.
 75. Maier B, Gluba W, Bernier B, Turner T, Mohammad K, Guise T, Sutherland A, Thorner M, 

Scrable H. Genes Dev. 2004;18:306–19.
 76. Kang MK, Kameta A, Shin KH, Baluda MA, Kim HR, Park NH.  Exp Cell Res. 

2003;287:272–81.
 77. Martins CP, Brown-Swigart L, Evan GI. Cell. 2006;127:1323–34.
 78. Bodnar AG, Ouellette M, Frolkis M, Holt SE, Chiu CP, Morin GB, Harley CB, Shay JW, 

Lichtsteiner S, Wright WE. Science. 1998;279:349–52.
 79. Aubert G, Lansdorp PM. Physiol Rev. 2008;88:557–79.
 80. Pinkston JM, Garigan D, Hansen M, Kenyon C. Science. 2006;313:971–5.
 81. Rufini A, Tucci P, Celardo I, Melino G. Oncogene. 2013;32:5129–43.
 82. Tomas-Loba A, Flores I, Fernandez-Marcos PJ, Cayuela ML, Maraver A, Tejera A, Borras C, 

Matheu A, Klatt P, Flores JM, Vina J, Serrano M, Blasco MA. Cell. 2008;135:609–22.
 83. Kon N, Zhong J, Kobayashi Y, Li M, Szabolcs M, Ludwig T, Canoll PD, Gu W. Cell Death 

Differ. 2011;18:1366–75.
 84. Sah VP, Attardi LD, Mulligan GJ, Williams BO, Bronson RT, Jacks T.  Nat Genet. 

1995;10:175–80.
 85. Levine AJ, Tomasini R, McKeon FD, Mak TW, Melino G.  Nat Rev Mol Cell Biol. 

2011;12:259–65.
 86. Gottlieb E, Vousden KH. Cold Spring Harb Perspect Biol. 2010;2:a001040.
 87. Begus-Nahrmann Y, Lechel A, Obenauf AC, Nalapareddy K, Peit E, Hoffmann E, 

Schlaudraff F, Liss B, Schirmacher P, Kestler H, Danenberg E, Barker N, Clevers H, 
Speicher MR, Rudolph KL. Nat Genet. 2009;41:1138–43.

 88. Feng Z, Lin M, Wu R. Genes Cancer. 2011;2:443–52.
 89. Marcel V, Dichtel-Danjoy ML, Sagne C, Hafsi H, Ma D, Ortiz-Cuaran S, Olivier M, Hall J, 

Mollereau B, Hainaut P, Bourdon JC. Cell Death Differ. 2011;18:1815–24.
 90. Liu D, Ou L, Clemenson JGD, Chao C, Lutske ME, Zambetti GP, Gage FH, Xu Y. Puma is 

required for p53-induced depletion of adult stem cells. Nat Cell Biol. 2010;12:993–8.
 91. Pollina EA, Brunet A. Oncogene. 2011;30:3105–26.
 92. Donehower LA, Harvey M, Slagle BL, McArthur MJ, Montgomery CA Jr, Butel JS, Bradley 

A. Nature. 1992;356:215–21.
 93. Armata HL, Garlick DS, Sluss HK. Cancer Res. 2007;67:11696–703.
 94. Spinnler C, Hedstrom E, Li H, de Lange J, Nikulenkov F, Teunisse AF, Verlaan-de Vries M, 

Grinkevich V, Jochemsen AG, Selivanova G. Cell Death Differ. 2011;18:1736–45.
 95. Matheu A, Maraver A, Klatt P, Flores I, Garcia-Cao I, Borras C, Flores JM, Vina J, Blasco 

MA, Serrano M. Nature. 2007;448:375–9.
 96. Matheu A, Maraver A, Serrano M. Cancer Res. 2008;68:6031–4.
 97. Thomas G. Biol Res. 2002;35:305–13.
 98. Inoki K, Zhu T, Guan KL. Cell. 2003;115:577–90.
 99. Lum JJ, Bauer DE, Kong M, Harris MH, Li C, Lindsten T, Thompson CB.  Cell. 

2005;120:237–48.
 100. Feng Z, Zhang H, Levine AJ, Jin S. Proc Natl Acad Sci U S A. 2005;102:8204–9.

N. Dogra and T. Mukhopadhyay



105

 101. Feng Z, Hu W, de Stanchina E, Teresky AK, Jin S, Lowe S, Levine AJ.  Cancer Res. 
2007;67:3043–53.

 102. Demidenko ZN, Korotchkina LG, Gudkov AV, Blagosklonny MV. Proc Natl Acad Sci U S A. 
2010;107:9660–4.

 103. Lee JJ, Kim BC, Park MJ, Lee YS, Kim YN, Lee BL, Lee JS.  Cell Death Differ. 
2011;18:666–77.

 104. Aksoy O, Chicas A, Zeng T, Zhao Z, McCurrach M, Wang X, Lowe SW.  Genes Dev. 
2012;26:1546–57.

 105. Carvajal LA, Hamard PJ, Tonnessen C, Manfredi JJ. Genes Dev. 2012;26:1533–45.
 106. Di Stefano L, Jensen MR, Helin K. EMBO J. 2003;22:6289–98.
 107. Logan N, Delavaine L, Graham A, Reilly C, Wilson J, Brummelkamp TR, Hijmans EM, 

Bernards R, La Thangue NB. Oncogene. 2004;23:5138–50.
 108. Klionsky DJ. Nat Rev Mol Cell Biol. 2007;8:931–7.
 109. Rubinsztein DC, Marino G, Kroemer G. Cell. 2011;146:682–95.
 110. Hofius D, Munch D, Bressendorff S, Mundy J, Petersen M.  Cell Death Differ. 

2011;18:1257–62.
 111. Wu WK, Coffelt SB, Cho CH, Wang XJ, Lee CW, Chan FK, Yu J, Sung JJ.  Oncogene. 

2012;31:939–53.
 112. Lee JH, Budanov AV, Park EJ, Birse R, Kim TE, Perkins GA, Ocorr K, Ellisman MH, Bodmer 

R, Bier E, Karin M. Science. 2010;327:1223–8.
 113. Matecic M, Smith DL, Pan X, Maqani N, Bekiranov S, Boeke JD, Smith JS. PLoS Genet. 

2010;6:e1000921.
 114. Hars ES, Qi H, Ryazanov AG, Jin S, Cai L, Hu C, Liu LF. Autophagy. 2007;3:93–5.
 115. Minois N, Carmona-Gutierrez D, Bauer MA, Rockenfeller P, Eisenberg T, Brandhorst S, 

Sigrist SJ, Kroemer G, Madeo F. Cell Death Dis. 2012;3:e401.
 116. Levine B, Kroemer G. Cell Death Differ. 2009;16:1–2.
 117. Kapahi P, Chen D, Rogers AN, Katewa SD, Li PW, Thomas EL, Kockel L.  Cell Metab. 

2010;11:453–65.
 118. Gao W, Shen Z, Shang L, Wang X. Cell Death Differ. 2011;18:1598–607.
 119. Maiuri MC, Galluzzi L, Morselli E, Kepp O, Malik SA, Kroemer G. Curr Opin Cell Biol. 

2010;22:181–5.
 120. Tasdemir E, Maiuri MC, Galluzzi L, Vitale I, Djavaheri-Mergny M, D'Amelio M, Criollo A, 

Morselli E, Zhu C, Harper F, Nannmark U, Samara C, Pinton P, Vicencio JM, Carnuccio R, 
Moll UM, Madeo F, Paterlini-Brechot P, Rizzuto R, Szabadkai G, Pierron G, Blomgren K, 
Tavernarakis N, Codogno P, Cecconi F, Kroemer G. Nat Cell Biol. 2008;10:676–87.

 121. Liang C. Cell Death Differ. 2010;17:1807–15.
 122. Feng Z, Hu W, Teresky AK, Hernando E, Cordon-Cardo C, Levine AJ. Proc Natl Acad Sci U 

S A. 2007;104:16633–8.
 123. Salminen A, Kaarniranta K. Trends Mol Med. 2009;15:217–24.
 124. Crighton D, Wilkinson S, O'Prey J, Syed N, Smith P, Harrison PR, Gasco M, Garrone O, 

Crook T, Ryan KM. Cell. 2006;126:121–34.
 125. Kang MY, Kim HB, Piao C, Lee KH, Hyun JW, Chang IY, You HJ.  Cell Death Differ. 

2013;20:117–29.
 126. Polyak K, Xia Y, Zweier JL, Kinzler KW, Vogelstein B. Nature. 1997;389:300–5.
 127. Budanov AV, Sablina AA, Feinstein E, Koonin EV, Chumakov PM.  Science. 

2004;304:596–600.
 128. Hussain SP, Amstad P, He P, Robles A, Lupold S, Kaneko I, Ichimiya M, Sengupta S, Mechanic 

L, Okamura S, Hofseth LJ, Moake M, Nagashima M, Forrester KS, Harris CC. Cancer Res. 
2004;64:2350–6.

 129. Tan M, Li S, Swaroop M, Guan K, Oberley LW, Sun Y. J Biol Chem. 1999;274:12061–6.
 130. Olovnikov IA, Kravchenko JE, Chumakov PM. Semin Cancer Biol. 2009;19:32–41.
 131. Johnson TM, Yu ZX, Ferrans VJ, Lowenstein RA, Finkel T.  Proc Natl Acad Sci U S A. 

1996;93:11848–52.
 132. Macip S, Igarashi M, Berggren P, Yu J, Lee SW, Aaronson SA. Mol Cell Biol. 2003;23:8576–85.

5 p53 and Aging



106

 133. Dumble M, Moore L, Chambers SM, Geiger H, Van Zant G, Goodell MA, Donehower 
LA. Blood. 2007;109:1736–42.

 134. Cao L, Li W, Kim S, Brodie SG, Deng CX. Genes Dev. 2003;17:201–13.
 135. Varela I, Cadinanos J, Pendas AM, Gutierrez-Fernandez A, Folgueras AR, Sanchez LM, Zhou 

Z, Rodriguez FJ, Stewart CL, Vega JA, Tryggvason K, Freije JM, Lopez-Otin C. Nature. 
2005;437:564–8.

 136. Sherr CJ. Nat Rev Cancer. 2006;6:663–73.
 137. Yoon KA, Nakamura Y, Arakawa H. J Hum Genet. 2004;49:134–40.
 138. Bensaad K, Tsuruta A, Selak MA, Vidal MN, Nakano K, Bartrons R, Gottlieb E, Vousden 

KH. Cell. 2006;126:107–20.
 139. Bensaad K, Vousden KH. Trends Cell Biol. 2007;17:286–91.
 140. Donald SP, Sun XY, Hu CA, Yu J, Mei JM, Valle D, Phang JM. Cancer Res. 2001;61:1810–5.
 141. Liu Z, Lu H, Shi H, Du Y, Yu J, Gu S, Chen X, Liu KJ, Hu CA. Cancer Res. 2005;65:1647–54.
 142. Drane P, Bravard A, Bouvard V, May E. Oncogene. 2001;20:430–9.
 143. Faraonio R, Vergara P, Di Marzo D, Pierantoni MG, Napolitano M, Russo T, Cimino F. J Biol 

Chem. 2006;281:39776–84.
 144. Pani G, Bedogni B, Anzevino R, Colavitti R, Palazzotti B, Borrello S, Galeotti T. Cancer Res. 

2000;60:4654–60.
 145. Liu D, Xu Y. Antioxid Redox Signal. 2011;15:1669–78.
 146. Finkel T, Serrano M, Blasco MA. Nature. 2007;448:767–74.
 147. Papazoglu C, Mills AA. J Pathol. 2007;211:124–33.
 148. de Magalhaes JP, Curado J, Church GM. Bioinformatics. 2009;25:875–81.
 149. Zentella A, Manogue K, Cerami A. Cytokine. 1993;5:436–47.
 150. Benigni F, Atsumi T, Calandra T, Metz C, Echtenacher B, Peng T, Bucala R. J Clin Invest. 

2000;106:1291–300.
 151. Bauer DE, Harris MH, Plas DR, Lum JJ, Hammerman PS, Rathmell JC, Riley JL, Thompson 

CB. FASEB J. 2004;18:1303–5.
 152. Atsumi T, Cho YR, Leng L, McDonald C, Yu T, Danton C, Hong EG, Mitchell RA, Metz 

C, Niwa H, Takeuchi J, Onodera S, Umino T, Yoshioka N, Koike T, Kim JK, Bucala R. J 
Immunol. 2007;179:5399–406.

 153. Jung H, Seong HA, Ha H. J Biol Chem. 2008;283:20383–96.
 154. Helenius M, Hanninen M, Lehtinen SK, Salminen A. Biochem J. 1996;318 (. Pt 2:603–8.
 155. Spencer NF, Poynter ME, Im SY, Daynes RA. Int Immunol. 1997;9:1581–8.
 156. Adler AS, Sinha S, Kawahara TL, Zhang JY, Segal E, Chang HY.  Genes Dev. 

2007;21:3244–57.
 157. Kawahara TL, Michishita E, Adler AS, Damian M, Berber E, Lin M, McCord RA, Ongaigui 

KC, Boxer LD, Chang HY, Chua KF. Cell. 2009;136:62–74.
 158. Renner F, Schmitz ML. Trends Biochem Sci. 2009;34:128–35.
 159. Salminen A, Ojala J, Huuskonen J, Kauppinen A, Suuronen T, Kaarniranta K. Cell Mol Life 

Sci. 2008;65:1049–58.
 160. Longo VD, Kennedy BK. Cell. 2006;126:257–68.
 161. Gloire G, Legrand-Poels S, Piette J. Biochem Pharmacol. 2006;72:1493–505.
 162. Ota H, Akishita M, Eto M, Iijima K, Kaneki M, Ouchi Y. J Mol Cell Cardiol. 2007;43:571–9.
 163. Pearson M, Carbone R, Sebastiani C, Cioce M, Fagioli M, Saito S, Higashimoto Y, Appella 

E, Minucci S, Pandolfi PP, Pelicci PG. Nature. 2000;406:207–10.
 164. Dixit D, Sharma V, Ghosh S, Mehta VS, Sen E. Cell Death Dis. 2012;3:e271.
 165. Deng CX. Int J Biol Sci. 2009;5:147–52.
 166. Luo J, Nikolaev AY, Imai S, Chen D, Su F, Shiloh A, Guarente L, Gu W. Cell. 2001;107:137–48.
 167. Vaziri H, Dessain SK, Ng Eaton E, Imai SI, Frye RA, Pandita TK, Guarente L, Weinberg 

RA. Cell. 2001;107:149–59.
 168. Campagna M, Herranz D, Garcia MA, Marcos-Villar L, Gonzalez-Santamaria J, Gallego P, 

Gutierrez S, Collado M, Serrano M, Esteban M, Rivas C. Cell Death Differ. 2011;18:72–9.
 169. Feldman JL, Dittenhafer-Reed KE, Denu JM. J Biol Chem. 2012;287:42419–27.
 170. Houtkooper RH, Pirinen E, Auwerx J. Nat Rev Mol Cell Biol. 2012;13:225–38.

N. Dogra and T. Mukhopadhyay



107

 171. Brooks CL, Gu W. Nat Rev Cancer. 2009;9:123–8.
 172. Li L, Wang L, Wang Z, Ho Y, McDonald T, Holyoake TL, Chen W, Bhatia R. Cancer Cell. 

2012;21:266–81.
 173. Krummel KA, Lee CJ, Toledo F, Wahl GM. Proc Natl Acad Sci U S A. 2005;102:10188–93.
 174. Dotsch V, Bernassola F, Coutandin D, Candi E, Melino G. p63 and p73, the ancestors of p53. 

Cold Spring Harb Perspect Biol. 2010;2:a004887.
 175. Yang A, Schweitzer R, Sun D, Kaghad M, Walker N, Bronson RT, Tabin C, Sharpe A, Caput 

D, Crum C, McKeon F. Nature. 1999;398:714–8.
 176. Mills AA, Zheng B, Wang XJ, Vogel H, Roop DR, Bradley A. Nature. 1999;398:708–13.
 177. Flores ER, Sengupta S, Miller JB, Newman JJ, Bronson R, Crowley D, Yang A, McKeon F, 

Jacks T. Cancer Cell. 2005;7:363–73.
 178. Keyes WM, Wu Y, Vogel H, Guo X, Lowe SW, Mills AA. Genes Dev. 2005;19:1986–99.
 179. Salomoni P, Dvorkina M, Michod D. Cell Death Dis. 2012;3:e247.
 180. Peche LY, Scolz M, Ladelfa MF, Monte M, Schneider C. Cell Death Differ. 2012;19:926–36.
 181. Su X, Paris M, Gi YJ, Tsai KY, Cho MS, Lin YL, Biernaskie JA, Sinha S, Prives C, Pevny LH, 

Miller FD, Flores ER. Cell Stem Cell. 2009;5:64–75.
 182. Paris M, Rouleau M, Puceat M, Aberdam D. Cell Death Differ. 2012;19:186–93.
 183. Guo X, Keyes WM, Papazoglu C, Zuber J, Li W, Lowe SW, Vogel H, Mills AA. Nat Cell Biol. 

2009;11:1451–7.
 184. Zaika A, Irwin M, Sansome C, Moll UM. J Biol Chem. 2001;276:11310–6.
 185. Tomasini R, Tsuchihara K, Wilhelm M, Fujitani M, Rufini A, Cheung CC, Khan F, Itie- 

Youten A, Wakeham A, Tsao MS, Iovanna JL, Squire J, Jurisica I, Kaplan D, Melino G, 
Jurisicova A, Mak TW. Genes Dev. 2008;22:2677–91.

 186. Rufini A, Niklison-Chirou MV, Inoue S, Tomasini R, Harris IS, Marino A, Federici M, 
Dinsdale D, Knight RA, Melino G, Mak TW. Genes Dev. 2012;26:2009–14.

 187. Feng Z, Hu W, Rajagopal G, Levine AJ. Cell Cycle. 2008;7:842–7.

5 p53 and Aging



109© Springer Nature Singapore Pte Ltd. 2020
P. C. Rath (ed.), Models, Molecules and Mechanisms in Biogerontology, 
https://doi.org/10.1007/978-981-32-9005-1_6

R. Mishra (*) 
Biochemistry and Molecular Biology Laboratory, Department of Zoology,  
Institute of Science, Banaras Hindu University, Varanasi, India
e-mail: rmishraa@bhu.ac.in

6Paired Box (Pax) Transcription Factors 
and Aging

Rajnikant Mishra

 Introduction

Aging has been explained as a temporal state of cell, organ, or organisms, character-
ized with accumulation of damages and decline in their regenerative potential over 
time. Aging-related studies from several models present gradual modifications in 
DNA bases and genetic program of organisms, changes in the chromatin structure, 
alterations in activities of genes, transcription factors, mRNAs, noncoding RNAs, 
proteins, regulators of immune response, survival pathways, and molecular hall-
marks of aging [1–4]. Cell lines, yeast, worm, flies, fish, mice, rats, and humans 
have been preferred for aging-associated investigations but none of the models 
serve suitable on all criteria. Bacteria were initially thought to be immortal, but they 
also age and undergo asymmetrical divisions [5]. Yeast serves a simple model [6] to 
explain the impact of aging on metabolism, but does not explain the effects of extra-
cellular factors like hormones because they lack intracellular inflammatory signal-
ing. A worm, Caenorhabditis elegans (C. elegans), shows slow metabolism of lipids 
and proteins [7], neurodegeneration, and uncoordinated movements [8] during 
aging. The age-related alterations in inflammatory and immunological response 
have also been supported from Drosophila species, fish models [9–11]. Amphibians 
show slow aging, continuous neurogenesis, and myogenesis [12]. However, reptiles 
have been poorly studied but support gradual senescence [13]. Studies from differ-
ent models suggest that aging-related changes in one tissue may cause deterioration 
of other tissues’ “contagious aging” or “bystander effects,” for example, impaired 
kidney function can increase risk of heart disease [14] and antiaging manipulations 
of one tissue can retard the aging process in other tissues [15]. Several theories 
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support alteration in genes and proteins as either cause or effect of aging. However, 
aging does not appear only due to selection of specific gene or protein but networks 
of several pathways and transcriptional regulators. Among different regulators Pax 
family transcription factors prove critical for development and aging because they 
regulate cell cycle, growth, and differentiation from embryonic development to 
aging at the levels of molecules, cells, tissues, organs, or organisms [16–22] 
(Table 6.1).

 Impact of Pax Family Transcription Factor in Aging

There are nine known functional forms of Pax transcription factors (Fig. 6.1), and 
their mutations lead to haplo-insufficiency-associated pathogenesis-matching 
developmental and common aging-related impairments. The management of Pax1 
may be an encouraging direction in the area of biogerontology because undulated 
(un) phenotype in mouse, due to loss of Pax1, shows defects in pectoral girdle, 
intervertebral disks, and absence of the acromion of the scapula or its replacement 
with a ligament [22]. The expression of Pax1 is also required for maintenance of  
T lymphocytes and the level of expression decreases during aging in human thymic 
epithelial cells [2]. The hypomethylation of Pax1 was also observed in 

Table 6.1 Pax family genes and proteins in different models

Pax family 
members Expression in tissues Model organisms References
Pax1 Axial skeleton, pectoral girdle Drosophila, mice, 

human
[22, 66]

Pax2 Ureteric bud, kidneys, and 
otic vesicle, astrocytes, eyes

Mice, chicken, 
Zebrafish, 
Drosophila, C. 
elegans

[27, 29]

Pax3 Muscles Splotch (Sp) mice, 
human

[17, 67]

Pax4 β-Cell regeneration Mice [68]

Pax5 B-cell development, Central 
Nervous System (CNS), 
testis, spleen, lymph node, 
tonsils, appendix

Mice, human [38, 39]

Pax6 Eye, brain, and pancreas Drosophila, 
Zebrafish, mice, 
human

[44, 69, 70]

Pax7 Muscle quiescent satellite 
cells

Drosophila, mice, 
human

[71, 72]

Pax8 Thyroid gland, kidney Mouse, human [57, 58, 73]

Pax9 Tooth morphogenesis, 
esophagus, limb formation

Zebrafish, chick, 
mouse, and man

[61, 62, 64]
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mesenchymal stroma cells (MSC) during aging [23]. The Pax2 has been observed 
in ureteric bud, kidneys [24], optic vesicle [25], and astrocytes [26]. A significant 
decrease in the density of astrocytes and Pax2-positive cells in human retina of 
middle and old age [27] and an increase in expression of Pax2 in glomerular cells 
have been observed with aging [28]. During aging, it regulates density of astrocyte-
related pathological conditions [29] but it is unknown whether loss of Pax2 expres-
sion by astrocytes during aging has any impact on their functions. The myogenic 
progenitors express both Pax3 and Pax7 and they are required for normal develop-
ment [30] of muscles but satellite cells show reduced expression of Pax3 with aging 
[31]. It may have muscle regeneration potential because its expression increases in 
cancer patients and healthy elderly individuals in comparison to healthy middle-
aged individuals [32]. However, inactivation of Pax4 by homologous recombination 
results in the absence of mature insulin and somatostatin-producing cells in the 
pancreas [33]. It promotes regeneration of β-cell by protecting from apoptosis and 
promoting proliferation [34]. The status of methylation in promoter region of Pax4 
gene does not change but expression of Pax4 alters in pancreas with age [35]. 
Therefore, Pax4 may serve one of the critical markers for accessing status of insulin 
and glucagon- dependent glucose metabolism during aging.

Binding sites for Pax5 have been identified in the promoters of multiple genes as 
well as at multiple sites within the Immunoglobulin Heavy Chain(IgH) locus [36, 
37]. The Pax5 is also referred to as B-cell lineage-specific activator protein (BSAP) 
that regulates development of B-cell but is not detectable in terminally differenti-
ated B-cells [38, 39]. In variety of mouse strains, B-lymphopoiesis within bone 
marrow gets affected during senescence [40]. Age-dependent reduction in expres-
sion of early B factor (EBF) affects ability of multipotent hematopoietic stem cells 
to generate B-cells but potential of generating myeloid cells remains unchanged [41]. 

PD TAD

PD O TADHD

PD O TADHD

PD TADHD

PD O TADHD

PD TADHD

PD O TAD

PD O TAD

Pax1

Pax2

Pax3
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PD TADPax9
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Fig. 6.1 Diagrammatic representation of structural domains of Pax family genes includes Paired 
domain (PD), octapeptide domain (O), homeodomain (HD), and transactivation domain (TAD)
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The aged mice show decreased binding activity of Pax5 to targets [42] in B-cells. 
The aged B-cell culture leads to impaired development of pre-B and new B-cells 
due to reduced expression of Pax5. It is presumed that reduction in level of Pax5 in 
aged B-cell precursors may be multifactorial but mainly due to increased ubiquitin/
proteasome-mediated protein degradation through increased mitogen- activated pro-
tein kinase (MAPK) and Notch activity [43].

The Pax6 essentially presumed as light-sensing molecule proved a multifunc-
tional protein because it regulates several critical downstream regulators from cell 
cycle to cell death [44]. Pax6 expression is restricted to pancreatic islets at birth but 
inactivation of Pax6 causes reduction in the level of hormone production and altera-
tion in morphology of islets [45]. Aging-associated defects match phenotypes of 
mutations in Pax6 like variety of ocular defects, neuronal and endocrine malforma-
tions [46, 47], decrease in volume of regions of brain [47], and behavioral abnor-
malities [48]. Decrease in the level of Pax6 in old intermediate neural progenitors 
(INPs) allows Notch signaling to promote the dedifferentiation of INP progeny into 
ectopic INPs, thereby creating a proliferative mass of ectopic progenitors in the 
brain [49]. A direct association of Pax6 with aging-related neuronal dystrophy [50], 
p53-mediated cell death and neural plasticity [51], binding of Pax6 to the promoter 
sequence elements of genes involved in immunological surveillance and energy 
homeostasis [52, 53] has been observed. However, Pax6 is constantly expressed in 
retina throughout the lifespan of mice [54].

The postnatal muscle quiescent satellite cells express Pax7 while their proliferat-
ing progeny co-express Pax7 and MyoD.  The decline in Pax7 expression, along 
with the onset of expression of the muscle transcription factor myogenin, marks the 
entry of satellite cell progeny into the differentiation phase where Pax7 proves 
essential for regulating the expansion and differentiation of satellite cells during 
both neonatal and adult myogenesis [55]. Pax7 deficiency leads to spinal muscular 
atrophy (SMA), characterized by loss of motor neurons in the spinal cord that 
results in muscle denervation and profound weakness [56].

Functions of thyroid and aging could be interdependent because Pax8 is expressed 
in thyroid gland, inner ear, epithelial cells of female and male genital tracts, and 
lineages of kidney formation [57, 58]. Mutations of Pax8 cause infertility in male 
and female mice because of the malformation and obstruction of reproductive 
organs [57, 59]. Age-dependent infertility and cardiomyopathy may be associated 
with levels of Pax8 because Pax8 knockout leads to the heart dysplasia as a result of 
excessive senescence and apoptosis in cardiac myocytes [60]. Literature is unavail-
able to show direct association of Pax9 with aging but it seems to be associated with 
age-dependent defects in immunological surveillance, esophagus, lung, and teeth 
because Pax9 is expressed in the adult thymus [61], and is also required for perma-
nent tooth development [62]. It has been implicated in oral squamous cell carci-
noma [63], increasing malignancy in esophageal [64], and lung cancer [65].
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 Conclusion

Various models from bacteria to humans have been used to study the process of 
aging and associated diseases but none of them proved ideal. The Pax family tran-
scription factors are expressed in almost all vital organs and show age-dependent 
alterations. They have been critical during development and maintaining functional 
anatomy of bone, muscle, heart, eyes, brain, and endocrine systems (Fig.  6.2). 
Phenotypes due to mutations in Pax transcription factors match aging-associated 
symptoms. Studies on regulatory sequences of interactions of Pax proteins would 
provide specific molecular target for therapeutics in healthy aging.
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Fig. 6.2 During aging, the alteration in expression of Pax genes influences the vital functions of 
every respective organ in which they express all that collectively drives the process of aging. The 
molecular mechanism behind the modulation in the functional properties of an organ may be due 
to Pax genes alone respectively or it may be due to the cumulative effect of Pax genes and their 
interacting partners which need to be further investigated
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7Telomeres, Telomerase, and Aging

Deepak K. Mishra, Ramraj Prasad, and Pramod Yadava

Living systems have acquired varied degrees of proficiency through evolutionary 
process in terms of the capability to carry on vital functions that include:

 (a) Cell growth and division that would involve regulation of DNA replication, 
transcription, and translation

 (b) Drawing of raw materials from the environment
 (c) Sensing and responding to the environment in terms of availability of food, 

restrictive factor, and pathogens
 (d) Following a developmental program as inscribed in the genome that largely 

depends on internal signaling
 (e) Digesting and assimilating the materials to be recast into their own mass
 (f) Ensuring distribution of essential requirements to all constituent cells in case 

of multicellular organisms
 (g) Defending one’s own being against invaders
 (h) Sorting and disposing off waste materials resulting from all the above 

activities
 (i) Healing injuries
 (j) Maintaining redox balances
 (k) Repairing damaged biomolecules, particularly nucleic acids
 (l) Replacing lost cells with new ones (for multicellular organisms)
 (m) Producing gametes and propagules to ensure continuity of life through 

generations
 (n) Tuning of time in diurnal and seasonal frames
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Intactness of the above functions defines good healthy living, and any irrevers-
ible deteriorations mark dwindling health, senescence, and aging. Since these func-
tions are essential, each one of them offers a nodal point characteristically performing 
certain functions and often influencing functioning of other nodal points. This 
enables the system to modulate each group of functional biomolecules in concert 
with others.

Growth is an obligatory process for an organism and aging marks the limit 
over it. Both phenomena are kept in balance throughout life. The first half of 
life remained elusive to aging parameters and growth prevails. The other side 
of life manifests the aging process surpassing the growth rate. Growth is an 
outcome of both gain in mass and number of cells. Aging is a phenotypic mani-
festation of evolutionary adopted deregulation of our biological system. Growth 
and/or aging is the net result of dynamic equilibria of biological processes in 
an organism.

 The Conflict Between Stability and Flexibility

Living systems consist of molecules with “intermediate” thermodynamic sta-
bility in order to be part of the dynamic phenomena in the cell and therefore 
would likely deteriorate with age. Intermediate stability here would mean a 
state that is characteristic and stays long enough to function but can be reorga-
nized in response to surrounding stimuli. However, at variance from deteriora-
tion in nonliving materials, living systems are equipped to reverse to a large 
extent such changes that would lead to organizational and functional decline in 
them. This may seem to be in contrast with the earlier held view that individual 
cells are immortal and it is the tissue, organs, and organisms that really undergo 
age-dependent changes. It is true nevertheless that signs of senescence and 
aging are more easily discernible at the level of multicellular organisms than 
for individual cells. The success of Alexis Carrel in culturing heart-derived 
fibroblast for over three decades led to the false conclusion that cells were 
immortal by default [11]. Experiments of Hayflick, thoroughly reinvestigating 
serial culture of cells, showed that cells put to culture meet a crisis at certain 
point corresponding to a finite number of doublings [24]. Thus, telomere length 
may seem to be an intrinsic determinant of cellular lifespan. It remains debat-
able if there are other telomere-independent cell-intrinsic determinants of rep-
licative lifespan [32]. It has been found that telomere length and unique 
telomerase alleles may be responsible for long healthy lifespan among cente-
narians of Ashkenazi Jewish community [3]. Telomerase reactivation increases 
the replicative lifespan of cells, but it is debatable if it necessarily gets trans-
lated into organism’s lifespan [13]. It nevertheless does promise an aide in 
regenerative cell therapy, e.g. telomerase-immortalized corneal cells give rise 
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to morphologically distinct hexagonal and functional cells [41]. Certain cells 
lacking telomerase activity can still maintain telomere length via alternative 
mechanisms involving recombination [10].

 The End Replication Problem and Replicative Senescence

Eukaryotic genomes usually consist of a characteristic number of chromosomes 
consisting of linear double-stranded DNA molecules. The termini of such mole-
cules, if not specially organized, would look like double-strand breaks and would 
recruit damage monitoring and repair molecules. In order to distinguish them from 
double-strand breaks, the telomeres are organized by self-looping stretch consisting 
of a tandem array of small hexanucleotide repeats (typically 5’TTAGGG3’ for 
mammals spread over up to 15 kb) and are studded with several telomere-specific 
proteins. DNA polymerases involved in replication require a primer perfectly 
annealed with the template strand and extend the copy strand in 5′ to 3′ direction. 
Thus, the copy strand can grow continuously in one direction (continuous or leading 
strand) and by repeated primer synthesis and extension in the other direction (dis-
continuous or lagging strand) if one begins with a replication bubble. As the discon-
tinuous strand approaches close to the 3′ end of the template, it finds impossible to 
use the same stretch for synthesis of RNA primer as well as copy strand. Thus, a fair 
part of DNA at such ends is left unreplicated and the copy synthesized by DNA 
polymerase becomes shorter than the template. If this process continues, the attri-
tion of telomere will reach crucial coding region of the chromosome (Fig. 7.1).

 Extrinsic Determinants of Lifespan

Cellular senescence is typically marked by arresting the cells in a certain phase by 
overexpression of CDKIs which follows damages to cell membrane, proteins, or 
DNA. This may precede telomere shortening to a critical extent and raises the ques-
tion if senescence can directly be induced by extrinsic factors bypassing the 
telomerase- dependent mechanisms. Figure 7.2 summarizes various pathways that 
can result in expression of endogenous senescence markers like b-galactosidase. 
Thus oncogenic activation, DNA damage, ceramide-induced stress, and overexpres-
sion of CDKIs can all confer a phenotype typical of cellular senescence. 
Differentiated cells have a lower proliferative potential compared to diploid fibro-
blasts and reach senescence via a telomerase-independent pathway. Loss of CDK 
inhibitor such as p16 is as important as expression of telomerase for sustained pro-
liferation of differentiated cells in culture.
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 Theories of Aging

Many theories have been put forward to account for aging and senescence, but none 
provides an unequivocal mechanism. These theories envisage (i) accumulation of 
genetic errors, (ii) destabilization of the genome, (iii) accumulation of free radicals 
and oxidative stress, (iv) dysfunction of mitochondria, (v) accumulation of errors 
above bearing capacity of the system, (vii) accumulation of misfolded proteins, 
(viii) dysregulation of protein homeostasis, (ix) gross epigenetic alterations, and (x) 
hyperfunctioning of the system with advancing age [21]. Perhaps no single theory 
will ever be able to incorporate all the diverse parameters that show association with 
aging. However, it should be possible on one hand to restore some of them and pro-
long healthy lifespan and on the other assess in their terms the phase in aging.

Fig. 7.1 The end replication problem resulting in partial attrition of terminal sequences through 
successive replication cycles
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 Telomeres, Senescence, and Cancer

Senescence at the point of attrition of telomeres below a critical length probably 
reflects the cell’s bid to avoid death. It is debatable if malignant transformation is a 
loss of the innate program to enter senescence or a positive avoidance of senescence 
by reactivating telomerase. Ectopic expression of telomerase in cells also helps 
bypass senescence, while disruption of telomerase in such cells leads to apoptosis. 
Working with Terc−/− and Terc+/− mice, Samper et al. [40] found that restoration 
of telomerase activity could rescue animals from chromosomal instability and pre-
mature aging1. Taking a comparative account of telomere length and lifespan, how-
ever, it seems unlikely that telomeres and telomerase could be primary determinants 
of aging process per se or of lifespan [25]. A very positive note came from studies 
on mice receiving AAV-mediated telomerase expression asserting that there was a 
significant (up to 24%) increase in lifespan, while no increase in frequency of can-
cer could be noticed [7].

Cells of the hematopoietic lineage do regain telomere length upon antigenic 
stimulation and serial transplantation [1]. Telomere elongation overtakes telomere 
attrition in these situations. Transgenic mice constitutively expressing telomerase 
were found to have increased frequency of mammary carcinoma in aging mice [2]2.
Transcriptomic analysis with specially prepared “old” yeast cells showed similarity 
with that of telomerase-deficient cells in terms of energy storage metabolism and 
induction of DNA repair genes [30]. This suggested that even unicellular organisms 
undergo aging-like process and the interactions of telomerase in cells affect func-
tions beyond telomere length maintenance.

Fig. 7.2 A schematic presentation of mechanisms of inducing cellular senescence may or may not 
involve telomere length (Adapted from: [32])
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Telomerase interacts with several cellular proteins to effect telomere elongation 
and other extracurricular functions. Mice lacking telomerase and some of the DNA 
repair proteins like Ku86 and catalytic domain of DNAPK show accelerated loss of 
telomere length which mice lacking poly-ADP-ribose polymerase (PARP) and 
telomerase do not show such acceleration [18].

 The Telomerase Complex

Telomeres typically consist of characteristic hexamer (may vary in some species) 
repeats of varied length. This can account for up to 50 kb of terminal DNA in mouse. 
The double-stranded region is richly studded with proteins like TRF1 and TRF2, 
while the single-stranded region is complexed with POT1. Many other proteins 
(e.g., TIN2) play a bridging role, regulating activity of the partner proteins, keep the 
multi-subunit telomeric complex together, and hide open end of chromosomal DNA 
(Fig. 7.3). PINX1, an inhibitor of telomerase, abridges TRF1 with telomerase and 
inhibits telomere elongation [44].

Fig. 7.3 Organization of the telomeric complex that consists of telomeric repeats (TTAGGG for 
mammals) over a largely double-stranded region ending in a G-rich 3′ overhang. The double- 
stranded region forms a T-loop, thus facilitating invasion by the single-stranded overhang in the 
double-stranded region forming a displacement or D-loop. (Adapted from [8])
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 Telomerase in Stimulated T Cells

Cells of the immune system are uniquely under the need to proliferate in a pro-
grammed manner as happens following stimulation. The activated cells upregu-
late telomerase expression during the first and second activation, but in the third 
and subsequent cycles of activation in vitro, there seems to be no major response 
in terms of telomerase expression in CD8+ T cells. However, these cells continue 
to divide in response to later stimuli and lose telomere length culminating into 
DNA damage and cell cycle arrest. Thus senescent CD∗  +  cells accumulate 
in vivo. In contrast with CD∗ T cells, the CD4 cells seem to retain their respon-
siveness to antigen stimulation till seventh encounter. It is suggested that express-
ing telomerase might rejuvenate the CD8 T cells [15]. Importance of studying 
human subjects for association of telomerase with immune functions has been 
emphasized since many reprogramming factors and patterns such as psychologi-
cal stress are unique to human immune system [16]. Table 7.1 shows a compari-
son among carriers of heterozygous mutations in either TERT or TERC showed 
that these individuals lost telomeric length to a larger extent than age-matched 
homozygous nonmutants [4].

 Diseases Resulting from Telomerase Dysfunction

Heterozygous state of mutations in hTERT and hTERC results in diseases like dys-
keratosis congenital, bone marrow failure, and idiopathic pulmonary fibrosis [19]. 
Disease manifestations can be further aggravated by environmental and genetic fac-
tors that result in telomere shortening over the basal effects of haploinsufficiency. 
Dyskeratosis congenita is characterized by reticulate skin pigmentation, white 
patches in the oral mucosa, and deformity in nails. The disease can have diverse 
genetic origin with some patients showing signs of X-linked disease. It has been 
claimed that natural product-derived drugs can activate telomerase and push the 
median telomere length significantly upward though the maximum telomere length 
is not altered to the same extent in subject showing telomere shortening following 
persistent viral infection [23, 46].

 Telomerase Downregulation May Be a Result of Differentiation 
Rather than Aging of Myoblasts

Unlike differentiated myocytes, muscle stem cells (satellite cells) show a good 
expression of telomerase even in old mice. Myoblasts adopted for primary culture 
rapidly downregulate telomerase expression suggesting that the satellite cellos 
rather than cultured myoblasts should be used for replacement cell therapy [36].
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 Some Food Supplements and Plant Products Enhance 
Telomerase Activity

While studying the effect of a food supplement (2007-0721-GX), Lin et al. [31] 
found a clear increase in telomerase activity and telomere length and a distinct rise 
in CD34+ cells. All the parameters used for assaying the antiaging effect of food 
supplements in these studies were related to aging. These parameters were CD34 
expression, telomerase activity, and insulin-like growth factor (IGF-1). Many plant 
products have been demonstrated to inhibit or activate telomerase.

 Multifunctional Complex with Multifunctional Partners

While TERT and TERC are associated with crucial determinants of cell function 
spanning over ribosome biogenesis, cell cycle control, plasminogen activator, and 
Kruppel-like factor to mention just a few, even the proteins that seem to be function-
ally involved in regulating telomerase turn out to be multifunctional. TCTP and 
TERT influence each other’s expression in a reciprocal manner. TCTP turns out to 
be an evolutionarily conserved protein seeming to be an anti-oxidative molecule on 
one hand and being associated with TGF-β signaling [20] and inhibition of apopto-
sis on the other [22].

 Anti-apoptotic Proteins and Inhibitor of Apoptosis Protein 
(IAP) Family

Telomerase-associated extracurricular activities show its role in survival and prolif-
eration. However, enhanced expression and activity of telomerase in cells were 
found to be modulated by other factors like inhibitory apoptotic proteins (IAPs), 
anti-apoptotic proteins. Association of such factors with elevation of telomerase 
activity suggests its potential role as a determinant of cellular lifespan and cancer. 
Survivin (IAP) is one of them that maintains elevated activity of TERT in colorectal 
adenomas. The correlation between anti-apoptotic proteins like Bcl-2, MCL-1, and 
hTERT reinstates the same in head and neck cancer. Although these results are 
shown in cancer, the extrapolation of these observations suggests their possible role 
in cellular aging.

 Telomere Length and Telomerase Activity Measurement

Longer telomere length during early age shows longevity in birds. However, the 
refuting reports show that it is inflammation that is responsible for aging rather than 
telomere attrition. The reports signify the assessment of telomere length. The mea-
surement of telomere length can be assayed by both PCR-based technique, (a) ter-
minal restriction fragment and (b) PCR with telomere-specific primers, or by 
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microcopy. The microscope-based techniques like (c) Q-FISH with mitotically 
active cells, (d) Q-FISH with interphase cells, and (e) Flow-FISH have been used to 
quantify the extent of telomere retained in the cells. Apart from telomere length, the 
availability of telomerase enzyme in cells suggests to find its activity in cells. 
Telomerase activity is mainly assayed by PCR-based technology. It is known as 
telomere repeat amplification protocol. Here we check the abundance of telomere 
fragments by gel electrophoresis after amplification of telomere repeats using cel-
lular lysate containing telomerase.

 Telomerase, Telomere, and Redox Homoeostasis

Mitochondrial health and aging have been the talk of town since 1980. The mito-
chondrial theory of aging given by Miquel suggested that the DNA damage accu-
mulation induced by ROS generation in mitochondria costs into aging. Although it 
is a telomere-independent aging factor, however, the mitochondrial stress-induced 
increased expression of telomerase has been seen as an independent function of 
telomerase to telomere lengthening activity. Telomerase translocation in mitochon-
dria under H2O2 treatment and rescue of cells after telomerase overexpression dis-
play the antiaging effect of telomerase independent of telomere elongation. 
Telomerase functional mechanism in mitochondria is still obscure, but current sur-
veys suggests its availability in cell displays the healthy organelle.

 Stress and Socioeconomic Coordinates of Aging

Socioeconomic status may influence life expectancy among humans though its effect on 
aging remains to be established [12]. Similarly, individuals subjected to chronic stress, 
e.g., mothers of chronically unwell children, show symptoms of accelerated cellular 
aging like shortening of telomeres [17]. It is a conjecture that some of these situations 
may lead to rapid attrition of telomeres which may be equivalent of several decades of 
aging process. Under oxidative stress nuclear TERT is exported to the cytosol following 
tyrosine phosphorylation of TERT mediated by Src kinases. This is followed by telo-
mere shortening and aging of cells. However, there are other factors that tend to retain 
TERT within the nucleus. Nuclear fibroblasts deficient in Src, Fyn, and Yes do not show 
such export of TERT. The tyrosine phosphatase Shp-2 is projected to counteract export 
of TERT from the nucleus and as probable antiaging target [27]. There seems to be a 
strong correlation between food habit, obesity, stress, and telomerase activity [14]).

 Certain Proteins Do Modulate Pluripotency

Nuclear transplant into oocytes results in reprogramming of gene expression in a 
manner to produce embryo-like pattern of development accompanying overexpres-
sion of retinoic acid receptor, oct4, and nanog and a depletion of tpt1 (TCTP). 
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Knocking down the retinoic acid receptor results in overexpression of oct1 and 
nanog, while depletion of tpt1 results in lowering of oct4 and nanog transcription. 
Oct4 and nanog are established markers/determinants of pluripotency positively 
influenced by tpt1 [28]. In addition to these, many other proteins like GCNF [26], 
SF1 [6], LRH1 [29], and Sal1 [47] also affect the transcription of oct4. Telomerase 
expression is indispensable for pluripotency. The induced pluripotent stem cells 
need telomerase at early stage of and may be further assisted by ALT pathway.

 GHRH Antagonists Reflect on Association with Telomerase 
in Younger Mice

Administration of GHRH antagonist in 2–4-month-old mice resulted in increased 
telomerase expression, improved cognitive functions, average longevity (but not 
maximal lifespan), and decreased incidence of cancer. Older animals (>7 month) 
did not show sensitivity to a similar regimen of treatment [5]. There seems to be a 
fine-tuning of telomerase expression with the growth and developmental program 
of mouse. Inhibition of cell cycle progression with aphidicolin or CGK1026 
resulted in lowering of interferon-inducible protein IFI16 and overexpression of 
telomerase in human diploid fibroblast. Knocking down IFI16 induces c-myc 
expression which in turn increases the expression of hTERT, while overexpres-
sion of IFI16 resulted in suppression of c-myc expression and lower signals with 
hTERT-Luc reporters [43].

 Telomerase RNA Component Variants Influence Telomere 
Length

A compilation of analyses involving 2953 white subjects showed significant asso-
ciation of a common variant (rs2293607, G/A) of telomerase RNA and short telo-
mere length reflecting on role of telomerase RNA as a determinant of telomerase 
function and telomere length. One would expect evolutionarily selected form of 
TERC to be optimal for interaction with TERT and telomerase function. A change 
in RNA can affect general association, affinity, and half-life of the associated state 
and even processivity of the telomerase enzyme complex [35].

Epigenetic modification and chromatin microenvironment of the telomerase 
locus are an important determinant of its expression [48].

 Exposure to Environmental Pollutants Can Retard Telomerase 
Activity and Reduce Telomere Length

Exposure to Chicago air mixed with volatile polychlorinated biphenyls resulted in 
lowering of telomerase activity and erosion of telomeres decreasing cell prolifera-
tion of 18  days [42]. Assaults on cells damaging crucial molecules (particularly 
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DNA) are responded to by cytokine release and inflammation which in turn is con-
trolled by certain RNA-binding proteins that degrade cytokine mRNA. One such 
protein AUF-1 is known to activate telomerase activity and suppress senescence, 
thus interconnecting inhibition of both inflammatory response and cellular senes-
cence while promoting telomere length maintenance [38].

 The Dream Therapeutic Strategy

Targeted inactivation of telomerase proteins employing immunotherapeutic 
approach or to knock down telomerase-related RNA would be anyone’s goal even 
though this is not as simple to achieve [37]. It is possible to transfect viral vectors 
delivering expression cassette of the therapeutic peptide or RNA from a TERT pro-
moter. One may also expect to develop nucleic acid or peptide aptamers to target 
telomerase or to target molecules that will result in sensitization of cells to low 
doses of a conventional therapeutic molecule. Glyceraldehyde-phosphate dehydro-
genase (GAPDH) undergoes nuclear localization under oxidative stress and induces 
apoptosis. It has been noticed to interact with telomerase RNA, inhibiting telomer-
ase activity and causing telomere shortening [34]. Since the substrate GAPD and an 
NO donor S-nitrosoglutathione (GSNO) negatively regulate GAPDH, it is sug-
gested that these molecules may be used to target telomerase via GAPDH.

 Telomerase Has Pleiotropic Regulatory Interaction with Other 
Cellular Molecules

hTR has a basal expression level in most of the cells, while expression of hTERT 
goes in parallel with the cells undergoing division [33]. However, in knockout mice 
lacking telomerase RNA, restoration of RNA was found to be associated with 
expression of several proteins [9]. Working with cultured mammalian cell lines, 
Ramkrishnan et  al. [39] reported that expression of several proteins involved in 
ribosome biogenesis, chromatin modulation, cell cycle control, and p63-dependent 
pathways were perturbed in cells expressing hTR-targeting hammerhead ribozyme. 
Likewise, genome-wide profiling of differentially expressed genes following 
siRNA- and shRNA-mediated knockdown of hTERT in HeLa cells showed overex-
pression of KLF4, FGF2, IRF-9, and PLAU by real-time PCR [45]
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8The Epigenome of Aging
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 Introduction

The gradual decline of normal physiological functions in a time-dependent manner 
is a defining hallmark of the aging process. A consequence of aging, of course, is 
that the organism becomes increasingly prone to diseases including cancer, cardio-
vascular disorders, diabetes, and neurodegenerative disorders. The aging process is 
similar yet different from the cellular or replicative senescence wherein the normal 
diploid cells stop dividing once they reach a maximum limit defined as Hayflick 
limit [1]. In contrast, nine hallmarks have been described for the aging process: 
genomic instability caused due to DNA damage, telomere shortening, epigenetic 
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial dys-
function, cellular senescence, stem cell exhaustion, and altered intracellular com-
munication [2]. These nine hallmarks have been further classified into primary 
hallmarks, antagonistic hallmarks, and integrative hallmarks. The primary hall-
marks – DNA damage, telomere shortening, epigenetic alterations, mitochondrial 
dysfunction, and loss of proteostasis  – are considered as negative hallmarks. 
Accumulation of DNA damage, epigenetic alterations, and mitochondrial dysfunc-
tion are strongly associated with aging. The effects of the antagonistic hallmarks, on 
the other hand, depend on their intensity. Thus, at low intensity these hallmarks 
might have beneficial effects that become deleterious at higher intensity. Finally, the 
integrative hallmarks like altered intracellular communications affect tissue homeo-
stasis and function [2]. In this review, I will be focusing on epigenetic alterations, a 
primary hallmark of aging. The epigenetic markers regulate both gene expression as 
well as protein function and thus, modulate all the hallmarks of aging.
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 The DNA Damage Theory of Aging

Aging is long known to be associated with the accumulation of DNA damage [3, 4]. 
Damage to DNA can be induced both by cellular metabolites like reactive oxygen 
species and exogenous species like radiation. The damage to DNA leads to loss of 
information and thus the formation of mutated proteins leading to loss of function. 
Therefore, the damage caused to the DNA must be repaired and the cell responds to 
this signal through an intricate network of DNA damage repair proteins and cell 
cycle checkpoints [5, 6]. The failure to repair the damage DNA, therefore, leads to 
genomic instability and is now known to be the underlying cause of both cancer and 
aging-related disorders [6]. Indeed, the DNA damage theory of aging postulated by 
Leo Szilard states that the accumulation of DNA damage and ensuing loss of func-
tion as well as cellular homeostasis are the leading cause of aging [7]. The hypoth-
esis is borne out by the progeroid diseases as WS, XP, CS, and AT are caused by 
mutations in the DNA repair genes [8, 9].

Depending on the type of DNA damage, the cell uses one of three main repair 
pathways – the nucleotide excision repair (NER), the base excision repair (BER), 
and the double-strand DNA damage repair (DDR) pathway. The NER repair path-
way consists of two subsystems: global genome repair (GGR) pathway that repairs 
damage occurring in the transcriptionally inactive regions of the genome; and the 
transcription-coupled repair (TCR) pathway that repairs the damage occurring in 
the transcribing DNA [10]. The BER pathway is initiated by DNA glycosylase that 
removes the damaged DNA base, thus creating an abasic site. The abasic site is 
subsequently repaired by enzymes that break of phosphodiester backbone, fill the 
gap, and then ligate the ends [11, 12]. The third pathway, DDR, is activated when-
ever double-strand breaks occur. The DDR pathway too consists of two subsystems: 
the non-homologous end joining (NHEJ) pathway involving DNA-dependent pro-
tein kinase (DNA-PK) and Ku; and the homologous recombination (HR) pathway 
involving the MRN complex as well as Ataxia-telangiectasia mutated (ATM) and 
ATM- and Rad3-related (ATR) kinases [13, 14].

The efficiency of NER has been shown to decrease with age in cells as well as 
tissues [15]. The transcriptome analysis of old mice and progeroid mouse model 
induced by mutations in genes involved in NER pathway shows highly significant 
correlation [16]. The free radical theory proposes that accumulation of the reactive 
oxygen species that are produced in the mitochondria through the lifetime of an 
organism contributes to aging as they can damage the nucleic acids as well as pro-
teins. Thus, reducing the production of reactive oxygen species results in lengthen-
ing the lifespan of an organism [17]. In yeast, a defective BER pathway results in 
reduced lifespan [18]. The senescent cells as well as tissues of old mice also show 
an accumulation of double-strand breaks [19, 20]. Thus, increasing DNA damage 
appears to strongly correlate with aging.

Further, it has been well established that the three repair pathways are inhibited 
by the presence of nucleosomes, and therefore, chromatin remodeling is essential 
for the repair to be effected in the in vivo milieu [21–23].
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 The Basis of Epigenetics

The packaging of chromosomes into a tiny nucleus using histones and other non- histone 
proteins is essential as the length of the genomic DNA far exceeds that of the size of the 
nucleus necessitating at least 10,000-fold compaction. The first level of compaction 
involves wrapping of the DNA molecule around histone octamers composed of H2A, 
H2B, H3, and H4. The crystal structure of the nucleosome shows that the histones possess 
a structured core with disordered N-terminal tails protruding outwards from the protein–
DNA complex [24]. The protein–DNA interaction is mainly between the positively 
charged amino acids of the histone molecules and the phosphate backbone of the DNA. 
~147 bp of DNA is wrapped around the histone octamer with two nucleosomes spaced 
approximately 200 bp apart. The second level of compaction involves in the fifth histone, 
H1, that binds to the 200 bp linker DNA and nucleosome–nucleosome interaction that 
results in the formation of solenoid structure [25]. The higher-order compactions require 
non-histone proteins including cohesion, S/MAR proteins, and topoisomerases [26].

The packaging of DNA into a compact structure ensures that the long piece of 
DNA can fit into the cell. However, it also restricts access to proteins that mediate 
transcription, repair, replication, and recombination. Therefore, the chromosomal 
structure must be unwrapped and re-wrapped as and when required  – a process 
known as chromatin remodeling.

 Histone Modifications

The idea of chromatin remodeling was advanced as early as 1960s, when Allfrey 
showed that acetylation was associated with an increase in transcription [27]. 
Studies in yeast showed that GCN5 was required for transcription [28–30]. The 
isolation of the histone acetyltransferase from Tetrahymena and its similarity with 
Gcn5 led to the consolidation of the idea that histone acetylation is associated with 
transcription activation [31]. Since these studies, histones have been shown to be 
phosphorylated, methylated, ADP-ribosylated, SUMOylated, Ubiquitinated, and 
glycosylated [32, 33]. These modifications regulate the basic DNA metabolic pro-
cesses either by activating or repressing them in a context-dependent manner lead-
ing to the hypothesis of histone code [34].

 Histone Variants

In addition, the core histone molecules can be replaced by non-canonical his-
tones that are known as histone variants [35]. The histone variants, unlike his-
tones, are expressed throughout the cell cycle and can be deposited both in 
replication- independent and replication-dependent manner [36]. Histone vari-
ants are known for almost all histones except for H4 and can be modified by 
histone modifying enzymes [36].
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 ATP-Dependent Chromatin Remodeling Proteins

The modifications on histones per se do not alter the nucleosome spacing. The 
nucleosomes are repositioned by ATP-dependent chromatin remodeling proteins 
that use the energy released by ATP hydrolysis to alter the spaces between nucleo-
somes either by repositioning them or by evicting them [37, 38]. In addition, these 
proteins can also catalyze the exchange of core histones with histone variants [39].

The ATP-dependent chromatin remodeling proteins belong to the helicase super-
family due to the seven helicase motifs that they possess [40, 41]. The prototype, 
Snf2, was identified in a genetic screen from S. cerevisiae and remains the best- 
characterized ATP-dependent chromatin remodeling protein [42, 43]. The Snf2 pro-
tein, and its orthologs BRG1 and BRM in higher eukaryotes, regulate transcription 
by remodeling the nucleosome spacing [44]. These proteins form the SWI/SNF 
complex interacting with a wide range of proteins that help in modulating gene 
expression [44].

 DNA Methylation

The architecture of the chromatin can also be regulated by DNA methylation and non-
coding RNA. Methylation of the cytosine residues present as CpG dinucleotide is cata-
lyzed by DNA methyltransferases [45]. The CpG dinucleotide can be present both within 
the gene body as well as upstream in the promoter regions. Generally, in mammalian 
cells, the CpG dinucleotide within the gene body is methylated while the dinucleotide 
stretches (also known as CpG islands) present in the promoter region are unmethylated 
[46, 47]. The DNA methylation is catalyzed by two classes of DNA methyltransferases: 
(1) Maintenance methyltransferase or DNMT1 which catalyzes the methylation of cyto-
sine residues during S-phase; (2) De novo methyltransferase or DNMT3A and 3B that 
catalyzes the methylation of cytosine residues during embryogenesis. In general, DNA 
methylation is strongly correlated with transcription silencing [48, 49].

DNA methylation is erased by both passive as well as enzyme-catalyzed reactions 
[50, 51]. Passive demethylation occurs when DNMT1 fails to methylate DNA during 
replication process either because the enzyme has been inactivated or because its expres-
sion has been downregulated [52]. A specific DNA demethylase has not been identified 
but the 5-methylcytosine has been shown recently to be converted into 5-hydroxymeth-
ylcytosine in an enzyme-catalyzed reaction [53]. It has been well established that 
DNMT1 does not recognize 5-hydroxylmethylcytosine and thus, the conversion of 
5-methylcytosine to 5-hydroxymethylcytosine results in the loss of DNA methylation 
mark, and consequently alterations in the gene expression pattern [54, 55].

 Non-Coding RNA

The recent advances in the sequencing technologies have revealed that almost 90% 
of the human genome is transcribed [56]. While the protein-coding genes still only 
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comprise 1%, the vast majority of the genome appears to be coding for RNA mol-
ecules that are not translated into protein. These RNA molecules, termed as non- 
coding RNA (ncRNA), include not only tRNA and rRNA but also a large variety of 
small and large RNA molecules [57, 58]. The small RNA molecules, typically 
20–25 nucleotides long, include microRNA(miRNA) [59, 60], small interfering 
RNA (siRNA), and piRNA [61]. The long RNA molecules are 200 nucleotides or 
more in length and include the Xist RNA that silences the X-chromosomes [62]. 
Some of the RNA molecules like siRNA in S. pombe [63] and Xist RNA [62] 
directly regulate the formation of the chromatin structure while others, like the 
miRNA, regulate the expression of histone modifying enzymes [64, 65] and thereby, 
indirectly regulate the architecture of the chromatin.

 Disease Models for Aging

The rare genetic disorders – Werner’s syndrome, Hutchinson–Gilford progeria 
syndrome, Cockayne syndrome, Ataxia-telangiectasia, and Xeroderma pigmen-
tosum – serve as excellent model systems to gain insights into the process of 
human aging [66].

 Werner’s Syndrome (WS)

This disease is caused by mutations in the WRN gene and is inherited in an autoso-
mal recessive manner. WRN is a bifunctional protein possessing both helicase [67] 
and exonuclease activity [68] that physically interacts with RPA [69], PCNA [70], 
PARP-1 [71, 72], Ku [73], DNA-PK [74], p53 [75], and SMARCAL1 [76]. The 
protein has been proposed to play a role in DNA replication by resolving alternate 
DNA structures that could impede the movement of the replication fork [77]. In 
addition, as it also interacts with many DNA damage response proteins, it plays a 
role in DNA repair [77]. The patients with WS display normal growth until adoles-
cence when the symptoms of the disease that includes disorders seen in aging indi-
viduals start manifesting [78].

 Hutchinson–Gilford Progeria Syndrome (HGPS)

The disease, a rare autosomal dominant disorder, also known as progeria (Greek: 
gerias meaning old age), has an incidence rate of 1  in 8 million live births [79]. 
Studies have shown that the primary defect is in the Lmna gene that encodes for 
Lamin-type A protein that is required for the formation of the nuclear envelope 
[79–81]. The cells derived from HGPS patients exhibit many chromatin defects as 
well as increased DNA damage, two characteristics that have also been observed in 
healthy aged patients, thus making it an attractive model to study the epigenetic 
changes associated with aging [82, 83].
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 Cockayne Syndrome (CS)

This is an autosomal recessive disorder, caused by mutations either in CSA, CSB, or 
XPD genes [84, 85]. CSB gene encodes for ERCC6, a member of the ATP-dependent 
chromatin remodeling protein family that forms a complex with the CSA protein 
encoded by CSA gene. These two proteins further interact with TFIIH (one subunit 
is encoded by XPD), a general transcription factor, and the complex thus formed 
helps in repairing the transcriptionally active genes [86, 87]. The patients show 
neurodegeneration, growth retardation, hearing loss, and retinal degeneration [88, 
89]. However, despite mutations in CSA or CSB, the patients are not predisposed to 
cancer.

 Ataxia-Talengiectsia (A-T)

This disease is caused by mutations in the ATM gene [90, 91]. The ATM protein is 
a serine/threonine kinase that is present as an inactive dimer in the nucleus of 
eukaryotic cells [92, 93]. On DNA damage, the protein is converted into the active 
monomer by phosphorylation and in turn, phosphorylates a plethora of substrates 
resulting in cell cycle arrest and effecting DNA damage response [93]. Patients with 
mutations in ATM show early-onset cancer, neurodegeneration, accelerated telo-
mere loss, sensitivity to radiation, and growth retardation [94].

 Xeroderma Pigmentosum (XP)

Mutations in any one of the seven genes (XPA, XPB, XPC, XPD, XPE, XPF, and 
XPG) results in the autosomal recessive disorder called XP [84]. The XP genes are 
involved in UV-induced DNA damage repair [95, 96]. Clinically, the defect out-
comes include photosensitivity, actinic damage to skin, neurodegeneration, and pre-
disposition to cancer [97].

 Trichothiodystrophy (TTD)

This is another autosomal recessive disorder that is caused by mutations in the XPD 
gene [84]. Thus, the XPD gene can give rise to XP, TTD, or CS, depending upon the 
localization of the mutation. XPD is a subunit of TFIIH, a general transcription fac-
tor that plays a role both in transcription and DNA repair [98]. In transcription, 
TFIIH helps in the transition of the closed promoter complex to an open promoter 
complex, facilitating the binding of RNA polymerase II at the promoter, leading to 
promoter escape and initiation of transcription. In DNA repair, TFIIH functions as 
a helicase that unwinds the DNA either side of the damage. XPD is a helicase but its 
helicase activity is required only for DNA repair and not for transcription [98, 99]. 
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Patients suffering from TTD have sulfur-deficient brittle hair along with ichthyotic 
skin, and mental retardation [100].

 The Role of Histone Modifications in Aging

Of all the histone modifications known, the role of histone acetylation in transcrip-
tion has been most characterized. Histone acetylation catalyzed by histone acetyl-
transferases is strongly correlated with transcriptional activation while deacetylation 
catalyzed by histone deacetyltransferases is associated with transcription repression 
[101]. In contrast, the role of histone methylation is known to be context-dependent 
functioning both as activation as well as a repression mark [34, 101].

 Loss of Histones and Heterochromatin During Aging

Studies have shown that in aging yeast cells ~50% histones are lost and about 60% 
of the lost histones could be restored by overexpressing these proteins [102]. The 
loss of histone acetyltransferases, Asf1 and Rtt109, has also been found to shorten 
lifespan in yeast [103]. Deletion of these genes results in downregulation of histone 
transcripts, and thus, a reduction in the histone protein levels [103]. The decreased 
level of histones has an impact on the chromatin landscape and thus, the gene 
expression. Indeed, Hu et al. found that the nucleosome phasing at the transcription 
start site as well as at the transcription termination site was altered in aging yeast 
cells leading to increased gene expression [102]. Further, they found that genes that 
are normally repressed were activated during aging [102]. In 1997, Villepontaeu 
proposed the heterochromatin loss model of aging [104]. He proposed that the het-
erochromatin domain established during early embryogenesis were lost with aging. 
The major assumption of his model was that the euchromatic domains were the 
default stable structures while the heterochromatin were metastable and subject to 
decay with perturbations like DNA damage [104]. The heterochromatic loss model 
of aging is supported by experimental data from yeast as well as humans. In aging 
yeast cells, the heterochromatic silencing was lost from the HM loci [105]. An 
increased activity with aging of transposable elements that are normally present as 
heterochromatin has also been reported [106].

 Histone Acetyltransferases in DNA Damage Repair

The role of chromatin in DNA repair was first detected in experiments performed 
by Lieberman and Smerdon who showed that repair occurs primarily in nuclease- 
sensitive regions immediately after UV irradiation [107]. Subsequently, they 
found that some of the nuclease-sensitive regions became nuclease-resistant lead-
ing to the formulation of Access-Repair-Restore model [21, 107]. In this model, 
histone- modifying enzymes and ATP-dependent chromatin remodeling factors 
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are proposed to reposition nucleosomes creating access for the repair proteins and 
later, after the repair is effected, reposition the nucleosomes to their canonical 
positions. The histone acetyltransferase, GCN5, is a subunit of TBP-free TAFII 
complex that binds UV-damaged DNA preferentially resulting in acetylation of 
histone H3 [108]. Another histone acetyltransferase-containing complex, STAGA, 
has also shown to interact with DDB1, a UV-damaged DNA-binding protein that 
has a role in NER [109]. DDB, the UV-damaged DNA-binding complex, is com-
posed of two subunits DDB1 and DDB2. This complex has also been shown to 
interact with another histone acetyltransferase complex, CBP/p300 [110]. 
Downregulation of p300 is associated with senescence, forging a probable link 
between acetyltransferases and aging [111].

 Histone Deacetylases: The Role of Sirtuins in Ageing

Of the known histone deacetylases, the sirtuins have been shown to play an impor-
tant role in aging [112]. This class of enzymes deacetylase histones in a NAD+-
dependent manner and functionally play a role in heterochromatin maintenance 
[113]. In yeast, S. cerevisiae, the heterochromatin is known to serve two functions: 
(1) stabilize regions such as telomeres and rDNA repeats, and (2) maintain loci such 
as mating-type loci in a permanently silent state. The Sir2 protein in yeast has been 
shown to regulate both these functions. At the mating type loci as well as at the 
telomeres, the Sir2 protein interacts with Sir3 and Sir4 that direct and regulate its 
deacetylase activity [114]. At the rDNA loci, Sir2 is a component of the Regulator 
of Nucleolar silencing and Telophase exit (RENT) complex along with Net1 and 
Cdc14 in a 1:1:1 ratio [115]. Genetic screens show that a gain-of-function mutation 
in SIR4 (SIR4-42) resulting in a truncated Sir4 protein abrogates the protein–DNA 
interaction such that it no longer can bind to the telomeres or the mating-type loci 
[116, 117]. Further, the mutant Sir4 protein also targets the Sir2 and Sir3 protein to 
the nucleolus, an act that seems to increase the lifespan of the yeast by ~40% [118]. 
The role of the nucleolus in aging became clear when extrachromosomal rDNA 
circles (ERC) was discovered [119]. The rDNA loci in all eukaryotic cells consist of 
tandem repeats of rDNA genes all of which are not expressed all the time. The 
repetitive sequences comprising rDNA loci, thus, are prone to undergo homologous 
recombination resulting in the formation of ERC that is replicated during the S 
phase. Over the course of cell divisions, the nucleus of a yeast cell can become 
packed with >1000 ERC molecules that have the potential to titrate away essential 
protein from the rest of the genome leading to cell death. The Sir2 protein by bind-
ing to the rDNA loci prevents the formation of ERC and thus, increases the lifespan. 
Indeed, experimental evidence has substantiated the hypothesis as activators of Sir2 
as well as overexpression of Sir2 has been shown to result in increased lifespan 
[120, 121].

In mammalian cells, there are seven sirtuins – SIRT1 to SIRT7 – classified as 
Class III histone deacetylases sharing ~250 amino acid catalytic domain. Of these, 
SIRT1, SIRT6, and SIRT7 localize to the nucleus while SIRT3, SIRT4, and SIRT5 
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localize to the mitochondria [122]. These are, like the yeast Sir2 protein, NAD+-
dependent deacetylases and the ratio of NAD+ to NADH is a critical regulator of 
their activity [123]. The relationship between NAD+ levels and SIRT1 activity was 
elegantly demonstrated using a long-lived human vascular SMC cell line. In this 
cell line, the activity of nicotinamide phosphoribosyltransferase (Nampt) was found 
to be upregulated under serum starvation condition resulting in upregulation of 
SIRT1 activity and consequently, resulting in increased lifespan [124]. Contrarily, 
the levels of SIRT1 have been found to decrease during replicative senescence in the 
primary human fibroblast cell line. However, overexpression of SIRT1 does not 
increase the replicative lifespan of the normal human cell lines [122]. Human SIRT1 
has been found to deacetylase both p53 as well as histones (H3K9 and H4K16) 
[122, 125]. As p53 is an important regulator of senescence during cell cycle, it is 
possible that the regulation of its activity by SIRT1 determines lifespan. However, 
the significance of deacetylation of p53 has not been fully resolved.

SIRT1 also interacts with XPA, APE-1, and NBS1- proteins that are involved in 
DNA repair and deacetylates them, thereby activating the repair process [126–128]. 
Downregulation of SIRT1 results in hyperacetylation of these proteins and the cells, 
therefore, become more sensitive to genotoxic stress.

SIRT6 deacetylates H3K56 as well H3K9 in an NAD+-dependent manner and 
regulates the telomere length [129, 130]. SIRT6 has been shown to stabilize 
DNA-PK and thus, help in mediating NHEJ pathway to effect repair of DSBs [131]. 
Deficiency of SIRT6 at cellular as well as organismal level leads to slower growth 
and increased sensitivity to DNA damaging agents. The SIRT6−/− cells show 
increased genomic instability and the mutant mice develop progeroid degenerative 
syndrome, indicating the importance of this deacetylase in maintaining normal 
lifespan [132]. In addition to playing a role in DNA repair and maintenance of telo-
mere length, SIRT6 also regulates the metabolism directly by influencing the insulin 
signaling pathway (IIS). SIRT6 interacts with NF-κB and SIRT6-deficient mice are 
small and exhibit severe metabolic defects. Further, they develop age-related defects 
by 2–3 weeks of age. Overexpression of SIRT6 resulted in increased life span for 
male mice as compared to their female littermates. Overexpression also protected 
mice from diet-induced obesity seen in normal mice by middle age [133].

SIRT7 localizes to the nucleoli [122] and regulates rDNA transcription. This 
protein localizes to the rDNA promoter along with RNA polymerase I and activates 
transcription of the rDNA genes [134]. Proteomic studies have shown that SIRT7, 
in fact, interacts with a wide range of protein complexes including SWI/SNF and 
regulates transcription by all the three RNA polymerases [135]. Unlike SIRT1 and 
SIRT6, SIRT7 has no detectable deacetylase activity on purified histones but can 
deacetylase histones when present as nucleosomes [136].

SIRT7 also possesses NAD+-dependent desuccinylase activity and has been 
shown to descuccinylate H3K122 at DSB sites [137]. Succinylation of H3K122 is 
associated with relaxed chromatin while desuccinylation leads to heterochromatin 
formation. The SIRT7-mediated transient desuccinylation of H3K122 is required 
for efficient double-strand break repair as abrogation of either succinylation or 
desuccinylation results in impaired repair process and thus, cell survival [137].
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Targeted gene knockout of SIRT7 in mice resulted in progressive heart hypertro-
phy and decreased stress resistance [138]. In another study, the SIRT7-knockout 
mice were found to exhibit embryonic lethality. The mice that survived to adulthood 
exhibited progeroid-like symptoms and the SIRT7-deficient cells showed increased 
replication stress and impaired DNA damage repair due to increased H3K18 acety-
lation levels [139].

Thus, the sirtuins are important regulators of lifespan through the regulation of 
DNA damage response, metabolic signaling, and transcription regulation.

 Histone Methylation in Aging

As stated earlier, the role of histone methylation in transcription is context- dependent 
[140]. Yet, it is generally accepted that H3K4me2/3 and H3K36me3 are ‘activating’ 
marks while H3K27me3 and H3K9me2/3 are ‘repressive marks’ [63, 140, 141]. It 
is within this context that the experimental results from HGPS patients as well as 
from model systems have been interpreted.

In SAMP8 mice, an accelerated aging model of mouse that is prone to neurode-
generative disorders, an increase in H3K27me3 and H3K9me2/3 marks has been 
observed with a concomitant decrease in H3K20me1 and H3K36me3 suggesting 
that the genome becomes increasingly heterochromatinized with age [142]. These 
results contrast with the experimental observations reported in HGPS patients and 
in Drosophila. In HGPS patients, an upregulation of H4K20me3 and a downregula-
tion of H3K9me3 and H3K27me3 have been observed [143, 144]. A similar result 
has been obtained in Drosophila wherein a reduction in H3K9me3 levels correlated 
with loss in HP1-associated heterochromatin and affecting lifespan [145]. Taken 
together, these two experimental systems suggest that aging is associated with a loss 
in heterochromatin.

The levels of methylated histones have also been investigated in C. elegans in a 
time-dependent manner. RNAi screens in C. elegans have provided direct evidence 
that histone methyltransferases and demethylases like ASH2, SET-9 LSD-1 are 
involved in regulating the lifespan of the worm [146–148]. The H3K4me3 is cata-
lyzed by the Trithorax complex and in C. elegans loss of any of the component of 
this complex leads to decreased H3K4me3 and therefore, an increase in the lifespan 
[148]. Further, in the worms, increased activity of UTX-1 demethylase has been 
reported with age [147]. This demethylase modulates the expression of insulin/
IGF-1 signaling (IIS) pathway by regulating the epigenetic status of daf-2 [147, 
149]. In ‘younger’ worms, the UTX-1 expression is low and therefore, daf-2 is in a 
repressed state. As the worms age, a dramatic increase in UTX-1 expression is 
observed that correlates with decreased H3K4me3 levels leading to activation of the 
IIS pathway via an increase in daf-2 expression. RNAi of the utx-1 leads to restora-
tion of H3K27me3 levels during aging and thereby, increasing the lifespan by 30% 
[149]. Thus, like in HGPS patients, aging in worms too appear to be modulated by 
the levels of H3K27me3.

R. Muthuswami



145

 Histone Variants in Aging

There is no good correlation between histone variant deposition and aging. The studies at 
best can be described as providing tenuous connection between different histone variants 
and the aging process [150]. One of the most interesting observations has been the accu-
mulation of H3.3 variant in the cells that are no longer replicating like, for example, 
neurons [151]. While this could be because H3.1 and H3.2, the canonical H3 histones, are 
not expressed in post-mitotic cells, yet it has also been noticed that H3.3 in generally 
accumulates in time-dependent fashion. Thus, H3.3 abundance increases during develop-
ment in chicken and mice [152]. H3.3 is deposited on the chromatin by a histone chaper-
one known as HIRA whose levels have been found to increase with age in baboons [153]. 
Thus, it is quite possible that aging is associated with increased deposition of H3.3 on the 
chromatin. It should be noted that the nucleosome with H3.3 is a much open structure as 
compared to the one with the canonical histone, thus, it is possible that aging is associated 
with a loss in more compact structure of the chromatin whether it be the loss of hetero-
chromatin or the formation of loose nucleosome-DNA structure [154, 155]. However, a 
direct experimental evidence for this hypothesis is still awaited.

The only other histone variant that has been studied with respect to aging is the 
incorporation of H2A.Z. This variant is incorporated in a replication-independent 
manner into the chromatin [156]. The abundance of the variant does not change 
with age but loss of H2A.Z, for example by knockdown, results in premature entry 
of human fibroblasts into senescence [157]. However, stress in general hastens the 
entry of fibroblasts into senescence [158]; therefore, it is not clear whether it is the 
loss of the histone variant or the stress induced by the knockdown that results in 
senescence. Further, as stated previously, cellular senescence, though often used as 
a model for studying aging, does not exactly mimic the process and therefore, it 
would premature to conclude that H2A.Z plays a role in the aging process.

 ATP-Dependent Chromatin Remodeling Proteins and Aging

DAF-16/FOXO, a transcription factor, in C. elegans is required for entry into dauer 
state, a development arrest or diapause state when the insulin-like signaling is inac-
tivated [159]. It is also required for lifespan extension during decreased insulin-like 
signaling. Studies have shown that DAF-16/FOXO interacts with the SWI/SNF pro-
tein complex and this interaction is required for activation of downstream target 
genes [160]. Inactivation of the SWI/SNF subunits by RNAi fully suppresses the 
lifespan extension mediated by DAF-16/FOXO [160].

PASG or Lsh, another member of the ATP-dependent chromatin remodeling 
protein family, is needed for global DNA methylation [161, 162]. The Lsh−/− mice 
display prenatal mortality in mice suggesting that the gene is essential for embryo 
development. Targeted disruption of Lsh in mice resulted in global hypomethyl-
ation and therefore, altered gene expression pattern. In particular, senescence-
related genes like p16INK4a and bmi-1 expression increased resulting in premature 
aging [163].
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A yeast two-hybrid system identified RBBP4 and RBBP7 as interacting partners 
of Lamin A, the product of Lmna gene that is mutated in HGPS patients [164]. 
RBBP4 and RBBP7 are components of the Nucleosome Remodeling and Deacetylate 
(NuRD) complex [165]. The NuRD complex contains at least two subunits – CHD3 
(Mi-2α) and CHD4 (Mi-2β) – which are ATP-dependent chromatin remodeling pro-
teins. In addition, the complex also contains histone deacetylase 1 and 2 (HDAC1 
and 2) and thus, coupling ATP-dependent chromatin remodeling with histone 
deacetylation [166]. This complex modulates transcription by promoting the forma-
tion of heterochromatin [165]. A loss of expression of RBBP4 and RBBP7 was 
observed in cells obtained from HGPS patients and this downregulation correlated 
with loss of HP1 and therefore, the heterochromatin structure [164].

The fourth ATP-dependent chromatin remodeling protein identified to play a role 
in aging is the ISWI complex in S. cerevisiae and C. elegans. The ISWI subfamily 
promotes heterochromatin formation by catalyzing chromatin assembly. Deletion 
of iswi2Δ was found to extend lifespan in a genetic screen in S. cerevisiae by alter-
ing the expression of stress-response genes [167]. The gene was also found to regu-
late lifespan in C. elegans [6]. In vitro studies have shown the role of ISWI [168] 
and the yeast homolog of CSB, Rad26, are involved in the NER pathway.

 DNA Methylation and Aging

The role of DNA methylation in the aging process was elegantly demonstrated as 
early as 1967 by Berdyshev et al. wherein they showed a loss in global DNA meth-
ylation levels with age in spawning humpbacked salmon [169]. This was later aug-
mented by Vanyushin et al. who showed that the cytosine methylation decreases in 
rat brain and heart [170]. Similar decreases have been reported in other organisms 
leading to a general conclusion that the aging process is correlated with reduction in 
methylated cytosine content. Changes in DNA methylation patterns have been also 
found to associate with the chronological aging across the entire human lifespan. 
These changes encompassed both hypo- and hyper-methylation. A comparative 
study of the newborn and centenarian genomes using whole genome bisulfite 
sequencing found differences in the methylation pattern [171]. In general, the 
genome of the centenarian cohort was found to be more hypomethylated especially 
in the promoters, intronic, exonic, and intragenic regions [171]. A methylome-wide 
association study involving ~700 subjects ranging from 25 to 92 years in age found 
more than 70 age-associated differentially methylated regions (DMR) [172]. Of 
these, 42 were found to be hypomethylated while 28 were found to be hypermethyl-
ated with age. An interesting finding was that many of the DMR were at genes that 
have been implicated in age-related diseases [172].

It needs to be remembered that the methylation pattern is dependent on the influ-
ence of the environmental factors and thus, the methylation signatures vary between 
individuals. Comparison of DNA methylation in monozygotic twins has shown that 
the patterns are similar at a younger age but become dissimilar as the age progresses 
[68]. The differences are pronounced if the monozygotic twins are exposed to 
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different environment, thus clearly demonstrating that these factors can affect the 
lifespan both positively as well as negatively [173]. Environment, in fact, plays a 
predominant role in determining the extent of DNA methylation. Cigarette smoke, 
arsenic, bismuth, selenium, and catechol-containing compounds can impact the 
extent of DNA methylation [54, 174–176]. Arsenic, for example, alters the DNA 
methylation by altering the ratio of S-adenosylmethionine (SAM) to 
S-adenosylhomocysteine (SAH) ratio [174].

Many of the studies have focused only on global patterns leading researchers to 
ask a more specific question as to what sequence/genes are targeted for demethyl-
ation as a function of age. Using restriction enzymes that can differentiate between 
methylated and non-methylated cytosines, early studies showed that demethylation 
occurs in a gene-specific and tissue-specific manner. Thus, the β-actin gene was 
found to be demethylated with age in rat spleen but not in brain or liver [177]. A 
study done by Ono et al. found that the degree of methylation changes with age, but 
the change was not uniform across tissues [178]. They examined the methylation 
status of 25 genes and found that only 7 of them showed age-related changes in 
methylation level. For example, the CpG residues of c-myc gene were found to 
become hypermethylated in the murine liver [178]. Further, the CpG islands present 
on the promoters of MYOD1, estrogen Receptor, IgF2, and N33 too have been 
found to be hypermethylated [179].

The repetitive sequences have also been found to be increasingly methylated in 
older rat brains as compared to the younger rat brains [180]. The rDNA loci too have 
been found to become hypermethylated with age in liver and germ cells of senescent 
rats. In contrast, the Alu repeats were found to be hypomethylated with progress in 
age in a study involving elderly subjects between the ages of 55 and 92 years [181]. 
Alu as well as HERV-K was found to be hypomethylated in another study involving 
subjects ranging in age from 20 to 88 years [182]. However, no correlation was 
found between methylation levels and aging in LINE-I elements suggesting that 
methylation does not affect all repetitive elements equally [182].

In addition to methylation, the cytosine residues can also undergo hydroxy-
methylation to generate 5-hydroxymethylcytosine (5hmC). This reaction is pos-
sibly catalyzed by the TET enzymes using 5-methylcytosine as the substrate 
[55]. This modification is surprisingly enriched in the nuclei of the cerebellar 
Purkinje cells [183]. Though not much is known about the role of the 5hmC in 
aging, yet few studies have shown an increase in the levels of 5hmC with aging 
in the neuronal tissues [184, 185].

 Non-Coding RNA in Aging

The role of non-coding RNA (ncRNA) in lifespan maintenance encompasses both 
direct and indirect effect on epigenetics. The long ncRNA molecules can directly 
affect the structure of the chromatin while the small ncRNA molecules like miRNA 
direct their effect on the chromatin structure through modulating the expression of 
histone modifying enzymes as well as DNA methyltransferases [186].
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 miRNA in Aging

It is generally agreed that miRNA regulates three key pathways – the insulin/
insulin growth factor (IGF), target of rapamycin (mTOR), and the sirtuin 
family  – that determine the lifespan [187]. Studies have also attempted to 
profile the global miRNA profile in young and aged tissues, but these studies 
have shown contradictory results. Variation in the miRNA profile in fetal, 
adult, and Alzheimer hippocampal brains have been documented wherein it 
was found that the expression of certain miRNAs like miR-9 and miR-128 
was upregulated in Alzheimer’s hippocampus as compared to normal adult 
brain [188]. However, it is difficult to assess the impact of these changes in 
miRNA levels as the effect on cognate mRNA expression was not reported. 
In another study, four miRNAs (miR-17, miR-196, miR-20a, and miR-106a) 
were found to be downregulated in four replicative aging and three organis-
mal aging models [189]. The downregulation of these four miRNAs corre-
lated with increased transcript levels of target genes including that of cdk 
inhibitor, p21/CDKN1, leading the authors of the study to propose that these 
miRNAs could be used as markers of cellular aging [189]. However, in con-
trast, no difference was found in the miRNA profile in lung tissues between 
adult and aged lungs of mouse models [190].

 Role of Long Non-Coding RNA in Aging

TERRA The telomeres encode for two long ncRNA  – TERC and TERRA. 
TERC is an essential component of the telomerase enzyme and acts as the 
primer during replication of the chromosomal ends [191]. This RNA molecule, 
thus, maintains the telomere length and prevents premature senescence and 
aging. Indeed, TERC- deficient mice show both chromosomal instability as 
well as premature aging [192]. TERRA, on the other hand, suppresses telomere 
elongation. This RNA molecule is transcribed by RNA polymerase II and can 
vary in length from 100 to >9000 nucleotides [193]. Studies have shown that 
TERRA interacts with TERT, origin recognition complex (ORC), HP1 and 
TRF2, thus, mediating the formation of heterochromatin at the telomeres [194, 
195]. Further, by interacting with TERT, it prevents telomere elongation [194]. 
In cells obtained from immunodeficiency, centromeric instability, and facial 
dysmorphism (ICF syndrome), the CpG methylation at sub-telomeric regions 
is lost due to mutation in DNMT3b, leading to elevated levels of TERRA and, 
therefore, shortening of telomeres [196]. The patients suffering from ICF, 
hence, exhibit both premature senescence and aging.
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H19 The long ncRNA H19 regulates the imprinting of the H19/IGF2 cluster pres-
ent on chromosome 1. H19 interacts with methyl-CpG binding protein1 (MBD1), 
forming a ribonucleoprotein complex, which in turn recruits the histone methyl-
transferases to create a heterochromatin structure on the maternal allele [197]. Loss 
of imprinting has been reported during aging in normal human prostate tissues as 
well as in cancer, thus connecting the role of H19 to aging [198].

pRNA The rDNA loci consist of tandemly repeated rDNA genes separated by 
intergenic spacers. The rDNA genes exist in two conformations: (1) active euchro-
matin conformation, and (2) the inactive heterochromatin conformation. The active–
inactive ratio is maintained by the epigenetic modifiers and the long ncRNA called 
pRNA synthesized from the intergenic spacer [199]. The heterochromatin state is 
mediated by the ATP-dependent chromatin remodeling complex NoRC in conjunc-
tion with pRNA, recruiting DNA methyltransferase to the rDNA promoter and trig-
gering de novo DNA methylation. The loss of rDNA coding genes has been reported 
in aging animals [200] but not in WRN syndrome [201]. However, the methylation 
of the rDNA genes was significantly higher in the fibroblasts isolated from WS 
patients as compared to the normal thus, indicating heterochromatinization of these 
genes in WS [201]. A similar result has been documented in a study done on patients 
suffering from Alzheimer’s disease (AD). Comparison of methylation levels in the 
parietal and prefrontal cortex showed hypermethylation of CpG islands present on 
rDNA promoter in AD patients as compared to normal controls [202]. However, 
these studies have not correlated the expression of pRNA in WS and AD patients.

 Conclusion

The epigenome of an organism undoubtedly undergoes tremendous change over the 
lifespan with the entire panoply of epigenetic regulators being associated with age- 
related changes. The change is impacted by the environment and lifestyle choices as 
experiments have shown that calorie restriction leads to increased lifespan due to 
modulation of the epigenome by the sirtuins [203, 204]. There are still lacunae in 
our understanding and paradoxes that need to be resolved. For example, the hetero-
chromatic loss model of aging while supported by experimental results cannot 
explain the observation of senescence-associated heterochromatin foci (SAHF) in 
aging cells [205, 206].

The epigenetic modulators are increasingly finding favor as therapeutic targets 
and understanding the role of these proteins in the pathophysiology of aging-related 
disorders could lead to the development of therapies that, if not ameliorate, at least 
can ease the pain and suffering associated with these diseases.
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9Attaining Epigenetic Rejuvenation: 
Challenges Ahead

Jogeswar S. Purohit, Neetika Singh, Shah S. Hussain, 
and Madan M. Chaturvedi

 Epigenetics and Aging

The major problem, I think, is chromatin… you can inherit something beyond the DNA 
sequence. That’s where the real excitement of genetics is now [1]

The association of DNA with histone proteins to form chromatin is indeed an 
artistic invention of nature, facilitating the compaction of a massive amount of 
genomic information into a small package. Though chromatin aids in increasing the 
genomic stability, its structural conformation also hinders the accessibility of DNA 
to various enzyme complexes, which are required for nuclear events such as replica-
tion, transcription, repair and recombination. Therefore, the structure of chromatin 
needs to be altered by various mechanisms to orchestrate the sequential recruitment 
of these enzymes. Such mechanisms exert an upstream regulation of genomic infor-
mation, thereby laying the foundation of epigenetics, which means ‘above genet-
ics’. Conrad Waddington in 1942 coined the term epigenetics. Epigenetics can be 
broadly defined as the ‘changes in phenotype without changes in the genotype’.

The various epigenetic modifications, such as DNA methylation, histone modifi-
cations, nucleosome remodelling, histone variants and non-coding RNA, work in 
coherence to introduce variations into the chromatin. Further, these mechanisms 
dynamically regulate the chromatin and dictate its ‘transcriptionally on’ or ‘tran-
scriptionally off’ state, thereby modulating the gene expression patterns [2–4]. 
Various seminal discoveries, which have explored the contribution of these mecha-
nisms, have transformed the understanding of epigenetics from an inquisitive 
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biological phenomenon to a functionally well-dissected research area. Therefore, 
from its inception to this time, the epistemology of epigenetics has undergone a 
major transition.

The dispersal of the epigenetic marks along the genome, induced by various 
epigenetic mechanisms, in specific environment and particular time has a functional 
relevance in the maintenance of the stability of a cell. However, the gain or loss of 
these epigenetic marks may increase the functional heterogeneity of the cell within 
a tissue. Such functional cellular heterogeneity in any tissue may act as driving 
force for altered phenotypes, a typical characteristic of aging [4].

The process of aging has attracted curiosity for long. Research on aging can be 
traced back to 3000–1500 BC in the Indian medical system, Ayurveda [5]. The very 
first attempt to link chromatin and aging can be traced back to 1960s when it was 
reported that DNA composition does not change with age [6]. Further the age- 
related increased thermal stability as a consequence of increased nucleoprotein–
DNA interaction was observed in beef thymus chromatin, making it less readable by 
polymerase [6]. Later it was reported, in 1978, that there are tissue-specific and 
age-dependent changes of H1 histones variants in chromatin from mouse tissue [7]. 
Also, in 1980, role of disulphide bonds was reported in young and old mice chroma-
tin structure undergoing condensation, with increase in compaction in old age [8]. 
In 1985, the changes in the structural conformation of chromatin during aging were 
reported in the aged rats, where compaction of chromatin takes place with a con-
comitant decline in transcription [9]. Further, recent studies have also supported the 
role of epigenetics in the aetiology of aging [10].

Hence, in the light of all these developments, a convincing argument can be 
made that epigenetics play a regulatory role in aging, which indeed has given a new 
dimension to the field of epigenetics.

Broadly, the life span of any organism can be divided into (i) period of growth 
culminating in sexual maturity; (ii) period of maximal fitness and fertility and (iii) 
period of aging, a multifactorial biological process, characterized by various bio-
chemical and molecular hallmarks [11].

Aging is demarcated by a sequential loss of physiological integrity, resulting in 
accumulation of cellular damage and increased vulnerability to death. The associ-
ated hallmarks of aging are genomic instability, telomere exhaustion, loss of homeo-
stasis, epigenetic alterations, dysregulated sensing nutrient, dysfunctional 
mitochondria, cellular senescence and altered intercellular communication [12].

In the subsequent sections, we address the age-dependent changes in various 
epigenetic marks to provide a unified picture of aging and epigenetic research, done 
so far.

 DNA Methylation and Aging

DNA methylation is a heritable epigenetic mark where a DNA methyltransferase 
(DNMTs) methylates C-5 position of cytosine ring of DNA.  DNA methylation 
plays a crucial role in several key processes, such as genomic imprinting, 
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X-chromosome inactivation, transcription and transposition. Dysregulation in DNA 
methylation results in cancer [13]. In mammals, methylation is confined to cytosine 
residues as CpG islands [14].

Methylation of DNA is one of the extensively studied epigenetic marks which 
play an important role during aging. There is CpG hypomethylation along with loss 
of heterochromatin associated with aging [15]. Also, loss of CpG methylation at 
repetitive sequences is associated with retrotransposition events, thereby increasing 
the genomic instability. Aging-associated global decrease in DNA methylation is 
attributed to the progressive decline in level of DNMTs [16]. Conversely, along with 
the general and localized DNA hypomethylation, hypermethylation is also observed 
at specific CpG sites, to repress expression of specific genes [15]. In Drosophila, 
overexpression of DNMT2 enhances longevity, whereas its deletion generates short 
lived flies [11].

 Post-Translational Modifications of Histones and Aging

Nucleosomes are the fundamental repeating units of the chromatin. Structurally, a 
typical nucleosome spans ~200 bp of DNA, consisting of 146–147 bp of core DNA 
that binds to the histone protein octamer (comprising two copies each of H2A, H2B, 
H3 and H4) and 53–54 bp of linker DNA. The entry and exit points of the nucleo-
somes are sealed by linker histone H1 [17]. The N-terminal tails of all core histones 
and the C-terminal tail of histone H2A protrude out from the nucleosome core [18]. 
Mainly, the histone tails and few core residues are the sites for various post- 
translational modifications, thereby providing a dockyard for various protein fac-
tors. These modifications and/or bound factors alter the chromatin state by 
modulating the DNA accessibility to various other chromatin interacting enzymatic 
machineries [19].

The most prominent histone modifications that occur during aging are acetyla-
tion and methylation, along with few other modifications.

 Histone Acetylation and Aging

In budding yeast, acetylation marks, such as H3K56ac (acetylation present on lysine 
56 of histone H3) and H4K16ac (acetylation present on lysine 16 of histone H4), are 
associated with replicative aging through different mechanisms [20, 21]. H3K56ac 
decreases during aging in yeast, while there is an increase in H4K16ac [20]. Further, 
deletion of genes encoding the histone deacetylases (HDACs), which remove 
H3K56ac, such as Hst4 and Hst3, leads to a shortened life span [20, 22] and genomic 
instability in yeast [20]. Further, deletion of Rtt109, a histone acetyltransferase 
(HAT), which acetylates H3K56ac or of histone chaperone Asf1, results in a short-
ened life span in yeast [21].

The increased level of H4K16ac is correlated with progressive decline of the 
related HDAC sirtuin silent information regulator 2 (Sir2) during aging [20]. 
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Overexpression of Sir2 has been associated with the extension in life span [20]. 
Further, SIRT6, an orthologue of Sir2, deacetylates H3K9ac and H3K56ac in mice. 
Deficiency of SIRT6 in mice generates progeria phenotypes, and its overexpression 
has been linked with aging [23]. Also, failure to up-regulate acetylation at histone 
H4K12 (acetylation present on lysine 12 of histone H3) has been associated with 
memory impairment in aged mice. Restoration of this epigenetic mark has been 
reported to recover both gene expression and learning behaviour in aged mice [24].

 Histone Methylation and Aging

Role of histone methylation has also been studied during aging. Significant changes 
have been observed in trimethylation marks on lysine (K) residues of 4th, 9th, 27th 
and 36th positions on histone H3 (H3K4me3, H3K9me3, H3K27me3 and 
H3K36me3), which indicates loss of heterochromatic structure with aging [15]. 
Further, during aging in Drosophila, decrease in heterochromatin protein (HP1) has 
been reported with a correlated decrease in H3K9me2 and H3K4me3 marks [25]. 
However, an increased H3K9me3 mark has been reported in the brain of aging fly 
heads [26]. Further, an increased H3K9me3 mark and a correlated increase in the 
expression of SUV39H1 (H3K9me3 methyltransferase) are observed in progeria 
mouse model, which is associated with impaired DNA repair. Once there is DNA 
damage, the chromatin remodellers take over to provide access to DNA repair fac-
tors. Increased H3K9me3 mark plays a role in the prevention of the remodelling of 
heterochromatic region, leading to sustained DNA damage, early senescence and 
eventually early death. Depletion of SUV39H1 has been linked to restoration of the 
defects in DNA repair and premature aging, thereby leading to an extended life span 
[27].

In senescent mouse brain tissues, there is depicted decrease in H4K20me1 and 
H3K36me3 marks and an increase in H3K27me3 mark [28]. In C. elegans, overex-
pression of H3K27me3 demethylase results in the increase in life span. On the con-
trary, in Drosophila, down-regulation of H3K27me3 methyl transferase has been 
associated with increased life span [29].

H3K36me3 mark has been linked with promotion of longevity. During replica-
tive aging in yeast, reduction of H3K36me3 results in formation of a more open 
chromatin conformation, thereby exposing cryptic promoters resulting in limited 
life span. Deletion of the H3K36me3 demethylase thus leads to chromatin compac-
tion, resulting in life span extension in yeast [30].

 Other Histone Modifications and Aging

Deletion of the genes related to histone deubiquitinase module (DUBM) compo-
nents such as SGF3, SGF11 and UBP8 encoding SAGA complexes increased the 
life span in yeast [31]. Further, in C. elegans, gene promoters related with aging and 
stress are enriched with O-N-acetyl-glucosamine (O-GlcNac), which can be 
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deposited on histones H2A, H2B and H4 [31]. Furthermore, in old rats, there is an 
age-dependent decrease of histone carbonylation marks [32].

 Generation of Heterochromatin Foci

Formation of senescence-associated heterochromatin foci (SAHF) is yet another 
distinct feature of senescent cells and is crucial for senescence. SAHF bodies are 
densely stained by DAPI, show resistance to nucleases digestion, implicating a 
compact structure, and possess enriched H3K9me3 marks. Each focus represents 
condensed chromatin domains of one chromosome. Further, additional proteins, 
such as histone chaperone HIRA Asf1, HP1, high-mobility group A (HMGA) pro-
teins, histone variants and macro H2A, contribute in formation and/or maintenance 
of the SAHF [33].

 Intertwining of DNA Methylation and Histone Modification

DNA methylation is also intertwined with various post-translational modifications 
of histones to exert the changes observed during aging. Age-induced DNA hyper-
methylation of loci-containing Polycomb target protein (PcG) brings repression of 
gene expression by enrichment of H3K27me3 marks. Hypermethylation of DNA 
during aging is enriched at the poised promoter, carrying bivalent histone marks 
(H3K27me3 and H3K4me3) both and DNA hypermethylation co-occurring with 
permissive histone modification marks such as H3K9ac, H3K27ac, H3K4me1 and 
H3K4me3 in the enhancer regions of the genes [15].

 Chromatin Remodelling and Aging

Chromatin remodelling is brought about by a set of chromatin remodellers which 
are multi-subunit protein complexes containing a characteristic ATPase domain. 
These remodelling complexes utilize the energy of ATP to disrupt nucleosome–
DNA contact, move, remove or exchange nucleosomes, thereby enabling the acces-
sion of DNA or histones to various proteins. On the basis of their subunit composition, 
these remodelling complexes are divided into five families: switch/sucrose non- 
fermentable (SWI/SNF), imitation switch (ISWI), (Mi-2 protein/nucleosome 
remodelling factor and deacetylase(Mi-2/NURD), inositol requiring protein 
(INO80) and swi/snf-related protein (SWR1) families [34–36].

In C. elegans, LET 418/Mi2 homologue of the catalytic subunit of the NURD 
family has been reported to be associated with longevity, as deletion of the gene 
results in the prolonged life span and increased environmental stress resistance. It is 
evolutionarily conserved and plays similar role in plant and fruit flies also [37]. In 
Hutchinson–Gilford progeria syndrome (HGPS) cells, the components of the 
NURD complex, including RBBP4 and RBBP7, were found to be substantially 
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reduced. Experimental depletion of RBBP4 and RBBP7  in cell culture systems 
leads to endogenous DNA damage similar to HGPS cells and aged cells. The endog-
enous DNA damage is also preceded by defects in the chromatin structure, indicat-
ing the fact that loss of the NURD function might be an early event during aging, 
which makes the genome more susceptible to subsequent DNA damage [37]. 
Further, the absence of Isw2, chromatin remodelling enzyme, leads to extended life 
span in yeast [38]. RNAi-mediated down-regulation of NURD results in the loss of 
the heterochromatin domains [39]. In C. elegans, a functionally active SWI/SNF is 
required for promoting longevity. Also, in human adrenal cortex carcinoma-derived 
cell lines, senescence can be induced by BRG1 [11].

 Histone Variants, Histone Exchange and Aging

Replacement of canonical S-phase synthesized histones with histone variants in a 
replication-independent manner has been found to alter the chromatin. Such differ-
entiation of chromatin is quite distinct at centromeres where H3 variant, centromere 
protein A (CENP-A), assembles into the specialized nucleosomes laying the foun-
dation for kinetochore assembly. Further, other than the centromeres, H3 is also 
replaced by another variant histone, H3.3  in a replication-independent manner. 
Differences in the complement of covalent modifications between H3 and H3.3 
might modulate the property of chromatin at actively transcribed loci of gene. Also, 
H2A variants such as H2A.X and H2A.Z also regulate chromatin structure and 
function. Vertebrate-specific variants, macro H2A and H2A.B also have an impact 
on transcription with former impending and the latter facilitating the transcription 
[40].

In rat brain cortical neurons, there is replication-independent enrichment of his-
tone H3.3 [41]. Further, in chicken and mice model, there is an increased incorpora-
tion of H3.3 during aging [42]. In slowly replicating cells, there is an accumulation 
of H3.3 and has an aberrant effect on heterochromatization [43]. The histone variant 
macroH2A1 isoform is increased in the liver of old rodents and human and in hepa-
tocellular carcinoma cells (HCC). MacroH2A1 is used as a marker for SAHF and 
synergizes with DNA demethylating chemotherapeutic agent, 5-aza-2′-
deoxycytidine (5-aza-dC), and is responsible for silencing of tumour suppressor 
genes [44]. Further, there is an increased incorporation of H3.3 in human fibroblasts 
cells entering aging. An increase in the specific H3.3 chaperons has also been docu-
mented in aged baboons [45].

 Non-coding RNA and Aging

Non-coding RNAs are the RNA transcripts that do not code for proteins. Depending 
on the nucleotide length, they are classified as small non-coding RNAs (20–30 
nucleotides) and long non-coding RNAs (lncRNAs more than 200 nucleotides). 
Non-coding RNAs are involved in processing and regulation of other RNAs [46].
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In budding yeast, ncRNA transcription from the rDNA locus plays an important 
role in the life span determination. Mutations, preventing the expression of those 
ncRNA from the rDNA loci, play role in the life span extension [47]. In mouse and 
worms, during aging, there is a declined expression of Dicer, suggesting formation 
of defective small ncRNA (sncRNA) during aging [48]. Further, majority of microR-
NAs (miRNA), a class of sncRNA that negatively control the target gene expres-
sion, have been shown to be down-regulated during aging [48–50]. In mice, owing 
to the absence of Dicer in mice, there is an appearance of early signs of aging. 
Further, in adipocytes, collected from elderly humans, a decreased Dicer level has 
also been reported [48]. In C. elegans, miRNAs are involved in the modulation of 
life span and in controlling tissue aging [51, 52]. Further miRNAs also contribute in 
neurodegeneration, a characteristic of aging [53]. Further, mir-34 family plays an 
important role in aging in flies and in worms [54]. Mir-144 is also enriched in aged 
brains and contributes to age-associated neurodegeneration via down-regulation of 
various crucial protective factors [53]. Mir-34 targets pro-survival factor BCL2 and 
the anti-aging deacetylase SIRT1, implicating a role in aging [55, 56]. lncRNA, 
Gas5, has been associated with impaired learning in mice, implicating an indirect 
role in the modulation of aging [57]. Few other ncRNAs, mostly products of RNAi 
pathway, play an important role in heterochromatin assembly in repetitive DNA 
elements [58].

Apart from these reversible histone modifications during aging listed above, one 
more irreversible post-translational phenomenon of histone proteolysis [59], that is, 
clipping of histones by protease at N-terminal and C-terminal regions, has also been 
reported during aging. The site-specific proteolysis of histones has been docu-
mented in histones (H2A,H3,H1) under different physiological and developmental 
conditions [60]. In Tetrahymena, transcriptionally inactive and senescent macronu-
clei undergo prototype clipping of core histone at N-terminal region [61]. Proteolytic 
clipping of histone has been depicted in many organisms during aging [62]. There 
is also observation of progesterone-induced cleavage of histone H3  in Japanese 
quail [63, 64]. In old/aged chicken, liver histone H3 undergoes proteolytic process-
ing [62]. Further, a H2A-specific protease activity [65] and a H3-specific protease 
activity are also reported in aged chicken [66].

 Linking Metabolic Reprogramming to Aging Epigenetics

Metabolic reprogramming is a mechanism to accomplish the proliferative needs and 
utilize the metabolic products predominantly for anabolic growth [67]. Metabolic 
pathways are recently being delineated in the context of aging and diseases such as 
cancer and diabetes [68]. It has been observed that cells encounter a progressive 
decrease in energy production during aging. This is most likely due to declined 
function of mitochondria, commonly called as mitochondrial dysfunction [69]. 
However, the exact mechanism of the alteration in energy metabolism that leads to 
aging is unknown. It has been observed that aging and aging-associated diseases are 
linked to availability of nutrients, intermediates of TCA cycle and the expression of 
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enzymes of the TCA pathway. To survive under nutrient-deficient conditions, can-
cerous cells undergo changes such as mutations in metabolic enzymes like isocitrate 
dehydrogenase (IDH) and display of neomorphic activity for the production of 
2-hydroxyglutarate (2HG) from αKG (alpha keto-glutarate), suggesting that cancer 
cells select altered metabolism during tumorigenesis [20, 70]. In the tumour core 
region, as compared to the periphery, dramatic decrease in the glutamine levels was 
observed [71]. This was found to be associated with the low synthesis of αKG and 
hypermethylation of histone H3. αKG upon entering the nucleus acts as a substrate 
for many deoxygenase enzymes that modify epigenetic marks. 2HG is structural 
analogue of αKG, and its specificity is greater for JHDM (Jumonji C domain his-
tone demethylases) [72]. It has been observed that differential abundance of differ-
ent metabolites in microenvironment plays an important role in cell proliferation. 
These intermediate metabolites of different anaplerotic reactions seem also to play 
an important role in the histone modifications. It has been found that aging cells 
have alteration in glycolytic pathway and electron transport chain similar to that in 
cancer cells [73, 74]. Decline in mitochondrial function is one of the hallmark of 
aging and its associated diseases [69, 75–78]. Aging cells have restricted supply of 
glucose [79]. By understanding different modifications of epigenetic marks during 
metabolic reprogramming, the mechanistic understanding for targeted therapeutics 
can also be understood for anti-aging. Aging can be reversed if the cellular effi-
ciency could be restored. There are events that lead to communication between the 
nucleus and mitochondria. It has been observed that interruption of this nucleo- 
mitochondrial communication accelerates aging. Dysregulation of mitochondria 
implicated in many diseases like cancer, excess reactive oxygen species and altera-
tion in mitochondrial metabolism indicates pivotal role played by mitochondria in 
cellular homeostasis regulation [80–83]. Intricate cascade of molecule, nicotin-
amide adenine dinucleotide (NAD+), plays a key role in the shuttle between nucleus 
and mitochondria. It has been observed that nuclear NAD+, a cofactor for the sirtu-
ins, an NAD+-dependent deacetylase, plays an important role in regulation of 
metabolism in aging [84]. Decline in the NAD+ during aging leads to the accumula-
tion of HIFα, a pseudohypoxic condition. This has been found to be associated with 
decrease in the production of αKG and correlated hypermethylation of histone H3 
linking metabolic reprogramming to histone modifications.

Supply of the substrate and cofactors and metabolic activity within the cells can 
be altered by environmental stimuli (including nutrients). Cells can easily detect the 
altered energy levels such as level of NAD+, which decreases with aging. This 
decrease in the NAD+ level can be utilized as a potential hallmark for the aging 
process in different biological models [85]. NAD+ is a cofactor for metabolic 
enzymes and acts as the co-substrate for the various sirtuins deacetylases [84, 86]. 
NAD+-dependent sirtuins are deacetylases group of enzymes that are conserved 
from bacteria to humans [87]. The role of SER genes in Saccharomyces cerevisiae 
has been reported to play role in increasing the life span. One of the consequences 
of metabolic reprogramming is the promotion of glycolysis and inhibition of oxida-
tive phosphorylation (OXPHOS). A similar kind of hypoxic (pseudohypoxic) 
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condition induced by gerometabolites leads to dysfunctional mitochondria and 
Warburg-like metabolic reprogramming (Fig. 9.1).

 Caloric Restriction and Metabolic Reprogramming

Caloric restriction (CR), defined as reduced intake of calories not causing malnutri-
tion, is the sole intervention that can prolong longevity in all species that have been 
investigated so far, from yeast to non-human primates [88]. Altered mitochondrial 
metabolism, circulating level of adiponectin and sensitivity to insulin signalling are 
common signature of CR, and it suggests that metabolic reprogramming plays 
important role in the caloric restriction and longevity of organism (Fig. 9.1).

Reduced calorie uptake without malnutrition is a diet regimen that decelerates 
aging process and extends lifespan in diverse species by unknown mechanism [89–
91]. There is an inverse relationship between CR and aging which suggests that 
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Fig. 9.1 Linking metabolic reprogramming to aging epigenetics. Glucose enters glycolytic path-
way, which is converted to the end products through TCA cycle. Different intermediate metabolites 
can act as the substrate or co-factor for the enzymes involved in the histone modifications and 
thereby modulate epigenetic marks. Deregulation of the intermediates in the glycolytic pathway, 
thus, also modulates epigenetic marks in a different way
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metabolic reprogramming plays an important role in decelerating the aging process. 
CR is involved in the reduced gene expression of inflammation and opposes many 
age-associated changes [92]. CR is associated with metabolic reprogramming that 
leads to increased expression of involved genes of glycolytic pathway, amino acid 
metabolism and mitochondrial metabolism [93]. From these studies, mitochondrial 
alterations can be correlated to CR [94]. Weindruch et al. (1986) proposed relation 
between the caloric intake and lifespan in female mice and discovered that caloric 
intake is inversely proportional to lifespan, which indicates that energy metabolism 
is key regulator of CR [95]. Anderson and Weindruch (2007) proposed that CR 
induces metabolic reprogramming because of availability of nutrient and CR 
induces an active response to altered nutrient availability [96] (Fig. 9.1).

It can be concluded that the nutritional factors and composition of food lead to 
interaction between caloric intake and genotype cascade of events that induces 
mutations and expression of genes which influences longevity. CR and optimum 
macronutrients (carbohydrates, fats and amino acids) lead to extension of life span 
in mice; thus, it is important to investigate metabolic pathways especially TCA 
cycle and those affecting glucose, fats and amino acids metabolites [97–99], because 
these metabolic intermediates and pathways have significant and complex effects on 
aging. Nutrient components which are intermediates of metabolic pathway play an 
important role in the aging by regulation of metabolism, which indicates importance 
of metabolic reprogramming in case of CR.

 Delaying Aging

With passage of time, post-mitotic cells such as neurons undergo chronological 
aging due to gradual loss of normal structure and function. On the contrary, continu-
ously dividing cells such as stem cells and yeast cells undergo replicative aging, in 
addition to chronological aging [99]. At least in few model organisms, in experi-
mental conditions, the life span of these individuals can be extended. For example, 
mutation in the mTOR gene, the mammalian target of rapamycin gene of the insulin 
signalling pathway or mutation of the genes related to AMPK signalling pathways 
has resulted in the extension of life span in few model organisms [100–102]. Further, 
it has been shown that dietary restrictions have led to increase in life span in case of 
C. elegans [90]. However, it is evident that extension of life span has no correlation 
with the phenomenon of delaying aging.

There are few examples existing in nature, such as C. elegans larva, where aging 
clock can be arrested at least temporarily, during food scarcity conations, and the C. 
elegans larva attains a ‘dauer’ stage. This is relatively metabolically inactive state in 
the dauer survives for months in contrast to the normal life span of 2 weeks of the 
organism [103]. Seeds as old as 2000 years remain viable and can be regenerated 
[104]. There are reports of preservation of bacterial spores up to 25–30 million 
years in amber [105]. These are few excellent examples of uncoupling biological 
and chronological aging of an organism. However, most of these examples are 
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related to lower organism and the delay in aging happens only in specific condi-
tions. Hence, there is a need to explore the aging reversal process in higher organ-
isms, which could be universal in nature.

 Reversal of Aging: Aging Clock Resetting

With fertilization, the aging clock is reset. In many organisms, such as mammals, 
the chronological ages of the sperm and oocyte are erased while the zygote is 
formed. This process can be termed as resetting the aging clock [106]. This specific 
age reprogramming is mediated by factors of the oocyte cytoplasm [106].

The fertilization-mediated reprogramming process was exploited in the somatic 
cell nuclear transfer (SCNT) experiment. Here, an enucleated oocyte was trans-
ferred with a nucleus from a mature somatic cell [107, 108]. This resulted in repro-
gramming of the somatic cell nucleus by the oocyte cytoplasm and resetting the age 
of the somatic cell nucleus. This classical experiment further demonstrated the fact 
that somatic cells further can be rejuvenated and the pluripotency can be restored. 
This established the notion of reversing aging [106]. SCNT was the process which 
led to the generation of the first cloned mammal Dolly [109]. However, the level of 
reprogramming and the molecular basis of rejuvenation of the somatic cell nucleus 
are yet to be explored.

The molecular basis of reprogramming in SCNT can further be explained by the 
discovery of another process of creation of induced pluripotent stem cells (iPSCs) 
[110]. In this process, by introduction of genes of few differentiation-specific tran-
scription factors such as Oct4, Sox2 and Klf4 (termed as Yamanaka factors), termi-
nally differentiated adult cells can be reverted back to dedifferentiated state called 
iPSCs [111]. These iPSCs are similar to embryonic stem cells (ESCs), as they also 
like ESCs, have the potential of forming an entire organism [112] and have similar 
gene expression profiles and chromatin state as ESCs [113]. In contrast to SCNT, in 
case of iPSCs, however, the reprogramming is achieved by only few factors, and it 
does not require the oocyte mediates systems. The above iPSC-mediated age repro-
gramming is also called developmental reprogramming.

In both the above processes, the aging clock resetting mediated rejuvenation is 
coupled to differentiation programme reversal. The cells in these processes become 
young, but at the same time, they also lose their identity and become pluripotent 
stem cells. These methods may pose problems in therapeutic interventions such as 
direct reversal of aged tissues to respective young tissues. The ideal interventions 
would be directly converting these aged tissues into young without the intermittent 
pluripotent SCNT or iPSC state, as these induced stem cells have the possibility of 
forming tumours having features of many germ layers (teratomas) [106]. If achieved, 
this would experimentally uncouple the aging clock resetting from developmental 
reprogramming. The above hypothesized mechanism will pave the way in achieving 
epigenetic rejuvenation (Fig. 9.2).
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 Rejuvenation Without Differentiation

Historically by joining systemic circulations of two animals, young-to-old or old- 
to- young transition was achieved [114]. Recently, it has been observed that tissue- 
specific stem cells of old mice were rejuvenated by exposure to young environment 
[115]. The specific rejuvenation was also confirmed by their molecular signatures. 
Conversely, young stem cells can be converted to aged tissues by exposing them to 
an aged environment [116]. It has been further seen that the aged phenotype is 
maintained by increased activity of NFκB [117]. Further, when the NFκB expres-
sion in aged mice was down-regulated in the skin tissues, they returned to a more 
youthful state [117], with concomitant down-regulation of all senescent-associated 
genes. Furthermore, rapamycin (an mTOR inhibitor) delayed the aging in mice 
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[118]. Rapamycin also rejuvenated the aged haematopoietic stem cells in mice by 
inhibiting mTOR [119]. Together, these observations hint towards the plausible 
uncoupling of the aging clock from dedifferentiation programmes, suggesting the 
epigenetic-mediated rejuvenation.

 Epigenetic Reprogramming Is the Basis of Epigenetic 
Rejuvenation

Once a cell is terminally differentiated, the epigenetic state of the cell tends to be 
maintained during subsequent divisions. However, the SCNT and iPSC cell experi-
ments suggest that the epigenetic state of the terminally differentiated cell also can 
be reversed and reprogrammed to dedifferentiated state [106]. During development 
also, there is a hint of epigenetic reprogramming in the zygote [120]. Following 
fertilization, the DNA methylation is erased initially and then re-established in the 
zygote [121]. Histone modifications are also reorganized in the zygote. Many of 
these epigenetic resettings are also observed in iPSC reprogramming [122]. Both 
the zygote and the ES cell stage are observed to possess bivalent chromatin domains 
(containing marks for transcriptionally permissive chromatin such as H3K4me3 and 
transcriptionally repressive chromatin such as H3K27me3) [123]. Later, during ES 
cell differentiation, these H3K27me3 marks are replaced by H3K27ac mark in the 
gene promoter and enhancer regions [124]. A similar epigenetic signature among 
the zygote, SCNT, iPSC and ESCs strongly hints a common epigenetic reprogram-
ming pathway during differentiation and dedifferentiation. Further, there are reports 
that P16 and P53 proteins, which are overexpressed in aged and damaged cells, pose 
strong barrier for iPSC formation [125]. Moreover, the halting of the aging clock in 
C. elegans larval stage further suggests that aging is mostly mediated by epigenetic 
forces [126]. It also argues that aging can be reversed, indicating that rejuvenation 
could be achieved by epigenetic mechanisms.

 Epigenetic Signatures of the Aged and Rejuvenated Cells

Cells undergoing senescence accumulate facultative heterochromatin domains 
stained as condensed regions in DAPI staining and are popularly called senescence- 
associated heterochromatin foci (SAHFs) [127]. SAHFs have enrichment of HP1 
protein (HP1β) and H3K27me3 and H3K9me3 marks [128]. HP1β binds to 
H3K9me3 and both HP1β and macro H2A co-localize in SHAF. Further, there is 
accumulation of heterochromatin-associated histone H2A variant called macro 
H2A. Telomerase shortening is another phenomenon in these senescent cells. These 
SAHF bodies take up the cell division–specific genes such as E2F. While in iPSCs, 
it has been observed that there is expression of telomerase with concomitant increase 
in telomere length, degeneration of the SAHF bodies and reduced expression of 
mH2A along with increased signal for H3K4me3 and reduction of H3K27me3. All 
these epigenetic signatures are characteristic of ESCs and young cells, hence 
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strongly hinting the developmental reprogramming-mediated epigenetic basis of 
aging reversal.

During nuclear reprogramming, there is decompaction of the chromatin with 
concomitant increase in nuclear volume. This is hypothesized to be achieved by 
replacement of H1 with HMG [129]. This replacement is mediated by histone chap-
erone nucleoplasmins. The chromatin occupancy studies by the Yamanaka factors 
have identified their action targets, while formation of iPSCs. Genes already exist-
ing in open state (positive for DNase I hypersensitivity and with H3K4me2/3 state) 
are readily bound by these Yamanaka factors. Few distal regions of the gene with 
H3K4me1 marks, (characteristic of permissive chromatin domains), require chro-
matin remodelling and histone depletion. Broad heterochromatic region with 
H3K9me2/3 marks is extensively remodelled. There are few bivalent chromatin 
domains with both H3K4me2 and H3K27me3 marks in the ES cells. Genes of these 
domains are transcriptionally silent in the iPSCs but pose active targets for remodel-
ling [130]. Broadly, during iPSC induction, there is global decrease in H3K4me2 
marks; gradual increase in H3K3me2/3 marks; gradual decrease in H3K79me2/3 
marks and restructuring of DNA methylation and demethylation. Accordingly, loss 
of the H3K27me3 methyl transferase (PRC2) inhibits iPSC formation, while loss of 
the H3K79me2 methyl transferase Dot1L favours iPSC formation [130]. Further, 
the iPSC terminal stage transition is favoured by activation of H3K36 demethylase 
and down-regulation of H3K27 demethylase. On the contrary, knockdown of H3K9 
methyl transferase such as Suv39h1 or G9 favours iPSC formation. Knockdown of 
the CHD chromatin remodelling factors also inhibits iPSC formation, while knock-
down of NURD complex favours iPSC formation [130]. All these observations 
strongly suggest that the reprogramming is truly mediated by underlying epigenetic 
phenomenon.

 Are Aging Signs Reversed by Reprogramming?

There is an increase in the length of the telomeres following epigenetic reprogram-
ming in old mice and human cells, with concomitant increase in telomerase activity. 
Following epigenetic reprogramming, the mitochondrial functions are also restored 
to some extent, similar to young ESCs [131]. There is also down-regulation of many 
senescence associated and apoptotic genes following reprogramming [132]. It has 
been observed that the fibroblast rejuvenated from a senescent fibroblast possessed 
a rejuvenated transcriptome, characteristic of a young cell [131]. However, the gene 
expression profiles of the iPSC and the hESC were similar but not identical. Further, 
though the reprogrammed cells such as redifferentiated fibroblasts seemed younger 
than the aged fibroblasts, they were distinguishable from the young fibroblasts 
[133]. It has further been observed that during dedifferentiation into an iPSC, the 
epigenome is reorganized; however, the epigenetic memory of the cell is not lost, 
and upon redifferentiation, the epigenome again manifests itself [134]. A compari-
son of the epigenetic signatures of the cells during programming is tabulated in 
Table 9.1.
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 Attaining Epigenetic Rejuvenation: Challenges Ahead

Aging is time-dependent function which leads to progressive loss of physiological 
functions and increased vulnerability to death. Aging is a complex phenomenon 
which is caused by integrated events of genetics, epigenetics to metabolomics fac-
tors. Alteration in any one of factor leads to cellular senescence and death of cells. 
All these events are correlated to the alterations in energy metabolism. The exact 
mechanism of the alteration in energy metabolism that leads to aging is unknown. It 
has been observed that CR and optimum diet intake can help in delaying aging. It 
might be due to the metabolic rewiring which brings the alternative pathways to 
repair the faulty metabolic pathways and thus plays important role in aging. Many 
of the intermediates of these metabolic pathways act as the substrate and cofactors 
for the enzymes of epigenetics marks of histones. For example, αKG acts as sub-
strate for the JHDM domain. So by using the controlled CR, we can reprogramme 
the epigenetic marks and ultimately attain epigenetic rejuvenation.

Recently, the iPSC techniques have posed tremendous potential for regenerative 
therapies as these cells can be reprogrammed even from aged cells. However, epi-
genetic rejuvenation if achieved will be a better option for aging reversal pro-
grammes. This is due to the fact that by epigenetic rejuvenation, the old cells are 
directly reprogrammed into young and this process does not involve passage through 
a dedifferentiated pluripotent state. This has an advantage as this process is pro-
posed to be achieved only by epigenetic mechanisms which avoid the genetic abnor-
malities that may arise during dedifferentiation-based aging reversal processes. 
Further, the time required for epigenetic rejuvenation of the old cells only requires 
few days compared to the few week durations required for the iPSC-based thera-
pies. Still, the epigenetic rejuvenation process is at its infancy stage due to the lack 
of complete understanding of the mechanism and also due to lack of an appropriate 
model system for the study. When human fibroblast cells and Hutchinson–Gilford 
progeria syndrome (HGPS) cells were treated with rapamycin, there was decrease 
in protein aggregates and they were converted into young fibroblasts. In a recent 
preposition, it is also being hypothesized that curcumin also might pose as a poten-
tial anti-aging molecule. Few recent unpublished observations (Chaturvedi Group) 
by our group have revealed that curcumin works by modulating the epigenetic sig-
natures of the cell. However, attaining epigenetic rejuvenation and practice of this 
mechanism as a therapeutic model requires further investigations.

Table 9.1 Aging characters those can be reversed or not reversed by reprogramming (Lapasset 
et al. 2011)

Character Young cell Old cell iPSC Redifferentiated cells
Telomere Long Short Extended Extension maintained
Mitochondria Functional Dysfunctional Rejuvenated Improved functional
Transcriptome Youthful Aged Rejuvenated Youthful like
DNA Intact Damaged Persisted mutation Persisted mutation
Epigenome Youthful Aged Rejuvenated with 

age memory
Youthful like with age 
memory

Protein 
aggregates

No Yes Yes? Yes?
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10Mitochondria as a Key Player in Aging

Rupa Banerjee and Pramod C. Rath

 Introduction

Mitochondria are the organelles found in the cytoplasm of all eukaryotic cells, 
except for Monocercomonoides [1]. Mitochondria are commonly referred to as the 
‘powerhouse of cell’, as they play a major role in providing cells with ATP for 
energy. Structurally, mitochondria comprise four distinct compartments: outer 
membrane, intermembrane space, inner membrane and matrix. The number of 
mitochondria per cell depends on the type of tissue or the cell in question. For 
instance, Trypanosoma brucei has been found to have a single mitochondrion per 
cell and is used as a model system to understand mitochondrial biogenesis/division 
[2]. On the other hand, the mammalian liver cells possess 1000–2000 mitochondria 
per cell. Mitochondria within a cell are found as a mitochondrial network, where 
individual mitochondria fuse together to form a tubular network. The advantage of 
these tubular networks over individual mitochondrion is the widespread distribution 
of mitochondria across the cell and generation of membrane potential [3].

Mitochondria are known to have a prokaryotic origin. They are believed to have 
evolved into today’s cellular organelles as a result of an endosymbiotic relationship 
between an ancient prokaryote and a host cell [4, 5]. Mitochondria carry multiple cop-
ies of its own genome, which is distinct from the nuclear genome. Both nuclear and 
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mitochondrial genomes encode for proteins that are found in mitochondria [6]. There 
are about 1000 proteins that are predicted to be mitochondrial proteins, of which the 
mitochondrial DNA (mtDNA) encodes for less than 1% of the total proteins. More than 
99% of the proteins that are found in mitochondria are encoded by the nuclear DNA, 
are synthesized in the cytoplasm and are then translocated into their corresponding 
target mitochondrial compartment. The targeting of the proteins is carried out by vari-
ous protein complexes, such as TOM complex at the outer membrane and TIM23 and 
TIM22 complexes at the inner membrane and so on. The targeting signal of the peptide 
is present in the sequence of the precursor proteins that has to be transported from the 
cytosol and is cleaved off as the protein enters its corresponding compartment. 
Translocation of proteins into the mitochondria takes place in its unfolded state, which 
is stabilized by various chaperones. Once the protein reaches its target compartment, it 
is folded into its native state with the help of various chaperone proteins [7, 8].

The major function of mitochondria in the cell is to generate ATP. In addition, 
mitochondria also play an important role in metabolism, cell signalling and cellular 
death. Since it plays such a central role in these processes, mitochondrial health and 
status is one of the key players in the process of aging. During the process of aging, 
the overall mitochondrial function has been observed to decline. It has been shown 
that the number of mitochondria and copies of mtDNA per mitochondria go down 
with age. The mitochondrial morphology is altered, and they become smaller and 
more round. Somatic mutations within mitochondrial genome increase with age 
[9–11]. In this chapter, we discuss how various pathways in mitochondria are impli-
cated in the process of aging (Fig. 10.1).

 Mitochondrial Cause of Aging

 ROS Generation

Mitochondria generate ATP for the cellular functions by oxidizing nutrients. This 
oxidation is carried out by the process of oxidative phosphorylation. During this 
process, two electrons are derived from NADH, which are acquired by reducing 
NADH to NAD+. NADH is obtained as an end product of many catabolic processes 
in the cell such as glycolysis and the Krebs cycle. These two electrons are then 

Mitochondria

Stem cell function
DNA mutations/Bioenergetics

Inflammation

Cellular senescence
Activation of UPRmt

Mitophagy & Proteolysis

Fig. 10.1 Regulation of aging of organisms by mitochondria. (Sun N, Youle RJ, Finkel T (2016) 
The mitochondrial basis of aging. Molecular Cell 61: 654–666)
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transported through a series of protein complexes residing in the inner membrane of 
mitochondria via a chain of redox reactions. These complexes are, namely, complex 
I (NADH: ubiquinone oxidoreductase), complex II (succinate dehydrogenase), com-
plex III (coenzyme Q: cytochrome c oxidoreductase) and complex IV (cytochrome c 
oxidase), and together these form the electron transport chain (ETC). The electrons 
derived from NADH are transferred first to an electron carrier, ubiquinone, by the 
complex I. Furthermore, ubiquinone gets reduced as it transfers two electrons to two 
molecules of cytochrome c. This reduction of ubiquinone and oxidation of cyto-
chrome c is mediated by complex III. Finally, a total of four electrons from four 
cytochrome c molecules are transferred to one oxygen molecule, which then reacts 
with four H+ ions to form two water molecules, H2O. Simultaneously, during these 
redox reactions, H+ ions from the matrix are transported to the intermembrane space 
via complexes I, III and IV. As an end result, a proton gradient is generated across the 
mitochondrial inner membrane. This proton gradient is used as a form of energy by 
another inner-membrane protein complex, ATP synthase (FoF1 complex or complex 
V). ATP synthase phosphorylates ADP to give rise to a high- energy molecule, 
ATP. This thermodynamically unstable reaction is driven by the energy derived from 
the passage of H+ moving down the electrochemical gradient, that is, from intermem-
brane space to mitochondrial matrix. This process is referred to as oxidative phos-
phorylation (OXPHOS) and is desirable for cell for the generation of energy [12–14]. 
In addition, complex II acts in parallel to complex I and funnels electrons to the 
ubiquinone in the respiratory chain by a FAD+-dependent step in Krebs cycle. 
However, no reducing equivalents are transported across the membrane by this step. 
As a result, this step does not contribute in the membrane potential generation and 
produces less energy when compared with that of complex I [15].

The process of electron transport has an undesirable secondary effect as well. The 
transfer of electrons through the respiratory chain can lead to a premature escape of 
the electrons to generate highly reactive free radicals such as superoxide radicals, 
O2

.-. Furthermore, such superoxide radicals can react with H+ ions within the cell to 
form reactive peroxide molecules. Such chemically reactive oxygen containing mol-
ecules are known as reactive oxygen species (ROS). ROS includes a number of moi-
eties like peroxide, superoxide, hydroxyl radical, etc. The complex I and complex III 
are believed to be the main sites of the electron leakage. About 2–5% of oxygen 
molecules consumed in the mitochondria are converted to ROS [16, 17].

Due to its high reactivity, ROS can induce mitochondrial and cellular dysfunc-
tion by damaging protein, lipid and nucleic acid molecules. The accumulation of 
damaged molecules over a period of time causes gradual deterioration of mitochon-
drial and/or cellular function and is thought to contribute to aging. This is referred 
to as the mitochondrial free radical theory of aging [18]. This notion is supported by 
several studies that were carried out in Saccharomyces cerevisiae, in which protein 
molecules were oxidized by ROS. Several amino acids, especially cysteine, histi-
dine and methionine, are highly susceptible to oxidative damage due to the presence 
of reactive functional groups in their side chains [19, 20]. Similarly, the ROS can 
oxidize lipid molecules, which can compromise the membrane integrity of the cell 
and the various organelles and cause organellar and cellular dysfunctions [21]. ROS 
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can also react with nucleic acids, especially to the guanine residues to form 8-oxo-
 dG and thereby introducing mutations in both nuclear and mitochondrial genomes 
[22]. In addition, several enzymes can be inactivated by ROS by oxidation of their 
cofactors. A recent study suggests that activation of DNA damage response (DDR) 
can be mediated by the ROS, which leads to cell cycle arrest and causes cellular 
senescence [23].

Majority of ROS is eradicated from the cell by free radical scavenging enzymes 
and antioxidants. Two major classes of ROS scavenging enzymes are superoxide 
dismutase (SOD) and catalase. SOD catalyses the formation of peroxide from the 
oxygen-free radical. Peroxides are less damaging as compared to free radicals and 
are further broken down into water and oxygen by catalase. In humans, there are 
three different types of dismutases: SOD1 in cytosol, SOD2 in mitochondria and 
SOD3 in extracellular spaces. Additionally, in yeast, flies and mice, the deletion of 
mitochondrial SOD leads to a shorter lifespan and a high degree of oxidative stress 
[24–26]. There are several non-enzymatic antioxidants, such as glutathiones, vita-
mins and thiols, present in the cell that either inhibit or slow down the oxidation by 
ROS. However, their usage for medicinal purposes is still not clearly established [27].

Contrary to the free radical theory of aging, recent studies suggest that the ROS 
are not merely a by-product of the respiratory chain. The physiological levels of 
ROS play a significant role in the mitochondrial signalling processes. It has been 
shown in low-oxygen condition; H2O2 generated from mitochondria diffuses into 
the cell and stabilizes hypoxia-inducible factor-1α (HIF-1α), which induces the 
response pathway against hypoxia. Also, ROS have been shown to oxidize thiol 
groups in various enzymes that, in turn, are involved in other signalling pathways. 
Therefore, contrary to the free radical theory of aging, more recent studies suggest 
a hormetic response of cells towards ROS exposure. According to these, a low dos-
age of ROS is beneficial for cells and contributes to increased lifespan. On the other 
hand, abnormally high levels of ROS can be detrimental for cellular health and can 
lead to cell death [17, 28–30]. This is in agreement with the surprising observation 
in Caenorhabditis elegans, in which deletion of mitochondrial sod-2 leads to an 
increased lifespan [31]. A recent study also reported that deletion of cytosolic sod-1 
and sod-5 reduces the lifespan in a worm strain, suggesting that  increase in only 
mitochondrial ROS increases the lifespan [32].

 Mitochondrial DNA Damage

Human mitochondria comprise multiple copies of about 16.6 kbp large circular loop 
of double stranded DNA. They encode for 13 OXPHOS polypeptides, 2 rRNAs and 
22 tRNAs. The remaining proteins are encoded by the nuclear DNA, which includes 
the remaining OXPHOS subunits. It is predicted that roughly 1000 proteins are 
targeted to mitochondria from the cytosol with a help of a targeting signal within the 
sequence of the precursor protein. Unlike nuclear DNA, the mtDNA is not known 
to be packaged by the histone proteins. Instead in humans, mtDNA is bound by a 
(HMG)-box containing protein, Tfam (transcription factor A, mitochondrial). Tfam 
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plays an important role in the transcriptional activation of genes encoded by mito-
chondrial genome and in the maintenance and the organization of the mtDNA into 
a nucleoid [33, 34]. However, the protective function of Tfam to the mtDNA is not 
as robust as that of chromatin formation of the nuclear DNA by the histones. In 
addition, the DNA damage repair response for mtDNA is also limited. As a result, 
mtDNA is susceptible to undergo mutations, specifically generated by the ROS. A 
possible escape for mitochondria from this mutation is its capacity to have multiple 
copies of mtDNA within each mitochondrion. This may range from hundreds to 
thousands in number per mitochondrion depending on the tissue type. A gene 
encoded by the mutated mtDNA does not affect the mitochondrial function as the 
wild-type copy within the same mitochondrion can compensate for its function. 
This is referred to as heteroplasmy. However, over a period of time, the mutated 
mtDNA gets amplified by repeated replication and division. Deleterious mutations 
in mtDNA can hamper the respiratory chain by disrupting the OXPHOS complex 
organization. This, in turn, results in oxidative stress and accumulation of more 
ROS. Thereby, more mutations in mtDNA takes place until the mitochondrial func-
tion is completely disrupted. Dysfunctional mitochondria are recovered by an oxi-
dative stress response or discarded by mitochondrial quality control. Inability of a 
cell to do so, gradually, leads to aging or manifestation of diseases [35].

Mitochondrial genome is replicated by DNA polymerase γ (Polg). Polg is a het-
erotrimer of a catalytic subunit, PolgA, and a dimeric accessory subunit, 
PolgB. PolgA subunit also carries out proofreading activity. Mice strains with muta-
tions in the proofreading activity of Polg have been shown to have three to five times 
higher degree of random point mutations per mtDNA.  These mice strains are 
referred to as the mutator mice strain and show severe defect in the respiratory chain 
and decreased lifespan, thereby, implicating mtDNA mutations in premature aging 
[36]. In Saccharomyces cerevisiae, deletion or loss of mtDNA gives rise to petite 
mutants (ρo). These mutants cannot survive in a non-fermentable (glucose deficient) 
medium in which cells are highly dependent on mitochondrial respiration and show 
slow growth in fermentable (glucose rich) medium [37]. These mutants are also 
under high oxidative stress, suggesting that mutations in mtDNA can contribute to 
various diseases and in the aging process. Interestingly, a study in conplastic mice 
strain suggests that variations in mtDNA can alter mitochondrial function and cel-
lular response, implying that the interplay between mitochondrial and nuclear 
genome also influences the cellular health and lifespan [38].

 Altered Gene Expression

Cells acquire ATP by supplying their nutrient metabolites into two different major 
pathways: the glycolysis and the oxidative phosphorylation. Glycolysis takes place 
in the cytosol in high nutrient conditions. The final products of glycolysis are ATP 
and NADH. Studies in S. cerevisiae have shown that when yeast cells are grown in 
a glucose-rich medium, the glucose is metabolized via glycolysis and the ratio of 
NADH/NAD+ is relatively high. In contrast, when yeast cells are grown in 
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low- glucose medium, they carry out oxidative phosphorylation to generate ATP. As 
a result, the mitochondrial pool of NADH is converted to NAD+ and overall NADH/
NAD+ ratio gets low. Interestingly, this alteration in the ratio of NADH/NAD+ in the 
cells can act as a sensor to determine the energy level of the cell and is, in turn, used 
by cell to regulate the mitochondrial biogenesis [39–42].

The first evolutionarily conserved protein to have been identified in this regard 
was a yeast protein, Silent information regulator 2 or Sir2p. Sir2p is an NAD+-
dependent histone deacetylase (HDAC) that regulates gene expression by activating 
chromatin compaction, specifically in the subtelomeric region and rDNA array. 
Sir2p has also been shown to have role in inheritance of undamaged protein and 
mitochondria in daughter cells by maintaining cell polarity. Overexpression of 
Sir2p has been implicated in extension of replicative lifespan of yeast, and down-
regulation has shown a decrease in lifespan [40].

In mammals, there are seven different types of non-redundant Sir2p-like proteins 
referred to as sirtuins: SIRT1, SIRT2, SIRT3, SIRT4, SIRT5, SIRT6 and SIRT7. 
SIRT1, SIRT6 and SIRT7 are found in the nucleus; SIRT2 in cytosol; and SIRT3, 
SIRT4 and SIRT5 are targeted to the mitochondrial matrix. Most of the sirtuins 
regulate the function of their target proteins by deacetylating the acetylated lysine 
residue at the ϵ-amino group. SIRT4, on the other hand, is not a deacetylase but 
mono-ADP-ribosyltransferase. Generally, the targets of the sirtuins comprise pro-
teins involved in metabolism, stress response, DNA damage repair, etc. SIRT1 has 
been the most extensively studied homologue in mammals and has been shown to 
deacetylate proteins involved in a number of cellular processes such as histones, 
transcription factors and DNA repair proteins. Brain-specific upregulation of 
SIRT1 in mice has been shown to increase their lifespan. SIRT3 regulates mitochon-
drial function by deacetylating proteins involved in metabolism. In aged mice, the 
expression levels of SIRT3  in haematopoietic stem cells have been shown to 
decline [40].

Interestingly, during caloric restriction in worms, flies and mice, a number of 
proteins undergo deacetylation. The caloric restriction has been shown to activate 
the response pathway that prevents cells from the detrimental effects of ROS by 
activating ROS scavenging enzymes, preventing mtDNA against damage due to 
ROS and removing the damaged mitochondria by mitophagy. Since NAD+ levels 
regulate the activation of sirtuins and are found in higher levels in a restricted dietary 
condition, it has been postulated that sirtuins mediate lifespan extension in caloric 
restriction. This also interlinks mitochondrial homeostasis with the DNA damage 
response (DDR) pathway as NAD+ is a substrate for both sirtuins and poly (ADP- 
ribose) polymerase (PARP)-1, which is involved in DDR [39].

In yeast strains, replicative lifespan extension has been observed when yeasts are 
grown in medium with reduced glucose levels. However, whether it is mediated by 
Sir2p or not is unclear. In mammals, a tissue-specific involvement of SIRT1 during 
caloric restriction has not been unequivocally established. SIRT3, on the hand, has 
been shown to play a more defined role in caloric restriction. During caloric restric-
tion, SIRT3 levels have been shown to increase in adipose tissue, skeletal muscle 
and liver. Also, in liver cells, deacetylation by SIRT3 activates SOD2 and IDH2, 
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which prevents the accumulation of ROS in the cells [35, 40]. It would be interest-
ing to see how sirtuins could be involved in lifespan extension in future studies. 
Interestingly, NAD+ is speculated to be of therapeutic importance for various car-
diac and renal pathologies [43].

 Maintenance of Mitochondrial Protein Homeostasis
It is quite clear that mitochondrial dysfunction can lead to aging and age-related 
diseases. For a mitochondrion to function properly, sustenance of the mitochondrial 
protein homeostasis (or proteostasis) is essential. Mitochondrial proteostasis is the 
maintenance of a functional balance between protein synthesis, folding and degra-
dation in mitochondria. Proteome analysis of aging C. elegans suggests a decrease 
in the levels of cytosolic and mitochondrial ribosomal subunits, leading to a 
decreased protein synthesis and increased levels of proteasomal subunits for degra-
dation of unwanted proteins [44]. When the capacity of a cell to maintain proteosta-
sis is reduced, it leads to accumulation of protein aggregates with aging. As a result, 
a response is triggered by the cell in order to rescue itself from the deleterious 
effects of accumulation of misfolded/unfolded proteins. Interestingly, the activation 
of this response can also prolong the lifespan of an organism. This has been shown 
in the long-lived daf-2 mutant of C. elegans that has enhanced proteome mainte-
nance [44]. The recovery process, however, involves enhancement of the folding 
capacity of mitochondrial proteins and removal of the misfolded or aggregated pro-
teins by degradation.

 Mitochondrial Unfolded Protein Response (UPRmt)
The intricate pathway that is activated to ensure this mitochondrial proteostasis is 
known as mitochondrial unfolded protein response (UPRmt). Unfolded protein 
responses (UPRs) can be activated in different cellular compartments to maintain 
subcellular proteostasis, and in case of each compartment, a different signalling 
pathway is followed. The unfolded protein response in cytosol is known as cytosolic 
heat shock response (HSR); and in endoplasmic reticulum (ER), it is known as 
unfolded protein response in ER (UPRER) [45–48]. Both HSR and UPRER have been 
extensively studied and will not be discussed in greater detail further as it is beyond 
the scope of this chapter.

A large number of studies on UPRmt have been carried out in Caenorhabditis 
elegans. The advantages of using C. elegans as a model organism for the study of 
age-related proteostasis are as follows: (1) short lifespan of 2–3 weeks; (2) easy 
genetic manipulation; (3) subcellular, tissue-specific and organismal level study; 
and (4) established temperature-sensitive mutants and strains with marker (hsp-6) 
for study [49]. During aging, the overall mitochondrial function is impaired. In 
contrast, an RNAi screen in C. elegans had shown an increase in the lifespan of 
worms upon disruption of the mitochondrial function. These observations, however, 
are not in agreement with each other. But the contradictory results can be explained 
by the present studies that suggest that a moderate disruption in the mitochondrial 
function can activate UPRmt. The activation of UPRmt enhances the overall mito-
chondrial biogenesis and, thereby, causes an extension of lifespan. UPRmt can be 
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activated experimentally by several triggers, such as (1) accumulation of protein 
aggregates in the mitochondrial matrix; (2) imbalance in the ratio of nuclear and 
mitochondrial DNA-encoded proteins or mitonuclear protein imbalance; and (3) 
mitochondrial ROS and other compounds that interfere with ETC function. The 
activation of UPRmt due to ROS is believed to be a result of protein damage in its 
vicinity rather than a direct effect of ROS itself. These result in a proteotoxic stress 
which in turn activates the UPRmt and leads to an extended lifespan [46].

In C. elegans, an RNAi screen was done in which OXPHOS complex I, III, IV 
and V subunits encoded by nuclear or mitochondrial DNA were knocked down that 
resulted in extended lifespan in worms [50, 51]. In other studies, a mitochondrial 
ribosomal protein, mrps-5, was knocked down or inhibited with doxycycline, lon-
gevity in worms increased [52, 53]. Reduced expression of a mitoribosomal subunit 
mrps-5 leads to a decreased translation of mtDNA-encoded proteins, and as a result, 
it impaired the mitonuclear balance, which in turn activated the UPRmt. The activa-
tion of this response results in an increase in the transcriptional expression of differ-
ent protein quality control genes such as chaperones and proteases leading to an 
increase in lifespan. Similarly, in a mice strain, knockdown of Mrps-5 leads to an 
extended lifespan [52]. Interestingly, treatment in C. elegans and mice with NAD+ 
boosters triggered the mitochondrial biogenesis by activating the sirtuin pathway, 
causing an activation of UPRmt and extended lifespan [54, 55]. Also, in agreement 
with these findings, the knockdown of genes that are activated by UPRmt leads to a 
shorter lifespan in worms, flies and mice [46].

The signalling molecule for UPRmt activation in C. elegans has been shown to be 
a dually localizing target signal containing leucine zipper transcription factor, acti-
vating transcription factor associated with stress (ATFS)-1. ATFS-1 comprises a 
mitochondrial matrix targeting signal (MTS) and a nuclear localization signal 
(NLS). This protein is constitutively imported to the mitochondrial matrix. Within 
the mitochondrial matrix, this protein is degraded by the LON protease. During 
stress in C. elegans, the unfolded or misfolded proteins accumulate/aggregate in 
mitochondria or complex proteins that remain unbound in the mitochondrial matrix 
are cleaved off into smaller peptide fragments with a matrix localized proteolytic 
complex, CLPP-1. These peptide fragments are exported out of the mitochondria 
through an ATP-binding cassette protein transporter, HAF-1, embedded in the inner 
membrane into the cytosol. In the cytosol, these fragments have an inhibitory effect 
on the mitochondrial protein import machinery. The inhibitory mechanism of the 
peptides is not yet clearly understood. The inhibition in protein import prevents 
ATFS-1’s entry into the mitochondria, and as a result, it is targeted into the nucleus. 
In the nucleus, ATFS-1 transcriptionally activates the expression of mitochondrial 
chaperones and several other genes that are involved in mitochondrial import, 
detoxification of ROS and glycolysis, which are necessary to resume the mitochon-
drial function in the cell [56]. Other than ATFS-1, a ubiquitin-like protein UBL-5 
and a homeodomain-containing transcription factor DVE-1 are also believed to 
transcriptionally regulate UPRmt [57]. These proteins assist the function of ATFS-1 
and are speculated to play a role in regulation of the chromatin structure in the 
mtUPR. UPRmt activation by ATFS-1 is also involved in maintenance of deleterious 
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mitochondrial genome [58]. Furthermore, proteotoxic stress in mitochondria down-
regulates the protein translation in the cytosol. Downregulation of cytosolic protein 
translation reduces the additional burden of folding on mitochondrial chaperones. 
This is carried out by activation of general control non-repressed 2 (GCN-2) by 
ROS-mediated mitochondrial stress. Activated GCN-2 then inactivates the transla-
tion initiation factor, eIF2α, by phosphorylating it and preventing the cytosolic 
translation.

Interestingly, the first demonstration of the induction of UPRmt was shown in 
mammalian cells, when aggregates of folding incompetent mutant ornithine trans-
carbamylase were targeted to mitochondrial matrix [59]. Although this was the first 
demonstration of a mitochondria-specific UPR, details of the process are not com-
pletely understood. Recently, it was observed that when mitochondrial proteostasis 
is disturbed in mammalian cells, there is an upregulation of the mitochondrial chap-
erones, proteases and import machinery upon induction of the response. Additionally, 
mammalian cells also show a reduced expression in a mitochondrial matrix ribo-
nuclease, MRPP3, which is involved in pre-RNA processing, thereby reversibly 
inhibiting the protein translation in mitochondrial matrix and reducing the protein 
folding load in the matrix [60]. However, unlike C. elegans, the entire signalling 
pathway for such a response in mammalian cells is not clearly known. It has been 
shown that certain genes are transcriptionally activated by a heterodimer of leucine 
zipper transcription factors, CHOP and C/EBPβ. CHOP and C/EBPβ, on the other 
hand, have been shown to be activated by c-Jun N-terminal kinase (JNK)2 and ds- 
RNA- activated protein kinase (PKR)-mediated c-Jun activation [56, 61]. CHOP has 
also been found to be activated and to play a role in UPRER. However, both CHOP 
and C/EBPβ comprise binding site for AP1 promoter site. The AP1 promoter site is 
believed to be essential for activation of the UPRmt but not for the UPRER [46]; how-
ever, how the specificity of this pathway is maintained is poorly understood.

Recently, activation of an alternate pathway to UPRmt has been shown to extend 
lifespan in worms when respiratory chain is disrupted. This involves activation of 
the p38 MAPK signalling pathway and is also under the promoter for ATFS-1 [62].

 Mitochondrial Quality Control
The presence of functional mitochondria within a cell is a result of regulatory mech-
anisms that keep a check on mitochondrial quality. In order to achieve this, cells 
constantly generate functional mitochondria and degrade the damaged mitochon-
dria to maintain organellar homoeostasis. This maintenance of homeostasis to keep 
a balance of functional mitochondria in the cell is referred to as mitochondrial qual-
ity control. An imbalance in mitochondrial proteostasis, such as protein aggrega-
tion, protein damage due to ROS, activates a stress response within mitochondria. 
The stress response, UPRmt, enhances the protein folding capacity of the mitochon-
dria and, thereby attempts to rescue mitochondrial function. However, mitochondria 
that are beyond recovery undergo a selective autophagy to remove the damaged 
mitochondria, referred to as mitophagy [35]. To this end, the stage at which this 
decision to undergo mitophagy is made by the cell is not clearly understood.
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 Fission and Fusion

Mitochondrial shape and organization within a cell is highly dynamic. Functional 
mitochondria constantly undergo fission, fusion and movement through the cellular 
cytoskeleton. This is necessary for the generation of new mitochondria, formation 
of mitochondrial network and distribution of mitochondria across the cell. A mito-
chondrion within a cell can exist as a single unit or as a network of a number of 
fused mitochondria. In yeast, there are three proteins belonging to the family of 
dynamin proteins that play a major role in the fusion and fission process. These 
three proteins are, namely, Mgm1, Fzo1 and Dnm1. Fzo1 and Mgm1 are localized 
in the mitochondrial outer membrane and inner membrane, respectively, and are 
responsible for mitochondrial outer- and inner-membrane fusion. Dnm1, on the 
other hand, is basally localized at the cytosol and is occasionally localized onto the 
surface of outer membrane. It is involved in mitochondrial fission. Other than these 
three proteins, there are several adaptor proteins that assist the process of fission and 
fusion [63]. In C. elegans/mammalian cells, the homologues of Mgm1, Fzo1 and 
Dnm1 are called EAT-3/Opa1, FZO-1/Mitofusin and DRP-1/Drp1, respectively. In 
case of mammalian Mitofusins, there are two variants, Mitofusin 1 (Mfn1) and 
Mitofusin 2 (Mfn2). In body wall skeletal muscle cells of C. elegans, the tubular 
mitochondrial network was found to be replaced with fragmented mitochondria 
with smaller volume upon aging [64, 65]. Similarly, in short-lived (daf-16) and 
long-lived (clk-1) mutants of C. elegans, the appearance of fragmented mitochon-
dria during aging was faster and delayed, respectively [66]. Also, in yeast, when 
both fission and fusion processes are impaired by deleting Dnm1 and Mgm1, cells 
show a decreased replicative lifespan [67].

Mitochondria can undergo fusion followed by fission at the same cellular loca-
tion. The process of fusion enables the formation of mitochondrial network that 
allows rapid distribution of ATP and dilutes the effect of the mtDNA mutations. The 
fission process, on the other hand, can give rise to a daughter mitochondrion with 
more concentrated subset of mutated mtDNA and damaged proteins. The process of 
fission requires energy. As a result of fission, a solitary mitochondrion with low 
membrane potential is acquired. In case this mitochondrion recovers, it is rejoined 
to the mitochondrial network. A mitochondrion with severely low membrane poten-
tial beyond repair is subject to elimination by mitophagy [64, 65, 68]. Interestingly, 
during the budding process in yeast, the mother cell has been found to inherit mito-
chondria with low membrane potential as compared to the daughter cell [69]. In 
human mammary stem cell division, asymmetric distribution of mitochondria takes 
place, such that the daughter cell inherits more of the newly synthesized and less 
damaged mitochondria and shows more stemness as compared to the mother 
cell [70].

 Mitophagy-Damaged components
In the cell are removed by degradation in the lysozyme by the process of autophagy. 
Selective autophagy of damaged mitochondria is referred to as mitophagy. In 
worms, the accumulation of damaged mitochondria activates transcription factor, 
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SKN-1. SKN-1 regulates both mitochondrial biogenesis and mitophagy. The regu-
lation of mitophagy by SKN-1 is mediated by DCT-1. Co-ordination between mito-
chondrial biogenesis and mitophagy leads to the maintenance of mitochondrial 
homeostasis. The deletion of skn-1 and dct-1 causes a very high oxidative stress and 
shortens the worm lifespan [71].

In a well-functioning mitochondrion in mammalian cells, PTEN-induced puta-
tive kinase 1 (PINK1) is targeted to the mitochondria and is degraded with the help 
of proteases. However, in a mitochondrion with impaired membrane potential, 
PINK1 accumulates in the outer mitochondrial membrane, where it does not 
undergo degradation. Accumulation of PINK1 on the mitochondrial surface leads to 
the recruitment of an ubiquitin ligase, Parkin, on the mitochondrial surface [72, 73]. 
To this end, how PINK1 recruits Parkin is not clearly understood. After the recruit-
ment, Parkin ubiquitylates various mitochondrial outer-membrane target proteins, 
such as VDAC, TOM subunits and Mitofusins. Furthermore, PINK1 has been shown 
to phosphorylate the ubiquitin-tag at Ser65 position [72, 74, 75]. This is followed by 
recruitment of downstream cytosolic factors and adaptors, which eventually leads to 
recruitment of proteins involved in autophagy and proteasomal degradation. 
Cytosolic proteasomes degrade the ubiquitylated proteins, particularly, Mfn1 and 
Mfn2, which leads to the isolation of the impaired mitochondrion from the remain-
ing healthy mitochondrial network in the cell [72, 73]. Furthermore, PINK1 has 
been shown to recruit downstream autophagy receptors, which eventually leads to 
mitophagy [76]. As a result, damaged mitochondria are eradicated from the cell. In 
case of a defect in the mitophagy pathway, the damaged mitochondria accumulate 
in the cell causing disruption in cellular function, which leads to the cell death. 
During the process of aging, dysfunction in mitochondrial quality control leads to 
accumulation of Krebs cycle intermediates. These intermediates act as a signalling 
molecule that changes the global chromatin landscape [77].

 Manifestation of Age-Related Diseases

Excessive ROS production induces apoptosis via mitochondrial signalling. However, 
when there is a defect in the induction of UPRmt, mitophagy or apoptosis, several 
deformities in cellular growth can be observed. The accumulation of such cells 
gives rise to several diseases. Pathologies due to mutations in genes involved in 
mitochondrial pathways are often overlapping and affecting mostly the nervous sys-
tem, skeletal muscles, heart, liver, eyes and cochlea. This is because these tissues 
require more energy and are, hence, affected the most. These pathologies can be 
either due to mutations in the nuclear genome or mitochondrial genome [78]. These 
diseases can often be sporadic or familial. Mutations in the mitochondrial genome 
are maternally inherited. The diagnosis of mitochondrial diseases is often problem-
atic as there is no clear clinical phenotype and often more than one organ system of 
the body are affected. Also, a number of mutations in a single gene have been impli-
cated in various pathologies (Table 10.1). Some of the treatments of these diseases 
involve use of gene therapy and antioxidants [79, 80]. Recently, a study suggested 
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the use of hypoxia as a treatment for respiratory chain diseases. A mouse model 
with Leigh’s syndrome showed alleviated neurometabolic dysfunction when sub-
jected to chronic hypoxia conditions [81]. Other examples for treatment include 

Table 10.1 Clinical pathologies due to mutations in different genes involved in various mito-
chondrial pathways

Function Genes Clinical Pathology
Complex 
assembly

NDUFS1, NDUFS2, NDUFS3, 
NDUFS4, NDUFS6, NDUFS7, 
NDUFS8, NDUFB3, NDUFV1, 
NDUFV2, NDUFA1, NDUFA2, 
NDUFA10, NDUFA11, SDH-A, 
SDH-B, SDH-C, SDH-D, UQCRB, 
UQCRQ, COX6B1, ATP5E, 
NDUFAF1 (CIA30), 
NDUFAF2 (B17.2L), NDUFAF3, 
NDUFAF4 (HRPAP20), C20orf7, 
NUBPL, FOXRED1, ACAD9, 
SDHAF1, SDHAF2, BCS1L, 
SURF1, SCO1, SCO2, COX10, 
COX15, LRPPRC, FASTKD2, 
TACO1, ATPAF2, TMEM70

Cardioencephalomyopathy, Leigh’s 
syndrome, encephalopathy, 
cardiomyopathy, 
leukoencephalopathy, paraganglioma 
type 2, neonatal hepatic failure

Mitochondrial 
DNA assembly

POLG (PEOA1), POLG2 (PEOA4), 
ANT1 (PEOA2), MPV17, C10ORF2 
(PEOA3), TYMP (ECGF1), 
DGUOK, RRM2B (PEOA5), 
SUCLA2, SUCLG1, TK2

Alpers syndrome, Alzheimer’s 
disease, encephalomyopathy, 
hepatocerebral mtDNA syndrome

Mitochondrial 
protein 
synthesis

EFG1, YARS2, SARS2, DARS2, 
RARS2, MRPS16, MRPS22, TSFM, 
TUFM, MTTL1, MTTI, MTRNR1, 
MTTS1, MTTF, MTTV, MTTQ, 
MTTW, MTTK, MTTG, MTTH

Severe hepatoencephalopathy, 
myopathy, hyperuricaemia, 
leukoencephalopathy, 
pontocerebellar hypoplasia, 
cardiomyopathy, 
encephalomyopathy, 
leukodystrophy, lactic acidosis

Mitochondrial 
import and 
chaperones

DDP, DNAJC19, SPG7, HSPD1 Mohr–Tranebjaerg syndrome, 
cardiomyopathy, spastic paraplegia, 
leukodystrophy

mitochondrial 
integrity

OPA1, MFN2, DLP1, RMRP Alzheimer’s disease, Charcot–
Marie–Tooth disease, microcephaly, 
Barth syndrome, metaphyseal 
chondrodysplasia

Iron 
homeostasis

FRDA, ABCB7, GLRX5, ISCU, 
BOLA3, NFU1

Friedreich ataxia, X-linked 
sideroblastic anaemia with ataxia, 
sideroblastic anaemia, myopathy, 
encephalomyopathy, lactic acidosis

Mitochondrial 
metabolism

PDHA1, ETHE1, PUS1 Leigh’s syndrome, encephalopathy

Adopted from www.mitomap.org [82]
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different therapeutic methods such as medicine for diabetes mellitus, cochlear 
implants for hearing loss and surgeries like cataract surgery.

In the following text, some of the more common pathologies are discussed.

 Neurodegeneration

Several maternally inherited homoplasmic mtDNA mutation diseases show a defect 
in the central nervous system (CNS). Similarly, several neurodegenerative disor-
ders  exhibit abnormal mitochondrial morphology and function [83, 84]. 
Neurodegenerative disorders can arise due to mitochondrial dysfunction arising due 
to mutation in nuclear DNA or mtDNA encoded genes. One such highly studied 
neurodegenerative disorder is Parkinson’s disease (PD). It is primarily caused due 
to loss of dopaminergic neurons in the substantia nigra pars compacta, which causes 
loss of dopamine in striatum. It is characterized with unusual shaking of limbs, slow 
movements and rigid muscles. Defects in different aspects of mitochondrial pro-
cesses have been linked to Parkinson’s disease. In case of familial Parkinson’s dis-
ease, mutations in a number of genes including α-synuclein, PINK1 and Parkin 
have been implicated. This suggests a defect in mitochondrial dynamics and 
mitophagy to play a role in pathogenesis of the disease. In agreement with this, in 
sporadic PD patient samples, misfolded and inactive S-nitrosylated Parkin have 
been observed. Additionally, in sporadic PD, patients show an impaired complex I 
function, which along with impaired mitophagy is thought to be a major cause of the 
disease [85].

 Myopathy

Muscular tissues, such as muscles, heart and liver, are highly active and require ATP 
from mitochondria for their proper function. Therefore, defects in mitochondria can 
give rise to a number of diseases with muscular dysfunction that are referred to as 
mitochondrial myopathies. Mitochondrial myopathies can be caused by mutations 
in both the nuclear and mitochondrial DNA and also by the loss of mtDNA or muta-
tions in mtDNA due to nuclear DNA mutation that exhibits impaired mtDNA main-
tenance. Mitochondrial myopathy could be affecting one or more tissues in humans. 
Also, several of these diseases are progressively severe during aging. One of the 
major reasons for this tissue specificity and age-related onset/progress is hetero-
plasmy in mtDNA. A mitochondrion comprises a number of mtDNA with or with-
out deleterious mutations. A disproportionate distribution of mtDNA during 
mitochondrial division leads to accumulation of mitochondria consisting of mutant 
mtDNA in cells. As a result, over a period of time, manifestation of myopathy takes 
place. It is often characterized with muscle weakness, hearing loss, heart defects, 
impaired vision, etc. [86]. However, whether this occurs randomly or there is a 
genetic predisposition for such diseases is not clearly understood. Currently, the use 
of antioxidants and gene therapy as a treatment is being considered [79, 80].
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 Cancer

Warburg reported that the cancer cells generate ATP via the glycolysis pathway in 
aerobic manner. This gave rise to the idea that cancerous cells do not require func-
tional mitochondria for their survival. However, studies with ρo cancerous cells 
show a defect in growth and reduced colony formation. In addition, nude mice with 
ρo show reduced tumour growth. These observations suggested that the functional 
mitochondria are prerequisite for the development of cancer. Our present under-
standing of mitochondrial function during cancer development suggests that the 
cells rewire themselves to undergo a metabolic shift, characterized by large number 
of mutations in the mtDNA. The cancerous cells switch to glycolysis for energy and 
adapt to hypoxia so as to shut down mitochondrial respiration. Mutations in both the 
nuclear- and mitochondrial-DNA-encoded mitochondrial genes have been impli-
cated, especially the enzymes in the Krebs cycle, such as Succinate dehydrogenase 
and Isocitrate dehydrogenase [87, 88].

 Conclusion

Mitochondria have a crucial role in cellular metabolism and death. As a result, they 
play a major role in the process of aging. Overall, a loss in mitochondrial function 
is observed during the process of aging. One of the major causes has been attributed 
to ROS generation in mitochondria. However, mitochondria are not the only source 
of ROS in the cell. Several other organelles, like peroxisome, also generate ROS 
[89]. There are also several other factors, such as hormones, that play a role in the 
process of aging. An interesting question that intrigues scientists is to determine if 
the mitochondrial dysfunction is the cause or the consequence of aging. However, 
considering how the different pathways in the cell are intricately connected with 
each other, at present there is no definite understanding of what the chronology is. 
Interestingly, a longitudinal study in killifish suggests that the transcriptome of the 
long- and short-lived organism varies remarkably in early adult stage. This suggests 
that the favourable conditions for an extended lifespan are acquired in the early 
adult stage of killifish [90]. The study also shows that inhibition of complex I with 
small molecules leads to an increase in lifespan by revamping the transcriptome of 
the organism at an early stage, suggesting complex I as the regulator of lifespan.

Acknowledgements We would like to apologize to all the colleagues whom we could not cite due 
to space limitation. Fellowship to RB and financial support from UGC-RNRC, -DRS and DST- 
FIST, -PURSE to SLS & PCR are acknowledged.

References

 1. Karnkowska A, et  al. A eukaryote without a mitochondrial organelle. Curr Biol. 
2016;26(10):1274–84.

 2. Matthews KR. The developmental cell biology of Trypanosoma brucei. J Cell Sci. 2005;118(Pt 
2):283–90.

R. Banerjee and P. C. Rath



195

 3. Hoitzing H, Johnston IG, Jones NS.  What is the function of mitochondrial networks? 
A theoretical assessment of hypotheses and proposal for future research. BioEssays. 
2015;37(6):687–700.

 4. Gray MW. Mitochondrial evolution. Cold Spring Harb Perspect Biol. 2012;4(9):a011403.
 5. Gray MW, Burger G, Lang BF. The origin and early evolution of mitochondria. Genome Biol. 

2001;2(6):REVIEWS1018.
 6. Chen XJ, Butow RA. The organization and inheritance of the mitochondrial genome. Nat Rev 

Genet. 2005;6(11):815–25.
 7. Mokranjac D, Neupert W. Thirty years of protein translocation into mitochondria: unexpect-

edly complex and still puzzling. Biochim Biophys Acta. 2009;1793(1):33–41.
 8. Neupert W, Herrmann JM. Translocation of proteins into mitochondria. Annu Rev Biochem. 

2007;76:723–49.
 9. Bratic A, Larsson NG. The role of mitochondria in aging. J Clin Invest. 2013;123(3):951–7.
 10. Guarente L.  Mitochondria--a nexus for aging, calorie restriction, and sirtuins? Cell. 

2008;132(2):171–6.
 11. Sun N, Youle RJ, Finkel T. The mitochondrial basis of aging. Mol Cell. 2016;61(5):654–66.
 12. Chaban Y, Boekema EJ, Dudkina NV.  Structures of mitochondrial oxidative phosphory-

lation supercomplexes and mechanisms for their stabilisation. Biochim Biophys Acta. 
2014;1837(4):418–26.

 13. Sazanov LA. A giant molecular proton pump: structure and mechanism of respiratory complex 
I. Nat Rev Mol Cell Biol. 2015;16(6):375–88.

 14. van den Heuvel L, Smeitink J.  The oxidative phosphorylation (OXPHOS) system: nuclear 
genes and human genetic diseases. BioEssays. 2001;23(6):518–25.

 15. Cecchini G. Function and structure of complex II of the respiratory chain. Annu Rev Biochem. 
2003;72:77–109.

 16. Murphy MP. How mitochondria produce reactive oxygen species. Biochem J. 2009;417(1):1–13.
 17. Marchi S, et al. Mitochondria-ros crosstalk in the control of cell death and aging. J Signal 

Transduct. 2012;2012:329635.
 18. Harman D. Free radical theory of aging. Mutat Res. 1992;275(3–6):257–66.
 19. Costa V, Quintanilha A, Moradas-Ferreira P. Protein oxidation, repair mechanisms and prote-

olysis in Saccharomyces cerevisiae. IUBMB Life. 2007;59(4–5):293–8.
 20. Cabiscol E, et al. Oxidative stress promotes specific protein damage in Saccharomyces cerevi-

siae. J Biol Chem. 2000;275(35):27393–8.
 21. Mylonas C, Kouretas D. Lipid peroxidation and tissue damage. In Vivo. 1999;13(3):295–309.
 22. Boiteux S, Radicella JP. Base excision repair of 8-hydroxyguanine protects DNA from endog-

enous oxidative stress. Biochimie. 1999;81(1–2):59–67.
 23. Correia-Melo C, et al. Mitochondria are required for pro-ageing features of the senescent phe-

notype. EMBO J. 2016;35(7):724–42.
 24. Paul A, et al. Reduced mitochondrial SOD displays mortality characteristics reminiscent of 

natural aging. Mech Ageing Dev. 2007;128(11–12):706–16.
 25. Elchuri S, et al. CuZnSOD deficiency leads to persistent and widespread oxidative damage and 

hepatocarcinogenesis later in life. Oncogene. 2005;24(3):367–80.
 26. Wawryn J, et al. Deficiency in superoxide dismutases shortens life span of yeast cells. Acta 

Biochim Pol. 1999;46(2):249–53.
 27. Fusco D, et al. Effects of antioxidant supplementation on the aging process. Clin Interv Aging. 

2007;2(3):377–87.
 28. Ristow M, Schmeisser K. Mitohormesis: promoting health and lifespan by increased levels of 

reactive oxygen species (ROS). Dose Response. 2014;12(2):288–341.
 29. Finkel T. Signal transduction by reactive oxygen species. J Cell Biol. 2011;194(1):7–15.
 30. Finkel T. Signal transduction by mitochondrial oxidants. J Biol Chem. 2012;287(7):4434–40.
 31. Van Raamsdonk JM, Hekimi S. Deletion of the mitochondrial superoxide dismutase sod-2 

extends lifespan in Caenorhabditis elegans. PLoS Genet. 2009;5(2):e1000361.
 32. Schaar CE, et al. Mitochondrial and cytoplasmic ROS have opposing effects on lifespan. PLoS 

Genet. 2015;11(2):e1004972.

10 Mitochondria as a Key Player in Aging



196

 33. Alam TI, et  al. Human mitochondrial DNA is packaged with TFAM.  Nucleic Acids Res. 
2003;31(6):1640–5.

 34. Kukat C, et al. Cross-strand binding of TFAM to a single mtDNA molecule forms the mito-
chondrial nucleoid. Proc Natl Acad Sci U S A. 2015;112(36):11288–93.

 35. Diot A, Morten K, Poulton J. Mitophagy plays a central role in mitochondrial ageing. Mamm 
Genome. 2016;27(7–8):381–95.

 36. Trifunovic A, et al. Premature ageing in mice expressing defective mitochondrial DNA poly-
merase. Nature. 2004;429(6990):417–23.

 37. Ferguson LR, Baguley BC.  Induction of petite formation in Saccharomyces cerevisiae by 
experimental antitumour agents. Structure–activity relationships for 9-anilinoacridines. Mutat 
Res. 1981;90(4):411–23.

 38. Latorre-Pellicer A, et al. Mitochondrial and nuclear DNA matching shapes metabolism and 
healthy ageing. Nature. 2016;535(7613):561–5.

 39. Fang EF, et al. Nuclear DNA damage signalling to mitochondria in ageing. Nat Rev Mol Cell 
Biol. 2016;17(5):308–21.

 40. Giblin W, Skinner ME, Lombard DB. Sirtuins: guardians of mammalian healthspan. Trends 
Genet. 2014;30(7):271–86.

 41. Jasper H. Sirtuins: longevity focuses on NAD+. Nat Chem Biol. 2013;9(11):666–7.
 42. Ryu D, et al. NAD+ repletion improves muscle function in muscular dystrophy and counters 

global PARylation. Sci Transl Med. 2016;8(361):361ra139.
 43. Hershberger KA, Martin AS, Hirschey MD. Role of NAD+ and mitochondrial sirtuins in car-

diac and renal diseases. Nat Rev Nephrol. 2017;13:213.
 44. Walther DM, et  al. Widespread proteome remodeling and aggregation in aging C. elegans. 

Cell. 2015;161(4):919–32.
 45. Gariani K, et al. Eliciting the mitochondrial unfolded protein response by nicotinamide adenine 

dinucleotide repletion reverses fatty liver disease in mice. Hepatology. 2016;63(4):1190–204.
 46. Jovaisaite V, Mouchiroud L, Auwerx J. The mitochondrial unfolded protein response, a con-

served stress response pathway with implications in health and disease. J Exp Biol. 2014;217(Pt 
1):137–43.

 47. Mottis A, Jovaisaite V, Auwerx J. The mitochondrial unfolded protein response in mammalian 
physiology. Mamm Genome. 2014;25(9–10):424–33.

 48. Taylor RC, Dillin A. Aging as an event of proteostasis collapse. Cold Spring Harb Perspect 
Biol. 2011;3(5)

 49. Tissenbaum HA.  Using C. elegans for aging research. Invertebr Reprod Dev. 
2015;59(sup1):59–63.

 50. Hamilton B, et al. A systematic RNAi screen for longevity genes in C. elegans. Genes Dev. 
2005;19(13):1544–55.

 51. Lee SS, et al. A systematic RNAi screen identifies a critical role for mitochondria in C. elegans 
longevity. Nat Genet. 2003;33(1):40–8.

 52. Houtkooper RH, et al. Mitonuclear protein imbalance as a conserved longevity mechanism. 
Nature. 2013;497(7450):451–7.

 53. Moullan N, et al. Tetracyclines disturb mitochondrial function across eukaryotic models: a call 
for caution in biomedical research. Cell Rep. 2015;10:1681.

 54. Jensen MB, Jasper H. Mitochondrial proteostasis in the control of aging and longevity. Cell 
Metab. 2014;20(2):214–25.

 55. Pena S, et  al. The mitochondrial unfolded protein response protects against anoxia in 
Caenorhabditis elegans. PLoS One. 2016;11(7):e0159989.

 56. Pellegrino MW, Nargund AM, Haynes CM.  Signaling the mitochondrial unfolded protein 
response. Biochim Biophys Acta. 2013;1833(2):410–6.

 57. Tian Y, et al. Mitochondrial stress induces chromatin reorganization to promote longevity and 
UPR(mt). Cell. 2016;165(5):1197–208.

 58. Lin YF, et  al. Maintenance and propagation of a deleterious mitochondrial genome by the 
mitochondrial unfolded protein response. Nature. 2016;533(7603):416–9.

R. Banerjee and P. C. Rath



197

 59. Zhao Q, et  al. A mitochondrial specific stress response in mammalian cells. EMBO 
J. 2002;21(17):4411–9.

 60. Munch C, Harper JW. Mitochondrial unfolded protein response controls matrix pre-RNA pro-
cessing and translation. Nature. 2016;534(7609):710–3.

 61. Haynes CM, Ron D. The mitochondrial UPR – protecting organelle protein homeostasis. J 
Cell Sci. 2010;123(Pt 22):3849–55.

 62. Munkacsy E, et al. DLK-1, SEK-3 and PMK-3 are required for the life extension induced by 
mitochondrial bioenergetic disruption in C. elegans. PLoS Genet. 2016;12(7):e1006133.

 63. Westermann B.  Molecular machinery of mitochondrial fusion and fission. J Biol Chem. 
2008;283(20):13501–5.

 64. van der Bliek AM, Shen Q, Kawajiri S. Mechanisms of mitochondrial fission and fusion. Cold 
Spring Harb Perspect Biol. 2013;5(6)

 65. Chauhan A, Vera J, Wolkenhauer O. The systems biology of mitochondrial fission and fusion 
and implications for disease and aging. Biogerontology. 2014;15(1):1–12.

 66. Regmi SG, Rolland SG, Conradt B. Age-dependent changes in mitochondrial morphology and 
volume are not predictors of lifespan. Aging (Albany NY). 2014;6:118.

 67. Bernhardt D, et  al. Simultaneous impairment of mitochondrial fission and fusion reduces 
mitophagy and shortens replicative lifespan. Sci Rep. 2015;5(5):7885.

 68. Twig G, et al. Fission and selective fusion govern mitochondrial segregation and elimination 
by autophagy. EMBO J. 2008;27(2):433–46.

 69. McFaline-Figueroa JR, et  al. Mitochondrial quality control during inheritance is associ-
ated with lifespan and mother-daughter age asymmetry in budding yeast. Aging Cell. 
2011;10(5):885–95.

 70. Katajisto P, et al.. Stem cellsAsymmetric apportioning of aged mitochondria between daughter 
cells is required for stemness. Science. 2015;348(6232):340–3.

 71. Palikaras K, Lionaki E, Tavernarakis N. Coordination of mitophagy and mitochondrial biogen-
esis during ageing in C. elegans. Nature. 2015;521(7553):525–8.

 72. Jin SM, Youle RJ. PINK1- and Parkin-mediated mitophagy at a glance. J Cell Sci. 2012;125.
(Pt 4:795–9.

 73. Youle RJ, Narendra DP. Mechanisms of mitophagy. Nat Rev Mol Cell Biol. 2011;12(1):9–14.
 74. Kazlauskaite A, et al. Binding to serine 65-phosphorylated ubiquitin primes Parkin for optimal 

PINK1-dependent phosphorylation and activation. EMBO Rep. 2015;16(8):939–54.
 75. Kondapalli C, et  al. PINK1 is activated by mitochondrial membrane potential depolar-

ization and stimulates Parkin E3 ligase activity by phosphorylating Serine 65. Open Biol. 
2012;2(5):120080.

 76. Lazarou M, et al. The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitoph-
agy. Nature. 2015;524(7565):309–14.

 77. Salminen A, et al. Krebs cycle dysfunction shapes epigenetic landscape of chromatin: novel 
insights into mitochondrial regulation of aging process. Cell Signal. 2014;26(7):1598–603.

 78. Vafai SB, Mootha VK. Mitochondrial disorders as windows into an ancient organelle. Nature. 
2012;491(7424):374–83.

 79. Childers MK, et al. Gene therapy prolongs survival and restores function in murine and canine 
models of myotubular myopathy. Sci Transl Med. 2014;6(220):220ra10.

 80. Dowling JJ, et al. Oxidative stress and successful antioxidant treatment in models of RYR1- 
related myopathy. Brain. 2012;135(Pt 4):1115–27.

 81. Jain IH, et al. Hypoxia as a therapy for mitochondrial disease. Science. 2016;352(6281):54–61.
 82. Ruiz-Pesini E, et al. An enhanced MITOMAP with a global mtDNA mutational phylogeny. 

Nucleic Acids Res. 2007;35(Database issue):D823–8.
 83. Beck JS, Mufson EJ, Counts SE. Evidence for mitochondrial UPR gene activation in familial 

and sporadic Alzheimer’s disease. Curr Alzheimer Res. 2016;13(6):610–4.
 84. Liao C, et al. Dysregulated mitophagy and mitochondrial organization in optic atrophy due to 

OPA1 mutations. Neurology. 2017;88(2):131–42.
 85. Exner N, et al. Mitochondrial dysfunction in Parkinson’s disease: molecular mechanisms and 

pathophysiological consequences. EMBO J. 2012;31(14):3038–62.

10 Mitochondria as a Key Player in Aging



198

 86. Pfeffer G, Chinnery PF.  Diagnosis and treatment of mitochondrial myopathies. Ann Med. 
2013;45(1):4–16.

 87. Singh KK, et al. Mitochondrial DNA determines the cellular response to cancer therapeutic 
agents. Oncogene. 1999;18(48):6641–6.

 88. Wallace DC. Mitochondria and cancer. Nat Rev Cancer. 2012;12(10):685–98.
 89. Lismont C, et  al. Redox interplay between mitochondria and peroxisomes. Front Cell Dev 

Biol. 2015;(3):35.
 90. Baumgart M, et al. Longitudinal RNA-Seq analysis of vertebrate aging identifies mitochondrial 

complex I as a small-molecule-sensitive modifier of lifespan. Cell Syst. 2016;2(2):122–32.

R. Banerjee and P. C. Rath



199© Springer Nature Singapore Pte Ltd. 2020
P. C. Rath (ed.), Models, Molecules and Mechanisms in Biogerontology, 
https://doi.org/10.1007/978-981-32-9005-1_11

S. K. Goswami (*) 
School of Life Sciences, Jawaharlal Nehru University, New Delhi, India
e-mail: shyamal.goswami@gmail.com

11Aging, Free Radicals, and Reactive 
Oxygen Species: An Evolving Concept

Shyamal K. Goswami

 Aging: An Overview

Aging is a natural process resulting in sequential changes in the physiology of an 
organism with the progression of time. It is an irreversible process caused by the 
environmental factors, diseases and innate programming called the “aging process.” 
Aging enhances the chances of diseases and death [27]. As the quality of living in a 
particular population improves, the chances of death at an early age decrease. 
However, the aging population remains vulnerable to various debilitating diseases. 
Aging is thus a subject of intense research among the scientific community, policy 
makers, and health care professionals (Box 11.1).

Research on aging has been quite extensive and extended throughout the past 
century. However, with the progress of understanding the biology of metazoan 
organisms, the theories of aging has diversified and there is no universally accepted 
theory regarding the molecular and biochemical basis of aging. It is now believed 
that aging is caused by a number of factors which synergize with each other and 
such synergistic response increases with the progression of age.

Among various propositions on aging are (i) decreased immune responses fol-
lowed by increased inflammation (“inflammaging”, [13]); (ii) altered neuro- 
modulation of brain functions [39]; (iii) alterations in the supramolecular 
compositions and structure of hierarchies of the organisms as governed by the ther-
modynamic principles [15]; (iv) genetic programming [11]; a drift in developmental 
programming [16].

However, the most comprehensive and widely accepted theory involves the nodal 
role of reactive species which causes a decline in plasticity of the genome, reduced 
mitochondrial function, compromised bioenergetic control, improper food utiliza-
tion and metabolic homeostasis, decreased defense, and reproductive fidelity [32].
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 The “Free Radical Theory of Aging”: An Historical Perspective

The mechanisms of aging have been a subject interest for centuries [31, 40]. It is a 
manifestation of progressive accumulation of damaged cells, dysfunctional organs 
culminating to diseases and death. Although various theories of aging were pro-
posed since the late nineteenth century, a discretely revolutionary concept attribut-
ing free radicals in the aging process was proposed by the gerontologist Denham 
Harman in 1955 when he published a report entitled “Aging: A theory based on 
free radical and radiation chemistry” in the University of California Radiation 
Laboratory report. He then published a full-length article in the Journal of 
Gerontology elaborating on his hypothesis [17]. Although his hypothesis was 
highly accretive in nature, especially in those days, it was also a technical 

Box 11.1
Free radicals are atoms or a group of atoms with one or more unpaired 
electron(s) in their outermost orbit. Commonly occurring free radicals in bio-
logical system are superoxide (O2•-), nitric oxide (NO•), nitrogen dioxide 
(NO2•), hydroxyl- (OH•), hydroperoxyl (HO2•), and peroxyl (ROO•) radicals. 
Also, another group of molecules like hydrogen peroxide (H2O2), ozone (O3), 
singlet oxygen (1O2), hypochlorous acid (HOCl), nitrous acid (HNO2), per-
oxynitrite (ONOO−), dinitrogen trioxide (N2O3), and lipid peroxide (LOOH) 
are highly reactive oxidants but not free radicals per se and they can generate 
free radicals in the cellular environment upon interaction with heavy metal, 
etc. The free radicals and nonradical oxidants are collectively called reactive 
oxygen/nitrogen species. According to this classification, hydrogen peroxide 
is not a free radical, but a reactive species while super oxide is both free radi-
cal and reactive oxygen species. Reactive oxygen/nitrogen species are formed 
endogenously by natural biological processes (like the activation of NADPH 
oxidases and during electron transport through Complex I and III in the mito-
chondrial electron transport chain). They are also generated upon stimulation 
by external agents such as UV radiation, genotoxic agents, etc. Since these 
free radicals and reactive oxygen species are damaging to cellular macromol-
ecules like lipids, proteins and DNA, cells also have an extensive package of 
antioxidant molecules like vitamin E and C, and enzymes like glutathione 
peroxidase, thioredoxin peroxidase, etc. Cellular homeostasis is maintained 
by continuous generation of free radicals/reactive species and their immediate 
attenuation by the antioxidant system. In the past 20 years, extensive knowl-
edge has accumulated on the various mechanisms of free radical/ROS genera-
tion, their intracellular sources, antioxidant defenses, and the chemistry of 
oxidative damage caused by the free radicals and reactive species [43].
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challenge to prove or disprove it by experimentations (most of the present-day 
assays for free radicals and reactive species in biological samples were developed 
much later). In subsequent years, he substantiated his theory by extensive research 
on the role of free radicals in the life span and two age-related diseases, cancer, and 
atherosclerosis. Because of his extensive contribution to this area of research, he is 
considered as the “father of the free radical theory of aging” (https://en.wikipedia.
org/wiki/Denham_Harman). Following are some of the major findings reported by 
him in support of his hypothesis:

 1. Atherogenesis is caused by the oxidative polymerization of serum lipoproteins; 
anchoring of the oxidized materials in the arterial wall; and an inflammatory 
reaction induced in the arterial wall by these condensed products [18].

 2. Serum mercaptan level decreases with age (in this article, he formally sug-
gested the “Free radical theory of aging”) [19].

 3. Cancer and aging is caused by mutation induced by the free radicals [20].
 4. Antioxidants can extend the life span and prevent cancer [21].
 5. Serum copper level increases with aging [22].
 6. Antioxidants increase the life span of mice [23].
 7. Sustained oxygen consumption accumulates mitochondrial damage by the free 

radicals that ultimately cause death [24]. Based upon this study, more than 
20 years later “Mitochondrial theories of aging” was proposed by others [34].

 8. Enhanced level of lipid peroxidation adversely affects the CNS but does not 
increase the mortality rate. In this study, Harman showed the correlation 
between the degeneration of brain, an age-related disorder, with free radicals 
[28].

 9. Antioxidants enhance the immune responses in mice, thus correlating the age, 
immune deficiency, and the free radicals [29].

 10. The level of free radical–generating reactions increases with age, and the life 
span can be increased by 5–10 or more years by minimizing free radical reac-
tions through lifestyle and diet control [25].

Also, in 1969, the discovery of superoxide dismutase (SOD) by McCord and 
Fridovich gave a major boost to the “Free radical theory of aging” [45]. It was gen-
erally accepted that since the free radicals are deleterious for health, nature has 
adopted SOD to destroy them.

More than 25 years after proposing the association between free radicals and 
aging, in 1984, Harman proposed the “Free radical theory of diseases” [26]. He 
hypothesized that free radicals cause damages that accumulate with age and it is 
common to all. However, due to genetic and environmental factors, patterns of 
changes differ from individual to individual. He thus perceived aging as a disease, 
although aging process is universal. Accordingly, he proposed that the chances of 
developing of age-related diseases can be reduced by lowering the level of free radi-
cals by calorie restriction and antioxidants.
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 Emergence of the “Oxidative Stress Theory of Aging”

In 1970s and 1980s , while Harman was revising his “Free radical theory of aging” 
to “Free radical theory of diseases,” it was becoming more and more evident that 
aging is also associated with the accumulation of oxidized DNA, lipids, and pro-
teins. In certain age-related diseases like Parkinson’s, cataract, cancer, and athero-
sclerosis; oxidative damages are extensive. Such observations thus led to the 
“Oxidative stress theory of aging,” which hypothesized that the oxidation of cellular 
components contributes to the aging process (it is thus a variant of the “Free-radical 
theory of aging”). In agreement to this hypothesis, P. L. Larsen in 1996 demon-
strated that mutation in two genes in C. elegans that increases the life span of the 
worm also increases the level of the antioxidant enzymes superoxide dismutase and 
catalase [38]. Later, Lithgow and coworkers demonstrated that the life span of C. 
elegans is also extended by the mimetic for superoxide dismutase and catalase [48]. 
In subsequent years, several other age-related parameters also emerged, and were 
incorporated into the Oxidative stress theory of aging. Some of those major hypoth-
eses are given below.

 1. In 1990, Bandy and Davison suggested that with aging, the mitochondrial DNA 
is damaged by the free radicals and oxidants generated in the mitochondria 
which in turn further increases the generation of oxidants and free radicals by 
mitochondria; accelerating the aging process [3].

 2. In 1991, Pacifici and Davies proposed that with aging, levels of enzymes involved 
in repairing of oxidized biomolecules decline, contributing to the aging process 
[51].

 3. In 2001, A. Terman proposed the “Garbage catastrophe theory of aging” which 
suggested that aging occurs due to the imperfect clearance of oxidatively dam-
aged indigestible materials (e.g., lipofuscin pigment) [63]. This hypothesis was 
later revised as “The mitochondrial–lysosomal axis theory of aging,” which pro-
posed that with aging, due to the accumulation of lipofuscin, lysosomal function 
is impaired, that affects mitochondrial recycling. Aged cells thus unable to 
remove the oxidatively damaged mitochondria. Such damaged nonfunctional 
mitochondria gradually displace the normal ones and cumulative mitochondrial 
and lysosomal damage causes death of postmitotic cells [5].

 Questioning the “Oxidative Stress Theory of Aging”

As described above, the “Free radical/Oxidative stress theory of aging” had a wide 
acceptance for about 4 decades since proposition in mid-1950s. Its acceptability 
was further consolidated by the genetic studies in model organisms like Drosophila 
and C. elegans [61, 62]. However, discrepancies in the hypothesis also emerged 
with more and more studies with these organisms. One such study was the demon-
stration that enhancing superoxide dismutase activity by its mimetic did not increase 
the life span of C. elegans [36]. The most incriminating evidences against this 
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theory came from studies with transgenic and knockout mice. A comprehensive 
study by Arlan Richardson and coworkers on the effects of over- or underexpression 
of 18 genes encoding various antioxidant enzymes in mice showed that except one, 
that is, the superoxide dismutase gene, others had no effect on the life span [54]. In 
another study, it was demonstrated that the premature aging observed in mitochon-
drial DNA mutator mice was not due to oxidative stress but due to the respiratory 
chain dysfunction [65].

 Signaling by Reactive Oxygen Species: A Paradigm Shift

During 1990s, while the tenability “Free radical theory of aging” was being ques-
tioned, a new concept on the role of reactive oxygen species in cellular physiology 
also emerged. It became apparent that reactive oxygen species are not necessarily 
deleterious to the cells and under certain circumstances, especially when generated 
in limited amount, they might have important regulatory functions. A seminal dis-
covery in this regard was the observation that when human carcinoma cells treated 
with the epidermal growth factor (EGF), hydrogen peroxide is generated that inhib-
its protein tyrosine phosphatase activity, sustaining the tyrosine kinase signaling 
[2]. Another major discovery highlighting the role of ROS in cellular function was 
the presence of NADPH oxidases in nonphagocytic cells. NADPH oxidases are the 
multi-subunit enzymes involved in the generation of superoxide from molecular 
oxygen and NADPH.  When it was first discovered in phagocytic cells, it was 
believed that the generation of superoxide is a highly specialized strategy to use 
ROS as the bactericidal agent. However, with the discovery of its isoforms in vari-
ous other tissues led to the hypothesis that these enzymes are in fact the generator 
of superoxide (and hydrogen peroxide) for signaling purposes [58].

In the past 20 years, it became amply evident that they also play a role in normal 
physiological functions like cell growth, differentiation, embryonic development, 
angiogenesis, etc. It is now established that like kinases, reactive oxygen species 
can also covalently modify selective cysteine residues of various proteins, regulat-
ing their functions. In accordance, a concept of redox signaling had emerged in the 
past decade [60].

Under physiological conditions, any molecule mediating signal transduction 
must have substrate specificity and modifications induced by them on their targets 
should be reversible. Physiological oxidants like super oxide (O2•-) and hydrogen 
peroxide (H2O2) have moderate oxidation potential and generally cause reversible 
modifications of cysteine residues eliciting specific biological responses (Box 11.2). 
On the other hand, certain highly reactive species, namely, hydroxyl- (OH•), hydro-
peroxyl- (HO2•), and peroxyl- (ROO•) radicals, hypochlorous acid (HOCl) and per-
oxynitrite (ONOO–), etc., oxidize proteins and other biomolecules without 
specificity or preference. Oxidative modifications induced by these highly reactive 
species are irreversible, unlikely to have signaling functions. Besides cysteine, other 
amino acids like methionine, tryptophan, and tyrosine often undergo such irrevers-
ible oxidation under highly oxidizing environment, resulting in the loss of functions 
and diseases [42].
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Numerous proteins contain cysteine residues that are highly conserved across 
species, suggesting functions related to oxidative signaling (and metal coordina-
tion). Quite often, they participate in metal ion coordination and are the targets of 
redox signaling as well (as in the case of nitric oxide-soluble guanylate cyclase 
signaling). There are several ways oxidative modification of a single cysteine (SOH) 
can affect the structure–function of a protein. While a protein can have many cyste-
ine residues, few, especially those in the thiolate form (C–S–H) are capable of medi-
ating redox signals. The pKa value of cysteines depends on the charge distribution 
of its adjacent amino acids in the 3D conformation of the target protein. Susceptibility 
to oxidative modification is governed by the concentration and reactivity of indi-
vidual oxidants as well as the pKa of a cysteine thiol. Oxidative modifications of 

Box 11.2
Signaling by hydrogen peroxide selective cysteine oxidation. Hydrogen per-
oxide oxidizes cysteine thiols having lower pKa (~6.4, thus in the thiolate 
form) to sulfenic acid (RSOH). Sulfenic acid can react with the neighboring 
cysteine residues forming an intra- or intermolecular disulfide bond. It can 
also react with the reduced glutathione pool (S-glutathionylation) to form a 
mixed disulfide. These cysteine oxidations generally lead to altered biological 
activities of the target proteins. Oxidized cysteine residues are subsequently 
reduced thioredoxin and glutaredoxin, thus attenuating the redox signal. 
Hydrogen peroxide, especially when in higher concentrations, can also oxi-
dize the cysteine residue sulfinic (RSOOH) and sulfonic (RSO3H) acids. The 
sulfinic acid residue can be reduced by another enzyme called sulfiredoxins 
(Srx). However, sulfonic acid formation is generally irreversible, nonspecific, 
and generally found in diseased tissue under oxidative stress [71]. 
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cysteines have been demonstrated in numerous proteins and its effects on the func-
tions of a few have also been studied in details. Cysteine thiols thus serve as molec-
ular switches, processing different redox-based signals into distinct functional 
responses [12, 70].

 Role of Signaling by ROS in Aging Process

Although the intracellular sources of ROS and the mechanisms of ROS-mediated 
signaling are now well understood [55], our knowledge of the role of redox signal-
ing in the aging process per se is quite limiting [8]. Since aging involves complex 
interactions between cellular and organismal processes, genetic tools have been 
used for delineating the role of ROS-mediated signaling in regulating the life span 
in organisms like yeast, C. elegans, Drosophila, and mice.

Calorie restriction (CR) decreases the level of oxidative stress and increases the 
life span in these organisms. It is thus used as an experimental model to study the 
role of oxidants in aging. In S. cerevisiae, two antioxidant proteins peroxiredoxin 
(Tsa1) and sulfiredoxin (Srx1) are required for the extension of replicative life span 
under CR. Under normal availability of nutrients, hydrogen peroxide is generated 
that inactivates Tsa1 by hyperoxidation of its catalytic Cys residues to sulfonic acid, 
accelerating the aging process. Under CR, expression of Srx1 is induced that reduces 
the sulfonic acid of Tsr1, restoring the function of Tsa1, decelerating the aging pro-
cess. It has now been established that apart from being an antioxidant protein that 
decomposes hydrogen peroxide (Box 11.3), peroxiredoxin also acts as a sensor for 
hydrogen peroxide, regulating its intracellular flux [64]. However, the biochemical 
mechanisms of acceleration of aging process by the peroxiredoxin-sulfiredoxin sys-
tem under normal nutritional condition and the extension of life span under CR is 
yet to be deciphered. Since peroxiredoxins are conserved in evolution, it is likely 
that they also contribute to the extension of life span under CR in higher eukaryotes. 
Caloric restriction in S. cerevisiae also reduces the target of rapamycin (TOR) sig-
naling and upregulate the mitochondrial functions through “mitohormesis” (Box 
11.4) that decelerates the aging process through ROS signaling. However, specific 
signaling pathways and the downstream effectors that are activated by CR-induced 
ROS production remain to be identified [52]. In S. pombe, low-glucose media 
reduces the signaling by TOR and protein kinase A (PKA), increases the generation 

Box 11.3
Peroxiredoxin reduces hydrogen peroxide to water and in the process gets 
oxidized to sulfenic acid at the catalytic cysteine residue. Thioredoxin then 
regenerates it by the reduction of the oxidized cysteine. When it is hyperoxi-
dized to sulfinic and sulfonic acids, thioredoxin cannot reduce those. However, 
another enzyme sulfiredoxin has the capacity to reduce the sulfinic and sul-
fonic acids to cysteine (see Box 11.2 for the details).
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of ROS and extends the chronological life span. Mitogen-activated protein kinase 
Sty1 is involved in this process [73]. So, as in other instances of regulation of cel-
lular processes by ROS through the kinase network [57], it is likely that regulation 
of life span by ROS also involves the kinases activated by stimuli like CR and insu-
lin. However, how kinase signaling cross-talk to the ROS signaling has to be mecha-
nistically dissected [72].

In a recent study, it has been demonstrated that muscle mitochondrial injury in 
Drosophila impedes the age-dependent deterioration of muscle function and pro-
longs the life span. Further analysis suggested that mitochondrial ROS-dependent 
induction of genes regulating the mitochondrial unfolded protein response, insulin- 
like growth factor signaling, and mitophagy are involved in the process [50]. In 
another study, redox-proteomics were done for the cysteine residues in Drosophila 
during aging and fasting. It showed that the cysteine residues oxidized in the young 
flies did not become more oxidized with age. Also, fasting for 24 hours oxidized 
some of the cysteine residues that were in the reduced state under fed conditions, 
while few others which were oxidized under fed conditions were reduced by the 
fasting [49].

Genetic studies on C. elegans have also shed some light on the role of ROS signal-
ing in aging. SOD and catalase are the two major (and well-investigated) antioxidant 
enzymes that are highly conserved in evolution. SOD reduces O2

•− to H2O2 and cata-
lase decomposes it to water and molecular oxygen. There are five sod genes in C. 
elegans, encoding for two mitochondrial (sod-2 and sod-3); two cytosolic (sod-1 and 
sod-5); and one extracellular (sod-4) enzymes. Also, C. elegans have three different 
catalases encoded by ctl-1, ctl-2, and ctl-3 genes. According to the original postula-
tions of the “Free radical theory of aging,” deletion of genes encoding SOD or cata-
lase would increase the level of ROS, resulting in decrease in life span. In contrast, 
overexpression of SOD and catalase would reduce the oxidative stress and extend the 
life span. In agreement, deletion of either mitochondrial or cytosolic sod genes in 
Drosophila (it has only two SOD encoding genes) shortens the life span [53]. 
Interestingly, deletion of individual sod genes in C. elegans not only failed to decrease 
the life span; rather deletion of sod-2 even extended the life span along with increased 

Box 11.4
While at a higher level ROS is detrimental to cellular function, when gener-
ated at a low concentration at a specific cellular location it also can act as 
signaling molecules. ROS generated in the mitochondria elicit various physi-
ological responses including the extension of life span. Such beneficial 
response by a potentially harmful molecule at a lower concentration is named 
“hormesis” [7]. When the hermetic effect emanates from the ROS generated 
in the mitochondria, it is termed “mitochondrial hormesis” or “mitohormesis” 
[56]. A recent study has further extended this concept by showing that various 
organelle–organelle and organelle–cytosol communications regulate the 
chronological aging of S. cerevisiae through this mechanism [10].
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levels of oxidative damage, strongly suggesting that (i) ROS toxicity does not play a 
major role in the reduction of life span and (ii) Increase in life span by ROS is pre-
sumably mediated by the redox signaling, and it is functionally separable from the 
deleterious effects of ROS. Further, worms devoid of two or three sod genes also 
lived as long as wild-type worms [66]. Therefore, ROS signaling rather than oxida-
tive stress might be the nodal determining factor in the aging of this organism. Also, 
despite the fact that the mechanism of aging is likely to be conserved in evolution, 
subtle difference might exist between the pathways operating in Drosophila and C. 
elegans. More evidences favoring the role of ROS signaling in determining the life 
span in C. elegans also came from studies with the worms overexpressing sod-1 and 
sod-2 genes. Increased expression of both the proteins also enhanced the life span of 
the worm, but that of SOD-1 did not reduce the levels of lipid oxidation or glycation 
and rather increased the level of oxidized proteins [6]. Noticeably, increased level of 
SOD-1 also increased the steady-state level of H2O2, suggesting its role in delaying 
the aging process. However, simultaneous coexpression of catalase did not abrogate 
the life-span extension effect of sod-1. Since redox signaling is a compartmentalized 
process occurring in the cellular microdomain, it might be necessary to see whether 
catalase indeed neutralizes the H2O2 signaling [35].

Mitochondrial functions have long been associated with the aging process. The 
operational hypothesis is, sustained energy generation by mitochondria leads to the 
concurrent generation of ROS that damages the mitochondrial DNA and proteins; 
further affecting its function that leads to the generation of more ROS, accelerating 
the aging process. Various mitochondrial mutants of C. elegans have thus been stud-
ied for correlating the mitochondrial function, level of ROS generation and aging. 
In a seminal study, Hekimi and coworkers demonstrated that two such partial loss- 
of- function mutants namely, nuo-6 (encodes a subunit of complex I) and isp-1 
(encodes an iron sulfur protein of complex III), have decreased electron transport 
and increased longevity. These mutants have a lower level of total ROS but a higher 
level of superoxide, suggesting its role in extending the life span through redox 
signaling [69]. Further, study with a number of other mutants also suggested that the 
pathway responsible for extending the life span in isp-1 and nuo-1 mutants through 
mitochondrial superoxide is different from those induced by insulin signaling, calo-
rie restriction, hypoxia, and hormesis [56]. Another mutant clk-1 (encoding a 
hydroxylase involved in the synthesis of coenzyme Q) has longer life span than their 
normal counterpart [37]. These worms have reduced rates of electron transport and 
oxidative phosphorylation, decreased levels of protein carbonylation and lipofuscin 
accumulation, the two prominent markers of oxidative stress [67, 68]. Upon dele-
tion of superoxide dismutase (sod) genes in clk-1 background, it was found that 
only the deletion of sod-2 (primary mitochondrial SOD) resulted in further increase 
in the life span. On the contrary, deletion of either of the two genes for the cytoplas-
mic SOD, that is, sod-1 and sod-5, significantly reduced the life span of the clk-1 
worms. Further, increasing the superoxide level through the treatment with paraquat 
boosted the life span in clk-1-sod-1 double mutants. These results strongly suggest 
a compartment specific role of superoxide signaling in determining the life span of 
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the clk-1 worms. While cytoplasmic superoxide has a detrimental effect on the life 
span of the organism, its elevation in the mitochondria increases its life span [59].

The complexity of the ROS signaling in the aging process is further evident from 
the fact that treatment with paraquat increases the already extended life span of the 
clk-1mutant, but not of two other long-living mitochondrial mutants viz., isp-1 and 
nuo-6 [59].

Evidences in support of ROS signaling in the determination of life span in worms 
also came from the observation that when C. elegans are treated with a lower dose 
of paraquat, a compound that generates superoxide, its life span is extended [69]. 
Taken together, it appears that the regulation of life span in C. elegans by the oxi-
dants is biphasic in nature. While at a lower dose, ROS elicits prosurvival signaling; 
at an increased level, it induces toxicity. Therefore, it is imperative that the role of 
ROS in aging and age-related diseases is far more nuanced than the original propo-
sition that a unidirectional increase in the level of oxidants indiscriminately damage 
of macromolecules causing diseases and aging.

As it is evident from the studies with the model organisms like yeast, Drosophila 
and C. elegans, signaling by ROS plays a key role in physiological aging. When this 
homeostatic regulation fails, oxidative stress sets in, followed by the acceleration of 
aging and related disorders. Though it is expected that aging in higher metazoans 
like human and mice follow the same pathways, due to the complexity of their 
physiology, the mechanistic insights in general and the role of ROS in particular is 
largely obscure. In case of higher organisms, intracellular ROS generating organ-
elles like mitochondria, peroxisome, and the endoplasmic reticulum are differently 
regulated in different tissues. Also, there are several ROS-generating enzymes like 
NADPH oxidases, cyclooxygenases, lipooxygenases, etc. in various tissues that are 
differentially modulated by the physiological stimuli. ROS generated from these 
organelles and enzymes regulates the intracellular signaling network of kinases, 
phosphatases, ion channels, transporters, etc., which then target the downstream 
gene regulatory modules of transcription factors and epigenetic regulators [1]. Any 
perturbation in such huge regulatory network either locally (cellular level) or glob-
ally (organismal level), would disturb the ROS homeostasis or vice versa [30]. 
Although the details of these networks in age-related diseases like cancer, 
Parkinson’s, etc. are fast emerging [14], better understanding is needed to extrapo-
late this information to the aging process. Nevertheless, as per the present day 
knowledge, certain transcription factor like Nrf2, which elicits antioxidant 
responses, play a crucial role in the aging process. Nrf2 knockout mice have reduced 
protection against cancer under calorie restriction, suggesting that Nrf2 mediates 
the beneficial effects of calorie restriction on the carcinogenesis [44]. The sirtuins 
are a conserved family of protein deacylases of which the founding member SIR2 
was first shown to extend the life span in S. cerevisiae [33]. There are seven mam-
malian orthologs named SIRT1–7 of which SIRT3, 4 and 5 are localized in the 
mitochondria. These mitochondrial proteins regulate almost each and every aspect 
of mitochondrial functions. As an example, SIRT3 has been shown to regulate mito-
chondrial reactive oxygen species homeostasis, ATP production, mitophagy, oxida-
tion of metabolites, etc. SIRT3 knockout mice shows accelerated aging in association 
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with various old age diseases like cancer, metabolic syndrome, neurodegenerative, 
and cardiovascular diseases [46]. The nuclear-localized SIRT1 also contributes to 
the extension of life span induced by CR.  SIRT1 knockout mice do not have 
increased life span under CR and have decreased physical activity found in under 
CR [4]. Taken together, although the role of various ROS responsive pathways in 
increasing or decreasing life span in mammals have to be dissected, available infor-
mation till date suggests a highly nuanced role these regulatory molecules as the 
major determinant of the aging process.

 Concluding Remarks

Since the late nineteenth century, more than 300 theories have been put forward to 
explain the aging process, but none has been able to explain it well enough to be 
accepted universally [47]. This is not unusual, as there is not even a consensus on 
what aging is all about. Physiological aging involves structural wear and tear, tissue 
and organ degeneration, cellular senescence, and reduced activity at the organismal 
level. Aging process is thus likely to be multifactorial [41, 47]. Another major issue 
is the presumption that the mechanisms of aging are similar in all organisms and the 
same for a particular species. As an example, naked mole-rats live for more than 30 
years despite having poor defense against oxidative damage comparable to that of 
mice which have much shorter life span. Even the aging phenotype in a single spe-
cies is highly heterogeneous in terms of afflicting diseases, affected organs, molecu-
lar signatures, etc. So, the research on the mechanisms of aging at the cellular level 
may or may not fully reflect it at the organismal level. Thus, a better understanding 
of aging will need further investigations in the model organisms and then judi-
ciously extrapolating the knowledge to others within the robust framework of biol-
ogy and physiology [9].

In this context, the “Free radical theory of aging” as originally proposed, was 
definitely ahead of its time. Despite its ambiguities, especially at the later days, it 
has made an enormous contribution in understanding the aging process per se. It has 
motivated a large number of researchers to investigate the biochemical, physiologi-
cal, and molecular basis of the aging process, generating a voluminous data. The 
late emergence of the role of ROS signaling is a paradigm shift from the original 
concept. It is thus expected that in coming years, this also will further expand the 
horizon of our understanding of the biochemical basis of aging.
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12Stem Cells and Aging

Jitendra Kumar Chaudhary and Pramod C. Rath

 Introduction

Aging is the most important risk factor for various human pathologies, yet it is quite 
challenging to study owing to its multidimensional, multifactorial, and pervasive 
nature, affecting the entire organ systems of the body. The process of aging is driven 
by progressive loss of physiological, biochemical, and molecular integrity, leading 
to various diseases such as cardio-cerebro vascular and metabolic disorders, neuro-
degenerative diseases, diabetes, cancer, and eventual death [1]. The underlying 
causes include accumulation of subtle, irreversible cellular and molecular changes 
over an individual’s lifespan, leading to progressive decline in the intrinsic regen-
erative and homeostatic potential. Such degenerative changes coupled with homeo-
static alteration lead to stem cell exhaustion, genetic instability, cellular senescence, 
altered cellular communication, mitochondrial dysfunction, telomere attrition, mul-
tiple epigenome and transcriptome changes, loss of proteostasis, and deregulated 
nutrient sensing, among others [2]. However, the most important attributable factors 
among them are age-dependent changes and decline in tissue-/organ-specific stem 
cells. Such decline in stem cell population either precedes or followed by deteriora-
tion in niches surrounding them along with functional molecular cues that regulate 
their various biological activities. Repertoire of stem cells present in various organs 
steadily decline due to replicative aging that is preceded by global metabolic dete-
rioration resulting from patho-physiological conditions which is, in turn, driven by 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-32-9005-1_12&domain=pdf
https://doi.org/10.1007/978-981-32-9005-1_12#ESM
mailto:jnujitendra@gmail.com
mailto:pcrath@mail.jnu.ac.in


214

aging process. Stem cells serve as cellular backup of various organs, continuously 
renewing them by supplying new daughter cells and requisite set of cytokines and 
growth factors required for regeneration and repair of tissues/organs so as to keep 
them integrated and functional throughout life span (Fig. 12.1). However, with the 
passage of time, stem cells also start showing multiple signs of replicative senes-
cence and metabolic slowdown, thereby compromising on self-renewal and prolif-
eration, cutting down the supply of new cells/secretory molecules and growth 
factors to the organs. These age-associated progressively deteriorating changes 
deprive the organ-specific niches/microenvironment of functional growth and mol-
ecules needed for mutually concerted functioning between stem cells and their 
respective organs [3]. The steady loss in the regenerative potential during aging is 
primarily attributed to telomere shortening/attrition, which flirts with the commit-
ment of stem and non-stem cells [4], decrease in the ratio of DNA repair to damage, 
low level of ATP production owing to reactive oxygen species-induced (ROS) mito-
chondrial DNA damage, accumulation of damaged proteins and dysfunctional 

Fig. 12.1 Major locations of stem cells. Stem cells are located in almost every organs, including 
the brain, heart, lungs, liver, pancreas, major bones, and kidney, and help them remain functionally 
integrated and working throughout an individual’s life. However, their associated functioning dete-
riorates as a function of aging, leading to physiological decline and onset of age-associated 
pathologies
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organelles, epigenetic and epitranscriptomic modifications, and consequent deregu-
lated gene and protein expression, among others. The aforementioned biological 
changes affect stem cells as well as non-stem cell population on several accounts, 
which together contributes to development of age-related pathologies, and hence 
drive organismal aging. Such scientific correlation between stem cells and aging has 
been quite significant in developing our understanding to a certain extent, and hence 
becomes even more important to look at the multidimensional and multifactorial 
aging process from the stem cells perspective, which will be helpful in improving 
health span of organisms, including human beings. Considering all the findings in 
an integrated and holistic way would certainly help the ever-expanding aging soci-
ety and address the issues regarding increase in age-related psychosomatic health 
problems confronting the human society worldwide.

 Hallmarks of Stem Cell and Organismal Aging

Aging is associated with subtle but steady decline in organs’ functions and structure 
at both microscopic and macroscopic levels, and hence substantially increases the 
risk factors for developing age-associated illness and diseases. The major underly-
ing causes for such deterioration include stem cell exhaustion, genetic instability, 
cellular senescence, altered intercellular communication, telomere attrition, epigen-
etic and transcriptomic changes, mitochondrial dysfunction, immunosenescence, 
and loss of proteostasis (Fig. 12.2).

 Stem Cell Pool, Self-Renewal, Quiescence, Terminal 
Differentiation, and Aging

Stem cells are very dynamic in nature, which helps them fulfill the growth, mainte-
nance and regeneration demands of aging tissues undergoing slow but steady 
molecular, functional, and structural changes over an individual’s lifetime. For 
instance, they divide very fast during fetal development so as to keep pace with tis-
sue growth and development within evolutionary-allowed developmental time- 
frame. But this rapid cellular proliferation slows down considerably by stage of 
young adulthood, and later on variably ceases in mature mammalian tissues as they 
undergo quiescence, with intermittent division to maintain tissue homeostasis. In 
old adults, stem cells show enhanced tumor suppressor expression, possibly to avert 
tumorogenesis at the expense of tissue’s intrinsic regeneration potential. With the 
advance in age, tissue repertoire of stem cells starts declining due to intrinsic and 
extrinsic factor-induced cellular exhaustion. Stem cell exhaustion is usually found 
to be age-dependent that is induced either by slow decline in self-renewal ability 
with age or progressive changes in the niches surrounding the pool of functional 
stem cells in various tissues. There have been various comprehensive studies show-
ing age-dependent perturbed cell cycle regulation and depletion in stem cell abun-
dance in a range of tissues, including muscles, brain, germline, liver, bone marrow, 
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adipose tissues, etc. For instance, aged human brains have been found to possess 
significantly lower number, yet functional, of neuronal progenitor cells compared to 
young brains [5]. In addition, aged humans have lesser neurogenesis, but higher 
gliogenesis as opposed to their younger counterparts. However, there are few excep-
tions to the age-dependent decline of stem cells. For example, hematopoietic stem 
cell (HSC) populations have actually been found to increase in both number and 
frequency in aged mice, albeit, with reduced cell division and cell cycle progres-
sion, and higher accumulation of damaged cell cycle regulators such as p18 and p21 
[6]. Furthermore, there has been empirical evidence suggesting subtle decrease in 
functionality of HSCs with each round of cell division [7], which may be further 
compounded by aging-associated DNA defects and resultant chromosomal lesions 
[8]. Apart from age-dependent decline in self-renewal ability, other underlying 
mechanisms may involve terminal differentiation, apoptosis, quiescence, differen-
tial niche-based selection pressure, and senescence of stem cells [9]. HSCs show 
age-dependent quiescence which, on the one hand, protects it from functional 
exhaustion and accumulation of damaged DNA and, on the other, promotes persis-
tence of mutations as it allows the survival of cells with defective DNA. Surprisingly, 
cell cycle entry of damaged HSCs has been found to either help in DNA repair or 
getting the body rid of damaged and nonfunctional HSCs [10, 11]. Therefore, a 
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Fig. 12.2 Major hallmarks of aging. The diagram shows major hallmarks of aging, including 
exhaustion of stem cells, cellular senescence, genetic instability, epigenetic alterations, loss of 
proteostasis, mitochondrial dysfunctions, telomere attrition, metabolic stress, and reactive oxygen 
species (ROS)-induced changes
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precise balance between cell division and quiescence is of utmost importance for 
the proper functioning and maintenance of hematopoietic tissues in order to support 
hematopoiesis. Hematopoiesis depends on multiple intrinsic and extrinsic regula-
tory factors which, in turn, are being prevailed over by various pathophysiological 
parameters, including stress, immunity, and aging. For instance, under homeostatic 
conditions, hematopoiesis is usually maintained by short-term HSCs, also known as 
early hematopoietic progenitor cells (HPCs), while the same switches to long-term 
HSCs in response to stress [12]. Similarly, aged niche imposes differential selection 
pressure on various types of HPCs, favoring the monoclonality at the expense of 
natural polyclonality, which might be one of the underlying causes for higher inci-
dence of age-associated blood-related diseases such as leukemia [13]. Besides, 
hematopoietic stem or progenitor cells (HSPCs) undergo age-dependent genetic 
alterations, including base-pair mutation, deletion, duplication, and other poten-
tially harmful chromosomal anomalies. Aging-induced accumulation of unresolved 
DNA damage triggers the cell-intrinsic aged phenotype. For instance, humans under 
the age of 50 years show low frequency (0.2%–0.5%) of such chromosomal lesion, 
which drastically increases up to 2%–2.5% by the age of 80 years. Therefore, indi-
viduals over the age of 70–80 years have relatively higher risk of developing hema-
topoietic cancer [14]. In general, with advance in age, HSCs acquire lymphoid to 
myeloid lineage bias, reduced regenerative potential, and a dominant expansion of 
myeloid clones toward malignancies (Fig. 12.3).

Aging tends to variably destabilize the genomic integrity of almost all types of 
somatic and stem/progenitor cells irrespective of their location and functional spe-
cialization. Several comprehensive studies have shed light on how the parental age 
affects the offsprings, and their likelihood of developing genetic diseases quite early 
in the life. Spermatogonial stem cells or germline stem cells in aged male tend to 
have multiple molecular and genetic alterations which confer partisan advantage to 
mutant cells over their nonmutant counterparts. For example, mutations in Ras path-
way cause one of parental age effect (PAE) diseases in the offspring. In Drosophila, 
there is age-dependent increase in frequency of stem cells with misaligned centro-
some, contrary to centrosome orientation checkpoint, preventing such cells from 
division, and hence consequent decrease in sperm production. This leads to “self-
ish” proliferation and exponential increase of mutant spermatogonial cells over neu-
tral mutation-carrying spermatogonial stem cells in the testes of aging men [15], 
which may have huge impact on the genetic make of the offspring and fertility.

Aging, slowly but steadily, tilts the balance between growth and atrophy in skel-
etal muscles that is empirically attributed to age-dependent loss of skeletal/muscle 
stem cells (SMSCs). Both young and adult maintain differential proportion of mus-
cle stem cells with elder having less proportion owing to prevalence of lower asym-
metric division. During muscle growth and development, the muscle precursor cells 
fuse with pre-formed muscle fibers, resulting into generation of new muscles and 
correspondingly increased muscle mass. Post-natal muscle development is followed 
by slow myonuclear turnover at around 15 years during adulthood. Human myo-
blast quiescence results from age-induced methylation-based alteration in sprouty 1 
pathway, impairing the self-renewal potential of aged muscle stem cells. Moreover, 
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cellular senescence coupled with apoptosis has been proposed to be underlying 
mechanisms for age-based muscle stem cell loss as evidenced by higher susceptibil-
ity of aged murine muscle stem cells to in vitro apoptosis. Moreover, aged muscle 
stem cells tend to show considerably higher expression of myogenic differentiation 
markers such as Pitx2, MYH3, and MYL1, on the one hand, while having down-
regulation of sprouty1 and Pax7, markers of quiescent fate, on the other. Elderly 
muscle stem cells also possess inability to return to quiescence due to DNA 
methylation- induced suppression of quiescence pathways. Therefore, decreased 
asymmetric division/self-renewal in conjunction with higher likelihood of terminal 
myogenic differentiation may result into loss of reserved muscle stem cell pool in 
elderly and aged individuals [16]. Besides, there is an age-dependent changes in 
muscle stem cell niche which cause decline in their self-renewing ability due to 
excess proliferation in subset of satellite cells. For example, aged muscle stem cell 
niche, consisting of muscle fibers, expresses Fgf2, making subset of satellite cells, 
break quiescence, undergo proliferation-led depletion, and hence loss in long-term 
regeneration potential, whereas relatively dormant satellite cells have robust expres-
sion of Spry1, and that is why they do not undergo depletion, would persist even in 

Age-related Changes
in Stem Cells

Fig. 12.3 Age-related changes in various stem cell populations. Aging has adverse effects on vari-
ous functions of stem cells such as self-renewal, proliferation and differentiation
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aged muscle, and could be attributed to little regeneration occuring in aged indi-
viduals. Therefore, inhibition of Fgf2-mediated signaling by overexpressing Spry1 
has been found helpful in preserving satellite stem cell pool and stem cell functions 
in aged muscle [17].

 Metabolic Stress, ROS Generation, Oxygen Sensitivity, 
and Mitochondrial Dysfunction

Long-lived tissues with minimal turnover are quite susceptible to the accumulation 
of oxidative, especially reactive oxygen-induced and nonoxidative damages, trig-
gering a series of radical change in cellular phenomena, including cellular senes-
cence, cell cycle arrest, decreased tissue-damage repair and regeneration, and 
eventual cell death. The damaging ROS is profoundly generated as a result of elec-
tron “leakage” during universally occurring biological process, oxidative phosphor-
ylation, in mitochondria. The ROS-induced molecular damages can be understood 
in light of “free radical theory of aging” postulated by Harman in 1972 [18]. As per 
this theory, age-based accumulated cellular damage and compromised mitochon-
drial integrity cause elevated ROS production, thereby further damaging cellular 
macromolecules and already compromised mitochondrial oxidative phosphoryla-
tion, leading to eventual cellular decomposition and cell death. Reactive oxygen 
species such as superoxide (O2

−) and hydroxyl radical (•OH) are highly reactive and 
consequently short-lived, damaging cellular DNA, proteins, and lipids either by 
direct or indirect chemical addition and/or modifications to the various functional 
groups present in them. ROS-induced oxidative modifications of biomolecules 
change their physicochemical properties, such as conformation, structure, solubil-
ity, reactivity, binding, proteolytic susceptibility, and enzyme activities. For exam-
ple, 8-hydroxy-2-deoxyguanosine (8-Oxo-dG), an oxidized-derivative of 
deoxyguanosine (DNA), tends to show higher accumulation in aged tissues. 
Similarly, side chains of amino acid residues such as arginine, lysine, and proline 
undergo oxidative modification called protein carbonylation, a type of protein oxi-
dation found to be highly accumulative, and reflective of cellular oxidative stress. 
Such chemical alteration and oxidation render these molecules nonfunctional and 
cause their accumulation, thereby decreasing the ratio of cell’s overall functional- 
to- oxidized biomolecules, and consequently compromising the cellular functions.

The cellular ROS level may have different implications depending on the type of 
cells. For example, relatively increased ROS has been found to prolong the lifespan 
in C. elegans and yeast while it might have devastating effect on other types of 
eukaryotic cells. Under normal physiological conditions, ROS plays an important 
role in differentiation of hematopoietic stem/progenitor cells in Drosophila [19]. 
Generally, stem cells of various types and origins are differentially susceptible to 
damage due to elevated ROS level. Besides, experimental evidence has shown that 
stem cell ROS sensitivity also depends on the age of donor. For example, bone mar-
row and adipose tissue-derived mesenchymal stem cells (MSCs) isolated from aged 
donor show correspondingly increased susceptibility to ROS-induced oxidative 
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damage [20, 21]. Moreover, there has been direct correlation between ROS level 
and aging in HSCs, which may damage the replicative potential and leads to their 
exhaustion. Therefore, containment of ROS level by overexpression of superoxide 
dismutase (SOD) in either stem cells or their supporting cells has been proven to 
prolong the stem cell functions. There are several intricately connected networks, 
involving forkhead box O (FoxO) transcription factors that are responsible for regu-
lation of cellular oxidative stress in various stem and non-stem cells. FoxO tran-
scription factors play very important role in global metabolism, proliferation, and 
oxidative stress by modulating the expression of a battery of genes encoding anti-
oxidant enzymes and proteins. Therefore, they play very significant roles in main-
taining appropriate oxidative state as the deletion of FoxO1, FoxO3, and FoxO1 
leads to increased ROS level in HSCs and other stem cells. This elevated ROS level, 
if not reduced by treatment with antioxidant such as N-acetyl-L-cysteine, depletes 
HSCs and neural stem cells [22]. Besides, there are several mechanisms and signal-
ing pathways involved in regulating oxidative stress, such as polycomb family chro-
matin regulator and DNA damage signaling molecule ATM, and thereby maintains 
pool of stem cells in various tissues [23].

Apart from ROS, stem cells are also highly sensitive to cellular level of molecu-
lar oxygen (O2) and abnormal mitochondrial functioning. The oxygen sensitivity in 
stem cells is accomplished by hypoxia-inducible factor 1α (Hif1α), a transcription 
factor that plays a very crucial role in stem cell function, maintenance, and aging. 
Under normoxic condition, the cellular level of Hif1α is kept low by its continuous 
E3 ubiquitin ligase, von Hippel Lindau (VHL)-mediated ubiquitination and proteo-
somal degradation. However, hypoxia causes stabilization of Hif1α which, in turn, 
activates transcription of a range of hypoxia survival genes such as, glucose trans-
porter, heat shock protein (HSP), and glycolytic enzymes. Several HSCs and neural 
stem cells (NSCs), which are naturally and anatomically located in hypoxic micro-
environment, have had relatively stable Hif1α for their maintenance and survival. 
That is why the dentate gyrus NSCs and HSCs, deficient for Hif1α, rapidly deplete 
during aging. Surprisingly, overstabilization of Hif1α does not rescue HSCs either, 
rather impedes their function, indicating the need of precise control of Hif1α level 
for stem cell maintenance and functions [24].

Mitochondrial dysfunctions can occur due to multiple factors, including error- 
prone mitochondrial DNA polymerase, abnormal constituent protein in mitochon-
dria, increased ROS level, and impaired biogenesis. Mitochondrial DNA (mtDNA) 
is relatively more susceptible to mutation and deletion-based alteration as it lacks 
association of protective histones and lesser capability of DNA damage repair com-
pared to nuclear DNA. Comprehensive analysis of single cell-derived mitochondria 
shows domination of state of homoplasmy over heteroplasmy, that is, simultaneous 
existence of both mutant and wild-type genomes within the same cell, as a function 
of age. This shift in homoplasmy-to-heteroplasmy status is dominated by mutant 
mitochondria over normal mitochondrial genome, considerably increasing the 
mutational load in aging cells. Careful consideration of available findings shows 
aging in cells is predominantly induced by erroneous mtDNA replication. There is 
a functional correlation between mitochondrial dysfunctioning and aging- associated 
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phenotypes. However, mitochondria have also evolved certain protective and defen-
sive mechanisms over a period of time to neutralize the oxidative damages to certain 
extent. For instance, to avert ROS-induced oxidative damage, mitochondria activate 
a range of ROS-detoxifying enzymes such as superoxide dismutase (SOD) and 
GPx1 with the help of peroxisome proliferator-activated receptor gamma co- 
activator 1 (PGC-1). In addition, PGC-1 promotes oxidative phosphorylation and 
mitochondrial biogenesis. This empirical evidence is further supported and strength-
ened by the fact that overexpression of PGC-1 delays the onset of age-related 
changes in intestine, increases tissue homeostasis and, more importantly, lengthens 
the lifespan in model organism like Drosophila [25].

 Telomere Dysfunction

There is a direct correlation between extent of DNA damage and age, which, in turn, 
compromises genomic integrity and functionality. Though DNA damage can occur 
over any portion of chromosomes, however, some distinct regions on chromosomes 
are more susceptible compared to others. For instance, age-related chromosomal 
deterioration/attrition is more profound over the repetitive TTAGGG terminal ends 
of each chromosome, referred to as telomere. Telomeres protect genetic information 
and chromosome terminals from erosion and damage but they are shortened a bit 
each time cell divides as replicative DNA polymerases lack the capacity of replicat-
ing the chromosomal ends. Though nature has endowed each cell with a gene 
encoding the specialized reverse transcriptase, called telomerase for this function, 
but it expresses only in few cell types, including embryonic and adult stem cells. 
This leads to a steady and progressive loss of telomere-protective sequence located 
at either ends of each chromosome. The immediate question comes to mind, “why 
telomere shortening and/or breaking is not followed by the repair by DNA damage 
repair machinery? The reason being that each chromosome’s telomeres are protec-
tively occupied by a distinct multiprotein complex called as “shelterin.” The main 
function of which is to deny DNA repair machinery access to telomeres. Otherwise, 
telomeres would be “repaired” immediately after DNA breaks leading to chromo-
some fusion and even more harmful consequences [26]. Heterozygous telomerase 
mutations potentially cause defect in organ regeneration and cancer development in 
humans. Telomere exhaustion underlies in  vitro restricted proliferative potential 
that leads to replicative senescence or “Hayflick limit” [27]. Patients with telomer-
ase deficiency or short telomeres are likely to develop aplastic anemia, dyskeratosis 
congentia, cirrhosis, and pulmonary fibrosis. Importantly, telomere shortening also 
precedes normal aging both in mice and in human.

Dynamic telomere length in cells is determined by ratio of functional telomerase 
to mitotic division-dependent telomere erosion. Unlike adult somatic cells, embry-
onic and adult stem cells have functional expression of telomerase that resist the 
telomere shortening as they keep elongating telomeres, albeit, to a certain and lim-
ited extent, making them better at balancing this ratio for longer duration. However, 
as a result of aging, telomeres shortening occurs even in the various stem cells, 
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restricting their proliferation-based regenerative potential in aging individuals. For 
example, age-dependent telomere attrition occurs in HSCs and intestinal epithelium 
cells, which is further accelerated in case of chronic diseases. This is possibly linked 
to decreased regenerative potential, tissue malfunction, and increased incidence of 
diseases in older human population worldwide. Telomere shortening in HSCs 
results into accelerated aging-based imbalance in HSCs pool due to alteration in 
stem cell environment and differentiation-inducing checkpoints, which lead to the 
loss of self-renewing lymphoid-biased HPSCs [28]. Typically, HSCs aging is char-
acterized by prevalence of myeloid-biased HPSCs over lymphoid-forming HPSCs. 
This age-dependent lineage biasness in HPSCs results in increased myeloid cells at 
the expense of lymphoid cells, and is likely to cause increased susceptibility to 
infections and other diseases (Fig. 12.3). In addition, telomere dysfunction induces 
defects in mRNA splicing which leads to a cascade of molecular events responsible 
for strong positive selection during human aging [29].

 Epigenetic Alteration

Epigenetics refers to heritable trait which results from chromosomal changes with-
out alterations in DNA sequences per se. Epigenetics determines the regulation of 
genes, and is involved in many cellular processes. Epigenetic-based gene regulation 
precisely controls the fate of cells to a great extent and is one of the several mecha-
nisms responsible for cellular differentiation, and hence, formation of various types 
of cells such as neurons, liver cells, heart cells, pancreatic cells, and so on. Such 
alterations in the epigenome have been found to be age-dependent. DNA methyla-
tion, that adds methyl group to DNA, is one among several ways to bring about 
epigenetic changes. Comprehensive studies aimed at such chemical addition have 
shown hypermethylation both globally and at CpG islands in normally aging tis-
sues. Upon enforced proliferation, HSCs show global hypomethylation, indicating 
the possibilities of either hypermethylation preceding HSCs aging or vice versa 
[30]. Aged mouse HSCs show unusual DNA methylation of genes involved in self- 
renewal and differentiation, imparting aging-characteristic phenotypes. Moreover, 
some distinct CpG islands undergo increased methylation as individual ages, which 
leads to myelodysplastic syndrome (MDS), and eventually to acute myeloid leuke-
mia (AML) [31]. The alterations in epigenome are accomplished by multiple types 
of epigenetic regulators such as DNA methyl transferase (DNMT), Tet methylcyto-
sine dioxygenase 2 (TET2), and additional sex combs-like 1 (ASXL1) among oth-
ers. Meticulous analysis of reported works invariably shows mutations in the 
abovementioned epigenetic regulators underlie the earliest genetic changes in neo-
plastic progression. A recent study in mice showed enhanced self-renewal and 
impaired differentiation of HSCs following biallelic knockout of DNMT3a, a fam-
ily member of DNMT, which predisposes them to hematological disorders such as 
MDS and AML [32]. This suggests that the presence of functional DNMT3a sup-
presses the set of self-renewal genes, including β-catenin and Runx1, by methyla-
tion and thereby regulates several cellular processes [33].
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Aging of skeletal muscle is characterized by reduction in mass and strength of 
muscle owing to quantitative and qualitative deterioration and decline in contractile 
myofibers [34], and, therefore, substantial reduction in its intrinsic regeneration 
potential [35]. Under normal physiological conditions, new muscle tissue formation 
occurs following fusion of cellular  progenies formed by asymmetric division in 
muscle stem cells (MuSCs), also popularly known as “satellite cells” owing to their 
sublaminar location and juxtaposed association with the plasma membrane of myo-
fibers. The remaining half of progenies constitutes the pool of muscle precursor 
cells. However, aging causes diminution of such muscle stem cell pool. The reason 
for depletion in muscle stem cells pool encompasses age-dependent cellular senes-
cence, impaired self-renewal, or death. These mechanisms, leading to MuSCs 
decline, depend on both intrinsic as well as extrinsic factors as evidenced from 
partial restoration of proliferation and differentiation capacities following exposure 
to young environment or to growth factors. In addition, it also suggests the likeli-
hood of reversal of aging-induced cessation of self-renewal and differentiation 
potential [36]. During human myoblast quiescence, methylation suppresses sprouty1 
pathways, involved in quiescence regulation. MuSCs, isolated from old mice, 
showed elevated repressive H3K27me3 marking on histone proteins genes, which 
would otherwise remain unmethylated in younger counterpart. A recent study has 
shown existence of different epigenetic stress response in satellite cells isolated 
from young and aged mice. Aged mice were found to have drastic induction of 
active chromatin marks both at site-specific and global locations, resulting in spe-
cific induction of Hoxa9 gene. The Hoxa9 gene, in turn, leads to activation of satel-
lite stem cell function  through  activation of various pathways, including TGFβ, 
JAK/STAT, Wnt, and senescence signaling, indicating altered epigenetic stress 
response in activated MuSCs, and the consequent limited satellite stem cell-based 
muscle regeneration characteristic of aged muscle [37].

 Age-Dependent Enhancement in Replication Stress in Stem Cells

Replication stress is highly complex nuclear phenomenon with wide range of effects 
on genome stability, cellular proliferation, and differentiation, resulting in multiple 
human diseases. Replication stress response could be triggered following multiple 
changes such as generation of single-stranded DNA containing aberrant replication 
fork structure, aneuploidy, chromosomal instability (CIN), genomic instability 
(GIN), and so on. Replication stress is predominantly mediated by the kinase ATM 
and Rad3-related (ATR) pathways. Adult stem cells are sensitive to replication- 
based stress, which is further compounded in wake of rapid demand for cell divi-
sion. Therefore, replication stress and DNA damage triggered by multiple ways, 
including burst of oxidative stress, leads to accumulation of genetic alterations and 
exponential increase in genomic aberrations in aging stem cells. There are various 
underlying causes with varying implications and effects, including nicks, gaps, 
stretch of ssDNA, unrepaired DNA lesions, short hairpins, and DNA triplexes, 
among others. A recent study found increase in phosphorylated form of the variant 
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histone H2AX (γH2AX) foci, indicative of DNA damage, as a function of time. 
Similarly, there is a direct correlation between age and DNA break as was shown 
using alkaline comet assay on the basis of experiments performed in purified HSCs 
from animals of different age groups [38]. Quiescent HSCs show high accumulation 
of all sorts of DNA damages compared to their proliferating counterparts owing to 
attenuation of DNA damage response and repair pathways. The underlying reason 
is aging-induced lower expression of mini-chromosome maintenance (MCM) heli-
case components. Furthermore, this leads to compromised HSC functions in 
response to various hematopoietic stresses, such as extensive blood loss and patho-
physiological inflammation. Such stresses demand compensatory and dramatic 
increase in proliferation of quiescent or slow-proliferating HSCs, which is likely to 
result in increased DNA damage, and eventually, bone marrow failure [39]. One of 
the mechanisms leading to clonal dominance of mutant HSCs is thought to be rep-
lication stress, leading to higher susceptibility to developing diseases.

Aneuploidy has had several consequences on aging of stem cells. One such con-
sequence is telomeric replication stress which, in turn, causes DNA damage at telo-
meres and consequent p53 activation. Telomerase-deficient mice show p53/
RB-dependent depletion of hematopoietic stem cells. Contrary to this, endogenous 
telomerase expression in HSCs ensured alleviation of aneuploidy-induced replica-
tion stress and others. Therefore, telomerase plays a very crucial role in rescuing 
murine HSCs from aneuploidy-induced replication stress at telomeres and 
aneuploidy- induced senescence (AIS) and cell depletion, suggesting its suppressive 
role in telomere dysfunction-induced CIN, on the one hand, and ensuring replicative 
potential in aging stem and progenitor cells, on the other [40].

 Age-Induced Shift in Proteostasis Equilibrium Drives Stem Cell 
Aging

Among multiple aging-inducing factors, impaired protein homeostasis, also known 
as proteostasis, has very important role to play as misfolded proteins can form toxic 
aggregates, disrupt membrane system, and thereby cause cell death and diseases. 
Under normal physiological conditions, protein synthesis occurs in a precisely con-
trolled and concerted fashion through spatiotemporal control of ribosome biogene-
sis, recruitment, and loading, leveraging array of quality control molecular 
mechanisms. Proteostasis encompasses stabilization of correctly folded proteins, on 
the one hand, and removal of misfolded, damaged, aggregate, and unneeded ones 
through proteosome-based degradation, on the other [41]. However, with aging and 
age-induced extrinsic and intrinsic molecular alterations, there is an untoward shift 
in equilibrium leading to deranged proteostasis, which poses great risk of develop-
ing age-related diseases, such as Parkinson’s disease, Alzheimer’s disease, diabetes, 
cataracts, and Huntington’s disease, among others [42, 43].

So, what does maintain proteostasis? There are two important global mecha-
nisms employed by cells in order to maintain functional status of proteome in the 
cells, namely, chaperone-mediated protein folding and stability, and proteolytic 
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system. Chaperones are protein molecules that provide assistance to proteins and 
other biomolecules at the various levels, including folding, unfolding, assembly, 
and disassembly, as well as prevent newly synthesized polypeptide chain to form 
nonfunctional aggregate with preassembled subunits. Heat-shock protein family is 
one type of cellular chaperone that responds to stress-induced protein denaturation. 
However, this weakens and impairs substantially during aging in various cells, 
including aged stem cells [44]. As a result, accumulation of damaged (carbonylation 
and glycation) and misfolded proteins increases in aging individual, also suggestive 
of decline in capacity to maintain protein homeostasis. Overexpression and upregu-
lation of chaperone (heat shock proteins) and co-chaperone have been found to 
considerably lengthen the lifespan, indicating their potential involvement in proteo-
stasis, hence conferring functional dynamism at both cell and organism levels [45]. 
Moreover, transcriptional activation of transcription factor HSF-1, master regulator 
of heat-shock response, has been found to increase the thermo-tolerance and lon-
gevity in several nematodes [46]. Similarly, in mammalian cells, transactivation of 
heat shock genes, including Hsp70, was found to be considerably enhanced follow-
ing deacetylation of HSF-1 by SIRT1, and downregulation of SIRT1 expectedly 
reduces the response [47]. In addition, pharmacological induction of Hsp72 has 
been found to delay progression of dystrophic pathology and preserve muscle func-
tion in mouse model of muscular dystrophy, suggesting another approach to restore 
proteostasis by activating protein folding and stability [48].

Cellular protein quality control is accomplished through proteolytic system, 
which encompasses two components, namely, ubiquitin proteasome system and the 
autophagy–lysosomal system. However, the working of this system declines with 
aging. Treatment of human cultured cells with either proteasome activator or deu-
biquitylase inhibitors enhances the clearance and disposal of toxic proteins [49], 
and, in yeasts extends the replicative life. Similarly, in nematodes, epidermal growth 
factor (EGF) signaling-induced expression of ubiquitin–proteasome system 
increases the lifespan [50]. Autophagy plays very important role in maintaining 
protein homeostasis as evidenced from improved hepatic function in transgenic 
mice expressing an extra copy of the chaperone-mediated autophagy receptor 
LAMP2a. Similarly, induction of autophagy by regular administration of mTOR 
inhibitor, rapamycin, has lifespan-extending effects on yeast, flies, nematode, and 
mice [51]. Deletion of Atg7 or Fip200, involved in autophagy, causes rapid deple-
tion of HSCs, indicating the crucial role of autophagy in HSCs maintenance [52]. 
FoxO transcription factor transcriptionally activates the expression of chaperone 
and thereby helps promote the longevity and stem cell functions. Therefore, all the 
above evidence suggests that perturbed proteostasis can further precipitate age- 
associated risk and pathology and, therefore, leads to several degenerative diseases, 
which can be controlled by developing deeper insight-based intervention strategy.
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 Nutrient Sensing and Changes in Nutrition Affect Stem Cell 
Functions

Ever-expanding research on interrelationship between nutrient and stem cell func-
tions has shown lots of promising results. Caloric restriction, that is, substantial 
reduction in food intake without causing malnutrition, has been found to be helpful 
in delaying onset of age-associated degenerative diseases and extends lifespan, 
partly by influencing the function of stem cells. For example, in a rodent model 
study, caloric restriction was found to enhance proliferation of progenitor cells, 
increase survival of newly formed astrocytes and neurons, and thereby promote 
neurogenesis in the dentate gyrus [53]. Extending caloric restriction study in 
Drosophila has shown similar result, wherein reduction of age-associated germline 
stem cells was found to be reduced. The underlying mechanisms of age-lengthening 
effects of nutrients through stem cell-dependent functions are yet to be clearly elu-
cidated. However, reasons underlying the  nutrient-induced changes may be  the 
expression of systemic factors which, in turn, regulate stem cell functions as is 
evidenced from loss of intestinal stem cells and male germline stem cells following 
protein starvation in Drosophila. Reduction in stem cells occurs because of 
decreased expression of insulin-like peptides in brain, which can be overcome by 
constitutive expression of active insulin receptor, indicating direct involvement of 
insulin in maintenance of germline stem cells [54].

Among multiple pathways underlying the calorie-induced beneficial effects, tar-
get of rapamycin (TOR) signaling plays a very crucial role. The downstream effect 
of TOR signaling is protein synthesis and cell growth. TOR, a conserved serine/
threonine kinase, is activated by multiple factors, including amino acids, nutrients, 
growth factors, etc. [55]. Reduced TOR signaling may slow down aging and extends 
lifespan of organism, probably by increasing the proliferation and functioning of 
stem cells of various organs. However, further study would be needed to make con-
clusive statement in this regard.

 Ex Vivo Stem Cell Aging

Aging of stem cells in vitro reflects the process of in vivo aging to a large extent, 
especially with respect to phenotypic features and molecular mechanisms. The 
mechanism underlying in vitro aging of stem cells shows a lot of species-specific 
and individual-specific variations. For instance, telomere shortening drives cellular 
senescence in cultured human cells, which is not reported in rodent cells following 
the trajectory of replicative senescence [56]. Almost all types of cells, including 
stem cells, irrespective of their source of origin, undergo aging during culture, 
called ex vivo aging. Expansion of cell through in vitro culture is limited to a certain 
number of cell division due to replicative senescence. Thereafter, cultured cells 
undergo cell cycle arrest, increases in size, and acquire “fried egg” morphology. 
Comprehensive molecular analysis of such cells shows aberrant alteration with 
respect to transcriptomics, epigenomics, and secretory profile, suggesting 
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usefulness of replicative senescence for quality control of cell preparation for down-
stream therapeutic application [57]. Replicative senescence is, among others, 
induced by ever-changing DNA methylation landscape over the course of culture. 
However, it is not yet known as to what regulates age-specific methylation pattern, 
and how much significant role they play?

Mesenchymal stem cells show increased aging phenotype, such as decline in 
proliferation potential due to replicative senescence, downregulation of self- 
renewal- associated genes, such as Oct4, Sox2, and TERT, increased tendency for 
osteogenic differentiation, following repeated passage and long-term culture [58]. 
The actual age of culture is relied upon population doubling (PD). MSCs, derived 
from single-cell-based colony, can be expanded up to as many as 50 PD in about 
10 weeks, which starts showing signs of senescence thereafter. The duration of PDs 
increases with increase in cell passage, suggesting decrease in proliferative poten-
tial as cell ages. The physical characteristics, reflective of cell aging such as cyto-
plasmic granules and debris, also increase with age of cultured cells. Telomere 
shortening usually occurs at the rate of around 50 bp over each passage which might 
differ according to type of cultured stem cells, medium, growth factors, etc. 
Telomere shortening destabilizes chromosome integrity, which affects expression 
dynamics of several genes. Cells at latter passages have also been found to have 
compromised lineage differentiation potential. In addition, the rate of senescence of 
stem cells during culture also depends on the age and health of donor. Aged in vitro 
cells also show substantial shift toward cancerous cellular morphology such as mor-
phological transformation of elongated and adherent cells into round, nonadherent 
type. For instance, human adipose tissue-derived MSCs show spontaneous transfor-
mation into small, clustered aggregations, displaying chromosomal aberrations at 
the rate of around 50% [59]. In addition, various types of stem cells, including bone 
marrow–derived endothelial progenitor cells (EPCS), show decrease in clonogenic-
ity and increased tendency to acquire round-shape morphology with aging [60]. 
There are various ways of measuring cellular senescence such as β-galactosidase 
assay, measuring level of senescence-associated genes, p21 and p16 among others. 
Although, these methods reveal and help quantify cellular senescence but they fail 
to unveil the underlying cellular mechanisms, leading to cell cycle arrest and cell 
senescence. Therefore, considering all the findings, ex vivo cell culture model could 
be tremendously useful in deepening our understanding of molecular pathways, and 
designing appropriate aging-lowering clinical intervention and reducing age- 
associated risk factors and pathologies.

 Exercise Induces Stem Cell Functions and Slows Down Aging 
Process

Regular physical exercise has been proven to have many beneficial effects on func-
tioning of tissues and organs by promoting the activities of resident stem cells. For 
example, neural stem cells were found to increase and so does the cognitive param-
eter, including learning and memory, following exercise in an experimental study 
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involving mice and human [61]. In addition, an experimental group of voluntarily 
running mice showed stimulation of cell proliferation and consequent neurogenesis 
in the hippocampal region of the brain. Moreover, exercise also induces the number 
of neural stem cells apart from neurogenesis in subventricular zone of forebrain. 
This physical exercise-induced stem cell stimulation, proliferation, and functions 
are mediated by multiple factors and corresponding signaling pathways. In a rodent 
study, expression of insulin-like growth factor-1 (IGF1) and growth hormone were 
substantially activated following exercise, which upon binding to their respective 
receptor may induce the beneficial neurogenesis activity as the same effect was not 
found in growth hormone-deficient mice [62]. IGF1, mainly produced by liver, is 
actively taken up by specific group of neurons, resulting into their proliferation and 
adaptive responses, which can be blocked by administration of antibody against 
IGF1. Even subcutaneous administration of IGF1 is found to be sufficient for neu-
rogenesis in dentate gyrus [63]. Considering aforementioned empirical evidences, 
physical exercise may play very important role in activating the stem cell functions 
and thereby slow down aging process.

 Role of p53 in Aging of Stem Cells

Among tumor suppressor genes, p53 has been known to play very important role in 
a range of cellular activities, including cell cycle arrest and apoptosis. Throughout 
life of organisms, there is an accumulation of various forms of DNA damage owing 
to generation of reactive oxygen species (ROS), exposure to a range of potential 
mutagens, error-prone DNA replication, etc. These damages, if left unrepaired, may 
lead to several diseases such as cancer. However, our cells are endowed with a range 
of reparative potential which is mediated through p53-dependent mechanisms. 
Depending upon extent of DNA damage, p53 triggers different responses which 
would either repair the damage or lead the cell on the path of senescence and cell 
death, and that is how it helps preserve the genomic integrity and resist the develop-
ment of diseases. In addition, p53 is involved in a range of very crucial cellular 
activities, such as cell cycle regulation, maintaining conducive cellular redox state, 
and various metabolic processes. The significance of DNA repair process can be 
observed in case of segmental progeria syndrome—rare human disease character-
ized by premature aging phenotypes such as skin atrophy, cataracts, osteoporosis, 
heart diseases, cerebellum degeneration, hair graying, immunodeficiency, cancers, 
and consequent reduced lifespan. This is triggered off by impaired DNA repair pro-
cesses owing to loss of function in DNA damage signaling protein ATM and RecQ 
DNA helicase WRN [64]. Furthermore, loss of DNA damage signaling pro-
tein, ATM has been implicated in depletion of HSCs and heightened loss of mela-
nocyte stem cells following low dose radiation. There has been similar and consistent 
progeroid phenotypic display and accelerated aging in mice carrying mutated 
genes associated with human progeroid syndromes [65], further reinforcing and 
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consolidating the empirical evidences, which suggest unrepaired DNA damage as a 
fundamental cause of aging. Moreover, mutation in p53 is a very commonly 
observed phenomenon in various types of cancer, indicating its pervasive role in 
growth, development, and diseases [66].

Apart from being involved in normal cells, p53 also plays a very crucial role in 
promoting stem cell-based tissue regeneration, repair, and homeostasis by maintain-
ing functional genomic integrity. For example, p53 has been found to regulate cell 
division, differentiation, and chromosomal stability in mouse olfactory bulb stem 
cells [67]. In addition, p53 has been found to regulate cell division polarity by 
restoring asymmetric division and, thus, the self-renewing potential of mammary 
stem cells. Similarly, there are other types of stem cell and progenitor cell popula-
tions whose proliferation and differentiation are regulated in a similar manner [68–
70]. Therefore, p53-mediated DNA repair and other regulatory pathways help 
restore DNA damage, maintain stem cell repertoire, and thereby delay cellular 
aging along with substantial reduction in the rate of organismal aging (Fig. 12.4).
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Fig. 12.4 Cellular expression of p53 and its effect on various stem cell functions. P53 plays a very 
crucial role in many vital cellular functions such as cell cycle regulation, metabolism, maintaining 
conducive redox state, and DNA damage response, among others. Elevated level of p53 (bottom of 
pyramid) represses stem cell proliferative functions while inducing cellular senescence, tumor sup-
pression, and cell death. On the other hand, its lower expression level promotes stem cell prolifera-
tion and associated functions at the cost of increased incidence of tumorogenesis (top of 
pyramid)
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 Discussion and Conclusions

Aging is characterized by a gradual decline and deterioration in tissue homeostasis, 
which is attributed to age-associated impairments in tissue function, intrinsic regen-
eration, and developmental potential. Generally, tissue homeostasis is maintained 
by balancing the ratio of tissue damage to tissue repair, leading to continuous 
renewal of structural and functional aspects of organs over time. Under normal 
physiological conditions, adult stem cells, residing in various tissues and organs, 
carry out such renewal and repair processes as and when need arises. Although, 
there is no doubt whether age-dependent decline in tissue regenerative potential 
occurs, but an important question arises—is it because of intrinsic aging of stem 
cells or impairment of stem cell function in aged microenvironment or both? Answer 
seems both ways considering all the empirical evidences. Unraveling the underlying 
molecular mechanisms and their functional integration will be critical in designing 
stem cell-based therapeutic applications with regard to aging intervention, tissue 
injury, and age-associated degenerative diseases. Though there are a lot of common-
alities regarding molecular pathways and their regulators between stem and non- 
stem cells, many of them are unique to former only. This suggests that underlying 
aging mechanisms in various cells is similar on many accounts and some are unique 
to stem cells only. For instance, common hallmarks of aging phenotypes both in 
stem cells and in non-stem cells include ROS production, DNA damage, telomere 
attrition, proteotoxicity, and aberrant changes in epigenetic landscape, among 
others.

Over the past decades or so, there have been tremendous progresses in under-
standing of mechanisms underlying the molecular control of stem cell functions 
during normal and pathophysiological conditions. Furthermore, emerging empirical 
evidences from range of stem cells distinctly unravel prevalence of many overlap-
ping mechanisms and their differential regulations in different microenvironments 
during the aging. This ever-expanding multidimensional knowledge on interrela-
tionship of stem cells and aging will help us in strengthening the currently existing 
regime of clinical intervention in aging as well as designing new treatment which 
would help improve the stem cell-based tissue homeostasis and regeneration and 
thereby reduce the incidence of age-associated diseases in the ever-expanding 
aged human population worldwide.
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Aging is a fundamental process followed by all organisms, but some organisms like 
tortoise lays eggs at the age of 100, while whales live for 200 years, and few clamps 
probably make it past 400 years. Way back in the late 1800s, August Weismann sug-
gested that aging was a part of life’s program as the old needed to remove itself to 
make space for the next generation sustaining turnover, which is essential for evolu-
tion [1]. It was thus evident that the purpose of aging was known, but the mecha-
nism was far from being understood. Many theories have been put forward to 
understand this phenomenon.

It is still not clear why some animals live longer than the others? We find diverse 
forms of aging but are not sure if they follow the same mechanism. By studying and 
comparing the aging process of other animals to humans may possibly help in 
understanding this mechanism(s). The prokaryotic unicellular microorganisms, for 
instance, the bacteria, reproduce by cell division where the mother cell divides into 
two equal and undistinguishable daughter cells suggests that these organisms do not 
age. However, Caulobacter crescentus, a bacterium, shows asymmetric division and 
a decrease in reproduction with age [2]. Escherichia coli cells show growth arrest 
upon starvation and lose their ability to reproduce suggesting aging. Bacteria till 
recently was thought to be immortal, but functional asymmetric division of E. coli 
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serves as an evidence of aging in this species. Besides having similar basic cellular 
functions, it is very difficult to compare aging between bacteria and humans.

Asexually reproducing organisms show clonal or replicative aging where they 
stop dividing after certain numbers of division. Paramecium and Tetrahymena are 
good model systems to analyze aging as they reproduce asexually to ultimately 
reach clonal extinction [3].

Do plants age and die? It is very difficult to answer this question and aging is 
difficult to define in them. Many plant species show a slow aging rate, for example 
fruit trees like apple, orange, etc., where the function(s) declines with age. Some 
other plants, like the citrus fruits, can rejuvenate by vegetative reproduction [4]. 
Many hormones produced by roots or growing tips influence this process. On the 
other hand, plants like bamboos show clear signs of aging as they reproduce and 
then die indicating programmed mechanisms.

One of the favorite fungus model is Saccharomyces cerevisiae, a yeast that repro-
duce by budding. Both replicative and chronological forms of senescence are well 
documented. Another model is Caenorhabditis elegans, a worm, which is largely 
composed of post-mitotic cells. Many mechanisms governing aging have been 
understood from these model systems.

Evolution has optimized to select the most successful offspring. Thus, after the 
reproduction of an individual takes place, evolution selects them to play a role in 
supporting its offspring. Given limited resource for a species in a microenviron-
ment, the offspring does better only if the older generation does not compete for 
the same resource.

Over the years, many theories have emerged to understand the mechanism of aging 
[5]. Testing these theories is difficult as one cannot test them on humans, and we lack 
many model systems which may follow the same principles. Therefore, any consen-
sus on causes of aging has not yet been reached. It is still not possible to measure the 
rate of aging, the effect of environment, and other factors on aging. In complex organ-
isms, aging may be brought about by changes due to the intrinsic cellular mechanisms 
or changes in one of the predominant tissues, for example, brain [6].

To develop a rational theory of aging, it is important to separate the causes from 
the effects, thus making it difficult to predict the correct theory of aging. It is pos-
sible to discriminate between causes from effects by taking a system-level approach, 
where perturbation of each component of the given pathway under study is carried 
and the results obtained are then integrated to formulate new hypothesis. 
Perturbations generally refer to genetic manipulations and very less on other socio-
economic factors, which may be a large concern while understanding human aging.

 What Is Aging and Longevity?

Senescence (to grow old) or biological aging is a gradual deterioration of functions 
that are characteristic of complex life forms and at the level of the organism 
increases the mortality after maturation [7]. It can refer to both cellular and organ-
ismal senescence.
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Over a period of time, the organism accumulates damage, which ultimately leads 
to death. Environmental hazards like radiation, chemicals, and internal error in 
copying lead to general wear and tear of DNA, which may lead to disruptions in cell 
division, misfolding of proteins ultimately leading to a gradual deterioration of tis-
sues, or cause disease or maybe a total shutdown of the system.

Longevity is known as a by-product of genes that are selected for additional help 
to the organism to survive till the age of reproduction, whereas aging echoes ran-
dom events that take place during early reproductive age and is not a product of 
evolution. It is believed that the incidence of non-disease disorders could be kept 
under check if the older population followed a recommended nutrition style. 
Therefore, it is important for a nutrition researcher to know the difference between 
aging and longevity and then focus on alterations in the expression of specific genes 
by specific nutrients.

 Longevity in Different Model Systems

Selection of widely acceptable and justified model systems to represent the best 
start in understanding the mechanism of aging/longevity helps to overcome many 
other aspects like studying human subjects, which is extremely difficult and imprac-
tical, as well as long lifespan. Aging is well studied in multicellular organisms hav-
ing a defined lifespan, whereas longevity is best understood in unicellular as well as 
smaller multicellular organisms. Valuable understanding of the genetics and cellular 
biology of aging has been put forth by the invertebrate models like nematodes and 
fruit flies, but they also have their own limitations. Therefore, to further enhance our 
knowledge in this area, many more model organisms are required which could help 
understand one or other mechanisms of longevity or aging.

Exploitation of model animals in aging/longevity studies has provided beneficial 
information regarding the mechanisms of human aging and longevity. Animal mod-
els are vital in deducing the pathways that modulate human aging. Model organisms 
are elementary for aging research due to significant shortcomings of using human 
subjects, like lifespan, genetic heterogeneity, and differences in the environmental 
impacts. There exists a general similarity in aging between humans and model ani-
mals, but still there are some significant differences [8]. For example, overexpres-
sion of Sir2 gene in yeast [9], nematodes [10], and flies [11] elicits longevity. 
Resveratrol, a small molecule that can activate Sir2 protein and its mammalian 
ortholog SIRT1 [12], plays role in lifespan extension in mice that were fed on high- 
fat diet. The results obtained with different invertebrate model organisms do not 
imply that we would expect the same results in humans. But it is true that research-
ers are still deciphering human biology of aging with the help of various model 
systems as each of them offers its own positive and negative points. Below are some 
widely used animal models.

Saccharomyces cerevisiae (yeast): Yeast has helped to identify the major con-
served aging/longevity pathways that are shared among a large number of species 
[13]. Despite being unicellular organisms and also having significant differences 
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with humans, they prove to be advantageous as a model organism. The replicative 
lifespan assay involving asymmetric division into mother and daughter cells helped 
to identify various factors involved in aging/longevity. The extra-ribosomal DNA 
circle that is inherited by the mother cells contributes largely to senescence [14].

Caenorhabditis elegans (worm): Caenorhabditis elegans, a nematode, serves as 
an important model for studying aging [15], and the major understanding came 
from the dauer larva. Since they are evolutionarily distant from humans, they have 
few drawbacks in serving as a model system, such as their inability to regenerate 
their tissues. In fact, three major aging pathways, including insulin/IGF-1 signaling 
[16], TOR pathway [17], and SIR2 pathway [10], were identified in C. elegans.

Drosophila melanogaster (fruit fly): Fruit flies serve as a powerful model system 
for aging studies as they have specialized tissues and proliferating stem cell popula-
tions in their guts [18].

Hydra: Hydras are well known for their negligible senescence and thus prove to 
be desirable for understanding longevity. Absence of senescence in asexually repro-
ducing hydras and aging observed after sexual reproduction makes them a good 
model system [19].

Danio rerio (zebrafish): Zebrafish has an exceptional ability to regenerate its tis-
sues, which proves to be advantageous for decoding the mechanisms of tissue 
regeneration and longevity [20].

Rodents: Mice are irreplaceable in aging studies as they share nearly 99% of 
human orthologs compared to the invertebrate organisms. Interestingly, results 
obtained with rats are not always useful in understanding the biology of human 
aging, for example treatment with metformin could extend lifespan in mice, but not 
in F344 rats [21].

Cellular Senescence: Since cells are the fundamental units of our bodies, it is but 
obvious to assume that changes in them would contribute to the process of aging. 
Thus, studying cellular aging in  vitro (e.g., replicative senescence) may provide 
clues in understanding longevity.

There are some cellular and molecular hallmarks of aging, which if fulfilled can 
allow the cells to be used as a model organism for studying longevity. Few hall-
marks possibly could be the fixed number of times a normal cell can divide [7]. 
Genomic instability is due to aggregation of genetic damages [22] accumulated due 
to various hazards they face like reactive oxygen species, replication errors, etc. 
Also, DNA damages like chromosomal aneuploidies, copy number variations, etc., 
are involved in aging [23]. Deletion mutations in mitochondrial DNA are consid-
ered as a hallmark of aging. Telomere shortening is reported during normal aging in 
many different model systems. Histone modifications are also considered as a hall-
mark of aging. Stress resistance is an important factor in aging, and lifespan exten-
sion is associated with increased stress resistance [24] and shows an association 
with organismal aging. Nutrient signaling and sensing systems are important hall-
marks of longevity as they induce autophagy-mediated longevity [25].

Presently we focus on autophagy-mediated longevity in a eukaryotic model sys-
tem Dictyostelium discoideum.
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 Autophagy and Longevity

Autophagy predominantly is protective rather than self-destructive process where 
small fractions of cytoplasm is sequestered within cytosolic double-membrane ves-
icles and delivered to the lysosome/vacuole for degradation and further reutilized 
for survival [26]. Upon continued starvation, autophagy process is triggered in such 
a way that the cell starts to consume its important organelles for survival, ultimately 
leading to programmed cell death type II or the autophagic cell death (ACD). It is 
an evolutionary conserved pathway in eukaryotic cells, which plays an essential role 
in stress response and also degradation of damaged cytosolic components. Various 
studies have demonstrated that autophagy genes are important for longevity [27], 
wherein the cells enter the process of autophagy for its survival.

There are various mechanisms by which the cytosolic materials are transported 
to the lysosomes for degradation: microautophagy, chaperone-mediated autophagy 
(CMA), and macroautophagy [17]. In case of microautophagy, there is invagination 
of the lysosomal membrane, which sequesters cytosolic materials, whereas CMA 
allows translocation of unfolded substrates across lysosomal membrane. It selec-
tively degrades proteins having a particular consensus motif KFERQ. The process 
of macroautophagy starts with the formation of phagophore to the completion of 
autophagosome, which subsequently fuses with the lysosome to form autopha-
golysosome or autolysosome that degrades the enclosed material by acid hydro-
lases. Autophagy (from now on means macroautophagy) is an evolutionarily 
conserved process required for recycling of the cellular components to maintain 
metabolism during nutrient starvation and also prevent the accumulation of dam-
aged proteins and organelles. It is a dynamic process (Fig. 13.1) having sequential 
stages, namely initiation, nucleation, elongation, and maturation, which are con-
trolled by various autophagic genes (Atg genes) [28]. Autophagy initiates by the 
formation of a phagophore, which requires the class III phosphoinositide 3-kinase 
(PI3K) Vps34 and few autophagy proteins like Atg6 (Beclin1), Atg14, and Vps15. 
Other proteins that are involved in the early autophagy stages are Atg5, Atg12, 
Atg16, and the focal adhesion kinase (FAK) family-interacting protein that interacts 
with Atg1 (Ulk1) and Atg13. During elongation, association with two ubiquitination- 
like reactions takes place. In the first reaction, Atg12 is conjugated to Atg5 with the 
help of Atg7 (similar to E1 ubiquitin-activating enzyme) and Atg10 (similar to E2 
ubiquitin-conjugating enzyme). This complex of Atg5 and Atg12 conjugates with 
Atg16, which is important for phagophore formation, but later it gets dissociated 
after the complex is formed. In the second reaction, LC3/Atg8 is conjugated to the 
lipid phosphatidylethanolamine (PE) by Atg7 and Atg3. Many such autophago-
somes are formed in the cytoplasm, which are trafficked on the microtubules to 
reach the lysosome. The autophagosome–lysosome fusion takes place with the help 
of SNARE and VAMP proteins [29].

The mammalian target of rapamycin (mTOR) is upstream of Atg proteins and 
plays a critical role. It is a serine/threonine protein kinase, which helps to converge 
many upstream pathways that regulate cell proliferation, cell growth, cell survival, 
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cell motility, protein synthesis, translation, and autophagy [30]. Inhibition of mTOR 
induces autophagy. mTOR is a known negative regulator of autophagy from yeast to 
humans and is inhibited under starvation conditions. This can be mimicked by 
rapamycin. One of the most important pathways regulating mTOR is the insulin- 
like growth factor, which binds to its receptor and activates Akt and this inhibits 
TSC1/2, a negative regulator of autophagy. mTOR can also be regulated by GTPase. 
AMP-activated protein kinase (AMPK), the energy sensor, can directly activate 
autophagy under starvation conditions. IP3 also regulates autophagy by binding to 
IP3 receptors, which release calcium from ER stores resulting in the activation of 
proteases that inhibit autophagy [31].

 Increased Autophagy Delays Aging and Increases Lifespan

Calorie restriction is a physiological inducer of autophagy [32], and its inhibition 
prevents anti-aging effects in almost all organisms. Autophagy in this case is via the 
AMPK and Sirtuin 1 (Sirt1). Results obtained from calorie restriction and anti- aging 
show that they both probably follow the same mechanisms. Rapamycin induces 
autophagy, but if the Atg genes are knocked out/down, then lifespan extension is 
abolished. mTOR inhibits translation by hypophosphorylating its substrates S6K 
(kinase activity is lost upon dephosphorylation) or the 4EBP (hypophosphorylation 
becomes active as a translational repressor). Overexpression of S6K does not allow 

Fig. 13.1 Diagrammatic representation of the autophagic process. Three main steps compris-
ing initiation, nucleation, and elongation in autophagosome formation are illustrated. During 
nucleation, the formation of isolation membrane takes place which invaginates leading to seques-
tration of cytoplasmic components. Fusion of outer membrane of the autophagosome to the lyso-
some forms autolysosome, where the cargo is degraded and later recycled. Different modulators 
involved in the regulation of autophagosome formation are rapamycin that attenuates at the step of 
phagophore formation, wortmannin and 3-methyladenine block the formation of autophagosome 
and chloroquine, NH4Cl, bafilomycin inhibit the fusion of autophagosome to the lysosome
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rapamycin to extend lifespan, and on the other hand, impaired S6K activity extends 
lifespan [33]. Sirtuins and its orthologs from other systems reduce aging and prolong 
longevity if they are overexpressed, though their mechanism of action is still not 
understood. Resveratrol, an activator of Sirtuin, helps to prolong lifespan.

Apart from mobilizing endogenous macromolecules for reutilization, autophagy 
also maintains organelle homeostasis and proteotoxic stress, and avoids age- 
associated processes. There are ample numbers of evidences showing nutritional, 
pharmacological, and genetic manipulations stimulate autophagy to increase lon-
gevity in variety of organisms.

In general, autophagy is regarded as a mechanism for cellular ‘cleaning’ and can 
be correlated to cell survival. During metabolic stress, like nutrient depletion, 
hypoxia, etc., autophagy increases cellular survival and in turn increases cellular fit-
ness, whereas its inhibition leads to bioenergetic failure and cell death [34]. It is 
observed that autophagy is induced under low-insulin conditions during fasting, 
whereas high-insulin levels are suppressive [35]. Furthermore, prolonged expression 
of Atg8 gene in Drosophila extends lifespan by 50%. Similarly, knock down of Atg7 
and Atg12 genes partially suppresses the lifespan extension in daf2 mutants, encod-
ing IGF-1 receptor in C. elegans [36]. These results suggest that lifespan extension is 
mediated via autophagy and is regulated by insulin signaling pathway. Sirtuins are 
known to extend lifespan upon calorie restriction via autophagy, but still it is not sure 
whether TOR has any role to play. Unraveling the molecular mechanism underlying 
autophagic regulation may help to maneuver autophagy for therapeutic uses.

 How Longevity Is Studied in Different Model Systems

A salient breakthrough was observed when lifespan extensions with improved 
health in various organisms occurred due to basic environmental and genetic 
involvements [37]. A conclusion drawn from these studies was that lifespan exten-
sion was correlated to aging process and was evolutionarily conserved. It was 
strongly attributed to nutritional status or mechanisms that could sense nutrients. 
Way back in the 1930s, dietary restriction (DR) was identified to increase lifespan 
of rats that were subjected to low nutritional uptake. Effects of DR on aging were 
also studied in S. cerevisiae, C. elegans, and Drosophila, as well as in rhesus mon-
keys [38]. Single-gene mutations that could extend lifespan were first identified in 
C. elegans, which happened to be the insulin/insulin-like growth factor 1 (IGF-1) 
signaling (IIS) pathway [37]. The IIS pathway cross-talks with the target of rapamy-
cin (TOR) kinase, an intracellular nutrient-sensing network like energy sensing, 
amino acid starvation, etc. It is activated by nutrients and stimulates protein synthe-
sis and aging in a variety of animals and probably has evolved with the beginning of 
multicellularity [39]. It is essential in directing responses in various parts of the 
organism toward nutrition. It was observed that the long-lived mutant mice showed 
enhanced health. In case of humans, genetic variants associated with genes encod-
ing different components of the insulin/IGF-1 pathway are generally associated 
with survival during aging. Recently, mutants of various components of the TOR 
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pathway were shown to be involved in lifespan extension in organisms like S. cere-
visiae, C. elegans, Drosophila, and mice [40]. Secondly, we could use drugs in labo-
ratory models to alter signaling network(s) that would ultimately provide health 
benefits and extend lifespan. Rapamycin is an immune suppressant approved for 
human use during cancer chemotherapy and also inhibits the activity of TOR kinase. 
It shows substantial effects on both aging and aging-related diseases. For example, 
the drug can extend lifespan in both Drosophila and mice. Middle-aged mice treated 
with rapamycin extend the lifespan.

Mutant yeast cells defective in autophagy-related genes show decreased chrono-
logical lifespan (CLS) in minimal medium as compared to control strains [41]. 
Autophagy is shown to be key process for the extension of yeast CLS induced by 
calorie restriction [42], but not for CR-mediated yeast replicative lifespan (RLS) 
extension [43]. Many other studies signify the interconnection between autophagy, 
calorie restriction and longevity in yeast.

 Drugs That Influence Longevity

Interestingly, anti-aging drugs like spermidine, resveratrol, and rapamycin are 
autophagic regulators/activators [44]. Rapamycin stimulates autophagy in a TOR- 
dependent manner, whereas resveratrol and spermidine evokes a TOR-independent 
autophagy by different pathways. Thus, there are great deals of evidences that sup-
port autophagy and aging to be modulated by different signaling pathways.

Both resveratrol and rapamycin target the conserved pathways for longevity and 
mimics dietary restriction mechanism and help increase lifespan in many species. 
Clinical trials of resveratrol for anticancer treatment are underway [45]. It is a small 
polyphenolic compound that can activate the Sirtuin family of proteins. 
Overexpression of Sirtuin increases lifespan [9]. Recent studies have shown AMPK 
to be another target of resveratrol, which help maintain the energy balance. AMPK 
can activate the enzyme Sirtuin or in a way resveratrol can activate Sirtuin via 
AMPK to increase longevity [46]. On the other hand, rapamycin increases lifespan 
by reducing the TOR activity. Supplementation of rapamycin to mice increases 
lifespan. Both these aspects are well documented.

Resveratrol It is a polyphenol found in red wine and is an activator of Sirtuin 1 that 
helps in lifespan extension in yeast, worms, and flies. It has been shown that resve-
ratrol increases lifespan of C. elegans through Sirtuin 1-dependent autophagy. 
Recent studies show that resveratrol may not directly activate Sirtuin 1 [47], but 
may function on various targets like enzymes, receptors, and transporters. 
Resveratrol is known to exert its effect in dosage-dependent manner. Studies show 
the dual role of resveratrol in inhibiting self-renewal of cells and thereby inducing 
apoptosis in human cancer stem cells. Sirtuins deacetylate and destabilize p53 activ-
ity which results in lifespan extension/cell survival because of delayed apoptosis.
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Spermidine It is a polyamine that induces longevity by promoting autophagy. 
Spermidine (spd) is present in all living cells whether it is a prokaryote, eukaryote, 
plants, or animals. Spd is an organic cation that is protonated at physiological pH 
and therefore is a trivalent [48]. It is a low-molecular-weight aliphatic polycation 
important for cell proliferation and differentiation [49]. When cell faces depletion of 
spermidine, it ceases to proliferate, contrarily when the cell is provided with sper-
midine, it restores normal proliferation. Spermidine is essential for life and modu-
lates diverse cellular processes including autophagy. Among the different 
polyamines, spermidine is considered to be maximally involved in regulating cell 
proliferation and differentiation, alteration of signal pathways, control of cellular 
Ca2+ homeostasis, and intracellular antioxidant defense. Moreover, spermidine is 
known to have a property of prolonging lifespan of several model organisms and 
decreases age-related oxidative protein damage in mice, depicting that it may act as 
an anti-aging drug.

Using the chronological aging experiments, the Δspe1 yeast mutant cells showed 
shortened lifespan, which could be restored by the addition of exogenous spermi-
dine or its precursor putrescine [50]. The wild-type yeast cells could increase the 
lifespan upon addition of spermidine, which correlated with reduced acetylation of 
many lysine residues present in the N-terminal tail of histone H3. The intracellular 
level of individual polyamines diminishes as aging takes place, showing the anti- 
aging property of spermidine. Prolongation of lifespan is because of reduced acety-
lation of many lysine residues located in the N-terminal tail of histone H3 (i.e., Lys 
9, Lys 14, Lys 8). Thus, it can be concluded that spermidine inhibits histone acety-
lases. Restriction to dietary supplement slows down aging and is mediated by target 
of rapamycin (TOR) kinase inhibition. TOR signaling represses autophagy and thus 
spermidine blocks autophagy, leading to reduction of lifespan prolongation in com-
bination with dietary restriction and TOR inhibition [51].

External administration of spermidine extends lifespan in yeast, worms, and flies 
in an autophagy-dependent fashion. Spermidine causes global hypoacetylation of 
histone H3 and the ATG7 promoter [50] leading to its upregulation. Induction of 
autophagy is observed by spermidine-mediated transcription of autophagy-relevant 
genes. Sirtuin 1 affects autophagy by deacetylation of important autophagy-relevant 
proteins, whereas spermidine probably induces autophagy through a combination of 
nuclear (transcriptional) and cytoplasmic (transcription-independent) mechanisms. 
It is probably attributed to the inhibition of protein acetyltransferases (by spermi-
dine) and activation of deacetylases (by resveratrol) that may converge on similar 
regulators or effectors of autophagy. Sirtuins also known as anti-aging proteins in 
various model systems like yeast, Drosophila, C. elegans, and mouse are regulated 
by ‘calorie restriction’ and are shown to be involved in metabolic activity of cells as 
they are NAD-dependent enzymes [52]. Resveratrol activates autophagy through 
Sirtuins and most probably autophagy is required for lifespan extension via calorie 
restriction. Several studies prove the role(s) of calorie restriction, Sirtuin activation, 
TOR inhibition, and autophagy requirements during longevity. Calorie restriction 
(CR) is known as the most consistent and non-pharmacological way of increasing 
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lifespan and provides protection against deterioration of biological functions. A 
decrease in diet by 20–40% in calorie intake allows the rats to live longer. Similar 
results have been reported in organisms like yeast, worms, flies, fish, etc. [53].

SIRT1 homolog SIR2.1 of C. elegans regulates lifespan through DAF16 (dauer 
formation protein 16), a homolog of FOXO protein which is the target of insulin/
IGF pathway. This homolog associates with scaffolding proteins, 14-3-3, which 
help in interaction of SIRT1 with DAF16 in an IGF-independent manner. An extra 
copy of dSir2 gene in D. melanogaster leads to lifespan extension (approximately 
18–29% longer) by regulating insulin IGF-1 pathway [11]. So, IGF signaling, a 
nutrient-activated pathway, plays a prominent role in aging. Organisms that show 
CR-mediated longevity have increased insulin sensitivity and reduced blood glu-
cose and insulin levels. SIRT1 regulates gluconeogenesis in liver that is mediated 
either via the FOXO protein or PGC1-α. During conditions of stress, SIRT1 deacet-
ylates the nuclear FOXO1 to promote transcription of gluconeogenic genes, thus 
allowing glucose metabolism [54]. It was observed that knock down or inhibition of 
SIRT1 impairs insulin signaling, whereas its overexpression increases insulin resis-
tance and impaired glucose transport. These genetic studies gave a different view 
regarding the shift in the metabolic strategy in cells with reference to calorie restric-
tion, which favored longevity. During Sirtuin-mediated longevity, the cells have 
high calories and the carbon flow through glycolysis is high, thus resulting in the 
glycolytic enzyme glyceraldehyde 3-phosphate dehydrogenase (GAPDH) to use 
NAD and the resulting NADH is recycled by electron transport chain. But when 
there is anaerobic condition, then it recycles to acetyl CoA to generate fermentation 
products. Thus, only a substantial portion of NAD pool remains available to high 
flow of carbon through glycolysis. On the contrary, when calories are low, the flow 
of carbon through glycolysis is low and there is more availability of NAD for other 
NAD-binding proteins like Sirtuins, which leads to increase in lifespan.

 How D. discoideum as a Model Organism Overcomes These 
Limitations

Ever since the discovery of D. discoideum is introduced as the model organism, the 
multicellular morphogenesis of this simple eukaryote offers an eminent chance to 
deduce the different fundamental principles of cell biology. Fulfilment of primarily 
at least two criteria by any model organism is necessary for it to be proved as a 
model system. Firstly, the model organism should offer experimental advantages, 
which are not offered by other competing systems. Secondly, wider relevance dis-
coveries should be made. D. discoideum is one of the simplest present-day unicel-
lular eukaryotes currently showing developmental cell death. It offers the following 
advantages as a model system for the study of the various aspects of biology.

It is a connecting link between unicellular and multicellular transitions. D. discoi-
deum is instrumented to study chemotaxis and phagocytosis and behaves similarly to 
the macrophages of mammalian cells. It is a completely sequenced haploid genome 
and promotes genetic studies. The functional analysis of genes can be studied due to 
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its genetically docile system. Propagation of developmental mutants that behave as 
conditional mutants can be achieved under vegetative conditions, as both vegetative 
and developmental programs are independent of each other [55]. D. discoideum 
proves to be advantageous over bacteria and yeast for the heterologous expression of 
genes and recombinant proteins required for the post-translational modifications, 
which are properly folded and remain active [56]. There are orthologs of nearly 33 
disease-related genes from humans [57], and thus, can be used in understanding of 
human pathological conditions as well as the biology of the disease [58]. Database is 
available at http://www.dictybase.org, which is updated regularly [59].

Similar to yeast, Dictyostelium culture can be propagated eternally, but individ-
ual cells age and eventually die. Thus, it can also be used to study longevity in this 
organism. The benefit of this organism is that it shares homology to humans, is a 
eukaryotic system, and follows programmed developmental cell death by inducing 
autophagy. Since there are no caspases present and autophagic cell death is the only 
mechanism of programmed cell death, one can study autophagy-mediated longevity 
in this organism. Other parameters also help this organism to be better than yeast, as 
cell biology, biochemistry, and molecular biology tools are very well developed.

Autophagy is conserved throughout the eukaryotes and has been well studied in 
yeast [60]. Recent studies show that despite its early evolutionary divergence from 
the higher eukaryotes (i.e., metazoans), the lower eukaryote, D. discoideum, pos-
sesses an autophagic pathway, which is more similar to mammalian cells as com-
pared to S. cerevisiae. As during the course of evolution, S. cerevisiae has undergone 
various genome duplications and gene loss making it exquisitely specialized but 
more divergent from metazoans. Although studies carried with yeast makes it an 
invaluable model system for study of highly conserved autophagy pathway similar 
to mammals, there are substantial differences in various elements of its autophagic 
machinery making it more divergent from mammals. Few differences existing 
between mammalian and S. cerevisiae autophagy are as follows:

 1. Presence of Lysosomes: There is a single degradative vacuole present in yeast, as 
opposed to a numerous acidic lysosomal vesicles in mammalian cells. 
Dictyostelium cells also have a classical lysosomal compartment consisting of 
numerous acidified and proteolytic vesicles [61].

 2. Location of Autophagosome Formation: Both in case of mammals and 
Dictyostelium, nascent autophagosomes originate in the cytoplasm from multi-
ple origins. They are formed by regions of the endoplasmic reticulum (ER) or 
mitochondrial membranes into phagophore nucleation sites and produce many 
autophagosomes simultaneously [62, 63]. In contrast, in S. cerevisiae, phago-
phore membrane initiates and expands from a single specialized structure known 
as the phagophore assembly site (PAS), which is disconnected from other cellu-
lar organelles [64].

 3. Presence of Macroautophagy Proteins: Besides the conserved core machinery of 
autophagy genes present in yeast and other eukaryotic systems, there are some 
other essential conserved proteins required for macroautophagy, which are 
absent in organism like S. cerevisiae. Homologs of vacuolar membrane protein 1 
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(VMP1) and etoposide-induced protein 24 (EI24) are present from non- 
metazoans to metazoans. Reports suggest that these genes were present in diverse 
organisms such as Trypanosoma brucei and plants during their early eukaryotic 
evolution but were missing in S. cerevisiae. The presence of conserved role of 
VMP1 in autophagy in Dictyostelium suggests the possible role of this organism 
in evolutionary background [65].

Autophagy being a fundamental process, vital for cellular health and survival, is 
highly conserved mechanism, extensively studied in yeast, but diversity in eukary-
otes, suggests that there could not be one generic model for all studies because of its 
limitations. Thus, the need of the hour is to study the mechanism of autophagy in 
other evolutionary conserved organism such as D. discoideum to get in-depth pic-
ture of the autophagy process.

 Life Cycle of D. discoideum

Dictyostelium discoideum, a cellular slime mold, is haploid, unicellular eukaryote 
isolated from the forest soil by Raper [66]. The amoebae proliferate by mitotic divi-
sion in the presence of nutrients, which usually are bacteria. Upon depletion of 
food, approximately 100,000 amoebae signal each other by releasing the chemoat-
tractant, cAMP [67], and initiate aggregation at common collecting points to give 
rise to multicellular structures. Multicellularity in this case is not by the repeated 
division of the ‘zygote’ (as in case of metazoans), but by coming together of the 
spatially segregated cell types, which undergo morphogenetic movements to ulti-
mately culminate into fruiting bodies consisting of two terminally differentiated cell 
types, namely spores (viable) and stalk cells (dead vacuolated). Anytime during its 
development, about 15–20% of the total population is destined to form the stalk and 
the rest (80–85%) form spores. This organism has been widely used for understand-
ing cellular motility, signal transduction, differential cell sorting, pattern formation, 
phagocytosis, and chemotaxis.

It undergoes transition from single-celled amoeba to multicellular organism as a 
natural part of its life cycle. The life cycle (Fig. 13.2) of D. discoideum begins with the 
spores released from mature fruiting bodies. Each spore germinates into an amoeba 
under favorable (nutrient-rich and moist) conditions. During vegetative stage, the 
amoebae phagocytose bacteria, but can also pinocytose liquid axenic medium. These 
organisms show conditional multicellularity with cell-type differentiation.

The amoebae move toward the bacteria, attracted by the folic acid secreted by 
them. Actively dividing amoebae continuously secrete the autocrine factor PSF 
(pre-starvation factor, a glycoprotein with a molecular mass of 68 kDa), which accu-
mulates in the media in proportion to the cell density, which helps in quorum sens-
ing [68]. The presence of bacteria as a food source inhibits the response of the cells 
to PSF. This enables the cells to sense their own density in context to bacteria. High 
extracellular PSF during late exponential growth induces several early developmen-
tal genes essential for aggregation and intracellular signaling [69]. Upon starvation, 
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condition medium factor (CMF) protein is secreted by the amoeba into the media 
[70], which help regulate cAMP signal transduction, a prerequisite for the cells to 
aggregate. Inactivation of CMF leads to direct inhibition of aggregate formation. An 
important component in this signal system also involves the gene srsA [71] whose 
expression is induced within few minutes after the onset of starvation and repressed 
within 2 h. srsA appears to function independent of yakA as the expression of srsA 
does not get altered in yakA null cells. Disruption or overexpression of srsA resulted 
in reduced expression of acaA and carA, resulting in a delay in development along 
with the formation of aberrant structures, suggesting that certain critical level of the 
protein is crucial for the regulation of early development [71]. yakA induces the 
expression of aggregation-specific genes at the onset of development. Transition 
from growth to development is under the tight regulation of yakA, as overexpression 
of yakA could induce growth arrest and rapid development. yakA-deficient strain 
shows a short cell cycle duration and does not undergo normal development. In 
addition, yakA levels are modulated by PSF and observed to be essential for aggre-
gation, cell-type differentiation, and spore germination. Disruption of smlA gene 
leads to the formation of abnormally small-sized aggregates, suggesting that D. 
discoideum uses a cell-counting mechanism to regulate the size of its aggregates 
[72]. Counting factor (CF) is a secreted complex of polypeptides with a molecular 
mass of approximately 450  kDa [73] that help determine stream break-up and 

Fig. 13.2 Asexual life cycle of Dictyostelium discoideum. Amoebae stay in vegetative cycle 
when there is abundant nutrition. Starvation elicits the developmental cycle leading to sexual or 
social depending upon the availability of appropriate mating types. Upon starvation, amoebae form 
aggregates which undergoes morphogenetic movements to finally culminate into a fruiting body 
(c–k)
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aggregate size. When any one of the counting factor components, that is countin, 
cf451, cf50, or cf60, is knocked down or knocked out, it results in fewer but larger 
aggregates and aberrant fruiting bodies [73]. Oversecretion of CF results from the 
disruption of smlA gene. When wild-type cells are exposed to CF or to mutants 
where they are overexpressed, the streams break-up into large numbers of small- 
sized aggregates, which ultimately form small fruiting bodies.

cAMP facilitates two distinct responses in nutrition-deprived amoebae: (i) pro-
duces and relays the cAMP signal and (ii) responds to cAMP (i.e., chemotaxis). An 
anterior–posterior gradient of cAMP in multicellular structures possibly determines 
the prespore and prestalk distribution.

Apart from cAMP, the differentiation-inducing factor (DIF), a lipophilic mor-
phogen induces prestalk differentiation [74]. There are many DIFs identified, among 
which DIF-1 [1-(3,5-dichloro-2,6-dihydroxy-4methoxyphenyl) hexan-1-one] is the 
most potent one. DIF-3 is one of the breakdown products of DIF-1 and shows only 
3.5% of the activity of DIF-1. DIF-2 which is neither a precursor nor a breakdown 
product of DIF-1 shows ~40% activity.

Dictyostelium discoideum is commonly used as a model organism, as it can be 
easily observed at various organismic, cellular, and molecular levels because of its 
restricted number of cell types, behaviors, and rapid growth. It is closely related to 
higher metazoans, and many of the genes are homologous to human genes. Many 
processes and aspects of development such as cell differentiation, programmed cell 
death, autophagy, and motility are either absent or too difficult to view in other 
model organisms, making this organism a good model system.

Starvation activates the free-living amoebae to initiate multicellular development 
leading to the formation of two terminally differentiated cell types (the stalk cells) 
showing a vacuolated form of programmed cell death and viable spores. Thus, ques-
tion arises whether autophagic cell death could be the process for the developmental 
cell death? There are few evidences which strongly support the study of the process 
of developmental cell death mainly by autophagy in D. discoideum [75]: Presence 
of acidic vacuoles in the prestalk/stalk cells, caspase-independent vacuolated devel-
opmental cell death programme [76] and isolated prestalk cells showing higher lev-
els of intracellular calcium as compared to the isolated prespore cells [77]. Calcium 
is also reported to regulate mTORC1 signaling in HeLa cells. ROS has been 
observed as a vital player in the early stages of development in D. discoideum [78].

 Autophagy in D. discoideum

Dictyostelium discoideum follows a developmental cell death program which is cas-
pase independent [79]. It is seen that approximately 15–20% (i.e. the stalk cells) of 
the total cell population die to ensure the survival of the remaining 80–85% of the 
cells that comprise the spores.
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An important aspect of this model system is that autophagy can be analyzed indepen-
dent of apoptosis as there are no caspases or meta/paracaspase found in this organism [80]. 
Autophagic cell death is classified as type II programmed cell death. Autophagy is charac-
terized by enormous degradation of cellular components that may also include essential 
organelles via the lysosomal pathway.

Dictyostelium discoideum shows vacuolated developmental cell death as stalk 
cells are highly vacuolated and they fail to regrow in nutrient-rich medium [80]. 
Differentiation-inducing factor (DIF) triggers cell death only when cells are starved 
for a certain time period, therefore it is easy to separate autophagy from autophagic 
cell death (ACD). Under experimental conditions (in monolayer cultures), 
Dictyostelium follow two types of cell death: (i) autophagic cell death, which is 
vacuolar and probably identical to the death of stalk cells during normal develop-
ment and (ii) necrotic cell death is observed in the mutant Atg1 cells. Triggering of 
autophagic cell death requires two signals: the first being starvation/cAMP that 
leads to autophagy and a second being DIF-1 that leads to ACD.

Dictyostelium shows striking similarities with higher eukaryotes in many bio-
logical aspects including chemotaxis, developmental signaling pathways, response 
to bacterial infections, and programmed cell death. Dictyostelium genome has evo-
lutionary conserved autophagic genes, which aid in the formation of autophago-
some. A serine/threonine kinase Atg1 activity is required for autophagy in different 
model systems including Dictyostelium [81]. The nutrient sensor TOR receives a 
wide variety of intracellular and extracellular signals like nutrients, energy, growth 
factors, calcium, and amino acids. TOR in association with other proteins forms a 
TORC1 complex, which is involved in autophagy. TORC1 regulates cell growth, 
metabolism, and is upstream of Atg1 complex which plays a central role in the regu-
lation of autophagy [65]. There are many autophagy proteins present in D. discoi-
deum which are involved in the transport and recycling of components from the 
autophagosome. Several autophagy proteins like Atg2, Atg9, and Atg18 are recog-
nized in S. cerevisiae, Dictyostelium, and human genome. Atg9 in Dictyostelium is 
located in small vesicles that travel from cells periphery to the microtubule- 
organizing center and its deletion leads to autophagic defects [82]. In summary, 
Dictyostelium genome has the components of basic machinery which regulates 
autophagy. Moreover, the strong similarity and presence of conserved proteins in 
Dictyostelium and humans emphasize the role of autophagy in Dictyostelium and 
use of this model system to study autophagy (Fig. 13.3).

A large number of proteins are involved in autophagosome formation and its 
maturation. The Atg1 complex is required for recruiting other Atg proteins to the 
autophagosome assembly site, thereby initiating autophagosme formation in the 
form of isolation membrane. The expansion and formation of autophagic vesicle is 
dependent on two ubiquitin-like conjugation systems involving Atg8 and Atg12 
(Atg5–Atg12–Atg16). Membrane trafficking and biogenesis of autophagosome is 
dependent on Atg9 and Atg18.
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 Signaling Pathways Involved in Autophagy in D. discoideum

Signaling pathways like insulin/IGF-1, TOR kinase, protein kinase, CR, mitochon-
drial respiration, etc. are important for longevity probably via autophagy induction 
wherein damaged proteins are removed for cell survival [83]. An important function 
of autophagy in multicellular organisms is the clearance of cytosolic ubiquitinated 
substrates and/or protein aggregate. Below are the two main cellular functions of 
autophagic degradation:

 (i) It acts as an alternate energy source for fueling the cells during nutrient deple-
tion by providing macromolecular components, the products of lysosomal deg-
radation, including amino acids and fatty acids.

 (ii) Autophagy contributes to the cellular clearance by eliminating damaged mac-
romolecules and organelles.

There are nearly 31 autophagy-related genes (Atg) identified so far and the 
majority of them function in the autophagosome formation. Based on their 
function(s), the Atg proteins are classified into different groups as shown below 
[84]:

Fig. 13.3 Autophagosome formation and signaling pathways in Dictyostelium discoideum. 
The phagophore is a double membrane which enlarges and engulfs parts of the cytoplasm. Later it 
fuses with lysosomes where the macromolecules are degraded and recycled. Autophagic proteins 
have been arranged in hypothetical functional complexes similar to yeast Saccharomyces cerevi-
siae and mammalian cells. Various protein complexes involved in membrane trafficking during 
autophagosome formation are shown. TORC1 inhibits Atg1 complex which weakens the phago-
phore formation. Transmembrane proteins Vmp1 and Atg9 play roles in membrane trafficking 
during autophagosome formation
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 (i) Atg1 protein kinase along with Atg2 and Atg18 are involved in the induction 
of autophagy and cycling of integral membrane proteins.

 (ii) Atg9 and Atg14 are part of phosphatidylinositol 3-kinase complex required for 
vesicle nucleation.

 (iii) Atg8 and Atg12 are component of ubiquitin-like conjugation systems that are 
involved in autophagosome formation.

Some of the signaling pathways (Fig. 13.4) leading to autophagy are as follows:

 (i) TOR complex I: Rapamycin stimulates autophagy by inactivating TORC1 sug-
gesting that TOR inhibits autophagy [85].

 (ii) The Ras/PKA pathway: A common mechanism found in different organisms 
regarding glucose sensing is via the Ras/cAMP-dependent protein kinase A (PKA) 
signaling pathway. Inhibition of autophagy by Ras/PKA probably is mediated by 
Atg1, which is identified as a phosphorylation substrate of PKA [86].

 (iii) Insulin/insulin-like growth factor pathways: Insulin and insulin-like growth 
factors regulate mTOR through the class I PtdIns3K [35].

 (iv) Energy sensing: Reduced cellular energy (ATP) levels are sensed by AMPK, 
which phosphorylates and activates TSC1/2 complex that inhibits mTOR activ-
ity via Rheb. This results in increased ATP levels via recycling of nutrients [87].
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Fig. 13.4 Nutrient-dependent regulation of autophagy-mediated lifespan extension in 
Dictyostelium discoideum. In nutrient-rich condition autophagy proceeds at low basal rate and is 
induced to high levels in response to stress, hypoxia, starvation, or low growth factors. The TOR 
signaling plays a central role in these responses. Downstream of TOR, protein kinases Atg1, S6K, 
and 4EBP-1 inhibit TOR signaling through negative feedback loops. Starvation activates AMPK in 
response to AMP/ATP levels and inhibits TOR which modulates Sir2D to induce autophagy- 
mediated lifespan extension by forming complex of autophagy initiation proteins, viz. Atg1, 
Atg13, Atg101, Atg17, and FIP200. [Rap: Rapamycin inhibitor of TOR; AMPK: AMP-activated 
protein kinases; S6K: p70 S6 kinase; 4EBP: 4E-binding protein 1; Atg: Autophagy genes; Sir2D: 
NAD-dependent deacetylases, a homolog of Sirt1 of humans]
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 (v) Stress response: There are various kinds of stress faced by the organisms, 
which generally induce autophagy for survival of the organism. There are 
enough reports regarding stress-induced autophagy.

 (vi) Oxidative stress: Reactive oxygen species is one of the major stresses faced by 
Dictyostelium cells upon starvation which leads to autophagy. The major 
source of ROS generation is the mitochondria, which ultimately damage the 
organelles.

 (vii) Pathogen infection: Elimination of pathogens is mediated via autophagy and 
is observed to be TOR independent [88].

 D. discoideum to Study Longevity

We have analyzed longevity in case of Dictyostelium using chronological lifespan 
mechanism like that studied in yeast. Lifespan extension in yeast is mainly studied 
by two different mechanisms: replicative and chronological. Yeast replicative lifes-
pan (RLS) is defined as number of times a single cell divides before its senescence. 
This method is useful to study aging process of mitotically active cells in multicel-
lular organisms [13]. Chronological lifespan (CLS) is a suitable model for post- 
mitotic cells in multicellular organisms as it determines the length of time a cell can 
survive under non-proliferative conditions, that is, number of days cells remain 
viable in stationary phase culture.

Similar to yeast chronological aging/longevity model, chronological lifespan 
determination was performed in wild-type (Ax2) cells grown in axenic media contain-
ing standard amount of glucose. Briefly, fresh cells were grown for 72 h to enter into 
stationary phase. The midpoint of stationary culture, that is 3 days after inoculation, 
was considered as the beginning of the chronological aging or 0 h. Subsequently via-
bility of non-proliferative cells in stationary culture was determined at different time 
points and regrowth assay was performed. We have shown that cells overexpressing 
Sirtuin2D (DdSir2D) extends lifespan by inducing autophagy [89, 90].

 Monitoring Autophagic Flux in D. discoideum

Autophagy is a process which ultimately is completed when the degradation of the 
cytosolic components takes place in the lysosomes. It is thus essential that autopha-
gic flux (AF; the fusion of autophagosomes with lysosomes and subsequent degra-
dation of cargo) be monitored as formation of autophagosomes only does not allow 
one to get conclusive answers. In case of D. discoideum, AF is monitored essentially 
by two following methods:

Quantification of Atg8 Puncta Per Cell by Confocal Microscopy Autophagic flux 
is assessed using RFP-GFP-Atg8 (an autophagosome marker expressed tandemly 
with reporter genes). The strain is used for confocal microscopy for tracing the pres-
ence of red puncta, as RFP fluorescence is more resistant to the acidic and protease- 
rich conditions of the lysosome, whereas GFP fluorescence is rapidly quenched.
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The total number of Atg8 puncta per cell in act15 (RFP-GFP-ATG8)/sir2D− are 
significantly less as compared to wild type, thereby suggesting the crucial role 
played by Ddsir2D in regulating autophagy pathway [90].

Proteolytic Cleavage of GFP-Tkt-1 Autophagic flux in Dictyostelium is monitored 
in the presence of proteolytic fragments derived from autophagic degradation by the 
expressed fusion proteins. Lysosomotropic agent such as NH4Cl is used for the mea-
surement of these cleaved fragments [90, 91]. Tkt-1 cytosolic protein under actin 15 
promoter in pTX-GFP vector helped detect the presence of free GFP fragments 
from the fusion protein GFP-Tkt-1. Further, western blotting analysis is checked in 
the control GFP-TKT-1 and the treated GFP-TKT-1 (treatment with 100  mM 
NH4Cl) to quantitate the cleaved GFP product.

In order to understand the role of DdSir2D in autophagy, we examined the semi- 
quantitative mRNA expression patterns of different autophagy-related genes (Atg1, 
8, 5, 16, 18, 9) in wild-type, overexpressor and knock-out strains of 
DdSir2D. Significant reduction in expression pattern of Dictyostelium homolog of 
yeast Atg1 that is involved in the induction of autophagy, in knock-out strains, sug-
gests a link between Sirtuin and autophagy in D. discoideum. To further examine its 
function in the process of autophagy, different Atg genes like Atg8 (autophagosome 
marker), Atg5 and Atg16 (forms ubiquitin-like conjugation system), and Atg9 and 
Atg18 (involved in membrane trafficking) were studied. Increase in above- mentioned 
autophagy-related genes in overexpressors and subsequent decrease in knockout 
strain suggest its role in autophagy. Furthermore, role of DdSir2D in basal and 
induced autophagy was examined by transforming randomly tagged RFP-GFP- 
Atg8 plasmid in wild-type and knock-out strains and autophagic fluxes were moni-
tored. As reported by Calvo-Garrido et  al. [91], RFP fluorescence is resistant to 
acidic pH of the lysosome compared to GFP fluorescence. Thus, the red–green 
puncta marks the early autophagosomes and the red puncta that lack green fluores-
cence marks the fusion of autophagosomes with lysosomes. On induction with 
known inducers of autophagy, that is, starvation, rapamycin and NH4Cl, a high 
autophagy flux was observed in wild-type cells as compared to knockout cells.

To confirm our hypothesis that DdSir2D plays role in autophagy, proteolytic 
cleavage of GFP-Tkt-1 was performed and decrease in the free GFP levels in knock-
out cells after NH4Cl treatment was observed similar to the wild-type cells [90]. 
Starvation is a condition known to stimulate autophagic flux, similarly calorie 
restriction or starvation stimulates Sirtuin activity.

 Other Molecules Involved in Autophagy-Mediated Longevity 
in D. discoideum

We have measured autophagy-mediated longevity in case of D. discoideum by res-
veratrol, spermidine, and rapamycin (unpublished). We found Sir2D of D. discoi-
deum to be involved in autophagy-mediated lifespan extensions. Treatment with 
resveratrol, an activator of Sirtuins, also increases lifespan in a dose-dependent 

13 Can Autophagy Stop the Clock: Unravelling the Mystery in Dictyostelium…



254

manner. Rapamycin, a positive regulator of autophagy, inhibits TOR activity and 
shows a dose-dependent increase in autophagy [92]. Spermidine is a physiological 
inducer of autophagy in many systems studied. We found higher levels of spermi-
dine in isolated prespore cells as compared to isolated prestalk cells [93], suggesting 
higher levels were required for survival. A dose-dependent increase in autophagy 
was observed in this organism, which also increased lifespan extension. Conversely, 
2-(difluoromethyl) ornithine (DFMO) could decrease the spermidine levels and also 
autophagic flux. All these show that spermidine can induce autophagy in D. discoi-
deum and is required for its survival.

 Conclusions

Lifespan can be extended both by calorie extension and pharmacological agents that 
can mimic the same. There is no doubt that autophagy has antiaging potential. 
Major function of autophagy is to protect cells during stress conditions, remove 
aggregate-prone proteins, etc. In the present study, we consider D. discoideum as 
one efficient model system to delineate the pathways involved in autophagy and find 
the mechanism of action of anti-aging agents. Additionally, this organism helps to 
study autophagy in the absence of caspases. Since it holds an important phyloge-
netic position and shows much homology to human as compared to other lower 
model organisms, we consider that the results obtained would solve few underlying 
processes involved in longevity. Since nutrition plays an important role in its life 
cycle, we think that autophagy via the TOR pathway could be delineated well in this 
model organism. The results obtained with this organism would help understand the 
process of cell survival/longevity. Studies that could utilize genetic, nutritional, and 
pharmacological manipulations to address the longevity issues could use D. discoi-
deum as a model system to expand our knowledge.
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 Introduction

Aging in contemporary biology could be described as a collection of gradual senes-
cence processes which operates at both physiological and cellular levels. In broad-
est sense, aging imitates all the changes that happen over the entire course of life. 
Interestingly, the evolutionary biologists define aging as an age-dependent decline 
in essential physiological and cellular functions, leading to decline in reproductive 
capability and an increase in age-specific mortality rate [67]. Therefore, the aging 
could be best defined as a persistent decline in the age-specific fitness components 
of an organism due to internal physiological deterioration [226].

Aging is a complex process, involving both the genetic and environmental fac-
tors [250]. The phenomenon of aging is represented by some most prominent char-
acteristics such as a progressive decrease in physiological capacity, reduced ability 
to respond adaptively to environmental stimuli, increased susceptibility to infection 
and complex diseases, and increased mortality [4, 97, 261]. Some irretrievable 
series of biological changes which occur during the advanced stages of aging inevi-
tably result in the death of the organism. Although the exact cause of these changes 
is still unsolved and almost unrelated in different cases entailing no common mech-
anism, yet they often indicate some shared elements of descent. Several genes and 
many biological processes have been found to be associated with the phenomenon 
of aging; however, numerous unsolved questions remain to be deliberated. This is 
also largely due to absence of a large number of molecular markers which could be 
used to measure the aging process in a tissue-specific manner. Some of the critical 
questions include (i) How does the aging progress? (ii) Which biological processes 
lead to the age-dependent cellular and physiological dysfunction? (iii) Is it possible 
to target the molecular pathways to combat or restrict the aging phenomenon and 
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associated impairments? (iv) Can we identify some genetic modifiers with the abil-
ity to recapitulate the after-aging effects? The researchers are still trying to disen-
tangle the various aspects of aging phenomenon in different model organisms. 
Therefore, even after almost an era of attentiveness to the human race since the 
establishment of documented history, aging remained as a most enigmatic field of 
biomedical research.

The last decades have shown remarkable improvement in the genetic analysis of 
aging, with a greater prominence near interpretation of molecular mechanisms, 
pathways, and physiological processes associated with longevity. Since limitations 
associated with human genetics do not permit comprehensive analysis on the func-
tional and mechanistic aspects of the candidate gene(s) in greater details, and with 
the fact that the basic biological processes remain largely conserved in various 
organisms, therefore utilization of model organisms to decipher the different aspects 
of aging phenomenon and modifier screening has emerged as a prime approach to 
study the in-depths of aging process. Extensive research has been performed utiliz-
ing several model systems such as C. elegans, Drosophila, and mice to elucidate the 
essential genetic/cellular pathways of aging. Subsequently, classical model systems 
such as Caenorhabditis elegans and Drosophila melanogaster have emerged as one 
of the prime organisms to elucidate the essential genetic/cellular pathways of human 
aging. Drosophila, particularly, holds tremendous promise for identifying genes and 
also to deduce other possible mechanisms which stimulate age-associated func-
tional declines. Some of the most important features of Drosophila for aging studies 
have been discussed below:

 Drosophila melanogaster as a Model Organism for Aging 
Research

Drosophila is one of the oldest and the most versatile model organisms to study a 
diverse range of biological processes including genetics, development, learning, 
behavior, and aging. For the first time, Thomas H. Morgan used the tiny invertebrate 
Drosophila melanogaster for his studies on the “chromosomal theory of inheri-
tance” and this marks the beginning of an era of revolutionary research utilizing this 
humble organism in his “fly room” at the University of Columbia, USA. Subsequently, 
the researcher has traveled a long way, and Drosophila emerged as an excellent 
model system for aging studies due to a number of advantages, that is, short lifespan 
(50–70) days, high fecundity (female lay up to 100 eggs per day), availability of 
powerful genetic tools, accessibility of stocks with many different alterations, 
knowledge of the complete genomic sequence, and large homogeneous populations. 
In addition, ease of culturing, low maintenance costs, and affordability of maintain-
ing large population within the confines of laboratory further make flies a remark-
able model organism (Fig. 14.1). Further, the absence of meiotic recombination in 
male flies and availability of balancer chromosomes allow populations of flies car-
rying heterozygous mutations to be maintained without undergoing any constant 
screening for the mutations. Moreover, completely sequenced and annotated 
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genome distributed on four chromosomes make Drosophila a well-acceptable sys-
tem to perform large-scale genetic screens for identification of potential modifiers 
of aging and disease-related phenotype(s). Due to existence of morphologically dis-
tinct developmental stages in Drosophila which include embryonic, larval, pupal, 
and adult phase (Fig. 14.2), it is easy to distinguish the sexually matured “aging” 
adults in the developing population. In several model organisms, it is not so conve-
nient to visually distinguish the mature aging adults from immature or juvenile 
stage. Drosophila life cycle varies with temperature, and in the laboratories, it is 
generally maintained at 22 ± 2 °C. Since morphological features and developmental 
processes of Drosophila have been well documented, environmental and genetic 
manipulations which modulate the aging dynamics and lifespan could be easily 
performed and scored. Besides, availability of the large number of mutants and 
transgenic lines at several Drosophila stock centers further makes it a popular model 
organism [53, 231].

Interestingly, it has been estimated that more than 50% of the Drosophila genes 
have homologs in humans [2, 187], and nearly 75% of known human disease genes 
have functional homologs in the fly [221]. This striking similarity makes Drosophila 

Fig. 14.1 Maintenance and handling of Drosophila in laboratory: (a) BOD incubator showing 
rearing of Drosophila at 25 °C in culture bottles and vials. (b) Stereo zoom binocular microscope 
used for routine fly work. (c) Stereo zoom binocular microscopic view of mixed population (male 
and female) of wild-type (OregonR+) Drosophila (Images not on scale)
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as the model organism of choice for several human-related studies such as aging and 
longevity. The adult fly harbors a well-coordinated sophisticated brain and nervous 
system, which makes it capable of displaying complex behaviors such as learning 
and memory, much like the human brain [123]. Disruption of this synchronized 
motor behaviors results in neuronal death and dysfunction. The aging-related char-
acteristic phenotypes, such as locomotor and sensory impairments, learning dis-
abilities, and sleep-like behavior, are well manifested in Drosophila [81]. Drosophila 
lacks a functional blood–brain barrier which could otherwise prevent access of 
drugs to the neuronal cells of central nervous system; and therefore, Drosophila has 
emerged extremely useful for pharmacological screening for identification of novel 
therapeutic drug targets [123]. In this context, it is interesting to note that response 
toward many drugs that has shown effects within the Drosophila CNS is reasonably 
comparable to the mammalian systems [201, 277].

Subsequent to above, Drosophila provides great genetic tools which facilitate 
manipulation of gene expression in a tissue-specific manner during various stages of 
life cycle. The UAS-Gal4 system is a frequently used genetic tool to achieve ectopic 
expression of a gene of interest or to suppress it by UAS-RNAi transgene [27]. 
Furthermore, FLP-FRT (Flippase  - Flippase Recognition Target)  system, a 

Fig. 14.2 Life cycle of Drosophila melanogaster at 25 °C
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site-directed recombination technique, has been progressively used to manipulate 
the fly genome in vivo in somatic and germ cells [257]. Using this genetic tool, loss- 
of- function of a lethal gene could be easily studied in target organ or tissues [248]. 
The effect of altered gene expression can also be studied over time, by using an 
inducible promoter to trigger the recombination activity late in development. This 
prevents the genetic alteration from affecting overall development of the organ, and 
also allows single-cell comparison of the one lacking the gene to normal neighbor-
ing cells in the same environment [282].

Drosophila also offers some additional advantages for aging studies. The pres-
ence of almost fully differentiated post-mitotic cells throughout the adult stage rep-
resents synchronized aging [7]. The initiation of adulthood in Drosophila has been 
proposed to occur only after the pupal eclosion and the fly becomes sexually mature 
and competent to reproduce [237]. This provides a great advantage over other model 
systems where it is often difficult to exactly determine when the organism has 
attained the maturity [102, 103]. Further, the rarely dividing neurons of the 
Drosophila brain makes it an excellent model to study various aspects of human 
brain aging and neurodegenerative disorders [104]. Aging-mediated cellular and 
structural changes could be convincingly inferred by examining synchronously 
aging neuronal cells in adult Drosophila brain. Due to the lack of blood vessels in 
the fly brain, the pathological complexities due to blood vasculature can be excluded. 
Taken together, in view of above-noted several advantages, Drosophila has been 
extensively used to decipher various aspects of aging. A brief account of the 
Drosophila aging research has been provided below.

 Drosophila in Aging Research: An Overview

Loeb and Northrop in 1916 reported the first use of Drosophila as a model organism 
for aging-related studies [148]. They demonstrated the effects of temperature and 
food on the lifespan and concluded that longevity of flies as poikilothermic organ-
isms depends on the temperature of the environment [148]. In addition, they also 
studied the effect of starvation and sugar-rich diet on fly longevity [149]. 
Subsequently, it was demonstrated that longevity in flies is heritable [204, 205]. 
Consistent with the findings of Pearl and Parker, the role of genetic influence in 
regulation of lifespan of adult flies was validated further [45]. By utilizing 
Drosophila as a model system, several small compounds such as biotin, pyridoxine, 
and pantothenic acid were identified which extend the lifespan upon regulated feed-
ing [71]. The relationship between reproduction and fly longevity was for the first 
time studied by J Maynard Smith in 1958 [241]. It was found that longevity could 
be considerably extended when female flies were selected late for fertility [153, 
154, 227, 228].

The role of reproductive behavior on aging has been a topic of aging research since 
middle of the twentieth century when it was reported that longevity of Drosophila 
could be influenced by reproductive behavior [241]. This established Drosophila 
as an excellent model system to study the fitness trade-offs and lifespan [241]. 
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Thereafter, studies on to establish the mechanistic correlation between reproduction 
and longevity has been a topic of immense interest in the aging research. Consistently, 
the plasticity behaviors between fly longevity and reproductive output was further 
confirmed by the selection experiments, which demonstrated that lifespan could 
be significantly extended when female flies were selected for late-life fertility  
[153, 154, 227, 228]. Michael Rose has reviewed the history of laboratory- based 
evolution experiments and the use of different genomic technologies to unravel the 
genetics of longevity in Drosophila [227, 228]. Interestingly, random mutagenesis 
approach during the end of twentieth century led to identification of two indepen-
dent life-extending genes in Drosophila. Interestingly, methuselah (mth) was the 
first such gene in which P-element insertion-mediated downregulation was found to 
increase the lifespan [143]. In another study, it was found that five independent 
P-element insertional mutation in gene I’m not dead yet (indy) resulted in a near 
doubling of the average adult lifespan without making any negative impact on the 
fertility or physical activity of the flies [230]. Drosophila has further been used as a 
model to study the role of immune senescence and inflammatory responses in aging 
[87, 142]. Major milestone in aging research using Drosophila can be summarized 
as shown in Fig. 14.3.

In contemporary aging research, various approaches and strategies are being 
adopted to decipher the mechanistic insights of aging and longevity. Some of the 
widespread genetic approaches include random mutagenesis followed by forward 
genetic analysis, selective breeding, biochemical, cellular and molecular assays, 
and QTL analysis. These methods collectively have allowed identification of numer-
ous genes those are involved in diverse cellular functions including aging and lon-
gevity in Drosophila. Table 14.1 provides a brief account of some genes and their 

Fig. 14.3 Timeline representing historical overview of some major findings in Drosophila aging 
research
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Table 14.1 A brief collection of some genes found to extend lifespan in Drosophila 
melanogaster

Gene Endogenous function
Positive effect on 
longevity due to References

Indy Succinate and citrate transmembrane 
transporter

Knockdown [225]

dsir2 Histone and nonhistone, NAD-dependent 
deacetylase

Overexpression [14, 224]

gsh Antioxidant enzyme involved in formation of 
reduced glutathione

Overexpression [174]

mth G-protein-coupled receptor Knockdown [143]
SOD Antioxidant enzyme involved in partitioning 

of superoxide radicals to molecular oxygen
Overexpression [202, 249]

Hep JNK kinase Overexpression [270]
Puc Inhibits JNK by specific JNK phosphatase 

activity in JNK signaling
Knockdown [270, 287]

Hsp22 Molecular chaperons involved in stress 
response

Overexpression [179]

Hsp23 Molecular chaperons involved in stress 
response

Overexpression [177]

Hsp26 Molecular chaperons involved in stress 
response

Overexpression [141]

Hsp27 Molecular chaperons involved in stress 
response

Overexpression [141]

Hsp68 Molecular chaperons involved in stress 
response

Overexpression [270]

Hsp70 Molecular chaperons involved in stress 
response

Overexpression [253]

14-3-3ε Antagonist to dFoxo Knockdown [192]
chico Insulin receptor substrate in Drosophila Knockdown [44]
dFoxo Forkhead transcription factor in Drosophila Overexpression [75]
dilps Insulin-like peptides in Drosophila Knockdown [80]
InR Insulin receptor in Drosophila Knockdown [254]
dPTEN Drosophila phosphatase and tensin homolog 

control cell growth and proliferation by 
negatively regulating insulin signaling

Overexpression [111]

dS6K Important downstream kinase involved in TOR 
pathway

Knockdown [124]

dTOR It is a serine/threonine protein kinase which 
regulates cellular growth, proliferation, 
survival, transcription, etc.

Knockdown [124]

dTsc1, 
dTsc2

Act synergistically to inhibit TOR Overexpression [124]
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potential function(s) which have been found to modulate the aging and longevity in 
Drosophila. A brief overview of various techniques and approaches which have 
been adopted in Drosophila aging research is provided below.

 Evaluating Aging in Drosophila

The rate of aging in Drosophila is affected by a combination of environmental and 
genetic factors. Thus, various approaches have been used to evaluate aging in 
Drosophila. Some of these approaches are briefly described below.

 Environmental and Physiological Approaches
Environmental parameters which significantly influence lifespan in Drosophila 
include diet, oxidative stress, and conditions causing inflammation [99]. The follow-
ing means can be exploited in order to analyze aging using physiological approaches.

Analyzing Demographics
This assay is based on the calculation of survivorship and mortality curves. A typi-
cal survivorship curve remains relatively flat for the early period of life and starts to 
decline at older ages, which corresponds to a period of low mortality followed by a 
period of an exponential increase in mortality (Fig. 14.4a). A stressful environment 
will usually manifest as an excess of early death in the population and an abnormal 
dip in the survivorship curve. Assuming that the shortening or lengthening of lifes-
pan of an organism is the result of relative aging, comparative analysis among mean, 
median, and maximum lifespan of different populations under conditions could be 
treated as one of the factors to measure the aging process [145].

Dietary Restriction
Dietary restriction (DR) refers to a moderate reduction in food intake that leads to 
extension of lifespan beyond that of normal healthy individuals. DR in Drosophila 
usually involves reduction of the yeast and sugar components of the diet [203], and 
interestingly yeast appears to account for the majority of the DR effect on lifespan 
[42, 158]. It has been found that Drosophila fed on low yeast/low sugar diet has the 
highest lifespan [167]. DR impacts the physiology of flies in two major ways: exten-
sion of lifespan and reduction in reproductive ability [203]. It has been found that 
DR-mediated lifespan extension is controlled by metabolic pathways such as insu-
lin/IGF-1 signaling and TOR pathway [203], as described in detail in the later sec-
tions. Two major methods have been generally used to measure the food intake in 
Drosophila. One method includes direct measurement of the amount of liquid food 
consumed by flies using a capillary feeder (CAFE) [116], and the second indirect 
method deals with the estimation of the food intake by measuring the uptake of a 
dye or radioactive tracer added in the food [278].
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Fig. 14.4 Graphical representation of (a) survival assay and (b) climbing assay performed with 
wild type and a mutant line of Drosophila. In comparison to wild type, mutant population show 
increase in the mortality rate, and decline in the climbing efficiency with aging
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Stress Resistance
Some amount of resistance could be observed when flies are exposed to the various 
physiological stresses such as oxidative stress, starvation, heat/cold shock, and des-
iccation. Level of such resistance has been found to be positively correlating with 
the longevity [88, 130]. Selection for increased resistance to starvation and desicca-
tion in Drosophila has been shown to increase longevity [229]. The relative 
responses against desiccation and starvation and subsequent selection of lines with 
increased lifespan are partly independent of each other, indicating a multiplicity of 
physiological mechanisms involved in aging and longevity [229]. Oxidative stress 
resistance is usually measured in Drosophila by feeding paraquat (N,N′-dimethyl-4, 
4′-bipyridinium dichloride), which produces ROS upon ingestion and consequently 
induces oxidative damage [8]. Starvation assay, on the other hand, is typically per-
formed by measuring the survival of adult flies fed solely on water [109].

Reproductive Output
A negative correlation between reproductive output and lifespan was observed and 
termed as “cost of reproduction” [252]. Late reproduction in Drosophila has been 
found to increase lifespan [110], and decrease in early reproduction corresponds to 
long-lived flies [292]. Moreover, sterile flies tend to live longer than their fertile 
controls [13], and long-lived mutants flies have been shown to exhibit reduced 
fecundity [66]. The methods used to assess reproductive output in flies include mea-
suring lifetime egg production in once-mated females or calculating progeny num-
ber from a pair mating of female and male. Other environmental factors such as 
temperature, humidity, and circadian light rhythm also affect longevity in flies, and 
thus can be used to study the process of aging like other environmental approaches.

 Behavioral Approaches
Changes in behavioral pattern can also be used to study the cognitive functions dur-
ing various stages of aging. Relationship between behavioral pattern and aging has 
been well established; for instance, Drosophila experiences a decline in sleep time 
with aging [132]. One such behavioral aspect is the locomotory activities. In gen-
eral, there is a gradual fall in the locomotory activities with aging [114]. Two meth-
ods are commonly employed in Drosophila aging studies for assessment of 
locomotory behaviors.

Rapid Iterative Negative Geotaxis (RING) Assay
Based on the inherent negative geotaxis behavior of flies, this assay measures an 
innate escape response during which flies ascend the wall of a cylinder after being 
tapped to its bottom [72]. Climbing ability of Drosophila has been found to be dete-
riorating during the process of aging (Fig. 14.4b). In RING assays, digital photog-
raphy could be used to document negative geotaxis in multiple groups of animals 
simultaneously [72].
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Drosophila Activity Monitoring (DAM) System
In this method, flies are kept in sealed activity tubes individually and are placed in 
the DAM system [210]. Fly activity is measured by the frequency of an “activity 
event,” which is recorded each time when a fly breaks an infrared light beam across 
the middle of the activity tube [210].

In addition to the above-noted two relatively simple systems, sophisticated 
video tracking systems have been developed to analyze various fly behaviors, such 
as movement pattern and courting, which can be potentially used to measure life-
time behavioral changes and locomotory activity-related health-span parameters 
[28, 82].

 Genetic Approaches
Genetic approaches remain an invaluable method for identification of casual genetic 
factors which modulate the aging process. Single gene mutations and the resultant 
phenotypes help in determining the complex pathways of aging and longevity. 
Genetic approaches could also be adopted to confirm the already available hypoth-
eses using candidate gene approaches, or to explore for novel ones, using random 
single-gene alteration approaches [102, 103]. Genetic approaches have also emerged 
as an important strategy for screening of the genetic interacting partners and modi-
fiers. Several genetic tools are available in Drosophila to investigate the in-depths of 
aging and longevity. Some of the widely utilized genetic approaches being used in 
Drosophila aging research include selective breeding, quantitative trait loci (QTL) 
mapping [216], achieving ectopic expression of gene by UAS-Gal4 system, induc-
ible gene expression by gene-switch Gal4 (GSG-UAS) system, and gene knockdown 
by RNA interference (RNAi) strategy [250].

 Cellular, Molecular, Biochemical, and Other Approaches
In addition to the above-mentioned strategies, various contemporary techniques are 
widely utilized to investigate the cellular, molecular, and biochemical aspects of 
aging-mediated changes in Drosophila. Several techniques such as reverse tran-
scription PCR, real-time PCR, microarray, whole mount in situ hybridization, 
immunohistochemistry-based staining techniques, western blot analysis, co- 
immunoprecipitation, and microscopy techniques can be used appropriately to 
investigate different facets of aging in Drosophila. Examination of the systemic 
biomarkers of aging-like protein carbonylation, lipid peroxidation, protein aggrega-
tion, and accumulation of advanced glycation end products (AGEs) has also emerged 
as an important area to establish the age-related changes and cellular dysfunctions 
[99]. Further, status of gut homoeostasis and various organs such as heart, muscle, 
brain, etc. could be investigated in Drosophila to study the effect of aging-mediated 
changes on vital organs [99].
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 Cellular Pathways Affecting Aging in Drosophila

Aging is an inevitable phenomenon which affects all cell types in every hierarchy of 
organism. It is a natural process in which cells along with divisions accumulate 
certain defects leading to activation of some specific signaling pathways/stress 
responses that leads to senescence and finally cell death. There can be many stimuli 
or damages which can trigger the aging processes. Some of the key aging-related 
hallmarks are described below.

 Genomic Instability

One of the common causes of aging is the progressive accumulation of genetic dam-
ages during the lifespan of an organism [182]. The veracity and stability of genomic 
DNA is being continuously affected by various exogenous stresses such as physi-
cal–chemical agents, and endogenous stimuli like DNA replication errors, sponta-
neous hydrolytic reactions, and ROS levels [105]. These stresses could cause 
damages encompassing point mutations, translocations, chromosomal gains, and 
losses. Here it is interesting to note that premature aging diseases such as Werner 
and Bloom syndromes are caused by accumulation of increased DNA damage [32]. 
However, the DNA repair systems of the organism collectively function with vari-
ous cellular systems to minimize the nuclear damages [152]. Also, defects in nuclear 
architecture can be a cause of genomic instability which results in premature aging 
syndrome [280].

 Defects in Nuclear Architecture

In addition to the genomic damage, defects in nucleus structure, that is, nuclear 
lamina, also contribute to genomic instability [52]. Nuclear lamins are the major 
components of nuclear lamina and they play an important role in maintaining the 
genomic stability by providing a scaffold for tethering chromatin and protein com-
plexes, which are important for the maintenance of genomic stability [77, 146]. 
Lamins got attention in aging research recently after the discovery that mutation in 
lamins causes accelerated aging syndrome such as Hutchinson–Gilford (HGPS) and 
Néster-Guillermo progeria syndrome [33, 51, 58]. Accumulation of Progerin, an 
aberrant pre-lamin isoform, has been found during normal human aging [219, 233]. 
Interestingly, it has been reported that altered telomere function promotes produc-
tion of Progerin in human fibroblast upon prolonged in vitro culture [34]. Aberration 
in nuclear lamina triggers various stress pathways such as activation of p53 [264], 
deregulation of somatotrophic axis [159], and attrition of adult stem cells [59, 233]. 
The role of nuclear lamins in aging is supported by the observation that decreased 
cellular level of pre-lamin A delays the onset of progeroid symptoms and extends 
lifespan in mouse models of HGPS [197]. An interesting approach using induced 
pluripotent stem cells (iPSCs) derived from HGPS patients has been developed to 
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correct the lamin A/C (LMNA) mutations by homologous recombination-based 
strategy, which could be utilized in future cell therapies [147].

 Telomere Abrasion

Telomeres are repetitive ends of chromosome whose length gets shortened by every 
cell division cycle. Progressive shortening of telomeric region has been observed 
during normal aging in human and other model systems [21]. Therefore, the length 
of the telomeres is quite heterogeneous from chromosome to chromosome and from 
cell to cell within a population. The telomeric ends of chromosomes are repetitive 
in nature and they are replicated by special DNA polymerase known as telomerase 
[79]. Since the normal mammalian somatic cells do not express telomerase, this 
leads to progressive shortening of the chromosomal ends, whereas in germline cells 
and many immortalized cell lines and cancers, telomere length is maintained by the 
enzyme telomerase [238]. Telomere abrasion explains the reason of limited prolif-
erative capacity of in vitro cultured cells, this is called replicative senescence or 
Hayflick limit [98, 194]. Interestingly, ectopic expression of telomerase is sufficient 
to confer immortality to otherwise mortal cells [22].

In telomerase-positive cells, telomeres are maintained to a stable length resulting 
in the bypass of senescence and cellular immortalization. Both telomere protection 
and the regulation of telomere length are mediated by a stably associated complex, 
called shelterin. Mammalian shelterin masks the chromosome ends and makes them 
inaccessible for the  telomerase and the DNA repair machinery  [200]. Therefore, 
shelterins covered  telomeres  continuously  accumulate exogenous DNA damage 
during cell divisions. Abnormalities in telomeres have been found to be associated 
with premature manifestation of many diseases in humans, such as pulmonary fibro-
sis, dyskeratosis congenita, and aplastic anemia [9]. Moreover, mutations in shelter-
ins have been reported in some cases of aplastic anemia and dyskeratosis congenita 
[200]. In mice, shortened or lengthened telomeres exhibit decreased and increased 
lifespan, respectively [10, 230, 259]. Interestingly, human meta-analysis also sug-
gests a strong correlation between short telomeres and mortality risk, particularly at 
younger age [24].

 Nuclear–Mitochondrial (NM) Signaling in Aging

The mitochondria are double membrane-bound cytoplasmic organelles found in all 
eukaryotic organisms, which function as an energy production site of a cell. In addi-
tion, mitochondria are also involved in several other processes such as signaling, 
growth and differentiation, cell cycle, and apoptosis [6]. Mitochondria constantly 
maintain their morphology and function in response to changing microenvironment 
by multiple processes including fusion and fission, DNA repair, and mitophagy 
(clearance of damaged mitochondria). Impairment of any of these processes leads 
to mitochondrial dysfunction, which can be a causal for many mitochondrial 

14 Aging: Reading, Reasoning, and Resolving Using Drosophila as a Model System



272

diseases, neurodegenerative disorders, cancer, diabetes, heart disease, immunodefi-
ciency, and early aging [160, 220, 269, 285]. For instance, impairment of mitophagy 
has been reported in Parkinson’s disease, Alzheimer’s disease, and pathological 
aging [62, 166, 199]. Such dysfunctioning in mitochondria was suggested to be due 
to impairments in mitochondrial proteins and aberrant nuclear-to-mitochondrial 
signaling [63].

In view of the mitochondrial involvement in several cellular processes as noted 
above, proper functioning of a mitochondrion is important for the maintenance of 
the cellular homeostasis. Indeed, there are several evidences which show that dam-
aged mitochondria accumulate with age from unicellular organisms to humans [47, 
62, 183, 209]. Also, some recent reports suggest that compromised nuclear-to- 
mitochondrial signaling is a key component of mammalian aging, which initiates 
because of the nuclear damage accumulated over time due to progressive aging 
[63]. Number of factors which senses DNA damage includes poly(ADP ribose) 
polymerase 1 (PARP1), ataxia telangiectasia mutated (ATM), and transcription fac-
tor p53 [63]. Thereafter, NAD-dependent protein deacetylase sirtuin 1 (SIRT1) and 
AMP-activated protein kinase (AMPK) trigger chromatin remodeling through post- 
translation modification of histones and peroxisome proliferator-activated receptor-γ 
co-activator 1α (PGC1α); and subsequently, some other proteins assist in propagat-
ing the nuclear-to-mitochondrial signaling ahead [63]. Therefore, progressively 
accumulating DNA damages leads to downstream changes in cellular transcrip-
tome, epigenome, metabolome, and in bioenergetics, which ultimately contribute to 
aging and its associated disorders.

 Oxidative Stress

Almost about a century ago, it was observed that animals with higher metabolic 
activity generally have shorter lifespan, and this observation leads to the emergence 
of “the rate of living hypothesis” of aging [65]. Interestingly, in contrast to this 
theory, some species, that is, birds and primates, do not show such inverse correla-
tion. Also, Denham Harman proposed a “Free radical theory,” which postulates that 
ROS generated inside a cell results in oxidative damages to the cells, which in turn 
accelerates aging [92, 283]. Almost about a decade later, this theory was supported 
by the identification of superoxide dismutase (SOD) enzyme, which solely degener-
ate the superoxide anions [163]. Later, this theory was modified to oxidative stress 
theory which emerged as most convincing theory of aging [208]. Various studies 
attempted to substantiate this theory, however, the results were inconsistent and 
sometime challenging as well [136]. However, findings in several model organisms 
including Drosophila substantiate that a decrease in level of ROS is directly corre-
lated with an increase in lifespan [23]. Hence, it appears that an intricate balance 
between ROS production and the ability of the cells to counteract it drives the pro-
gression of a cell toward aging.

D. melanogaster has been widely used to investigate mechanistic correlation 
between ROS levels and aging. In fly, the relationship between oxidative stress and 

Nisha et al.



273

longevity was examined by modulating the expression levels of various antioxidant 
gene(s) by mutagenesis approaches. The driving hypothesis in finding this correla-
tion postulates that factors which reduce the cellular levels of ROS should have 
beneficial effects against aging, and thus would increase the life expectancy. 
Supporting this claim, a positive correlation between decrease in the levels of ROS 
and increase in lifespan has been found in Drosophila [55]. Such Drosophila strains 
with extended lifespan either have low levels of ROS or have an increased level of 
antioxidant enzymes [55, 94]. For instance, P element insertion-mediated reduction 
in the level of Methuselah (a G-protein-coupled receptor) leads to ~35% increase in 
lifespan [143]. In addition to this, reduced level of Methuselah also increases the 
resistance of the fly toward various stresses such as high temperature, dietary para-
quat (generates free radicals), and starvation [143]. Further, overexpression of an 
antioxidant gene glutathione reductase (GSH) leads to increased lifespan in hyper-
oxic conditions but no effect was evident under normoxic conditions [174]. Also, 
decrease in the expression of an antioxidant enzyme superoxide dismutase (SOD) 
and catalase (involved in H2O2 eradication) reduces the lifespan, which suggests a 
positive correlation between reduced level of cellular ROS and increased lifespan 
[129, 171, 211, 212]. In this context, it is important to note that since such mutation(s) 
are prevalent during the development of the fly, decrease in the lifespan could also 
be due to the cellular damages accumulated over time and not solely due to oxida-
tive stress. However, studies conducted in the Drosophila lines in which antioxidant 
genes, that is, SOD and catalase, were overexpressed or SOD was overexpressed 
showed oxidative stress resistance and increase in the life expectancy [196, 202, 
249]. Interestingly, the transgenic flies expressing human SOD gene in their motor 
neurons exhibited 40–50% increase in their lifespan [202]. These studies suggest 
specific role(s) of SOD and catalase in modulating the lifespan by regulating the 
cellular level of ROS. Here it is also important to note that some studies with several 
other antioxidant genes reported only slight or insignificant increase in the level of 
oxidative stress tolerance and life expectancy [195, 236]. Taken together, the above 
studies convincingly suggest a direct correlation between cellular level of ROS and 
progression of aging.

 What Does Oxidative Stress Do?
Mitochondria produce ATP via the process of oxidative phosphorylation which 
involves consumption of oxygen, and therefore, surplus availability of oxygen in the 
mitochondria renders it to be site of ROS production. The major types of ROS found 
in living animals include superoxide anion (O2•−), hydrogen peroxide (H2O2), and 
hydroxyl radical (•OH). In mitochondria, ROS is produced when (a) it is not gener-
ating ATP and thus has a high proton-motive force and a reduced level of coenzyme 
Q; and (b) there are high levels of NADH/NAD+ in matrix [186]. Under normal 
physiological conditions, approximately 2% of the electrons leak from the electron 
transport chain (ETC) and account for ROS production [37]. When an electron 
encounters an oxygen atom, O2

•− is formed due to a reduction reaction. O2
•− is con-

sidered to be the most important oxygen-free radical and the source of other ROS 
molecules. O2

•− is readily converted into H2O2 by superoxide dismutase (SOD) 
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enzyme which is in turn converted into •OH in the presence of ferrous (Fe2+) or 
cuprous (Cu2+) ions [54]. While •OH is highly reactive, H2O2 is more stable and 
membrane permeant. Although there are around eight known sites in the mitochon-
dria which possess the ability to produce O2

•−, however, the two major sites in ETC 
include complex I (NADH dehydrogenase) and complex III (Ubiquinone–cyto-
chrome c reductase) [26, 262]. In normal conditions, complex III is the major site of 
ROS production [37]. Non-ETC sources of mitochondrial ROS production include 
monoamine oxidase which locates in the outer mitochondrial membrane and pro-
duces H2O2 as a byproduct of oxidative deamination. Further, under the elevated 
level of NADPH/NADP+ ratio and calcium, glycerol-3-phosphate dehydrogenase 
(GPDH) and α-ketoglutarate dehydrogenase (α-KGDH) in the mitochondrial matrix 
produces O2

•−, and the  both O2
•−and H2O2 respectively.  In view of above, it is 

increasingly clear now that cellular level of ROS primarily depends upon the meta-
bolic status of an individual. Intriguingly, ROS exhibit beneficial as well as deleteri-
ous effects. Since ROS are highly reactive in nature, excessive production or 
accumulation of ROS most often proves to be detrimental for the cell. The enhanced 
level of oxidative stress may show its effect on cells by damaging cellular compo-
nents and/or by modulating some signaling cascades. A brief overview of the impact 
of ROS on cellular functioning is discussed below.

 Effect of Oxidative Stress on Cellular Components
An increased level of ROS leads to oxidative damage to all the macromolecules 
such as nucleic acids, proteins, and lipids present in a cell, which in turn causes 
imbalance in the cellular homeostasis and instigates the aging process [138]. 
Interestingly, mitochondrion, in spite of being the major source of ROS, also 
becomes the key target of oxidants. Also, due to the close vicinity of mitochondrial 
elements to ROS production site, they are more susceptible to the damage by 
ROS. Lack of histone protection and repair mechanism in mitochondrial DNA fur-
ther aggravates the susceptibility to ROS-mediated damages. Collectively, these 
factors add to the risk of mitochondrial dysfunction which has been greatly linked 
to manifestation of aging process [243, 268]. Several studies have been carried out 
in Drosophila which correlate age-associated changes with the structure and func-
tions of mitochondria, which is indicative of the notion that gradual mitochondrial 
dysfunctioning is concomitant with aging [268]. For instance, one such study exam-
ining the effect of aging on Drosophila flight muscles demonstrated a specific 
“swirl”-like rearrangement of mitochondrial cristae under oxidative stress, with 
aging [266]. Interestingly, rapid and widespread accrual of similar pathological con-
dition was perceived even in young flies under severe oxidative stress condition. 
Correlating with the functional aspects of this pathological condition, cristae with 
swirling pattern were found to have reduced enzymatic activity of cytochrome c 
(COX) or complex IV, which is an important enzyme complex in ETC involved in 
ATP production. Moreover, existence of swirls is accompanied by modifications in 
the structural conformation of cytochrome c, and extensive apoptosis of the flight 
muscles in Drosophila [43, 268].
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ETC in mitochondria is associated with energy production in the cell, which is 
the most vital process required for the maintenance of cellular homeostasis. Studies 
in Drosophila reported an overall decrease in various aspects of ETC with aging 
[64]. Interestingly, compared to the several other mitochondrial ETC enzymes that 
were examined, age-associated reduction was predominantly found in the activity 
of COX [64]. Correspondingly, drug-mediated impairment of COX in young flies 
results in enhanced ROS production in mitochondria [50]. These observations sug-
gest that ROS-induced mitochondrial impairment results in further enhanced pro-
duction of ROS which exaggerates the mitochondrial damages, forming a “vicious 
cycle” and thereby acting as driving force in aging and age-associated impairments 
[161].

 Signaling Cascades Activated by ROS
Several stress pathways like the extracellular signal-regulated kinase (ERK), c-Jun 
amino-terminal kinase (JNK), p38 mitogen-activated protein kinase (MAPK) sig-
naling cascades, the phosphoinositide 3-kinase [PI(3)K]/Akt pathway, the nuclear 
factor (NF)-kappaB signaling system, p53 activation, heat shock response, etc. get 
activated as a mechanism to combat oxidative stress. Here it is important to note that 
in addition to stress response, these pathways also play essential role(s) during nor-
mal growth and metabolism [65]. Among them, the JNK pathway has been identi-
fied as an evolutionarily conserved cascade which can potentially increase the 
lifespan in flies by activating a set of protective genes to mitigate the toxic effects of 
oxidative stress [270, 271].

Compared to JNK pathway in vertebrates which is relatively complicated due to 
involvement of huge gene families, JNK signaling in Drosophila is significantly less 
complicated, which makes the genetic analysis much simpler than other model 
organisms [113, 122]. The JNK signaling pathway in Drosophila constitutes various 
JNK kinase kinases (JNKKK) such as TGF-β-activated kinase1 (TAK1), mixed lin-
eage protein kinase 2/slipper (MLK), MEK kinase 1 (MEKK1), apoptotic signal 
regulating kinase 1 (ASK1), two JNK kinase (JNKK; Hemipterous and dMKK4), 
and one JNK [Basket (Bsk)] [19, 25, 40, 74]. Oxidative stress results in activation 
of transcription factors AP-1 and dFoxo (Drosophila forkhead transcription factor) 
by Bsk phosphorylation, which in turn triggers stress-specific cellular responses by 
activating several response genes. JNK pathway is negatively regulated by a key 
target of AP-1 known as puckered (puc), which reduces JNK signaling because of 
JNK-specific phosphatase activity [19, 271]. Genetic manipulations of genes dos-
age in Drosophila, that is, downregulation and overexpression of the puc and JNKK/
Hep, respectively, enhances the basal JNK signaling levels and leads to enhanced 
JNK signaling, which in turn result in improved oxidative stress tolerance and 
increased lifespan [270, 287]. On the contrary, mutant flies for JNKK/Hep gene 
displayed higher sensitivity toward oxidative stress and were observed incapable of 
eliciting JNK signaling-dependent transcriptional factor-induced stress response 
(Fig. 14.5) [275].

It has been found that adequate availability of dFoxo is essential to accomplish 
JNK signaling-mediated increased longevity in Drosophila. This suggests an 
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antagonistic relationship between JNK and insulin/insulin-like growth factor (IGF)-
like signaling (IIS) pathways [271]. In Drosophila, JNK inhibits IIS pathway auton-
omously and/or systemically (endocrine mechanism) to regulate the life expectancy. 
While functioning cell autonomously, JNK inhibits insulin signaling by promoting 
nuclear localization of dFoxo, which subsequently activates transcription of genes 
involved in stress response, damage repair, and growth control [19, 106, 271]. In 
addition, JNK also inhibits insulin signaling systemically by repressing the expres-
sion of its ligand, Drosophila insulin-like peptide2 (dilp2) in insulin-producing neu-
roendocrine cells present in the fly brain [125, 271]. Therefore, antagonistic 
relationship between JNK and insulin pathway has emerged as an important aspect 
to combat oxidative stress during progressing of aging.

 Proteostasis Loss During Aging

Proteostasis or protein homeostasis deals with the quality control process which 
regulates the complex signaling pathways to control biogenesis, folding, signaling, 
and degradation of proteins inside and outside the cell. The process of proteostasis 
involves various mechanisms such as stabilization of correctly folded protein, 
refolding of denatured protein, and/or degradation of misfolded proteins by protea-
some or lysosomal pathways to remove them from the cell [95, 131, 173]. Moreover, 
there are regulators such as MOAG-4 which deal with age-related proteotoxicity 
and act via a different pathway from that of molecular chaperones and proteases 

Fig. 14.5 Schematic diagram of various stimuli, participating signaling cascades, and putative 
drug targets which could modulate progression of aging and longevity in Drosophila
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[151]. Aging and some age-related diseases impair the cellular protein homeostasis, 
and defect in these pathways result in progressive accumulation of abnormally 
folded or misfolded proteins in cellular compartments and triggers pathogenesis of 
several neurodegenerative disorders [218]. Molecular chaperones represent a major 
group of proteins which regulate the cellular proteostasis. A brief overview of the 
molecular chaperones and their involvement in regulation of cellular homeostasis 
and aging has been discussed below.

 Molecular Chaperones Facilitated Protein Folding

It is increasingly clear now that aging is driven by both the genetic and nongenetic 
factors. In addition to the in vivo factors, several environmental stimuli such as 
cytokines, UV radiation, chemotherapeutic agents, hyperthermia, and some growth 
factors can also lead to enhanced production of ROS, which may potentially disturb 
the balance between normal redox levels and oxidative stress [65]. Molecular chap-
erones are ubiquitous and highly conserved protein families which utilize cycles of 
ATP-driven conformational changes to either stabilize the nascent and/or stresses- 
mediated unfolded proteins, or unfold them to translocate across membranes, or 
mark them for degradation [232]. Molecular chaperones are also regarded as Heat 
shock proteins (Hsps) or stress proteins because of their induced expression during 
stress condition(s). With the discovery of the molecular chaperones for the first time 
in Drosophila [222, 223], functions of these proteins and their correlation with 
aging and longevity have emerged as a prime area of research. Based on their amino 
acid sequence homologies, molecular weight, and functional aspects, Hsps have 
been divided into 5 major families: Hsp100 (100–104 kDa), Hsp90 (82–90 kDa), 
Hsp70 (68–75 kDa), Hsp 60 (58–65 kDa), and small Hsps (15–30 kDa) [232]. As in 
other model organisms, fly also has homologs of Hsp families, for example, Hsp83 
(Hsp90 family), Hsp/Hsc 70 complex (Hsp 70 family), Hsp60, Hsp40, and small 
Hsps [177]. Expression of the Hsps is facilitated by binding of Heat Shock Factor 
(HSF) to the heat-shock response elements localized at promoter region of genes, 
and induction of their high-level transcription [265]. Since the basic property of 
Hsps involves refolding of protein denatured due to stressors, enhanced expression 
of Hsps could be observed due to increased level of cellular ROS [175, 185]. It has 
been reported that subsets of Hsps are also induced by oxidative stress through 
dFoxo transcription factor and the JNK pathway [271].

Interestingly, constitutive expression of Hsps exhibits well-regulated and stage- 
specific expression pattern during development; however, enhanced expression of 
several Hsps could be seen upon exposure to environmental stresses like heat [177]. 
Some Hsps such as Hsp70 do not express during normal physiological conditions 
and demonstrate stress-induced expression pattern. The definite involvement of 
Hsps in aging and increased sensitivity of the aged flies to environmental stimuli has 
originated from the comparative analysis of the stress response between young and 
old flies [68]. Subsequently, studies in different animal models support the idea of 
causative impact of chaperones decline in longevity. For example, transgenic C. 
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elegans and Drosophila with increased level of molecular chaperones show rela-
tively longer lifespan [179, 267]. Also, mutant mice with reduced level of co- 
chaperones show enhanced rate of aging and manifestation of age-associated 
phenotypes [168].

Comparative analysis of old and young flies showed a greater abundance of dam-
aged proteins in the old flies. Induction of the identical set of proteins in young 
Drosophila fed with canavanine (an arginine analog used to mimic accumulation of 
damaged proteins which were otherwise present only in old flies) suggests an 
increased sensitivity due to accumulation of aging-mediated damaged proteins [68, 
191]. Moreover, tissue-specific enhanced expression patterns of several Hsps have 
been reported during normal fly aging [177]. For instance, enhanced expression of 
hsp22 and hsp70 at both RNA and protein level and upregulation of hsp23 at RNA 
level could be observed during Drosophila aging [177]. Further, with the aim to 
elucidate transcriptional dynamics due to aging, genome-wide gene expression pro-
filing in Drosophila has also revealed age-associated upregulation of several Hsps 
[49, 215, 290]. Interestingly, in addition to the notable upregulation of subsets of 
Hsps including Hsp70 and sHsps, enhanced expression of the genes for innate 
immune response has also been reported in old flies [49, 215, 290]. On the contrary, 
downregulation of the genes involved in energy synthesis and mitochondrial ETC 
was found in the same set of flies [49, 215, 290]. In this context, it also important to 
note that an extensive overlap between the gene expression profile of aged flies and 
the young flies exposed to oxidative stress further establishes the potential relation-
ship between aging and oxidative stress [290].

The beneficiary effects of Hsps on longevity was also confirmed by the 
“Hormesis” in Drosophila, in which mild dosage of stressors are used to activate 
stress response without causing cellular damages [169]. Exposure to sublethal lev-
els of stress induces hormetic effect which in turn modulates the heat shock response 
and this helps the organism to survive longer by reducing the negative effects gener-
ated due to aging [169]. Also, Drosophila strains with improved lifespan also show 
intrinsic increased level of cellular sHsps, which further correlates enhanced expres-
sion of Hsps with aging [135]. Among multiple sHsp in Drosophila, Hsp27, Hsp26, 
Hsp23, and Hsp22 have been established to increase the lifespan significantly upon 
tissue-specific overexpression [177, 260, 270]. Enhanced expression of Hsp22  in 
motor neurons has been found to increase the lifespan by 30%, and these flies also 
exhibited improved stress tolerance and locomotor activity [179]. In agreement to 
the above observation, mutation in hsp70 or hsp22 has been found to be associated 
with decreased lifespan and increased sensitivity to stress. The beneficial effect of 
Hsps in longevity was further demonstrated by the fact that histone deacetylases 
(HDAC) inhibitors-mediated enhanced expression of Hsp70 and sHsps increases 
the lifespan of adult flies [288]. Independent studies have revealed decreased sur-
vival rate of Drosophila when hsp22 or all six copies of hsp70 [76, 178] were 
mutated and exposed to heat and/or other stresses. In addition, it has been found that 
hsp83 mutant Drosophila becomes more sensitive to the toxic effects of stresses 
such as sleep deprivation [237]. Unlike sHsps, major Hsps such as Hsp70 and Hsp60 
have failed to make any notable effect on longevity, except causing reduced 
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mortality rates upon mild stress, improved heat tolerance, and an insignificant 
increase in overall lifespan [170, 253]. Therefore, due to ubiquitous nature of Hsps 
and their crucial involvement in a variety of cellular processes by interacting with 
various cellular proteins, it can be concluded that the prevalent outcome of aging 
could be the consequence of the associated chaperone failure, and therefore, molec-
ular chaperones itself represent one of the vital inherent regulators of aging and 
longevity.

 Impact of Epigenetic Changes on Aging

Age-dependent changes in the chromatin configuration and subsequent amendment 
in gene expression is primarily regulated by various epigenetic modifications. 
However, establishing a direct correlation between aging and epigenetic modifica-
tion is complex. The aging-induced epigenetic changes are largely mediated via 
methylation of the regulatory regions of genes, modification of the core histone 
proteins, and by controlled expression of several regulatory noncoding RNAs [60]. 
Different epigenetic changes affect all types of cells in an organism throughout the 
life [251]. In agreement to this, epigenetic changes in the genome also affect the 
expression of the genes involved in aging and longevity [89, 133], which subse-
quently leads to various molecular and physiological changes during the aging pro-
cess [258]. Some epigenetic modifications like increased H4K16 acetylation, 
H4K20 or H3K4 trimethylation, and decreased H3K9 methylation or H3K27 tri-
methylation constitute the hallmark of aging-mediated epigenetic changes [70, 89]. 
The enzymes involved in generation and maintenance of such epigenetic hallmarks 
include DNA methyltransferases (Dnmts), histone deacetylases (HDACs) and acet-
ylases, histone methylases and demethylases, as well as some other proteins 
involved in chromatin modifications. A brief overview of various epigenetic changes 
and its impact on aging has been provided below.

 DNA Methylation
The degree of DNA methylation in genome is inversely proportional to the number 
of activated genes. Although establishing one-to-one correlation between methyla-
tion status and aging is complex, however, some reports have revealed locus- specific 
hypermethylation of various tumor suppressor genes and polycomb target genes, 
with advancing age [156]. With aging, the number of methylated cells and the extent 
of methylation in the CpGs of various promoters increases, which in turn cause 
reduced gene expression [189]. A connection between chronological age and 
5-methylcytosine DNA methylation has been observed in humans [18, 91, 172], and 
therefore, methylation status can serve as an “aging clock” for determining the 
chronological age of an individual.

It is increasingly accepted now that DNA methylation regulates the process of 
aging [17]. Several studies have reported that DR, which is a major risk factor for 
aging, causes changes in the DNA methylation pattern at specific loci of some 
cancer- causing genes such as increased methylation of proto-oncogene ras [96]. 
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Also, a study demonstrates that normal cells subjected to 4 weeks of glucose restric-
tion shows increased methylation of tumor repressor p16INK4α [140]. Interestingly, it 
was found that gene expression of Dnmt 1 (prime methyltransferase under normal 
conditions) and Dnmt3a significantly declines in aged ells, which is paradoxical to 
the finding that widespread hypermethylation occurs during aging [35]. This finding 
was explained based on transcriptional upregulation of the third methyltransferase 
Dnmt3b which could be responsible for causing increased methylation with advanc-
ing age [35].

 Histone Modification with Aging
The extent of expression of a gene is also regulated by histone modifications carried 
out by various acetyl transferases, deacetylases, methyltransferases, and demethyl-
ases [133, 181]. Additionally, histone demethylases can modulate lifespan by tar-
geting key components of several pathways affecting longevity [121]. The ADP 
ribosyltranferases and sirtuin family of NAD-dependent deacetylases have been 
extensively studied as potential antiaging factors due to their role in chromatin 
remodeling. This was further supported by the fact that overexpression of dSir2 in 
Drosophila also extends the lifespan [224]. However, these findings came into ques-
tion with a report showing that perplexed genetic background was the leading factor 
to cause the increase lifespan, and not only the dSir2 overexpression [30]. Several 
of the mammalian sirtuins have been reported to delay various factors of aging in 
mice [107, 235]. Among them, the mitochondrial-located SIRT3 has been shown to 
mediate some of the beneficial roles of DR in longevity [245]. Interestingly, SIRT3 
has also been reported to converse the regenerative capacity of aged hematopoietic 
stem cells [30].

Levels of some chromosomal enzymes such as heterochromatin protein 1α 
(HP1α), and chromatin remodeling factors like Polycomb group of proteins, or the 
NuRD complex get diminished both in normal and pathologically aged cells [206, 
217]. This was also supported by the finding that loss of function of HP1α in flies 
leads to early death, and on the contrary, its overexpression increases longevity and 
delays muscular deterioration (a characteristic of old age) [137].

 Noncoding RNAs
Noncoding genes have emerged as important regulators of the aging-associated epi-
genetic changes. A variety of noncoding RNAs such as microRNAs (miRNAs), 
siRNAs, piwi interacting RNAs, QDE-2 interacting RNAs (qiRNAs), and long non-
coding RNAs have been found to regulate the epigenetic aspects of aging. They 
affect various biological processes by regulating the gene expression and also assist 
in maintenance of the integrity of genome.

Reduced expression of argonaute-like gene-1 (alg-1) affects the lifespan in C. 
elegans [126]. Adequate expression of alg-1 is required for the processing and func-
tioning of miRNAs in C. elegans [126]. In Drosophila, human homolog of miR- 
200, i.e., miR-8 affects the aging process by inhibiting PI3K kinase of the 
insulin-signaling pathway [112]. The miR-8 knockout flies were smaller in size 
which is also an indicative of defective insulin signaling pathway [111, 112]. The 
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above reports suggest the involvement of miR-8 and miR-200 in regulation of aging 
in Drosophila and human aging, respectively [112].

Long noncoding RNAs have emerged as one of the important regulators of the 
gene expression. Several noncoding RNAs have been found to control various 
aging-associated cellular activities such as proliferation, differentiation, quiescence, 
and stress response [78, 120]. Long noncoding RNAs such as Telomerase RNA 
component (TERC), Telomeric repeat-containing RNA (TERRA) control telomere 
length during aging; Airn, PTENpg1-AS, and H19 regulate the epigenetic changes; 
lncRNA-p21 deals with proteostasis, and MALAT1, ANRIL, eRNAs, and 7SL control 
cell division; Kcnq1ot1, NeST, and ANRASSF1 regulate histone modifications, and 
linc-RoR, ES1, ES2, and ES3 have been found to regulate the stem cell behavior 
[78, 128].

 Dietary Restriction

Diet is one of the major factors affecting the quality and duration of life in various 
living organisms. DR refers to the reduction in energy intake without being mal-
nourished. More explicitly, during DR, calorie intake is restricted by about 30–40% 
in comparison to controls fed ad libitum [115]. Several studies have demonstrated 
lifespan extension in response to DR [256]. The first report of this kind was pub-
lished in 1935  in which it was demonstrated that rats subjected to DR displayed 
increased mean as well as average lifespan [162]. Several hypotheses have been put 
forward to explain this effect of DR on longevity. One of such hypothesis states that 
DR slows down the metabolism which in turn restricts the production of reactive 
oxygen species (ROS), thereby decelerating the aging process [84], whereas the 
other asserts that DR extends lifespan by delaying the onset of age-related disorders 
[247]. The latter has been elucidated in David Sinclair’s unified theory of aging 
which perceives DR as a highly complex yet conserved stress response that increases 
an organism’s likelihood of surviving adversity by modulating key cellular pro-
cesses like cell protection, repair mechanisms, and metabolism [239]. DR has also 
been shown to prevent muscle damage [165] and inhibit aging cardiomyopathy [12, 
284].

The phenomenon of lifespan extension by DR is conserved between species; 
however, the mechanisms underlying such prolongation may not be conserved 
which intensifies the problem of comparative DR studies [213]. In case of 
Drosophila, DR effect is brought about by using a new medium for feeding that has 
controlled concentration of nutrients, which allows determination of specific nutri-
ents that are essential for the organism’s response to DR [214]. Since flies visit the 
food several times each hour to eat, and since restricting the access to food by inter-
mittent starvation leads to considerable deaths [193], diluting the food proved to be 
more practical and effective [203]. Flies subjected to DR exhibit increased lifespan 
as compared to their control counterparts [39]. In fact, when flies were shifted from 
DR food to control food, they adopted an increased mortality rate when compared 
with the flies subjected to continued DR diet [157]. This suggests that death-causing 
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damage accumulates in both DR and control flies at the same rate, but a high- 
nutrient diet increases the risk of death. Moreover, it has been suggested that the 
protein/carbohydrate ratio also plays a role in modulating longevity in Drosophila 
[244]. A higher ratio tends to shorten the lifespan and vice versa. Furthermore, it has 
been demonstrated that within the protein component of the diet also, specific amino 
acids have crucial roles to play. For example, restriction of methionine extends aver-
age and maximal lifespan in Drosophila [1]. Additionally, whole genome transcript 
profiling in Drosophila has shown that DR is capable of reverting aging-specific 
transcriptional changes and limits cell growth, metabolism, and reproduction [215].

DR-mediated effects on longevity have been shown to be brought about by a set 
of molecular effectors including FOXO transcription factor, AMP kinase (AMPK), 
sirtuins, Heat shock factor-1 (HSF1), and NRF-2 transcription factor [69]. Inhibition 
of Akt due to DR activates the transcription factor FOXO which is involved in the 
upregulation of several pathways such as DNA repair, autophagy, antioxidant 
responses, stress resistance, and cell proliferation, which in turn promote longevity 
[272–274]. Similarly, ectopic overexpression of a few sirtuins like SIRT1, SIRT3, 
and SIRT6 reduces NF-κB signaling, increases genomic stability, and improves 
metabolic homeostasis via histone deacetylation [83]. Combined activation of 
SIRT1 and AMPK activates PGC-1α, which is a major transcriptional regulator of 
mitochondrial function and antioxidant defense [281]. Further, DR-mediated upreg-
ulation of HSP70 and p62 activates the transcription factors HSF-1 and NRF-2, 
which are also involved in enhancing antioxidant responses, preventing age- 
dependent impairment of proteostasis and promoting maintenance of cell structure 
and metabolism [3]. Thus, multiple yet parallel processes contribute to DR-mediated 
lifespan extension.

 Insulin Signaling/mTOR Network

The Insulin/Insulin-like Growth Factor (IGF) Signaling (IIS) pathway is one of the 
major pathways involved in cellular metabolism and growth and differentiation of 
somatic cells, whereas the mTOR pathway is vital for nutrient/energy/redox sensing 
and control of protein synthesis in the cell. DR has been suggested to exert its modu-
lation on lifespan mostly via the IIS/mTOR network [56]. DR reduces plasma insu-
lin/IGF levels in humans [275], and evidences comply that compromised insulin 
signaling results in increased lifespan in various model organisms [73]. Partridge 
and coworkers reported the first IIS mutation that extends lifespan which was pres-
ent in the Drosophila homolog of the insulin receptor substrate CHICO [44]. The 
chico null flies were found to exhibit up to 48% increased median lifespan in homo-
zygous females, 31% in heterozygous females, and 13% in homozygous males. 
Subsequently, it was also found that a hypomorphic mutation in the Drosophila 
insulin receptor (dINR) also affects the longevity positively [254]. Interestingly, 
these mutants also display increased triglyceride content and super oxide dismutase 
(SOD) activity pointing toward enhanced stress response, and thus increased lifes-
pan. Similarly, reduced expression of the Drosophila insulin-like peptides (dilps), 
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the ligands for dINR, also extends lifespan [80]. In fact, ablation of dilp-producing 
cells and median neurosecretory cells (MNCs) in the late-staged larval brain also 
produces an analogous effect [29], as does the deletion of dilp-encoding genes [80]. 
Furthermore, enhanced expression of dPTEN (Drosophila phosphatase and tensin 
homolog), a negative regulator of IIS signaling, has been shown to bring about lifes-
pan extension by antagonizing the action of phosphatidylinositol-3-kinase (PI3K) 
and promoting nuclear localization of FOXO [111]. This, in turn, causes an upsurge 
in transcriptional activity of FOXO. Since inhibition of the activity of Drosophila 
FOXO homolog daf-16 leads to decreased lifespan [127], it is affirmatory that the 
key molecular effector of IIS in context of aging is dFOXO. Inevitably, downregula-
tion of 14-3-3Ɛ, the negative regulator of FOXO, also tends to extend lifespan [192].

IIS has been suggested to exert its effects, in part, by the mTOR pathway. It has 
been observed that systemic overexpression of dTSC1 and dTSC2, antagonists of 
TOR activity, increases lifespan [124]. Similarly, expression of a dominant negative 
form of TOR or mutating the major downstream effector of this pathway, S6 kinase 
(S6K), also extends lifespan [124]. It was also demonstrated that reduced TOR 
activity exhibits ~20% increase in median lifespan without any associated stress 
resistance, as compared to the controls [156]. Moreover, rapamycin-mediated inhi-
bition of mTORC1, the chief signaling complex of TOR pathway, also increases 
lifespan [20]. Inhibition of mTORC1 enhances processes like proteostasis, autoph-
agy, and stem cell functions [69]. Since autophagic processes are activated in 
response to damaged or malfunctioning of proteins and/or organelles, they play a 
vital role in eliminating the damaged macromolecules and/organelles that contrib-
ute to intensifying the aging process. In fact, it has been demonstrated that inhibi-
tion of autophagic processes makes positive impact on longevity [20].

Another important cellular pathway involved in stress response against DR and 
inducing longevity is the Jun-N-terminal kinase (JNK) pathway. Although it acts as 
an independent pathway in the cell, it ultimately converges at the same molecular 
effectors as the IIS and mTOR pathway. JNK primarily antagonizes IIS and causes 
FOXO to localize to the nucleus and activate its downstream gene targets [271]. 
Taken together, it is increasingly clear now that several pathways act synergistically 
in the cells to bring about lifespan extension without making any adverse effects or 
fitness cost.

 Aging-Associated Diseases

The risk of developing several diseases such as diabetes type 2, heart diseases, obe-
sity, cancer, arthritis, kidney, and neurodegenerative disorders such as Parkinson’s 
disease (PD) and Alzheimer’s disorder (AD) increases with aging. With a rapidly 
growing aging population, these disorders have become a prodigious economic bur-
den on the society. Therefore, due to absence of effective therapies, it has become 
even essential to find effective strategies for the benefit of the aging population. As 
discussed earlier, manifestation of aging-associated impairments could be mini-
mized to certain extent by genetic, dietary, and pharmacological interventions, 
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which generally target different molecular pathways involved in aging, because 
these diseases have shown interference with age-related molecular mechanisms. 
Advancing mechanistic understanding of aging-associated diseases might be a clue 
for development of new therapeutic strategies.

Interestingly, age comes out as a critical factor for the onset of several human 
neurodegenerative disorders. Neuronal loss, shrinkage of cell bodies and axons 
of neuronal cells, and loss of synapse collectively lead to reduced brain volume 
and weight in aging individuals, who are cognitively normal [221]. Neurofibrillary 
tangles and senile plaques that show sparse distribution are neuropathological 
hallmark of AD, which have been found to accumulate in cortical region and 
adversely affect the cognitive function of the individual [86]. Similarly, common 
pathology of polyglutamine [poly(Q)]-mediated neurotoxicity in a variety of 
poly(Q) disorders is presented by degeneration of neuronal cell bodies, axons, 
synapse, and specific parts of the nervous system [61]. Moreover, it is still enig-
matic whether both aging and disease-associated proteins act synergistically to 
extend neuronal dysfunctions, or only aging-related changes are accountable for 
driving the neuronal pathology.

It appears relatively coherent to hypothesize that disease-related proteins enhance 
disease toxicity by accelerating the aging process. For instance, in C. elegans, muta-
tion that increases longevity in poly(Q) disease divulges age-dependent reduction in 
protein aggregate formation and toxicity, subsequently affirming the effect of aging 
in poly(Q)-mediated cellular dysfunction [176]. Several reports including our own 
findings demonstrate gradually aggravating poly(Q)-mediated neurotoxicity in an 
age-dependent manner [240]. Targeted expression of SCA-78(Q) in Drosophila eye 
causes manifestation of poly(Q) disease in form of cellular degeneration, retinal 
depigmentation, and neurotoxicity [240]. Our studies on flies expressing SCA3- 
78(Q) transgene during aging suggest that the extent of retinal depigmentation and 
cellular toxicity gradually increases with age. Similarly, in Drosophila human neu-
ronal tauopathy models, tissue-specific expression of human tau (h-tau) transgene 
causes severe degradation of neuronal tissue [38]. Figure  14.6 depicts extensive 
degeneration of mushroom body upon pan neuronal expression of h-tau transgene 
in 3-day-old Drosophila adult brain. Mushroom body of Drosophila is a specialized 
structure which functions as a center of associative learning and also regulates a 
wide range of behaviors including habituation, olfactory learning, temperature pref-
erence, and sleep [164]. Contribution of common signaling networks in longevity 
and alleviation of neurodegenerative disorders further suggests that slowing down 
the aging process may act as a neuroprotective measure. Therefore, in order to 
develop novel strategies to obstruct onset and progression of such deadly disorders, 
it will be interesting to walk around how aging dysfunction and neuropathology are 
intertwined, and how they act together during disease pathogenesis.

As stated earlier, all eukaryotic life forms have well-regulated protein quality 
control system which includes chaperone network, ubiquitin–proteasome system, 
and lysosome-mediated autophagy. Proper functioning of this system is essential to 
achieve post-translational modifications, protein folding, stress response, and clear-
ance/translocation of damaged proteins [11, 246]. It has been found that process of 
aging deteriorates the functional capacity of the cellular protein folding machinery, 
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proteosome activity and the stress response; therefore, the post-mitotic neurons 
become susceptible to toxic protein aggregates and ultimately lead to cell death 
[184]. Several studies have been performed using Drosophila to illustrate the poten-
tial role(s) of molecular chaperones in suppression of neurodegenerative disorders. 
Not surprisingly, tissue-specific upregulation of molecular chaperones ameliorates 
the disease toxicity and also minimizes age-related cellular impairments. Targeted 
upregulation of Hsp70 along with Hsp40/DnaJ (HJD1) suppresses neurodegenera-
tive phenotypes and also improves the lifespan in Drosophila Machado–Joseph dis-
ease (MJD) and Huntington disease (HD) model [184]. Further, role of Hsp70 and 
Hsp40 in regulation of poly(Q) aggregation and cellular toxicity has been further 
validated in S. cerevisiae, C. elegans, and mouse [48, 185].

In order to explain the progressive decline of Hsps in neurodegenerative dis-
eases, several mechanisms have been hypothesized, including transcriptional deficit 
of hsps expression via toxic misfolded protein, and sequestration of cellular soluble 
Hsps along with the toxic aggregates to form inclusion bodies [90]. Moreover, evi-
dences like CBP-induced transcriptional impairment of Hsp70  in Drosophila via 
reduction of Hsf-1 activity further support the transcriptional deficit hypothesis 
[90]. It appears that misregulation of molecular pathways and several factors those 
are responsible for regulation of protein quality control mechanism at cellular level 
might be the risk factor for disease occurrence. Therefore, novel therapeutic strate-
gies could be provided by rejuvenating the protein quality control machinery for 
restoration of cellular homeostasis and to delay the aging onset of diseases.

Fig. 14.6 Paraffin sections of a 3-day-old adult head across the midbrain stained with DAPI. In 
comparison to wild-type (a), eye-specific expression of human tau (h-tau) transgene results in 
severe tissue degeneration (arrows in b). Anti-Fasciclin II (FasII) staining shows that compared to 
the wild-type mushroom body with distinct presence of α, β, and γ lobes (c), pan neuronal expres-
sion of h-tau transgene results in notable degeneration of mushroom body (d) as distinctly seen in 
α, β, and γ lobes (arrowhead in d) (Scale a, b = 100 μm; c, d = 100 μm)
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Focusing on the disease-associated stress condition, it was fascinating to find a 
correlation between insulin/IGF-1 signaling in protein aggregation and toxicity, as 
aging is the key factor for disease onset. For the first time, studies on the C. elegans 
provided a direct link between insulin/IGF-1 signaling and protein aggregation. It 
was demonstrated that reduced level of insulin/IGF-1 neutralizes the poly(Q) aggre-
gation and protects the worms from motility impairment and neurotoxicity [255]. 
The above finding suggests that lowered level of insulin/IGF-1 signaling pathway 
restricts the neurodegenerative disease phenotypes by modulating the aging pro-
cess. Subsequently, studies in other model systems also suggest neuroprotective 
properties of insulin/IGF-1 signaling, which is primarily achieved by modulating 
the aging processes. Therefore, insulin/IGF-1 signaling can be considered as a novel 
target to combat aging-mediated impairment.

 Antiaging Drugs and Natural Products

As discussed earlier, aging is a complex process due to involvement of multiple fac-
tors which influence this phenomenon. Such factors include genetic components, 
environment, metabolism, as well as reproduction. These multiple factors generate 
logistical difficulties in the development and evaluation of antiaging compounds. 
Therefore, studies focused on relatively simpler model organisms such as Drosophila 
and C. elegans have emerged as excellent systems for screening of genetic modifiers 
and antiaging drug molecules. In these model organisms, longevity can be altered and 
scored by genetic manipulations, and potential drugs which can increase the lifespan. 
Such antiaging compounds could be identified and categorized based on their func-
tioning and mode of action. In this context, it is also important to note that several 
physiological and biological pathways are conserved in humans and Drosophila. 
Several antiaging molecules such as anticonvulsants (ethosuximide), antidepressants 
(mianserin), antioxidants, and others such as inhibitors of histone deacetylase, and 
resveratrol, a sir2 activator, have been identified and characterized in these model 
organisms [134]. A brief collection of antiaging molecules which modulate aging in 
Drosophila and other model systems has been provided in Table 14.2.

It was reported for the first time in Drosophila that resveratrol extends lifespan 
by activating sirtuins, without making any negative impact on fecundity [279]. 
This finding was further supported by the fact that feeding of resveratrol and 
rapamycin to 1-year-old mice improves the lifespan and heath, respectively [15, 
93]. In view of above findings, it was postulated that resveratrol-induced increase 
in lifespan was sirtuin-dependent, and functions through pathways related to 
caloric intake [279]. However, studies based on biochemical assays with native 
substrates suggest that resveratrol does not activate SIRT1 directly [198]. Therefore, 
it appears that pharmacologic–genetic interplay should be taken into account while 
investigating the antiaging compounds and their operating mechanism(s). 
Moreover, this could also facilitate screening of additional genes and pathways 
which influence the aging process.
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Table 14.2 A brief collection of some drugs and natural products found to delay aging and extend 
lifespan

S.no.
Drug/antiaging 
compound Molecular target(s) Generalized function References

1. Metformin Mitochondrial respiratory 
complex I, AKT/TOR 
signaling modulation

Treatment of type 2 
diabetes, antitumor; 
extends life span and 
inhibit age-related 
centrosome 
amplification in 
Drosophila

[5, 188]

2. NSAID (celecoxib) 3′-Phosphoisositide- 
dependent kinase-1 
(PDK-1) component of 
insulin/IGF-1 signaling 
cascade

Increases life span in 
C. elegance

[41]

3. NSAID 
(ibuprofen)

Inhibits the tryptophan 
permease Tat2p, a 
component of Pkh2-ypk1- 
lem3-tat2 signaling pathway

Increases life span in 
S. cerevisiae, C. 
elegance, and 
Drosophila

[101]

4. Sc-560, trans 
resveratrol, and 
Valdecoxib 
Aspirin, and 
NS-398, APHS, 
valeryl salicylate

Inhibition of COX and 
reduction in the production 
of ROS

Increases life span in 
Drosophila

[50]

5. Ethosuximide Inhibitor of T-type calcium 
channel, anti-convulsant, 
inhibits the function of 
specific chemosensory 
neurons

Delay age-related 
changes and extend 
life span of C. 
elegance

[46]

6. Lithium Inhibits GSK3 and activates 
NRF-2

Extends life span of 
Drosophila

[36]

7. Spermidine 
(natural 
polyamine)

Activates autophagic 
machinery

Extends lifespan of 
S. cerevisiae, C. 
elegance, and 
Drosophila

[57]

8. Sodium butyrate HDAC inhibitor Promotes longevity 
in Drosophila

[263]

9. Cranberry plant 
extract

Minimizes oxidative stress, 
activates ERK/MAPK 
signaling and AKT pathway

Promote longevity in 
Drosophila and C. 
elegance

[85, 272, 
273]

(continued)
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The genetic approach in Drosophila generally follows the effects of antiaging 
drugs or compounds on pathways those are potentially involved in the aging pro-
cess; there are still several pharmacologic compounds that are supposed to exert an 
impact on aging; however, their mechanisms are yet to be determined. Such putative 
antiaging compounds may facilitate discovery of novel antiaging compounds and 
also help in unraveling additional insights into the antiaging pathways. Several stud-
ies were focused on to examine the antioxidant effects of some selected compounds 
such as tocopherol-p-chloro-phenoxy acetate, nordihydroguaiaretic acid (NDGA), 
and Mg-TCA, and α and γ-tocopherol in the Drosophila [286, 291]. Interestingly, 
Jafari and coworkers have identified several antiaging pharmaceutical and botanical 
agents using Drosophila as a model organism [117]. A few of such antiaging agents 
include extracts of the plants Rhodiola rosea, Rosa damascene, cinnamon, green 
tea, and antidiabetic drug pioglitazone [117, 150, 234]. Regulated dosage of above 
compounds has been suggested to decrease the mortality rate in male and female 
flies without making any significant negative impact [117, 150, 234]. Further, 
extracts from cranberry plant has been found to contain antiaging and anti- 
inflammatory bioactive compounds and found to extend the lifespan in C. elegans 
and Drosophila significantly [85, 100, 108, 190, 272, 273]. Age-related functional 
decline of pancreatic β-cells in rats has been found to be delayed by using cranberry 
extract [289]. Interestingly, extracts from cranberry plant have been suggested to 
induce some epigenetic changes in chromatin, which in turn alter the dynamics of 
the aging-related signaling pathways and minimize the cellular damages [250].

As discussed earlier, chronic inflammation is associated with development of 
several aging-related diseases, and therefore, pharmacological inhibition of inflam-
matory processes using certain drugs has emerged as an effective antiaging strategy. 
A large number of nonsteroidal anti-inflammatory drugs (NSAIDs) such as 

Table 14.2 (continued)

S.no.
Drug/antiaging 
compound Molecular target(s) Generalized function References

10. Blueberry plant 
extract

Upregulates superoxide 
dismutase (SOD), catalase 
(CAT), and Rpn11, and 
downregulates methuselah 
(mts)

Promotes longevity 
in Drosophila

[207]

11 Extract of 
Rhodiola rosea

Acts against oxidative stress 
and decreases the 
production of ROS

Extends lifespan in 
Drosophila, C. 
elegance and S. 
cerevisiae

[16, 118, 
276]

12. Extract of Rosa 
amascena

Acts against oxidative stress Extends lifespan in  
Drosophila

[119]

13. Curcumin Activates TOR pathway Extends lifespans in  
Drosophila

[139, 242]

14. Extract of 
Ludwigia 
octovalvis

Activates AMP-activated 
protein kinase (AMPK)  
pathway

Extends lifespan in  
Drosophila

[144]
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CAY10404, aspirin, APHS, SC-560, NS-398, SC-58125, valeroyl salicylate, tran-
sresveratrol, valdecoxib, and licofelone have been screened using Drosophila [50]. 
It was deduced that regulated feeding of anti-inflammatory drugs to Drosophila 
results in extended lifespan, delayed age-dependent decline of locomotor activities, 
and increased stress resistance [50].

Although numerous pharmacological drugs and natural compounds have been 
studied using various model organisms to target the aging phenomenon individu-
ally, however, the major challenge remains that once an antiaging compound shows 
antiaging activity deprived of any impact on physiological processes, or any unde-
sirable effects on health span, it may require further evaluation in other genetic 
backgrounds or in additional model organisms. Further, deciphering the mechanism 
of action of such compounds could be worthwhile for identifying added antiaging 
agents or assessing combination therapies. However, there are still quite a lot of 
challenges for studies in this field, which is a major prerequisite to overcome.

 Concluding Remarks

Aging research has perceived a notable acceleration due to the inclusion of several 
model organisms and development of contemporary tools that permit rapid screen-
ing of genetic modifiers and novel drug molecules, and analysis of the genome, 
transcriptome, epigenome, proteome, and metabolome of aging cells and tissues. 
This information is now being utilized for development of possible therapies to 
minimize the deleterious aspects of aging. It is increasingly clear now that aging is 
not an irreversible process, and senescence is not the inevitable fate of all organisms 
and it could be significantly delayed without any significant fitness cost. However, 
in spite of a considerable advancement in aging research, several questions related 
to molecular and neurological aspects of aging remain to be answered. Besides, 
most of the life-extension molecules/mechanisms have been observed in simpler 
model organisms, and these have still to be verified as viable antiaging therapies in 
humans. Here, it is also worth considering that a number of genetic manipulations 
which extend lifespan in Drosophila and other species show ex-specific inclination. 
The histrionic progress made in recent years established the feasibility to disentan-
gle the mysteries of aging and to reach to a logical and decisive conclusion.
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15Nothobranchius furzeri as a New Model 
System for Ageing Studies

Eva Terzibasi Tozzini

Ageing is the age-dependent reduction in the performance of basically every 
physiological function leading to increased disease susceptibility and mortality. 
Ageing results from age-dependent accumulation of molecular and cellular dam-
ages, it is largely inevitable and irreversible, but it can be influenced by intrinsic 
factors (both heritable and random variation) and extrinsic factors, such as nutri-
tion [1–4] and pharmacological treatments [5, 6]. Disentangling the contribu-
tions of these factors is challenging, but it is a necessary step to develop strategies 
for reducing the incidence of ageing-related disabilities, a pressing need of our 
society.

For practical reasons, the current molecular understanding of the ageing process 
derives almost exclusively from the study of random or targeted single-gene muta-
tions in highly inbred laboratory species, mostly invertebrates. Little information is 
available as to the genetic mechanisms responsible for natural lifespan variation and 
the evolution of longevity, especially in vertebrates. Yet, natural variability in lifes-
pan across vertebrate species greatly exceeds the magnitude of life extension that 
has been obtained by single-gene manipulations. The genetics of naturally evolved 
lifespan differences, a highly relevant biological question in itself, also represents 
an untapped source of possible targets for modulating ageing.

Natural ageing is a complex trait whose inheritance is controlled by the interac-
tion of multiple loci, and their identification using conventional model organisms is 
challenging. In addition, different aspects of natural ageing (or different age- 
dependent diseases) may have distinct genetic architectures [7, 8], thereby compli-
cating the genetic dissection of “ageing“. Finally, phenotypic differences due to 
non-heritable (random) variation may also influence lifespan [3]. Investigating the 
nature of this non-heritable source of phenotypic variability observed during the 
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growth and maturation phases of vertebrate lifespan may provide novel molecular 
insights into the control of longevity.

One of the main limitations to investigate natural ageing variation is the lack of 
a group of related species that are good laboratory organisms, are genetically trac-
table and at the same time show naturally evolved large-scale differences in lifes-
pan. Comparative genomics can identify genes bearing signatures of adaptive 
evolution in long-living mammals, but the phenotypic consequences of these molec-
ular changes cannot be tested easily. Mouse populations, on the other hand, do not 
show large natural variation in lifespan, and the vast majority of mouse studies are 
based on domesticated strains adapted to captive life (e.g. [9]).

Annual fishes of the genus Nothobranchius evolved short lifespan as a trade-off 
for rapid growth and maturation that represent primary adaptations to survive in an 
ephemeral habitat (Fig.  15.1). These species provide a system to investigate the 
genetic basis for lifespan evolution. At the same time, they are laboratory organisms 
that can be genetically manipulated and represent a unique model bridging evolu-
tionary biology and biomedical research (reviewed in [10]). They indeed are specifi-
cally suitable for many types of experimental analyses in the ageing field, such as:

 (i) To assess the consequences on organismal ageing of adaptive molecular changes 
associated with evolution of short lifespan

Fig. 15.1 Nothobranchius life cycle – When the rainy season starts, N. furzeri larvae hatch and 
develop rapidly, reaching sexual maturity into 4–5 weeks and beginning laying eggs. Depending 
on the availability of water, a fraction of the embryos complete development and hatch in the same 
season. Most of the embryos, however, will enter diapause at any of the three stages indicated 
(dispersed phase, somite stage, hatching stage). The arrest in diapause will last for several months, 
until the next rainy season starts again (Source: FLI/© Alexander Schmidt, Atelier Symbiota)
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 (ii) To identify early molecular signatures of individual lifespan
 (iii) To dissect different biological components of ageing and their corresponding 

genetic architecture

 Model Organisms in Ageing Research

Genetic studies in invertebrate model organisms, such as nematode worms and the 
fruit fly, lead to the identification of conserved genetic pathways that influence age-
ing across metazoan, such as the IGF/insulin signalling pathway [11], the target of 
rapamycin (TOR) pathway [12] and the mitonuclear balance system [9]. 
Invertebrate models, however, have some intrinsic biological limitations: their 
anatomical organization is fundamentally different from mammals; they lack adap-
tive immunity and bones, have limited stem cell populations and lack some genes 
that are highly relevant for human ageing. Among these, for example, the INK4 
locus (coding for the cyclin kinases inhibitors CDKN2A and CDKN2B), in genome- 
wide association studies (GWAS), was associated with a large number of age- 
associated diseases (including glaucoma, Alzheimer’s, cancer, coronary artery 
disease, type 2 diabetes, etc.) [13].

Vertebrate models are indispensable to investigate pathophysiological mecha-
nisms of age-dependent organ functional decline. Although a number of long-living 
mouse mutants were identified, their characterization is space-, funding- and time- 
intensive and genetic research into mouse ageing faces serious practical limita-
tions. Teleost fishes are established and widely accepted as alternative vertebrate 
models in many fields of biomedical research because of their small size, high 
fecundity and ease of genetic manipulation while sharing many anatomical and 
genetic similarities with humans [14–16]. Yet, the lifespan of both zebrafish and 
medaka is 3–5 years [17, 18] preventing their widespread application to ageing 
research.

 Nothobranchius furzeri as an Experimental Model

In 2003, the short-lived annual fish Nothobranchius furzeri has been proposed as an 
alternative model for ageing [19]. In the last decade, this species  – originally 
received as a zoological curiosity – gradually gained recognition as an innovative 
model organism that could become a game changer in ageing research [20–24].

N. furzeri is the shortest-lived vertebrate that can be cultured in captiv-
ity. Its short lifespan of few months is characterized by expression of a large 
number of typical vertebrate ageing markers at behavioural [6, 19], histopatho-
logical [7, 25, 26] and cellular/molecular level, [27–29]. Most importantly, 
RNA-seq analysis revealed evolutionary conservation of age-dependent pat-
terns of transcript regulation between N. furzeri and other vertebrates, includ-
ing humans [30–32].
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This species is amenable to genetic manipulations: efficient random insertion of 
constructs in the genome can be obtained by Tol2-mediated transposition [33–35], 
and techniques for CRISPR/Cas9 genome editing, including homologous recombi-
nation enabling single-codon substitutions, were established [36].

Finally, N. furzeri lifespan and ageing phenotypes can be improved by environ-
mental, dietary and pharmacological interventions [6, 32, 37, 38]. It is highly rele-
vant for the present proposal that modulation of ageing-related phenotypes by 
genetic manipulations were recently reported [35, 36]. Therefore, N. furzeri repre-
sents a platform to rapidly assess the impact of genetic manipulations on ver-
tebrate ageing and ageing-related pathologies [10, 36].

 Nothobranchius furzeri as Experimental Ageing Model

N. furzeri is a small (6 cm) annual fish which is adapted to the alternation of wet and 
rainy season. It inhabits ephemeral habitats that last a few months, thereby setting 
the upper limit of its natural lifespan [49]. This short lifespan is retained under cap-
tive conditions (3–7 months depending on genetic background, Fig. 15.2-a), making 
N. furzeri the shortest-lived vertebrate that can be cultured in captivity. These 
animals develop from fry to a sexually mature adult in as short as 3 weeks 
(Fig. 15.2-b).

In the last decade, the research work of several scientific groups was largely 
dedicated to producing compelling evidence that short lifespan is a consequence 
of rapid ageing and is experimentally malleable (for a systematic review, see 
[10]). At a behavioural level, there are reduced locomotor activity and impairment 
in learning paradigms [6]. Histopathological examinations have revealed accumula-
tion of the fluorescent age pigment lipofuscin [7, 26] and age- dependent lesions in 
the heart, liver and kidney that are similar to those observed in other small teleosts 
[25]. At a cellular/molecular level, ageing of N. furzeri is associated with increased 
apoptosis [25, 7], telomere erosion [27], reduced mitochondrial function [28], 
expression of cellular senescence markers in vivo and age-dependent impairment of 
adult neuronal stem cells [29].

At a global level, RNA-seq analysis in several organs highlighted the evolution-
ary conservation of age-dependent gene expression between N. furzeri and other 
vertebrates, including humans [30–32]. For example, in key terms previously iden-
tified by meta-analysis in vertebrates, such as lysosome, inflammation and ribosome, 
TCA cycle and collagen are also regulated in N. furzeri. Further, unbiased analysis of 
N. furzeri transcriptome led to the identification of novel conserved and age-regu-
lated genes that are expressed in neuronal stem cells [31]. Notably, this species is 
amenable to genetic manipulations: random insertion of constructs in the genome 
can be obtained by Tol2- mediated transgenesis and a number of promoters for 
ubiquitous or tissue- specific expression were identified [33, 34, 35, 40, 41]. Most 
relevant for the present proposal was the demonstration that CRISPR/Cas9genome 
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editing is feasible [36] and can introduce specific point mutations via homologous 
recombination [36].

N. furzeri lifespan and ageing phenotypes can be improved by environmental, 
dietary and pharmacological interventions [6, 32, 37, 38], and modulations of 
ageing- related phenotypes by genetic manipulations were recently reported 
[35, 36]. For all the above-mentioned reasons, N. furzeri can be with full rights 
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Fig. 15.2 Survival and growth of Nothobranchius furzeri laboratory strains. (a) Survivorship 
of the F2 generation of MZM-04/03 (n = 24), MZM-04/06 (n = 11), MZM-04/10G (n = 47) and 
MZM-04/10P (n = 90) and of the inbred line GRZ (n = 93). (b) Growth record of N. furzeri larva 
in the first 3 weeks of live
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considered as the ideal model to investigate the effects of genetic manipulations 
on lifespan and ageing-related phenotypes.

 Nothobranchius furzeri as a Model for Evolutionary Genetics 
of Ageing

The genus Nothobranchius evolved from a non-annual (therefore long-living) 
ancestor: the non-annual sister genus (Aphyosemion) is clearly identified and the 
two taxa provide a sharp phenotypic contrast. Duration of the habitat (aridity) 
strictly limits natural lifespan. We specifically tested whether differences in 
habitat duration led to the evolution of a different rate of senescence in 
Nothobranchius populations from Southern and Central Mozambique, a region 
characterized by a major gradient in aridity. Two independent evolutionary lin-
eages of Nothobranchius are found in this area (Fig. 15.3): N. furzeri and N. 
kuhntae belong to one lineage, while N. rachovii and N. pienaari belong to 
another lineage. For each lineage, one species originates from semi-arid habitat 
(N. furzeri and N. pienaari, respectively) and another species from the humid 
habitat (N. kuhntae and N. rachovii, respectively). In both species pairs, the spe-
cies from more humid habitat showed shortened lifespan and accelerated 
expression of ageing markers [39], thereby providing a clear example of paral-
lel evolution.

In 2015, has been sequenced and assembled the genome of N. furzeri as well as 
the transcriptomes of N. pienaari, N. rachovii, N. kuhntae and N. kadleci (the sister 
species of N. furzeri) together with N. korthausae (a long-living Nothobranchius, 
lifespan 18 months) and Aphyosemion striatum (lifespan >3 years) as a representa-
tive of the non-annual sister genus [42]. This allows the identification of genes bear-
ing signatures of positive selection. Positive selection is the process by which a 
mutation becomes fixed in a population because it confers an advantage by chang-
ing protein function. If two branches of an evolutionary tree differ in a key pheno-
type (annual vs. non-annual life history, in this case), the genes under positive 
selection likely played a role in the evolution of that phenotype. In interspecies 
comparisons, positive selection on protein-coding sequences results in an increase 
in the rate of non-synonymous substitutions as compared with random genetic drift. 
Statistical models based on the ratio of non-synonymous to synonymous substitu-
tion rates (dN/dS ratio) can identify specific amino acids within a given gene that 
evolved due to positive selection and are widely used in comparative genomics.

Genome-wide scans for positive selection were performed in several long-living 
mammals (bats, the naked mole rat, the bowhead whale). However, it is not possible 
to establish a link between positively selected genes and evolution of longevity 
because the short-living sister taxon (i.e. the most closely related species/clade) 
may not be available for analysis, making impossible to exclude that of a codon 
change was selected before longevity evolved (for a discussion see [43]), and it is 
very often impossible to relate a codon change to one of the several traits that dis-
tinguish two taxa (e.g. a positively selected gene in H. sapiens may be related to 
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longevity, bipedalism, absence of fur, speech, relative brain size or any other trait 
that distinguishes humans from apes). A direct test would require the manipulation 
of the selected gene sequence and an analysis of the phenotypic consequences 
in vivo of this sequence change. This possibility is obviously precluded in long- 
living mammals.

By performing genome-wide scans for positive selection on six Nothobranchius 
species, Aphyosemion striatum and a number related of outgroups [44] positively 
selected genes have been identified that evolved: i) in the last common ancestor of 
all Nothobranchius (LCA-branch) and therefore in coincidence with evolution of 
annual life, ii) in coincidence with parallel evolution to an arid habitat or iii) specifi-
cally in N. furzeri [43, 44]. Here, the most interesting findings of this analysis are 
listed:

Fig. 15.3 Distribution map for the Nothobranchius populations through humid and arid 
regions of Mozambique. Physical map with annual precipitations was obtained from Stock Map 
Agency (http://www.stockmapagency.com). Collection points are indicated with asterisks and are 
color-coded: red indicates semi-arid green intermediate and blue humid habitats. Please note that 
the collection points of N. rachovii and two of the populations of N. kuhntae are in Beira and are 
collectively represented by a single asterisk. Inset shows monthly precipitations in Beira, 
Inhambane and Mapai as examples of humid, intermediate and semi-arid regions (taken from 
Terzibasi Tozzini, 2013)

15 Nothobranchius furzeri as a New Model System for Ageing Studies
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IGF1R. Insulin/IGF pathway is the prototypical lifespan-regulating path-
way conserved across model organisms. Reducing its activity prolongs lifespan 
from nematodes to mice [11], hypomorphicIGF1R variants were detected in some 
centenarians and IGF1R was previously reported to be under positive selection in 
the long-lived Brandt’s bat. One site under positive selection in the tyrosine kinase 
domain with a radical substitution (lysine into proline) was detected in the LCA-
branch and is therefore possibly linked to evolution of annual life.

XRCC5. XRCC5 (X-ray repair complementing defective repair in Chinese ham-
ster cells 5; synonyms: Ku80, Ku86) is a key gene in the non-homologous end- 
joining pathway of double-strand DNA repair. Variations in XRCC5 are associated 
with human longevity [45] and loss of a single XRCC5 allele is sufficient to 
induce progeria in mice [46]. A comparative study of mammalian transcriptomes 
revealed that XRCC5 expression is positively correlated with body mass corrected 
longevity across a set of 33 mammalian species and one of its interactors, 
XRCC6BP1, is part of a module of co-expressed genes whose expression is corre-
lated with individual lifespan in N. furzeri (see [32], Table S14). Previous analyses 
detected two positively selected sites specific for N. furzeri [43], and only one 
results in a radical substitution (Alanine into Glycine) located in a functionally 
relevant domain.

ID3. Inhibitor of DNA binding 3 (ID3) is a downstream effector of the 
TGFβ pathway, a key regulator of inflammation involved in a number of age-
related diseases such as tumorigenesis, fibrosis, glaucoma and osteoarthritis. 
ID3 shows one positively selected site with a radical substitution of an alanine by 
glutamine, located in the second exon, which is essential for ID3 dominant nega-
tive function and is nearby the residue 105 whose polymorphism in humans 
(rs11574) impairs function and is associated with coronary disease, a typical 
age-dependent disease [47]. Interestingly, the same gene shows in the short-lived 
species N. pienaari a one aa deletion at distance of 10 aa from the positively 
selected glutamine, suggesting parallel evolution on this gene [42]. To give an 
idea of the high potential of this model in the context of experimental genetic 
approaches for the ageing studies, it must be taken in mind that in all three genes 
described above, a single site is positively selected, and it is technically possible 
to revert this substitution to the ancestral state by editing the corresponding 
codon in the N. furzeri genome.

Complex I and mitonuclear balance. Respiratory chain complexes are large 
protein complexes that undergo multistep assembly where nuclearly and mitochon-
drially encoded components are synthesized, combined and inserted into the mito-
chondrial inner membrane. The coordination of this process is called mitonuclear 
balance and is a conserved longevity mechanism controlled by mitochondrial 
ribosomal proteins [9].

Genes under positive selection in all steps of mitonuclear balance were iden-
tified [44]: transcription from mitochondrial promoters, processing and stabili-
zation of mitochondrial RNAs, mitochondrial translation, assembly of 
respiratory chain complexes and electron transport chain. Particularly relevant 
is the pattern of selection on complex I of the respiratory chain and on 
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mitochondrial ribosomal proteins, since manipulation of these genes results in 
life extension in C. elegans [9] and fruit fly. 75 genes under positive selection 
were detected in the LCA-branch; among these, four code for components of the 
mitochondrial respiratory chain complex I (GO:0030964, fold enrichment = 14, 
p = 0.0002, Fisher’s exact test). Three further genes of complex I are under posi-
tive selection in the N. pienaari lineage (fold enrichment  =  8.8, p  =  0.005, 
Fisher’s exact test). Three mitochondrial ribosome (MRPs) were under positive 
selection in both the N. pienaari and N. furzeri lineages (GO:0005761, fold 
enrichment = 9.1 and 14.7, respectively, p = 0.02 and 0.01, Fisher’s exact test, 
respectively).

 Nothobranchius furzeri and Longitudinal Analysis

While genetic heterogeneity clearly influences lifespan, the relationship between 
non-genetic variation and individual ageing trajectories is not well understood. 
To the best of our knowledge, all available studies on individual random variation 
and ageing have been performed in the roundworm C. elegans. Pioneering studies 
showing that the expression level of heat-shock proteins is not heritable but is pre-
dictive of individual lifespan [3] demonstrate that phenotypic variability in the 
absence of genetic heterogeneity can influence ageing. Later studies identified the 
frequency of “mitoflashes” during an individual’s early adult life [4] as predictors of 
lifespan. Accordingly, knock-down of mitochondrial proteins during development 
is necessary and sufficient to cause life extension in C. elegans [9]). Taken together, 
these studies suggest that conditions favouring longevity may be laid out during 
maturation and early adult life.

Recently, it has been also realized a longitudinal study of gene expression in 
individual N. furzeri (N  =  152) of a strain with median lifespan ~ 8  months by 
obtaining two fin biopsies at two time points during early adult stage (corresponding 
to ~ 15% and ~ 30% of maximum life span) to correlate the specific gene expression 
signatures observed in these individuals during early adult life with their age at 
death [32]; 45 individuals were selected, based on the age of death, and divided into 
three groups of 15 individuals each: short-lived (age of death 28–36 weeks), long- 
lived (age of death 45–50 weeks) and longest-lived (age of death 57–71 weeks).

Then, quantitative variations in gene expression during early adult life were cor-
related with lifespan. Generally applicable gene enrichment (GAGE) analysis 
revealed that shorter- and longer-lived individuals differ more in their gene expres-
sion at the earliest time point than later (15 differentially expressed pathways vs. 2). 
This surprising result indicates that conditions for longevity are set relatively early 
during lifespan.

To identify the genes signatures for lifespan, a gene co-expression network was 
generated using weighted gene co-expression network analysis (WGCNA) . By this 
approach, large datasets are reduced to modules of co- regulated genes and the cor-
related expression of the genes within a module can be represented as an eigengene. 
Eigengene expression is correlated with lifespan for each module to identify 
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longevity-related modules and their hub genes. In fact, this approach allowed the 
identification of one module of 149 genes whose expression shows the largest 
absolute correlation with age of death with top enrichments for complex I of 
the respiratory chain and mitochondrial small ribosomal subunit. Analysis of the 
gene network in this module revealed that genes coding for NDUFs and MRPs are 
tightly co-regulated (Fig. 15.4). This finding is consistent with mouse studies here 
Mrps5 expression strongly correlates with expression of oxidative phosphorylation 
proteins [9] and expression of MRPs is negatively correlated with lifespan across 
mouse strains [9].

To ask directly whether partial inhibition of the respiratory chain affects fish 
lifespan, N. furzeri MZM-0410 were chronically treated with 15 pM and 150 pM of 
a complex I inhibitor (rotenone, ROT) in the water, corresponding to 0.1% and 1% 
of the median lethal concentration (LC50) for N. furzeri, respectively, starting at 
mid-age (23 weeks). The lower concentration induced life span extension by 15% 
(log-rank test, p = 0.0181) directly demonstrating the involvement of complex I in 
regulation of vertebrate lifespan.

Five animals treated with 15 pM ROT were taken after 4 weeks of treatment and 
RNA-seq was performed from brain, liver and skin samples. These were compared 
with animals of the same age treated with vehicle and with animals treated with 
vehicle for 4 weeks starting at age 5 weeks (young controls). Figure 15.5 describes 
the response to ROT of all genes differentially expressed with age (FDR-corrected 
p < 0.05, EdgeR and DEseq) detected in comparisons of old vs. young controls. In 
all three tissues, the vast majority (~ 90%) of genes upregulated during ageing were 
downregulated by ROT and vice versa, i.e. ROT induced a rejuvenation of the 
transcriptome shifting global gene expression towards patterns more typical of 
young age.

Fig. 15.4 (a) Network of the most connected genes in the longevity module described by [32]. 
Only edges corresponding to topological overlap >0.1 are shown. Genes of complex I are shown 
in red and mitochondrial ribosomal genes in green. The arrows points to the position of the posi-
tively selected genes ETAA1 and APOA1BP. (b) Expression of the eigengene as a function of age 
of death (r = −0.46, grey shading indicates the confidence interval of the regression line)
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The use of this new model in longitudinal ageing studies, and in particular the 
existence and comparison of different Nothobranchius species, has brought to light 
the essential knowledge that genes important for mitonuclear balance seem to act as 
regulators of longevity from two totally independent approaches: analysis of posi-
tive selection across species and longitudinal analysis within a species. This obser-
vation highlights the value of the multilevel approach achievable with Nothobranchius 
furzeri.

 Nothobranchius furzeri and Quantitative Genetics of Ageing

N. furzeri strains show genetic differences in captive lifespan the GRZ strain, 
collected in 1969, shows a lifespan of about 3 months [19] and all more recently 
collected strains of 6–8 months [26]. Genetic mapping (see below) clearly excludes 
that extremely short lifespan of GRZ is the results of a single recessive mutation, 
and it must arise from a combination of multiple naturally occurring alleles at dif-
ferent loci.

A quantitative trait loci (QTL) approach was applied to map loci responsible for 
lifespan differences. By crossing GRZ with a longer-lived strain, a genetic map 
comprising 355 markers was built and used to identify quantitative trait loci (QTL) 
for lifespan in a panel of 284 F2 individuals. One significant locus explaining ~ 10% 
of lifespan variation overlying tens of genes and three further suggestive loci were 
identified [48]. A second, independent, QTL scan using a much higher density link-
age map (8400 markers) and a similar number of individuals also identified only 
one significant locus (on a different chromosome) that explains a minor proportion 
of lifespan variation and overlies tens of genes [49]. This approach clearly shows 
that the basis for interstrain differences in lifespan is polygenic and also suggests 
that heritability of lifespan is quite low, possibly because age-dependent mor-
tality is determined by the action of several independent biological processes. It 
is indeed known that human longevity or lifespan has lower heritability as compared 
to age-related diseases and organ function [8].

Fig. 15.5 Effects of 
rotenone (ROT) on 
age-dependent gene 
expression. Each dot 
represents a single 
differentially expressed 
gene (DEG). The effect of 
age is reported on the X 
axis and the effect of ROT 
on the Y axis. Negative 
regression implies that 
genes upregulated with age 
are downregulated by ROT 
and vice versa. From [32]

15 Nothobranchius furzeri as a New Model System for Ageing Studies



314

In a second study [7], the age-related markers lipofuscin deposition (LFD) 
and apoptotic cell counts (APC) were quantified in histological sections of F1 and 
F2 hybrids (287 fish) and a genome-wide scan for QTL with 253 markers was per-
formed. Surprisingly, LFD and APC appeared to be markers of different age- 
dependent biological processes and to be controlled by different genetic mechanisms. 
Indeed, inheritance of LFD showed hyperdominance and inheritance of APC 
showed additivity. More directly, these traits were uncorrelated in F2 hybrids [7]. 
While only two loci, explaining 10% of variance, were identified for LFD, APC was 
mapped to five loci collectively explaining ~ 30% of the total variance.

The results of APC mapping are encouraging as they suggest that, as in humans, 
simpler biological processes can be easier to map genetically than longevity. In how 
many different biological processes can ageing be decomposed and what are 
the best biomarkers of these processes? Using histological techniques to address 
this question is unpractical and prohibitively time-consuming. Genome-wide 
expression analysis may provide a suitable approach, and, indeed, Nothobranchius 
furzeri seem to represent the perfect animal model to address this research.
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Common Terminology

Atrophy: Decrease in muscle mass and strength. Muscle atrophy can arise due to 
several pathophysiological conditions such as bedridden state, cancer cachexia, and 
aging.

Sarcopenia: Involuntary loss in skeletal muscle mass, strength, and function with 
aging. Generally characterized by muscle atrophy along with a reduction in muscle 
fiber quality, oxidative stress, reduction in muscle metabolism, and impairment of 
the neuromuscular junction.

Myasthenia: Increased weakness and fatigue of skeletal muscle. It is often associ-
ated with disorder in neuromuscular junction.

Myositis: This refers to conditions causing inflammation in muscles. Infection, 
autoimmunity, injury, and drug side effects may lead to myositis. General symp-
toms are swelling, weakness, and pain.

Fatigue: Temporary inability of a skeletal muscle to be recruited optimally. This 
depends upon an individual’s physical fitness, sleep deprivation, and overall health.

Myonecrosis: A myopathy in which a part of skeletal muscle undergoes necrosis. It 
is mainly caused by infection with bacteria, Clostridium species. This leads to gas 
accumulation in muscle.

Rhabdomyolysis: A condition where skeletal muscle fibers undergo rapid break-
down, usually due to injury. This leads to release of muscle proteins into the blood 
and causes kidney failure.
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NEAT: This refers to “Non-Exercise Activity Thermogenesis.” NEAT is the sum of 
energy expended for everything that an individual does, except sleeping, eating, and 
exercises.

 Introduction

By the year 2050, the number of people over 60 years of age will be more than 
double from 11% currently to ~25% worldwide. Better management of aged popu-
lation requires systematic understanding of aging and etiology of its associated ill-
nesses. This puts gerontological research back in high priority. Skeletal muscle 
changes are primary cause of the progressive deterioration in functional capacity 
associated with the aging process. Several changes are noticed in the skeletal mus-
cle during aging at all levels Several changes, including physiological, structural, 
molecular, and biochemical, are noticed in the skeletal muscle during aging at all 
levels. Starting with the fourth decade of life, muscle mass and force-generating 
capacity decline and by the age of 80, about one-third functional capacity is left. 
Structurally, muscle fiber type, size, and architecture are altered with advancement 
of age in both men and women. In addition to skeletal muscle atrophy, progressive 
accumulation of denervated myofibers is observed with aging. Molecular and bio-
chemical changes in skeletal muscle include impairments in excitation–contraction 
coupling, actin–myosin cross-bridge interaction, organellar dysfunction, mitochon-
drial properties (energy production), and regeneration.

Unlike human, most of the rodent models show a distinct path of skeletal muscle 
aging. The loss of muscle mass among rodents is comparatively slow and starts only 
after advanced stages of aging. It is also true for the other physiological parameters 
including grip strength and performance. So, results from studies performed in many 
other species cannot always be directly extrapolated to human aging. Regardless, the 
fundamental process of muscle aging is visible in most organisms including the fruit 
fly Drosophila melanogaster. More and more studies are pointing to the fact that 
extrinsic factors play critical role in muscle aging including stem cell function, 
inflammatory cells, neuromuscular junctions, and endocrine regulation. With rapid 
increase in the number of individuals affected with metabolic diseases such as type 2 
diabetes, maintenance of skeletal muscle function is the foremost task. This is 
because muscles (both skeletal and cardiac) are important sites of glucose disposal; 
their functions are significantly affected in diabetic patients and usually display 
acceleration in the aging process. Another nascent area of research is “effect of cross-
talk” between different organs on muscle aging. Understanding of these complex 
multifactorial conditions will provide the molecular targets for suitable therapeutic 
intervention to retard muscle aging and contribute to healthy aging.

In this chapter, we have primarily focused on skeletal muscle, but cardiac muscle 
has also been taken into account. We have summarized the gender-specific changes 
in muscle aging. We have elaborately described the current understanding about 
muscle-insulin resistance and its association with type 2 diabetes. Roles of different 
processes in muscle aging, such as mitochondrial dysfunction, cytokines, muscle- 
insulin resistance, fibroblasts, and satellite cells, have been discussed in detail. 
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Finally, we describe the potential of promotion of physical activity by NEAT and 
exercise in countering muscle aging.

 Changes in Skeletal Muscle during Aging

 Morphological Changes

Skeletal muscle undergoes significant alterations both at molecular as well as mor-
phological levels. In general, the skeletal muscle attends maximal growth by the age 
of 20–25 in humans and starting with the age of 30, a progressive decline is observed. 
The rate of loss in muscle mass (more than 1% per year) is usually much higher 
after the age of 60. In addition, cross-sectional area of muscle fibers also undergoes 
progressive reduction during the aging process; 30% loss in a 70-year-old compared 
to a 20-year-old. Further, loss of type II (fast-twitch) fibers and increase in type I/
type II fiber ratio are reported in several studies on elderly people. As a consequence 
of all these changes, strength, and performance (i.e., muscle twitch time and twitch 
force) of the skeletal muscle is impaired. Common cell-level changes during aging 
are reduction in muscle cell number, sarcoplasmic reticulum (SR) abundance, and 
calcium- pumping capacity. Interestingly, during aging on one hand muscle mass is 
reduced; on the other hand, the body tends to accumulate more fat and there is no 
change in body weight. Hence, reduced muscle mass has to carry similar load, 
which means they have to work harder and may lead to fatigue. To overcome this 
situation, there is increased reliance on type I muscle fibers that result in reduction 
of swiftness of muscle action. Several biochemical and structural changes in aging 
muscle have also been reported, such as intramuscular fat accumulation, decrease in 
protein content (whereas in nonmuscle lean tissues, it remains unchanged), decrease 
in noncontractile area, and decrease in cross-bridging between the fibers in the mus-
cle, and loss of potassium and calcium levels. In conjunction with muscle loss, bone 
density reduction limits the relative recruitment (force formation) of the muscle. 
Some of the usual intramyocyte changes during aging are disorganization of sarco-
mere spacing and change in position of nuclei to become more centralized on the 
muscle fiber. Further, decrease in the dihydropyridine receptor (DHPR) expression 
and its coupling with T-tubular ryanodine receptors (RyRs) leading to the impair-
ment of excitability of muscle plasma membrane. As a cumulative effect of the 
above changes, older people become disabled due to compromised ability to recruit 
the muscle.

 Fiber-Type Distribution

As described earlier, reduction in muscle mass and cross-sectional area of about 
30% and 20%, respectively, is witnessed in an 80 year-old man compared to a 
20-years old. This observation may be due to the associated changes in fiber type. 
The skeletal muscles are classified into three different fiber types:

16 Aging in Muscle



322

 1. Slow oxidative fibers: Also called “Type I,” these fibers upon activation contract 
slowly, but can remain contracted for a long time with lesser force. They are rich 
in mitochondrial content, equipped to meet high-energy demand for a prolonged 
period of time by using fatty acid as a major substrate. These muscles are 
enriched with myoglobin and highly vascularized for continued supply of oxy-
gen and substrates, for example, postural muscles. Muscles having higher per-
centage of slow oxidative fibers are more resistant to fatigue. Sarco/endoplasmic 
reticulum (SR) Ca2+-signaling in these muscles is quite unique. They express 
sarco/endoplasmic reticulum calcium ATPase (SERCA)2a, the kinetically slower 
isoform, along with expression of sarcolipin (SLN). Therefore, such muscles are 
well suited for being recruited for adaptive thermogenesis.

 2. Fast glycolytic: Also called “Type IIb,” these fibers contract at a very fast rate 
with high degree of force production. They have very low mitochondrial abun-
dance and use glycolysis (anaerobic) to produce ATP to supply energy for the 
muscle activity. They tend to exhaust their fuel reserve quickly leading to fatigue; 
so they can be recruited only for short duration of highly demanding activities. 
For example, muscles recruited during sprinting. In these muscles, after contrac-
tion during the relaxation process the myoplasmic Ca2+ concentration comes 
back to baseline much faster than other muscle types. This is assisted by the 
expression of only SERCA1a, which is a kinetically faster isoform, and elimina-
tion of SLN expression that would allow SERCA to work unhindered. In many 
chronic pathophysiological conditions like Duchenne muscular dystrophy, the 
majority of type IIb fibers display fiber conversion and are replaced by Type I or 
Type IIa fibers.

 3. Fast oxidative: Also termed “Type IIa,” these fibers have mechanical properties 
of fast fibers and at the same time have enzymatic/structural machinery capable 
of carrying out oxidative metabolism. They have intermediate number of mito-
chondria, greater fatigue resistance than Type IIb fibers, and capacity to generate 
higher force than the slow oxidative (Type I) fibers. SLN is expressed at low 
abundance in these muscles. Having the capability to supply energy for muscle 
activity by both aerobic and anaerobic metabolic processes, type IIa fibers pro-
vide flexibility to mammals (and birds) to fine-tune their whole-body energy 
expenditure to environmental factors such as food availability, temperature, 
pregnancy, etc.

Usually, fast-twitch (type II) glycolytic has the largest cross-sectional area fol-
lowed by type II oxidative and slow-twitch (type I) has the smallest area. Initial 
cross-sectional studies showed alteration in muscle fiber composition resulting from 
selective loss (and/or atrophy) of type II fibers with increasing age. Further, type I 
fiber area is preserved because it is used for most daily routine activities and sub-
maximal exercise like walking. In contrast, high-intensity activities (that preferen-
tially recruit type II fibers) become restricted with growing age that result in atrophy 
of these fibers.

The earliest investigations on muscle fiber composition during aging using mus-
cle biopsies approach suggested increase in percentage of type I fibers with aging. 
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People in their 20s had 39% type I fibers while 60-year-old participants had 66%. 
Whereas, Lexall et  al. sampled whole muscle tissue using autopsy material and 
found that the type I fiber percentage was 49%, 52%, and 51% for men in their 20s, 
50s, and late 70s, respectively. Several studies have shown that cross-sectional area 
of type I fibers remains unaltered during aging. Thus, now it is a consensus that 
number or size (area) of type I fibers remains more or less constant during the pro-
cess of aging. In contrast, type II fibers exhibit changes in cross-sectional area. 
While, biopsy studies reported 15% to 25% reductions in the cross-sectional area of 
type IIA and IIB fibers, autopsy study by Lexall et al. found a 26% reduction in the 
size of type II fibers from age 20 to 80. Hence, reduction in type II fiber size is a 
major cause of muscle wasting during the aging process. Lexall et al. using autopsy 
method on vastus lateralis muscle demonstrated that number of muscle fibers start 
to decline after the age of 25 and by 80 it is reduced by ~39%. Interestingly, loss of 
muscle mass among women shows a different trend. A study on pectoralis muscle 
showed that decrease in fiber number in females starts in their 60s and they rapidly 
lose up to 25% of fibers by the age of 80.

Muscle fibers are held together by connective tissue. In contrast to muscle fiber 
reduction, it is reported that connective tissue volume increases between 20% and 
40% during aging in animals. Skeletal muscles being purely voluntary are mainly 
recruited by innervation by motor neurons. Both muscle–nerve synapse and motor 
neurons undergo some changes. Decrease in the number and activity of motor units 
are found during aging which impairs the motor control by the central nervous 
system. In the field of muscle biology, an unresolved but accepted concept is 
“switching of fiber type” during aging. It is proposed that in the course of aging 
type II fibers get deinnervated and further reinnervated by type I motor neurons. 
Due to these changes, there is decrease in most of the physiological properties such 
as single-fiber intrinsic force generation, twitch contraction time, and maximum 
shortening speed.

 Neuromuscular Junction

Neuromuscular junction (NMJ) is the point of contact between muscle and nerve 
that integrates its recruitment with the central nervous system. NMJ consists of 
axon terminal of the motor neuron and motor end plate of the muscle cell which 
is also called as motor unit. The space between these two is called “synaptic cleft” 
and is usually 30 nanometers wide. In most part of adult life, the several axon 
endings remain in constant competition for establishing a NMJ with a particular 
motor end plate. During the denervation–reinnervation cycle, an individual mus-
cle fiber is transiently disconnected from its motor neuron. Following this, the 
original motor axon if still intact can get reinnervated or an axon from an adjacent 
motor neuron can establish a new NMJ by collateral sprouting. Several structural 
and physiological changes are observed in the NMJ during aging. In most cases, 
the size of the motor unit increases, whereas the number of units per fiber area 
decreases. During aging, the denervation–reinnervation cycles lead to disruption 
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of the NMJ components: decreased alignment of the pre- and postsynaptic struc-
tures; thinning of terminal axons; altered expression of synaptic membrane pro-
teins; and extensive sprouting of terminal axons. In aging muscle, there is a 
progressive collapse of the motor units leading to clustering of fibers within the 
given motor unit. The NMJ instability is also closely associated with aging-medi-
ated muscle atrophy. In addition, the nervous firing rate to muscle and the regen-
erative abilities of the nervous tissue decrease. Progressive muscle loss during 
aging and its prevention by submaximal exercise including routine physical activ-
ity are still a topic of debate. Two divergent explanations have been put forward. 
One school of thought holds that there is reduction of regeneration capacity of 
muscle fibers, which is not supported by ample experimental evidence. The sec-
ond notion is that regenerative capacity of motor units is significantly impaired 
during aging, which is supported by several studies.

Several studies using electromyographic (EMG) studies showed that number of 
active motor units decrease, while the size of low-threshold motor units becomes 
greater. Also, it was reported that fiber density per motor neuron increases and up to 
25% of the motor neurons gradually become nonfunctional during aging. It has also 
been proposed by some groups that the age-related muscle loss is a result of dener-
vation of muscle fibers, especially for the type II fibers. Denervation leads to lack of 
recruitment of the fibers that causes progressive muscle atrophy. As an adaptation to 
minimize atrophy of denervated type II fibers, they tend to gain collateral innerva-
tion from the type I motor neurons. Currently, there are several questions on the role 
of denervation–reinnervation cycle on fiber-type grouping in the course of aging. 
These include the relative contributions of traumatic injury, axon degeneration, 
motor neuron death, and NMJ instability.

 Adipocyte Accumulation

Skeletal muscle is a major site of increased ectopic adiposity (fat deposition in tis-
sues that normally do not store fat) during aging. While aging-related increased 
adiposity in liver (a tissue notoriously known for fat deposition) is still under debate 
that of skeletal muscle is widely accepted and also linked to several other medical 
complications. Both inter- and intramuscular sites show elevated adipose deposi-
tion. Fat infiltration into skeletal muscle has negative impact on muscle strength and 
performance as well as allied to aging-related skeletal muscle wasting. That is also 
closely associated with development of metabolic diseases as it is commonly found 
in people with type 2 diabetes and/or obesity. Interestingly, exercise-mediated meta-
bolic benefits are blunted in type 2 diabetic patients having increased intramuscular 
adiposity. However, molecular details of induction of insulin resistance by increased 
intramuscular adiposity remain unclear. The accumulation of fat (especially triglyc-
erides) in myocytes is mostly due to increased fatty acid transporters such as FAT/
CD36. Short-term, high-fat diet treatment studies in humans showed higher lipid 
uptake, but decreased β-oxidation as well as reduction of insulin-mediated down-
regulation of pyruvate dehydrogenase kinase (PDK) 4 activity favored lipid storage. 
Apart from insulin resistance, higher lipid accumulation in skeletal muscle 
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compromises mitochondrial functions and suppressed lipid oxidation. Reduction in 
lipid oxidation causes increased malonyl-coenzyme A (CoA) accumulation which 
inhibits carnitine palmitoyltransferase 1 (CPT-1) promoting lipid deposition finally 
insulin resistance.

Although correlations between triglycerides and insulin resistance exist, this 
association is very complex involving several effector molecules such as uncom-
mon lipids, branched chain amino acids, cytokines, gut microbiome, etc. On the 
contrary, trained athletes, especially frequent marathon runners, pose a metabolic 
paradox. They exhibit elevated muscle triglyceride accumulation on one hand, 
while on the other they exhibit high insulin sensitivity. This is an adaptation that 
provides the skeletal muscles of the runner with the metabolic flexibility to switch 
substrate utilization depending on demand and supply. This observation is termed as 
“athlete’s paradox.” Recent studies have suggested the appearance of intermuscular 
adipose tissue as a predictor of cardiovascular disease risk. Additionally, studies on 
animal models suggest that muscle glucose transporter type 4 (Glut4) mRNA and 
protein levels are reduced during aging leading to reduced glucose oxidation.

 Vascularization

In skeletal muscles, blood is delivered to cells via primary arteries progressively 
bunching into smaller vessels and capillaries. Oxidative muscles (both slow- and 
fast-oxidative) have higher capillary density than fast-glycolytic muscles. Increase 
in plasma insulin after meal leads to a modest increase in resting skeletal muscle 
blood flow via endothelial nitric oxide (NO)-dependent mechanism. Whereas, dur-
ing exercise blood flow to the contracting skeletal muscles can increase up to 80-fold 
compared to rest via multiple mechanisms. The details of these mechanisms by 
which blood flow to the muscle capillary occurs are not fully understood. Vascular 
endothelial growth factor A (VEGF-A) is known to play the major role in skeletal 
muscle vascularization in response to exercise training. VEGF-A is stored in small 
vesicles present between the myofibrils and inside cells located in the interstitial 
fluid between capillaries and muscle fibers such as pericytes. Recent studies have 
suggested the role of other factors in vascularization of skeletal muscle including 
vascular endothelial growth factor B (VEGF-B), neuropilin 1, transforming growth 
factor beta-1 (TGF-β1), and hypoxia-inducible factor (HIF) 1.

It is observed that blood flow into skeletal muscle increased via enhanced vascu-
larization and vasodilation during physiological conditions like diet, exercise, and 
cold. However, in aged people usually these responses are significantly compro-
mised. In young, healthy adults (in their 20s), both mixed and protein-rich meals led 
to upregulation in microvascular blood flow in muscle within 1  h via insulin- 
dependent signaling. This response was blunted in individuals in their 40s and was 
completely absent in people in their 70s. Several studies have suggested that this 
age-related impairment in skeletal muscle vascularization contributes to the devel-
opment of insulin resistance. Further, it has been found that a physically active 
lifestyle (regular exercise) improves muscle vascular response, thereby countering 
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the onset of metabolic disorders. Some investigators have suggested that endothelial 
dysfunction is the underlying mechanism for the age-related impairment in muscle 
vascular response in both oxidative and glycolytic skeletal muscles. Also, aging 
weakens sympathetic α-adrenergic control of skeletal muscle circulation and the 
same is restored by regular exercise training.

 Changes in Cardiac Muscle during Aging

 Morphological Changes

The human heart weighing about 300 grams beats 100,000 times a day since its 
formation around 4th week postfertilization till the end of life. Along with the 
lungs, heart is protected by the ribs in the thoracic chamber, bottom of which is 
formed by another muscle called the diaphragm. Heart is made up of a special 
muscle called cardiac muscle and is autonomic in its uninterrupted contraction-
relaxation process. This is due to the presence of specialized cardiac cells called 
“sino-atrial node” that generate spontaneous rhythmic impulse for the heartbeat. 
Therefore, any major morphological and/or anatomical changes are detrimental for 
the individual. However, in aging people several changes, which may primarily 
arise due to pathological conditions, have been reported. In healthy adults, some 
commonly observed changes are: increased left ventricular wall thickness; dia-
stolic dysfunction; proliferation of cardiac fibroblasts impairing heart muscle func-
tion; large artery as well as myocardial stiffening; progressive loss of myocytes by 
apoptosis and/or necrosis. Arterial stiffening poses a resistance against the heart 
and it has to perform at a higher force to eject blood during contraction. This 
results in remodeling of the ventricle, also known as “ventricular–vascular-coupled 
stiffening.” All these changes increase oxygen consumption of the cardiomyocytes, 
but the metabolic capacity of the mitochondria decreases leading to energy deficit. 
With age, oxidative stress increases and capillary density in heart is reduced lead-
ing to focal ischemia that causes the death of myocytes. Loss of myocytes from the 
myocardium is compensated by hypertrophy of the remaining myocytes, which 
aids in thickening of the left ventricular (LV) wall. In addition to ventricle, the atria 
also undergo changes with age. Echocardiography measurements in healthy sub-
jects suggest left atrial (LA) size increases, while LA-mediated ventricular filling 
is decreased. Studies have suggested these changes as risk factors for atrial fibril-
lation (AF) and heart failure.

 Vascularization

Like skeletal muscle, heart also requires vibrant supply of blood via a unique vascu-
lar system called “coronary circulation.” Healthy aging usually maintains normal 
vessel-to-tissue ratio and network architecture in the heart. However, the cardiac 
vascular network gradually becomes nonresponsive to stimuli like norepinephrine, 
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leading to reduced blood flow with aging in both man and animals. Additionally, 
coping with increased blood flow into the myocardium is compromised in aging 
people starting with those in around their 50s due to “Atherosclerosis.” This is asso-
ciated with arterial wall thickening due to invasion and deposition of white blood 
cells (WBC) and enlargement of intimal smooth muscle cell resulting in atheroscle-
rotic plaque, which narrows down the diameter of the vessel. These changes resist 
the cardiac function and result in focal ischemia that causes irreversible changes in 
coronary vessels. Ironically, successful neovascularization in senescent heart does 
not necessarily lead to improved coronary perfusion in many cases. Induction of 
vascularization to treat ischemic areas therapeutically with angiogenic factors is 
still being pursued including small molecule, protein, gene, and cell-based 
approaches. Some glycogen synthase kinase 3β (GSK-3β) inhibitors, which upregu-
late VEGF expression, have been shown to provide cardioprotection. VEGF-
mimetic peptide amphiphilic nanostructures and microRNA-based angiogenic 
pathway modulation using “miR-30b” are also under trial. Therefore, factors that 
maintain innate plasticity of the existing vasculature of heart play a more important 
role in postischemic recovery and preservation of contractility of cardiomyocytes. 
While diastolic dysfunction is considered to increase, resting systolic dysfunction 
normally does not increase with age. But, systolic function during physiologically 
demanding conditions (like intense exercise) is progressively impaired during 
aging. Major changes in the cardiac vasculature are dilation and thickening of walls 
of large arteries (mainly intimal media layer) and collagen and calcium deposition, 
when comparison is made between 20- and 90-year-old people. These modifications 
in association with ventricular and valvular changes determine the pace of senes-
cence of the heart in an individual-specific manner. Exercise has been proposed to 
help in maintaining the plasticity of the cardiac vasculature and ameliorate the age-
related alteration in heart function. However, several elderly people are exercise 
intolerant with decreased maximal heart rate (VO2 max). Recent studies are report-
ing that the number of such aged people is increasing among different ethnic groups 
around the world. This alarming finding suggests that it is time to revisit some of the 
heart- related apprehensions in aging population.

 Contractile Capacity

Healthy human myocardium is comprised of cellular and extracellular components, 
which include cardiac myocytes ~75% by volume and ~30–40% by number. 
Another major component of normal heart is fibroblast cells that are multifunctional 
in nature contributing to cardiac homeostasis and sustaining the matrix network. 
Further, fibroblasts play vital role in cardiac repair after myocardial infarction and 
are also central in cardiac fibrosis development. Aging of myocardium is often asso-
ciated with fibrosis and left ventricular hypertrophy causing diastolic dysfunction 
leading to heart failure. Progressive collagen deposition with aging in the vascular 
wall and interstitial spaces leads to reduction of cardiomyocyte volume causing 
myocardial stiffness, both in human and animal models. Increased fibrosis and 
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myocardial stiffness along with impaired ventricular relaxation initiate the process 
for development of diastolic dysfunction. During aging, progressive loss of myo-
cytes and compensatory hypertrophy of remaining cardiomyoctes are observed. 
Also, the myocardium becomes progressively insensitive to sympathetic stimuli 
(norepinephrine). All these above-mentioned age-related changes compromise con-
tractile capability of the myocardium in older people. Recent advancements in mag-
netic resonance imaging employing tissue tagging and other spectroscopic 
techniques have enabled precise diagnosis of the above age-related changes and 
have also studied intramyocardial strains and cardiac energetics.

Left ventricular remodeling with increased mass-to-volume ratio and myocardial 
dysfunction (both systolic and diastolic) are associated with aging. But, if these 
symptoms are observed in early life the cardiovascular risk of the individual is 
higher in older age. After the age of 20, left ventricular diastole and early diastolic 
filling rate slows down up to 50% by the age of 80. In spite of slowing the left ven-
tricular filling early in diastole, more filling occurs in late diastole, by more vigor-
ous atrial contraction leading to atrial hypetrophy, which manifest as a fourth heart 
sound called the “atrial gallop.” A study from Baltimore with healthy participants 
aged between 20 and 85 years showed that despite significant changes in the dia-
stolic filling pattern in older group, healthy persons in the group exhibited similar 
left ventricular end–diastolic volume index as their younger counterparts. Several 
different types of exercise (seated cycling, upright running, and postural changes) 
studies have been performed by various groups comparing young versus old partici-
pants. During vigorous upright exercise, end diastolic filling is greater in older men 
than younger counterparts, whereas during short-term submaximal seated cycling 
end diastolic filling is not significantly altered. Interestingly, in women end diastolic 
volume was similar in response to vigorous exercise in both older and younger 
groups. Based on exercise studies it has been suggested that cardiorespiratory fit-
ness training reduces age-related myocardial mortality, the risk of heart failure, and 
cardiac arterial and ventricular stiffening.

 Sex-Specific Differences in Muscle Aging

As body metabolism is different between males and females in several ways includ-
ing the role of sex hormones, muscle aging exhibits distinct phenotypic changes. 
Hence, gender-specific differences in age-related loss of muscle mass and strength 
(especially skeletal muscle) are observed. Human females usually experience ear-
lier reduction of muscle strength than males, whereas no significant difference is 
witnessed in loss of muscle mass during aging. Phillips et al. reported that decline 
in muscle mass is greater in case of perimenopausal as well as in postmenopausal 
females, which can be prevented by performing hormonal replacement therapy. 
Expression of estrogen receptors in muscles drops after menopause. As estrogen 
receptors can be activated by estrogen and insulin-like growth factor (IGF)-1, drop 
in its expression leads to loss of muscle mass and strength. In the literature, there are 
discrepancies regarding gender-related differences in muscle performance or fatigue 
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during aging. Most researchers believe that postmenopausal women have greater 
fatigue resistance than men during submaximal exercise, whereas during intense 
exercise this gender-specific difference is not found. It is proposed that older women 
have smaller muscles and are weaker than older men, their muscle results in less 
vascular occlusion and local muscle ischemia, thus are more resistant to fatigue. An 
opposing result was published by Ditor and Hicks who showed that no sex differ-
ences were observed in fatigue resistance while using the adductor pollicis muscle. 
As cardiac muscle performance is higher in aged females, Ca-2+-regulated proteins 
have been studied in aging animals. Structural proteins, such as myosin heavy chain 
(MHC) α and β, troponin I, and calsequestrin (CASQ) 1, do not show gender- 
specific differences. While the expression of important players, such as SERCA 
isoforms, RYR1, voltage-dependent anion channel (VDAC), and mitochondrial cal-
cium uniporter (MCU), has not been compared in male and females.

Studies have reported that older women, who have not received hormonal 
replacement therapy, have greater fatigue resistance than age-matched men. It is 
interpreted that estrogen limits muscle endurance capacity by its influence on sub-
strate utilization of both glycogen and fat. In addition to loss of muscle mass and 
strength, fiber-type distribution is also altered in older women. Several studies 
showed increase in type I fiber area in many skeletal muscles during aging in older 
women. This scenario may originate by two distinct ways: first, by more fiber type 
switching to type I; second, by better retention of higher type I fibers since young 
age. However, either of these two routes has not been fully investigated. Another 
interesting yet unaddressed question regarding fatigue resistance in older women is 
substrate metabolism, especially substrate preference and role of metabolic 
enzymes. Estrogen mediates increased storage of fat in the gluteofemoral area, 
while it inhibits fat storage in the abdominal region in premenopausal women by 
regulating lipoprotein lipase (LPL) activity that uptakes fatty acid into cells from 
the blood. This tissue-specific difference in LPL activity is suppressed in postmeno-
pausal women due to cessation of estrogen secretion.

Cardiac aging in females, on the other hand, has been considered to be more 
prominent than males due to the supposedly cardioprotective properties of estrogen, 
as premenoposual women are more resistant to cardiovascular diseases (CVD). 
Based on these apprehensions several hormone (estrogen and estrogen + progestin) 
replacement therapies (HRT) were conducted in the 1990s. However, HRT resulted 
in increased incidence of cancer and CVD. This surprising observation led to the 
finding that most enrolled women were 10 years postmenopause and might have 
undergone adaptations in most organs to function without estrogen. Application of 
estrogen after such adaptations might induce abnormal physiological response.

 Aging and Insulin Resistance

In the last 50 years, metabolic disorders, including type II diabetes, impaired glu-
cose tolerance (IGT), and obesity, are becoming the major causes of death world-
wide surpassing the number of deaths due to pathogenic diseases. Most of the 
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individuals with metabolic disorders display insulin resistance (at least to some 
extent) and prevalence of such cases is increasing in an exponential rate. Resistance 
to insulin action generally increases with aging in humans. Insulin receptors are 
expressed in multiple organs that highlight the pleiotropic effects of insulin signal-
ing. Since the discovery of insulin itself, studies have focused on its signal transduc-
tion pathways and its role in nutrient homeostasis in the physiology of insulin 
resistance and progression of diabetes. The major targets of insulin in mammalian 
body include skeletal muscle, heart, adipose tissue, liver, and brain. Insulin resis-
tance is either the primary cause or a determinant of the pace of progression of 
devastating age-related illnesses, including cardiovascular diseases, cancers, and 
neurological dysfunctions. Although, combined actions of several tissues regulate 
whole-body insulin sensitivity, muscles (both skeletal and cardiac) are the primary 
sites for insulin-mediated glucose disposal from the blood.

 Insulin Signaling and Glucose Uptake

Insulin consists of two polypeptide chains and is synthesized and secreted by the 
β-cells of pancreatic islets. It is then carried in the blood and delivered to the target 
organs by the capillaries by crossing the endothelial barrier. It then binds to the 
insulin receptors on the target cell surface. As skeletal muscles are an important site 
of glucose uptake, they abundantly express insulin receptors. However, the delivery 
of insulin to skeletal muscle cell membrane is a rate-limiting step, which is compro-
mised in obese insulin-resistant people. After insulin binds to its receptor, a series of 
rapid phosphorylation events occur. First, the insulin receptor is autophosphorylated 
initiating the signaling cascade leading to tyrosine phosphorylation of insulin recep-
tor substrate (IRS) proteins. Next, the phosphorylated IRS binds to phosphatidylino-
sitol 3-kinase (PI3K) mediating phosphorylation protein kinase B (called Akt). 
Phosphorylated Akt facilitates phosphorylation of the Akt substrate of 160  kDa 
(termed AS160). AS160 is also known as Rab GTPase TBC1D4 and contains mul-
tiple Akt Ser/Thr phosphorylation motifs. AS160 regulates the GLUT4 transloca-
tion rate to the plasma membrane in a phosphorylation-dependent manner mediating 
insulin-induced glucose uptake.

Any alteration in this signaling pathway results in insulin resistance of the skel-
etal muscle, which appears with increasing age. Marked decrease in insulin- 
stimulated Akt phosphorylation and activity in skeletal muscle is witnessed in 
people around 70 years of age compared to 30 years. Older individuals (both men 
and women nearing 70  years) showed that lower phosphorylation of AS160 (on 
sites Ser588 and Thr642) has been also reported when compared to individuals in 
their 20s. Another mechanism of skeletal muscle insulin resistance has been pro-
posed in which light chain fatty acid (LCFA)-CoA plays the central character. The 
direct role of LCFA-CoA induced insulin resistance in the skeletal muscle aging, 
but might play some role indirectly modulating lipid utilization. Several other fac-
tors regulate insulin binding to its receptor and thereby are important in the progres-
sion of insulin resistance which include exercise, diet, glucocorticoids, thyroid 
hormones, sex steroids, and cyclic nucleotides. In addition to skeletal muscle, 
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insulin has profound effect on myocardial substrate metabolism including glucose 
uptake and the response of the heart to workload or ischemia. Although heart gener-
ally prefers fatty acid as a substrate, it readily enhances glucose uptake during ele-
vated energy demanding states like exercise. Further, heart is an important site of 
diet-induced insulin sensitivity. Both these properties are compromised during 
aging adding to hyperglycemia, hyperlipidemia, insulin resistance, and oxidative 
stress which predisposes to cardiovascular diseases including congestive heart fail-
ure, myocardial infarction, ventricular hypertrophy, and hypercoagulability of 
blood. Glucose uptake into heart is also promoted by newly identified cytokines 
such as fibroblast growth factor 21 (FGF21) and adiponectin.

In addition to skeletal muscle and heart, brown adipose tissue (BAT) and white 
adipose tissue (WAT) are the important sites of glucose uptake and may play crucial 
role in causation of age-related hyperglycemia. Recent studies have indicated that 
adipocytes in BAT and WAT are interconvertible depending on energy intake and 
utilization. The dynamic balance between these two sites and their interplay with 
the skeletal muscle is an expanding area of research. As brown adipocytes and skel-
etal myocytes are derived from single progenitor cells and can be under similar 
metabolic signaling pathway, BAT is an interesting and adaptable site of glucose 
homeostasis. Insulin and insulin-like growth factor (IGF)-1 are classically known to 
control adipocyte differentiation by regulating gene expression including that of 
uncoupling protein 1 (UCP1) in the preadipocytes. In addition, several other factors, 
including FGF21, sympathomimetics, prostaglandins, peroxisome proliferator- 
activated receptor c (PPARc) activators, and natriuretic peptides, regulate the inter-
conversion between BAT and WAT properties mediating systemic glucose clearance 
alleviating obesity-associated hyperglycemia and insulin resistance.

 Diabetes and Skeletal Muscle Insulin Resistance

Aging increases the risk of type 2 diabetes in both normal weight and obese 
individuals. Recent data from the United States showed that fasting glycemia 
and IGT increased progressively from 20.9%, 46.9%, 67.4% to 75.6% in indi-
viduals at 20–39  years, 40–59  years, 60–74  years, and more than 75  years, 
respectively. Studies show that aging-related loss of skeletal muscle mass and 
the progression of diabetes can be attenuated by lifestyle intervention strategies 
such as regular exercise. Specifically, submaximal endurance exercise at a rate 
of three to five times a week improves insulin sensitivity and also helps in reduc-
tion of body fat. Further, short-duration high-intensity resistance exercise per-
formed regularly helps in retention of skeletal muscle mass and strength. 
Therefore, in the last decades, muscular exercise has become the hallmark of 
promoting “healthy aging.” Insulin resistance in elderly people in part origi-
nates from age-related changes in body composition, as accumulation of abdom-
inal and/or ectopic fat is associated with the deterioration in glucose homeostasis. 
Further, it has been suggested that muscle atrophy and changes in muscle qual-
ity, which appear due to aging, also contribute to metabolic dysfunction. Healthy 
older people (65–70  years) show moderately impaired glucose disposal 
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compared to younger controls in their 30s. However, there is no consensus on 
the role of aging in induction of skeletal muscle insulin resistance independent 
of physical activity and body composition. On the other hand, altered insulin 
action on heart has been proposed to have a close association with impaired 
glucose homeostasis in diabetic and obese individuals.

 Lipid Accumulation and Muscle Insulin Resistance

Ectopic accumulation of fat, especially in the skeletal muscle, is associated with 
development of insulin resistance. Randle and colleagues for the first time put 
forward a mechanism for impairment in insulin-stimulated glucose oxidation in 
muscle. They showed that lipid availability inhibits key glycolytic enzymes, such 
as pyruvate dehydrogenase, phosphofructokinase, and hexokinase, which results 
in intracellular accumulation of glucose preventing further glucose uptake. Later 
studies showed that lipid infusions into muscle result in decline in insulin receptor 
substrate 1 (IRS-1)-mediated PI3K activity suppressing insulin-stimulated glu-
cose uptake. In humans, metabolic rate declines with age that reduces the rate of 
fatty acid oxidation resulting in accumulation of LCFA-CoA in active tissues like 
muscles. LCFA-CoA and its major downstream metabolized lipids such as diacyl-
glycerols (DAG) and ceramides induce insulin resistance in the skeletal muscle. 
(Fig. 16.1).

Fig. 16.1 Accumulation of lipid components in muscle during aging. Due to reduction in 
skeletal muscle activity, energy expenditure usually declines progressively with aging. This leads 
to accumulation of lipids inside the skeletal muscle, which in turn has an inhibitory effect on 
insulin-mediated glucose uptake via IRS–Akt pathway. Intramyocellular fatty acids and their met-
abolic intermediates interfere with different steps of glucose uptake causing insulin resistance 
leading to metabolic disorders
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Role of DAG These are triglyceride metabolic intermediates of LCFA-CoA.  A 
close association between elevated intracellular DAG levels and skeletal muscle 
insulin resistance has been reported from several studies, which mostly involve pro-
tein kinase C (PKC). Skeletal muscles from type 2 diabetic patients show increased 
protein kinase C-θ concomitant with DAG levels. Aging studies showed higher lev-
els of DAG in blood and muscle, suggesting aging-related progression of diabetes is 
partly augmented by DAG-dependent pathways in the skeletal muscle.

Role of Ceramides These are sphingolipids, which are synthesized from saturated 
LCFA-CoA and serine and are generally found in the plasma membranes. 
Intramyocellular accumulation of ceramides has been reported in obese and diabetic 
individuals in the last decade igniting investigations into the role of ceramides in 
metabolic disorders. Exercise training studies showed that overweight participants 
who responded positively (exercise-induced insulin sensitivity) also exhibited 
reduction in muscle DAG and ceramide content. Ceramide-induced insulin resis-
tance relies on PKC-α via phosphorylation of IRS-1 complex and protein phospha-
tase 2A, which enhances dephosphorylation of the Akt/PKB (protein kinase B) 
complex at an allosteric site, thereby inhibiting glucose uptake into the skeletal 
muscle.

However, few studies reported only marginal differences in muscle lipid metabo-
lite accumulation between groups with varying insulin sensitivity. On the contrary, 
evidence is mounting to show that lipid metabolite intermediates regulate insulin- 
responsiveness in tissues such as skeletal muscle by controlling CPT-1-mediated 
LCFA-CoA entry into the mitochondria and fat oxidation, which, on the other hand, 
influence glucose uptake. In this lipid-mediated insulin resistance in skeletal muscle, 
malonyl-CoA serves as an important fuel sensor. Malonyl-CoA concentration 
increases with excess carbohydrate supply or muscle inactivity causing inhibition of 
fatty acid oxidation leading to LCFA-CoA accumulation, which is reduced by starva-
tion and exercise. An antidiabetic drug, pioglitazone, that works as a PPAR-γ agonist 
is known to reduce skeletal muscle malonyl-CoA level. However, cytosolic level of 
malonyl-CoA is not always associated with skeletal muscle insulin resistance such as 
high-fat diet in rodents, type 2 diabetes in man. Understanding how mitochondria/fat 
metabolism pathway is integrated with carbohydrate metabolism in the skeletal mus-
cle has potential to provide target to induce insulin sensitivity treating diabetes.

 Role of Mitochondria in Muscle Aging

Mitochondria, being the energy hub of the cell, takes the central position in muscle 
metabolism and its biogenesis is very closely integrated with the energy demand of 
the muscle. Mitochondria working in conjunction with the nucleus plays an impor-
tant role in aging, disuse-induced muscle atrophy, and cell death signaling. Due to 
the role of mitochondria as an energy supplier for muscle contraction, they exhibit 
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a very unique pattern of distribution in both skeletal and cardiac myocytes. Two 
distinct mitochondrial subpopulations are observed in the muscle, based on their 
bioenergetics state and structure. These are subsarcolemmal mitochondria (SSM), 
located below the plasma membrane, and intermyofibrillar mitochondria (IFM), 
arranged between the myofibrils in parallel rows.

 Mitochondrial Content, Morphology, and Metabolism

SSM and IFM in the striated muscles form two distinct subpopulations. They pos-
sess diverse enzymatic components, display different rates of degradation (via frag-
mentation and autophagic pathways), and exhibit differential susceptibility toward 
apoptotic stimuli. It is therefore proposed that they make unique contributions to the 
pathogenesis of aging-associated sarcopenia and other varieties of muscle atrophies. 
Number and morphology of mitochondria is dynamically regulated by two interre-
lated processes called fusion and fission. Mitochondrial fusion is facilitated by 
Mitofusin (Mfn) 1, Mfn 2, and the Optic Atrophy-1 (OPA1); whereas fission is regu-
lated by fission (Fis) 1, Dynamin-related protein (Drp) 1, and mitochondrial fission 
factor (MFF). Fusion and fission of mitochondria remains in a dynamic balance in 
most cells including the myocytes. A change in the mitochondrial dynamics causes 
alteration in mitochondrial morphology and number. The SSM and IFM in the stri-
ated muscles exhibit different metabolic capacity that correlates with the intracel-
lular ATP requirements. The difference between the metabolic capacities of SSM 
and IFM becomes even clearer after a period of muscular inactivity. SSM produce 
ROS and decline in number, whereas IFM undergo apoptosis after muscular inactiv-
ity due to aging and also denervation. In contrast, muscular activity training and 
other conditions that promote oxidative metabolism in the skeletal muscle upregu-
late mitochondrial fusion machinery leading to improved mitochondrial network.

Mitochondrial bioenergetics is significantly altered during the aging process and 
is associated with age-related muscle atrophy. These changes are considered to orig-
inate from muscular inactivity and mitochondrial synthesis and degradation, which 
might be associated with aging process. Therefore, there is a complex progressive 
pathophysiological remodeling of the muscle mitochondria during aging. Several 
molecular events of this process (mitophagic pathway, degradation of cristae struc-
ture, etc.) overlap with structural changes to the muscle fibers (change in cross- 
sectional area, fiber type). The enzymatic machinery that controls glucose and lipid 
metabolism also undergoes drastic modification during pathophysiological altera-
tion of SSM and IFM. Apart from ATP supply, muscle mitochondria regulate the 
reduction–oxidation (redox) homeostasis and cellular quality control such as cell 
death signaling. Researchers have suggested that altered redox balance in muscle 
causes oxidative damage to the mitochondrial DNA and causes significant alteration 
in its metabolism. Overall, mitochondrial content, morphology, and metabolism 
depend on dynamics (rate of fission vs. fusion), mitophagy, and biogenesis (includ-
ing protein synthesis) of this unique organelle. All these processes play important 
roles during aging as they determine the plastic nature of mitochondria.
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 Mitochondrial Plasticity in Aging Skeletal Muscle

Mitochondria is a very dynamic organelle that can swiftly undergo biogenesis in 
response to intracellular energy demand like exercise training. Several groups 
have shown that muscle mitochondrial biogenic capacity declines with aging and 
can be retarded by application of exercise. Interestingly, exercise responsiveness 
also declines with aging. This happens due to alteration in the signal transducing 
pathways that regulate mitochondrial biogenesis primarily governed by peroxi-
some proliferator-activated receptor gamma 1 (PPAR-γ), especially peroxisome 
proliferator- activated receptor gamma coactivator 1-alpha (PGC-1α). Major 
energy sensors, such as adenosine monophosphate kinase (AMPK) and sirtuin 1 
(Sirt-1), regulate PGC-1α activity linking energy demand and mitochondrial bio-
genesis. Studies have shown that chronic electrical stimulation, which recruits 
muscle contractile activity and mimics exercise training, also induces mitochon-
drial biogenesis. This response is also blunted in animals in very advanced age. It 
has been shown that a failure to upregulate PGC-1α and other signaling pathways, 
such as PPARs and ERRs, is responsible for blunted mitochondrial plasticity in 
the skeletal muscle. Due to the involvement of Sirt-1, some researchers have sug-
gested that gene silencing subsequent to changes in DNA methylation and acety-
lation status might be involved in the regulation of mitochondrial plasticity in 
muscle. Another overlapping but distinct concept for blunted mitochondrial plas-
ticity in aging exists in the field called “mitochondrial free radical theory of aging 
(MFRTA).” According to this theory, oxidative damage to mitochondrial DNA 
causes mitochondrial dysfunction, which is the primary driving force for the 
aging process. Damaged mitochondria are energetically inefficient and also gen-
erate higher levels of reactive oxygen species (ROS) that dampens the cellular 
quality control mechanisms enhancing apoptotic pathways. The combined effects 
of these processes promote the age- related muscle atrophy and sarcopenia 
(Fig.  16.2). Understanding the molecular details of the links between blunted 
mitochondrial plasticity and aging process may provide druggable targets to phar-
macologically retard aging.

 Inflammatory Processes and Cytokines in Muscle Aging

Research from last few decades has highlighted the fact that inflammatory cells and 
signaling molecules modulate the functioning of the skeletal and cardiac muscles. 
Monocytes enter into the muscle upon signaling including injury, high-fat diet feed-
ing and transform into macrophages leading to modification of muscle function and 
metabolism. As discussed above, inflammatory processes undergo significant alter-
ations during aging. Therefore, aging-related changes in inflammatory processes 
affect muscle function and vice versa. Recent studies have suggested such inter-
organ-crosstalk that regulates metabolic status is mediated by cytokines. Aging of 
heart involves cytokines like TGF-β, endothelin-1, angiotensin II, etc., resulting in 
increased fibrosis of the myocardium. Skeletal muscle fibrosis is prominent in most 
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of the muscular dystrophies. Increased inflammatory processes in the skeletal mus-
cle have been reported in obese individuals.

In healthy humans, inflammatory cells remove damaged cells after acute injury, 
thereby facilitating the process of regeneration of damaged part by muscle stem 
cells known as satellite cells (described in latter sections). Several transcription fac-
tors mediating communication between muscle cells and the inflammatory cells 
have been studied extensively. Nuclear factor kappa beta (NFκB) is expressed in the 
skeletal muscle and plays a major role in muscle wasting and cachexia. NFκB is 
normally retained in cytosol by inhibitory IκB. Upon activation of tumor necrosis 
factor alpha (TNF-α), IκB kinase (IKKβ) mediates the release of NFκB from IκB 
resulting in nuclear translocation of NFκB and transcription of NFκB-dependent 
genes. Mice overexpressing IKKβ in muscle-specific manner exhibit muscle wast-
ing. Further, mice with minimized NFκB activity (knockout for p105/p50 subunit) 
show reduced muscle atrophy. These studies support the role of NFκB in muscle 
atrophy. In addition to muscle atrophy, NFκB along with TNF-α causes insulin 

Fig. 16.2 Mitochondrial plasticity in muscle provides protection against aging. Mitochondria 
being the powerhouse can sense the ambient energy demand. With reduced physical activity during 
aging, mitochondria gradually lose the ability to promptly respond to meet energy demand. This 
impairment in mitochondrial plasticity can be worsened by alteration in metabolic sensors like 
AMPK, Sirt-1, and PGC-1α. Exercise is a booster of energy demand and retards the rate of deterio-
ration in muscle plasticity. It has been noted by several groups that pace of aging is minimized by 
inclusion of exercise in daily life
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resistance by interfering with IGF1-Akt pathway. Akt function is dependent on the 
fine balance between two proteins: mTOR (mammalian target of rapamycin) (medi-
ate protein synthesis) and FoxO (forkhead box class O proteins) (mediate protein 
degradation). The interplay between NFκB and IGF1-Akt pathway is an active area 
of research. IGF1 overexpression in muscle in mice shows improved muscle growth 
and regeneration capacity. Interestingly, these mice exhibit angiotensin-induced 
resistance to muscle atrophy and cardiac cachexia. Intramuscular IGF1 injection 
counters muscle wasting and aging-related changes in the muscle in animal models 
including MDX and in humans. Recombinant IGF1 treatment on elderly women has 
shown improved net muscle protein synthesis and counters muscle loss.

Role of several cytokines has been implicated in the development of sarcopenia 
and age-related physical decline, which may be worsened by reduction in growth fac-
tor levels. Interleukin 6 (IL-6) is one such cytokine whose plasma level increases with 
aging. It is believed that IL-6 level is associated with decreased muscle performance 
and increased muscle loss based on studies on geriatric patients. Although the exact 
mechanism of action of IL-6 in aging-associated muscle atrophy is unclear, elevated 
plasma IL-6 level has been reported in several disorders such as obesity, smoking, and 
type 2 diabetes. Another cytokine, TNF-α, is also known to induce aging-related loss 
of muscle mass. Recent studies show that TNF-α enhances myocyte apoptosis via 
caspase pathway in rodent models, thereby mediating age-related muscle loss. In con-
trast, circulating IGF1 level declines progressively during aging starting in early 30s. 
It has been proposed that decrease in IGF-1 with age can be used as a predictor of 
age-related muscle loss. Exhaustive exercise, but not during regular physical activity, 
leads to increased production of another myokine called “IL-8” in skeletal muscle 
leading to elevated plasma levels. A recent study reported eightfold higher expression 
of interleukin 8 (IL-8) in skeletal muscle arteries from elderly individuals compared 
with younger adults. These data indicate the role for IL-8 in vascularization process, 
which might play important role in the recruitment of skeletal muscle function.

Another cytokine “Leptin” secreted by white fat cells is also known to regulate 
muscle metabolism and health. Studies using leptin-deficient (ob/ob) mice have 
demonstrated the key role of leptin in maintenance of muscle mass and perfor-
mance. Interestingly, expression of leptin receptor in the skeletal muscles is upregu-
lated in disuse-related and aging-related atrophy. Injection of leptin alone and in 
conjunction with several other biomolecules, such as microRNAs (miRNAs), has 
been tested to reverse aging-related muscle wasting. Due to its profound effects on 
food intake and body weight control, leptin was tested as an anti-obesity modality, 
but became unsuccessful owing to its pleiotropic effects on several organs. Leptin 
lessens intramuscular fat by augmenting oxidation of fatty acids, thereby enhancing 
glucose uptake and energy expenditure in skeletal muscle. It is worth noting that 
recent application of recombinant leptin in lipodystrophy patients resulted in sus-
tained improvements in glycemic status. This is further considered as a pharmaco-
logical option in some diabetic obese individuals and has implication for elderly 
population. Several other cytokines are emerging as mediators of muscle health 
status and may play important role in aging. These cytokines include FGF21, fibro-
blast growth factor 2 (FGF2), myonectin (CTRP15), interleukin 10 (IL-10), 
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interleukin 15 (IL-15), growth related oncogene (GRO)-α also called chemokine 
(C–X–C motif) ligand 1 (CXCL-1), brain-derived neurotrophic factor (BDNF), leu-
kemia inhibitory factor (LIF), and monocyte chemotactic protein (MCP)-1. Role of 
various cytokines in regulation of skeletal muscle aging is still poorly understood. 
Defining the functions of cytokines will help in deciphering how different organs 
communicate with each other, thereby regulating whole-body metabolism during 
health and disease conditions.

 Fibroblast in Muscle Aging

Aging displays progressive fibrosis of many organs including kidney, liver, lungs, 
and muscles. Myocardia as well as vascular walls of coronary arteries show col-
lagen deposition along with increase in fibrotic tissues both in mice and in 
human. Collagen content increases significantly in old animals (rodents and rab-
bits) when compared to young controls. Relative percentage of type III collagen 
in myocardium of male has been reported to increase with aging. Increased fibro-
sis, a major basis of myocardial stiffness and along with impaired relaxation, 
causes diastolic dysfunction. Even healthy individuals display some degree of 
changes in cardiac anatomy and function progressively with aging. 
Cardiomyocytes undergo hypertrophy during aging and with loss of aortic elas-
ticity alter hemodynamic function of the heart observed in older people. Age-
related impairment in myocardial contractility is due to enhanced collagen 
deposition in the interstitial and perivascular space. Based on histological analy-
sis it has been suggested that progressive loss of cardiomyocytes due to necrotic 
and apoptotic cell death is a primary cause for cardiac aging. Collagen accumula-
tion requires complex posttranslational events. This starts with synthesis and 
secretion of procollagen by the fibroblasts into the pericellular space. These are 
then stabilized into fibrillar collagen by enzyme lysyl oxidase that increases its 
tensile strength. Level of collagen accumulation in a tissue is measured by ana-
lyzing hydroxylysylpyridinoline (HP) residues. Left ventricular HP increases 
fivefold in old rats compared to younger groups. Exercise training has been 
shown to significantly lower collagen cross-linking when compared to nontrained 
controls in rats. Interestingly, glucose links myocardial collagens nonenzymati-
cally, producing advanced glycation endproducts (AGEs). Currently, AGEs are 
considered as an important marker of cardiac aging.

Fibroblasts in skeletal muscles, on the other hand, play a very crucial role in 
regeneration and repair processes. These cells localized in the interstitial areas serve 
as the major source for extracellular matrix (ECM). Deposition of ECM in the skel-
etal muscle has been observed in several pathophysiological conditions including 
muscle tearing, wasting, and regeneration. It is currently suggested that fibroblasts 
modulate the pace of satellite cell proliferation and muscle regeneration by secre-
tion of ECM. Studies showed that coculture of satellite cells with fibroblasts robustly 
stimulates myogenesis of satellite cells, thus suggesting existence of cross- talk 
between them. During recovery from muscle injury, it has been shown that 
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fibroblast number increases by fourfold, preferentially surrounding regenerating 
muscle fibers. It is suggested that fibroblasts are essential for muscle regeneration; 
that is, satellite cell differentiation and fusion. Therefore, defining this intercellular 
cross-talk during physiological and pathological scenarios will provide critical 
insight on how we can manipulate muscle remodeling to ameliorate aging-related 
skeletal muscle illnesses.

 Muscle Plasticity and Regeneration

Studies in the last few decades have demonstrated that skeletal muscle has remark-
able plasticity and can regenerate to recover from small injuries that occur regu-
larly during daily life. Skeletal muscle also can recover from a variety of injuries 
like acute accidental injuries or strains from sport. Within a few weeks of a major 
injury, skeletal muscle structure is almost completely restored. This regeneration 
capacity of the skeletal muscle is due to its resident stem cells termed as satellite 
cells (SCs), located below the basal lamina of the muscles. Injury activates the SCs 
to undergo proliferation and fusion to formation of new muscle fibers. The high 
regeneration capacity of the skeletal muscle (at least in part) is due to metabolic 
flexibility and mitochondrial function, which are affected by aging and insulin 
resistance. Although regeneration ability of muscle is retained up to old age, it 
rapidly deteriorates toward the later part of old age, primarily due to reduced 
capacity to accelerate the signaling and gene regulatory pathways necessary for the 
metabolic adaptations. In many cases, regeneration causes remodeling of skeletal 
muscle structure such as branching in fibers, formation of scar tissue, or develop-
ment of new myotendinous junctions. Chances of modified structures progres-
sively increase during aging. Several research groups have been trying to boost 
muscle regeneration by pharmacological, genetic, and cellular approaches to coun-
ter age-related muscle loss.

The SCs remain in a dormant state and upon activation, they start to express the 
paired box protein (Pax7) and enter proliferation state. Next, Pax7 expression 
declines and the transcription factors MyoD and myogenin upregulate. These tran-
scriptional programs guide SCs to become the muscle-specific cell type and start to 
express embryonic myosin heavy chain. Skeletal muscle regeneration program is 
regulated by intrinsic and extrinsic factors. Evidence is growing to show that 
immune cells including macrophages, eosinophils, and regulatory T-cells also con-
tribute to the muscle regeneration process (Fig. 16.3). Several proteins of skeletal 
muscle regeneration process have been targeted to develop therapy for muscular 
dystrophy and aging. One such protein is mitsugumin 53 (MG53), a member of the 
tripartite motif (TRIM) family, so it is also called TRIM72. Others include mam-
malian target of rapamycin complex 1 (MTORC1), regulatory associated Protein of 
mTOR complex 1 (RPTOR), forkhead box class O proteins (FOXO), and the ade-
nosine monophosphate-activated protein kinase (AMPK). These interventions are 
especially effective when coadministered along with endurance exercise. Skeletal 
muscle regeneration also depends on Ca2+-dynamics. Hence, few studies have tried 
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to target intracellular Ca2+-signaling, either directly via modulating RyR and 
SERCA or indirectly via anabolic steroids like testosterones. In contrast to skeletal 
muscle, cardiac muscle does not possess a stem cell pool and has poor regenerative 
ability. Therefore, any injury to the myocardium results in the formation of fibrotic 
scar and such scar usually increases with age and affects pump function. Taking 
insight from skeletal muscle, several studies have tried to improve cardiac muscle 
regeneration.

 Role of Satellite Cells and Aging

Satellite cells (SCs), stem cells of the skeletal muscle, are present in a quiescent 
state located between the basal lamina and the sarcolemma of muscle fibers. Muscle 
injury acts as a signal for the SCs to enter into cell cycle and simultaneously prolif-
erate, differentiate, migrate, and fuse leading to formation of new myofibers. Some 

Fig. 16.3 Aging impairs muscle regenerative capacity. Muscles, especially the skeletal muscle, 
face injury regularly and undergo a regenerative pathway specifically guided by sequential appear-
ance of different factors. For regeneration, muscles have a group of stem-cell population that is 
activated by injury to undergo proliferation and fusion leading to formation of new myotubes. 
During the process, several cytokines like IL-6 and FGF2 and immune cells influence the commit-
ment events. Aging has effect on stem-cell and immune cell populations, myoblast, and circulating 
cytokines. The final outcome is aging impairs muscle regeneration. Also age-related metabolic 
disorders worsen the muscle regeneration process and vice versa. It is believed that factors that 
promote muscle plasticity will reduce ill-effects of aging
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of the proliferating SCs retain stemness and return to the quiescence state, thereby 
replenishing the SCs’ pool. Apart from intrinsic program, several extrinsic factors, 
like inflammatory cells, stromal cells, neuronal signals, and ECM components, 
guide SCs through the regeneration process. Recent studies have identified stem 
cells other than SCs in the skeletal muscle that include pericytes (NG2-/-, CD146-/-, 
PDGFR-/-), fibroadipogenic progenitor cells (FAPs, platelet-derived growth factor 
receptor (PDGFR)), and muscle-derived mesenchymal stem cells (mMSCs, stem 
cell antigen-1 (Sca-1)) located within the interstitium. Although these cell types 
contribute to regeneration either directly or indirectly, their relative roles are not 
currently well understood.

As described earlier, the skeletal muscle regenerative capacity progressively 
decreases with aging. Primary cause of this is reduction of the pool of SCs and 
other stem cells. In addition, the myogenic capacity of individual SCs also declines 
during aging. Studies using in vitro culture have demonstrated that SCs from aged 
mice proliferate and differentiate at a slower rate than those from younger mice. 
Other factors that influence the muscle regeneration ability include increased 
intramuscular fat accumulation and reduction of cross-sectional area of muscle 
fibers. Age- related shortening of telomere has been proposed to explain reduction 
of stemness of SCs, however it is still to be fully established. Studies have shown 
that SCs from aged individuals exhibit upregulation in the janus kinase/signal 
transducer and activator of transcription (JAK/STAT) signaling pathway which is 
associated with increased IL-6 level. Elevated stat3 function is believed to cause 
reduction in regenerative potential of SCs. Another cytokine, FGF2, whose level 
increases with aging acts via p38α/β signaling and reduces the self-renewal capac-
ity of the SCs. Increased p38α/β level in SCs has been shown to enhance the 
expression of several senescence markers. Although exact mechanisms still 
remain debatable, it can be concluded that SCs rely on a fine balance of both 
intrinsic and extrinsic factors, which is disturbed by aging. So, age-related loss of 
self-renewal capacity of SCs is irreversible and cannot be fully restored by artifi-
cial interventions.

 Using Exercise and NEAT to Counter Muscle Aging

Compromised skeletal muscle functions are the major causes of reduced physical 
activity by the aging population. Various properties of muscle, such as size, aerobic 
fitness, strength, and function, seem to reduce with increasing age. It is usually 
reported that while we cannot stop aging, but certainly healthy aging can reduce the 
sufferings of the elderly people. As energy expenditures, both in active and resting 
conditions, decrease with aging, several researchers have proposed the elevation of 
energy expenditure by introduction of higher physical activity in lifestyle. However, 
there are several challenges that need serious consideration. Toward this effect, two 
interrelated yet distinct concepts are emerging: one is exercise and other is nonexer-
cise activity thermogenesis (NEAT).
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Several weight loss programs have highlighted the application of high-intensity 
exercise. But, intense exercise only attenuates and does not stop the above age- 
related changes as these are also observed in aging athletes. Therefore, losing weight 
with intense aerobic exercise only becomes challenging without any calorie restric-
tion. Although the energy expenditure still remains substantial (≈500–900 kcal/h), 
it becomes a difficult task to find the time and motivation to perform intensive aero-
bic trainings needed to reduce body weight significantly. In contrast, resistant exer-
cise shows a very minimal loss in weight as the energy expenditure is very less in 
both male (≈200–500  kcal/h) and female (≈120–250  kcal/h). While the aerobic 
exercise shows relatively high-energy expenditure compared to resistance exercise, 
larger increase in total energy expenditure (TEE) is observed in resistant training. 
Also resting energy expenditure (REE) increases about 7–8% probably due to aug-
ment in muscle hypertrophy, whereas minimal increase is observed in case of 
intense aerobic exercise. Hence, application of regular exercise might be beneficial 
only for a part of population who are more active, but may not be equally fruitful for 
inactive individuals.

Recent studies have indicated that individuals pursuing intensive aerobic training 
show a decreased NEAT. In contrast, untrained but active individuals exhibit higher 
NEAT.  These data imply that intensive exercise training regimen improves the 
energy efficiency of the individual, thereby reducing the usefulness of the same in 
weight loss. It is now suggested that increased recruitment of NEAT rather than 
intense exercise during early stages of aging (may be in 50s) is more beneficial for 
achieving healthy aging. Energy cost of all activities by the body when not engaged 
in sleeping or exercise is loosely termed as NEAT. It includes all trivial physical 
activities such as walking, typing, driving, working in the backyard, and fidgeting. 
Currently, it is not clear as to what is the percentage of NEAT in an individual’s 
daily metabolic rate. But, it is increasingly believed that culturally (by change in 
lifestyle) promoting NEAT is an effective way to manage healthy aging. A major 
dilemma with NEAT is that it increases with overfeeding and decreases with under-
feeding. In spite of this, researchers are trying to identify factors that contribute to 
NEAT, including hypothalamic, inflammatory (cyto/chemokines), muscular, which 
will pave the way to modulate weight balance and aging by targeting NEAT. Physical 
training, which includes all the activities above the level of seating, technically 
close to NEAT has been suggested as increasing the energy expenditure (Fig. 16.4). 
These studies postulated systematic manipulation of training frequency, intensity, 
and duration improves the oxygen consumption (20–30% in age groups within 
60–80) significantly. Muscle fibers’ nature was shifted more toward aerobic side as 
switching of type IIB fibers to type IIA fibers, increased capillary density, and 
improvement in the respiratory capacity of mitochondria were observed in the mus-
cle. Increase in capillary density is another important adaptation because of physical 
training. This increases the capillary-to-fiber ratio leading to decrease in distance of 
diffusion for oxygen. Aging-associated decline in VO2 max was reduced in response 
to physical training as elevated level aerobic enzymes and capillary density was 
observed in elderly groups.
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 Targeting Noncontractile Metabolism to Counter Muscle Aging

The concept of targeting skeletal muscle metabolism to counter obesity gathered 
momentum with the discovery of exercise-mimetics in the last decade. One can 
expect that a pharmacological agent that can selectively activate NEAT can even be 
more beneficial to increase energy expenditure. It is getting clearer from recent data 
that NEAT and non-shivering thermogenesis (NST) in muscle have significant over-
lap. Dissecting muscle NST from NEAT at molecular level is a very difficult task 
and several groups including ours have only marginally differentiated between these 
two processes. It is interesting to note that mitochondrial oxidative metabolism 
probably plays a bigger role in muscle NST than in NEAT. Further, cytosolic, and 
mitochondrial Ca2+-dynamics is inherently associated with NST. SERCA isoforms 
and their regulators such as SLN have been explored as targets to develop 

Fig. 16.4 Drivers of healthy aging. Brown fat (BAT) is a major determinant of energy status of 
mammals, specifically rodents. BAT is the major site of non-shivering thermogenesis (NST) via a 
mitochondrial protein called uncoupling protein 1 (UCP1). Recent discovery of existence of BAT 
in adult humans ignited the field of metabolism to utilize this mechanism to counter metabolic 
disorders including aging. Although role of skeletal muscle recruitment via exercise is established 
to promote healthy aging, the actual mechanism for this remains ill defined. This is primarily 
because the skeletal muscle is also recruited during NST and non-exercise activity thermogenesis 
(NEAT). Drawing the line between NST, NEAT, and exercise has been a difficult task. 
Understanding molecular details of these processes will provide insight to target these processes to 
increase metabolism and promote healthy aging. TEE total energy expenditure
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pharmacological agents to enhance NST in muscle. Alternatively, if Ca2+-ion chan-
nels can be activated to elevate cytosolic Ca2+ level precisely to activate SERCA 
activity only can be of therapeutic value. Based on our studies, we propose yet 
another way to selectively enhance muscle NST is by promoting mitochondrial net-
work by specifically targeting fusion machinery. Because exercise and NEAT 
improve muscle health, selective activation of NST will not only be useful to control 
obesity, but also be helpful in reducing bad effects of aging on the skeletal muscle, 
thereby ensuring healthy aging (Fig. 16.4). These research developments provide 
enthusiasm that soon we can expect medicines targeting NST in muscle to counter 
ill-effects of aging.
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 Introduction

The manifestation of aging is associated with progressive deterioration in organs or 
tissues both in structure and function of various molecular, cellular, and tissue com-
ponents that can be influenced by genetic, hormonal, environmental, and metabolic 
factors. A number of theories have been proposed to explain the aging process in 
different organisms from lower invertebrates to higher mammals, such as loss of 
telomere and shortening of chromosomes, biomolecules damage, accumulation of 
damaged nucleic acids in cells, and dysfunction of cellular organelles, namely, 
endoplasmic reticulum (ER) and mitochondria. However, it is well established that 
aging is a major risk factor for the progression of various metabolic diseases includ-
ing obesity, insulin resistance, and diabetes. More importantly, all these compli-
cated metabolic diseases are linked to molecular and cellular levels in the endocrine, 
hepatic, renal, respiratory, cardiovascular  systems, and central nervous system 
(CNS) leading to aging. Diabetes, often referred by physicians as diabetes mellitus 
(DM), describes a group of metabolic diseases characterized by chronic hypergly-
cemia or high blood sugar due to insulin deficiency or inadequate insulin production 
due to the loss of pancreatic β cell by viral infection or autoimmune disease in the 
case of type 1 diabetes mellitus (T1DM). Unlike T1DM, people with type 2 diabetes 
mellitus (T2DM) produce insulin; however, the insulin their pancreas secretes is 
either not enough or the body is unable to recognize the insulin or body’s cells do 
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not respond properly. While obesity, considered as a disorder of energy homeosta-
sis, is associated with risk for many diseases alone, such  health complications 
include pathologic changes involving coronary heart disease, renal failure, retinopa-
thy, neuropathy, vascular diseases, myocardial infarction, and stroke.

Recently, a great progress has been made on the association between various meta-
bolic diseases and aging. Pharmacological intervention and genetic manipulations of 
key signaling pathways involved in the regulation of blood glucose and energy metab-
olism, such as insulin, oxidative-nitrosative stress, advanced glycation end product 
(AGE), and mammalian target of rapamycin (mTOR) signaling pathways, have been 
shown to improve the extension of lifespan in diverse model organisms. Moreover, the 
maintenance of telomere length, alleviated ER-stress, reduced mitochondrial dysfunc-
tions including increased mitochondrial stress, and/or respiratory chain activity could 
be primary longevity determinants. Consistent with this, regular aerobic exercise, 
caloric restriction (CR), reduced somatotropic signaling, adenosine monophosphate-
activated protein kinase (AMPK) activation, mitogen-activated protein kinase 
(MAPK) signaling, mTOR and insulin/IGF-1 signaling, restoration of cellular anti-
oxidants capacity, and restoration of biomolecules from damage are some of the best-
known interventions that keep human subjects healthy and may extend their lifespan. 
In addition, CR facilitates the degradation of damaged organelles, nucleic acids, and 
protein aggregates in cells by induction of autophagy. Current evidence shows that 
autophagy is required for ER stress-associated apoptosis and mitochondrial turnover 
and thus may mediate the integration of the insulin/IGF-1 and Akt/mTOR signaling 
pathways with other cellular machineries in regulating metabolic disease-related aging.

 Metabolic Syndrome and Aging

If we look back in time, we will observe that it was immensely tough for humans to 
gather food for survival throughout the globe. Fortunately, recent industrialization 
has succeeded to eradicate the basic food problem by making many choices of 
calorie- rich food easily available at doorstep any time with little physical effort. 
However, overnourishment in people having calorie-rich food has led to diseases, 
hormonal imbalances, and health problems by introducing a worldwide outbreak of 
obesity and T2DM. More importantly, a cluster of metabolic risk factors and patho-
physiological abnormalities including obesity, insulin resistance, impaired glucose 
tolerance, dyslipidemia, and high blood pressure, which are interconnected and 
called metabolic syndrome (MS), regulates telomere length and organelles dysfunc-
tions, often precedes health problems, and minimizes lifespan (Fig. 17.1). Metabolic 
syndrome precedes several disorders in different organs and tissues in human body 
resulting from metabolic dysregulation. Among all these metabolic abnormalities, 
insulin resistance alone interferes with human health worldwide. Basically, these 
metabolic diseases are characterized by a compromised ability of insulin to control 
glucose and lipid metabolism, which results in decreased glucose disposal to mus-
cle, increased hepatic glucose production, and overt postprandial hyperglycemia. 
Without proper treatment/management, insulin resistance led to development of 
T2DM and related complications, finally leading to organ or tissue damage, which 
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are some of the prominent causes of aging. First of all, the unified agreement about 
the definition of MS was drawn up during a meeting organized by the International 
Diabetes Federation (IDF) in 2005. As stated in this, MS is the major contributing 
factor in obesity, measured by waist circumference and body mass index. 
Subsequently, scientific community defined MS with different names such as syn-
drome X, cardiometabolic syndrome, IR syndrome, or CHAOS (coronary artery 
disease, hypertension, atherosclerosis, obesity, and stroke, used in Australia). A 
patient is diagnosed with MS, if three or more of the major criteria are detected from 
the categories given in Table 17.1 [1]. Till date it is not clear or difficult for diagno-
sis of MS by a clinician or physician, and it represents an important pathophysiolog-
ical combination to study metabolism in human subjects and other mammals. 
According to clinical diagnosis, the presence of MS in human subjects leads to an 
increased risk of T2DM and cardiovascular complications, in the form of coronary 
or peripheral atherosclerosis and heart failure. At the bottom line, MS patients have 
increased all-cause mortality and a shortened lifespan compared with the general 

Genetic 
Metabolic
Endocrine

Environmental
Lifestyle

Obesity, Impaired  Glucose 
tolerance, Insulin resistance, 
Hypertension, Dislipidimia

Risk Factors
Metabolic syndrome

Diabetes
Telomere length

shortening

Cell organelles damage

Aging

Fig. 17.1 Components of 
metabolic syndrome and 
their possible 
pathophysiological links 
with aging

Table 17.1 Clinical criteria for the diagnosis of metabolic syndrome in human subjects [1]

Metabolic parameters ATP III WHO IDF Diabetes
Abdominal obesity or large waistline (cm)
Men: waist circumference >102 >102 >94
Women: waist circumference >88 >88 >80
High fasting blood sugar (mg/dL) >110, 

<126
>110 >100 >130

High blood pressure (mmHg) >130/85 140/90 >130/85
High triglyceride level (mg/dL) 150 150 150
Reduced high-density lipoprotein (HDL) 
cholesterol (mg/dL)
Men <40 <35 <40
Women <50 <39 <50

ATP III Adult Treatment Panel III based on the National Education Program, WHO World Health 
Organization, IDF International Diabetes Foundation
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population. Therefore, it is successively recognized that MS is associated with early 
aging, which is of predominant importance considering the worldwide growing epi-
demic of MS.

 Metabolism and Cell Aging

In the process of aging, organs or tissues are considered to be induced by alterations 
in metabolism in different biochemical and molecular pathways at the levels of 
small molecules, proteins and metabolic homeostasis, signaling patterns, organelles 
dysfunctions, free radical accumulation, and inter-/intra-tissue communications that 
ultimately decline or shift during cellular aging (Fig. 17.2). More importantly, nor-
mal aging partly results from the functional decline of adult stem cells, which are 
essential for the maintenance and regeneration of organs or tissues that exhibit high 
rates of cell turnover and regenerative reserve, including skin, gastrointestinal epi-
thelium, and hematopoietic system. Also, there is a link between oxidative- 
nitrosative stress and metabolic pathways and how these converge on important cell 
organelle like mitochondria to compromise energy maintenance and drive aging. 
The regenerative capacity of stem cells, telomere length, and the link between 
oxidative- nitrosative stress and organelles functions are currently being  actively 
researched to establish theories on metabolism and cellular aging.
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Fig. 17.2 Complex series of biochemical and molecular changes in cellular compartments force 
cells to early senescence
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 Tissue-Specific Metabolic Disorder and Aging

 CNS/Brain and Aging

Glucose is the major metabolic fuel source for the healthy brain and it is transported 
to the CNS from the periphery via facilitative glucose transporters. While the brain 
can neither synthesize nor store glucose for extended periods of time, it is essential 
that proper glucose regulation to CNS is achieved in the periphery to ensure appro-
priate glucose transport and these processes may be disrupted in MS. Human sub-
jects with diabetes or high blood sugar in middle age are more likely to have brain 
cell loss, and loss of cell-cell communications, as well as problems with memory 
and thinking skills, than people who never have diabetes or high blood sugar or who 
develop it in old age. Nevertheless, noninvasive brain imaging techniques recently 
providing more authentic information on brain anatomy, white matter hyperintensi-
ties, and function have indicated abnormal brain cell architecture and functional 
abnormalities associated with metabolic disease like diabetes. In general, patients 
with diabetes have a strong effect on brain structure and function influencing the 
whole body system and that might negatively influence longevity and quality of life. 
On the other hand, CNS plays a crucial role in regulating glucose homeostasis in 
higher mammals through hepatic gluconeogenesis, glycogenolysis, and pancreatic 
function. Interestingly, all these remarkable metabolic activities are largely medi-
ated by central regulation of the autonomic nervous system, which acts in concert 
with the hypothalamic-pituitary-adrenal (HPA) axis to regulate metabolic responses 
to changes in energy requirements and plasma glucose concentration. In contrast, 
critical autonomic regulatory neurons in the hypothalamus and brainstem are 
responsible for the management of energy homeostasis. However, potential mecha-
nistic mediators of MS-induced cognitive impairment and brain aging by complex 
pathophysiological features including obesity, hyperglycemia, insulin resistance, 
impaired glucose homeostasis, hyperlipidemia, and hyperleptinemia lead to dys-
regulation of HPA axis function and accumulation of free radicals, AGEs, and dam-
aged biomolecules. The consequences of these pathophysiologies in the anatomical 
changes of the brain, including dendritic/cerebral atrophy, small infarction, white 
matter lesion, changes in synapse formation, electrophysiological deficits leading to 
memory decline, psychomotor slowing, and increased dementia risk, lead to early 
senescence in neuronal cells (Fig. 17.3).

 Cardiovascular Complications and Aging

Cardiovascular complications are the most important health problems with people 
suffering from metabolic disease like diabetes. The most common cause of death in 
adult individuals is heart disease, mainly ischemic, coronary heart disease, periph-
eral arterial disease, and stroke, which is also the most common cause of severe 
disability in younger ones who are suffering from complex MS leading to early 
aging (Fig. 17.4). Recent studies demonstrate that one reason for poor prognosis in 
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patients with both diabetes and ischemic heart disease seems to be an enhanced 
myocardial dysfunction leading to accelerated heart failure. This is not only linked 
with chronic hyperglycemia but also associated with several metabolic factors such 
as severe coronary atherosclerosis, prolonged hypertension, microvascular disease, 
glycosylation of myocardial proteins, and autonomic neuropathy. Taking preventive 
measures may improve diabetic complications, and prevention of atherosclerosis 
with cholesterol-lowering therapy could prevent or mitigate both structures and 
functions of diabetic heart and early vascular aging (Table 17.2). Recently, mortality 
rate increased due to stroke almost three- to fivefold in patients with diabetes, and 
the most common site of cerebrovascular (CVA) disease in patients with diabetes is 
the occlusion of small paramedian penetrating arteries. The elderly patients with 
diabetes are at particularly high risk of morbidity and mortality from CVA and the 
prevalence of CVA in the older population with diabetes is also higher than those 
without diabetes. Research on different animal models and human subjects demon-
strated that the prevalence of ventricular hypertrophy increases and diastolic func-
tion declines with metabolic diseases like diabetes. Similarly, systolic function of 
the heart is relatively preserved in human subjects at rest, and the maximal exercise 
capacity decreases with diabetes. The clinical complications related to ventricular 
and systolic functional changes are likely manifestations of intrinsic cardiac dis-
eases due to diabetes. Both clinicians and researchers focus on inflammatory 
changes in the blood vessel wall called atherosclerosis in response to many meta-
bolic diseases like obesity and insulin resistance. Atherosclerosis develops early in 
the course of diabetes and causes endothelial dysfunction and foam cell formation. 
An increased inflammatory state of immune cells such as monocytes or macro-
phages is responsible for this accelerated atherosclerosis. Elevated glucose levels in 
blood have adverse effects on endothelial cell function, leading to atherogenesis by 
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Fig. 17.3 Potential mechanistic mediators of metabolic syndrome-induced cognitive impairment 
and brain aging
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glycosylation of lipoproteins and other tissue proteins. More importantly, the devel-
opment and progression of these lesions in hyperglycemia condition can be pre-
vented by aggressive lipid-lowering therapy and intracellular signal transduction 
pathways in atherosclerosis associated with diabetes [2]. Some studies have demon-
strated that high insulin levels in the  circulating system are associated with the 
development of cardiovascular disease, even though there is evidence of this in non-
diabetic subjects and in early stages of diabetes. In that case, insulin may promote 
atherogenesis by its direct effects on the arterial wall or by effects on activation of 
macrophages/monocytes, lipid metabolism, blood pressure, or clotting factors.
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Fig. 17.4 Schematic approach of metabolic syndrome, linking it with cardiovascular complica-
tions leading to early aging
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 Peripheral Vascular Disease

Peripheral vascular disease (PVD) is a common metabolic disease complication 
among adults diagnosed with diabetes in older age compared to middle age. Among 
all, retinopathy is the most common microvascular PVD of diabetes. Studies have 
demonstrated that in patients with diabetes, men were more likely than women to 
have diabetic retinopathy. Patients with retinopathy had a longer duration of diabe-
tes, higher HbA1c value, and were more likely to be using insulin [3]. The PVD, 
like urinary incontinence, can have a negative influence on a diabetic patient’s qual-
ity of life, physical functioning, mental health, and general health perception, par-
ticularly in women with diabetes [4]. On the other hand, in older people, chronic 
kidney disease (CKD) is a common diabetes-related complication. According to 
recent analysis of the Kidney Early Evaluation Program (KEEP) database, NHANES 
data, and billing codes from a sample of the US Medicare population, the preva-
lence of CKD is consistently higher among patients with diabetes in older age [5]. 
This is a very common trend in elderly populations throughout the globe with dia-
betes, including a large proportion of those receiving dialysis for diabetic nephropa-
thy and most of them have multiple comorbid conditions, such as heart disease and 
peripheral vascular disease. Furthermore, these older populations with diabetes 
have arteriovenous fistula complications. Elderly people with diabetes have an 
increased prevalence of geriatric complications such as impairment of multiple 

Table 17.2 Metabolic syndrome-linked cardiovascular changes and early aging in human 
subjects

Structure Myocardial Valvular Arterial
Increased myocardial 
mass

Increased thickness of 
aortic and mitral leaflets

Increased intimal thickness

Increased left 
ventricular wall 
thickness

Increased circumference 
of all four valves

Increased collagen content

Increased deposition of 
collagen

Calcification of mitral 
annulus

Function Heart rate Left ventricular Myofibril
Decreased heart rate at 
rest

Systolic Unchanged peak contractile 
force

Decreased maximal 
heart rate during 
exercise

Unchanged cardiac 
output

Increased duration of 
contraction

Decreased heart rate 
variability

Increased stroke volume 
index

Decreased Ca2+ uptake by 
sarcoplasmic reticulum

Decreased sinus node 
intrinsic rate

Left ventricular Decreased r~-adrenergic- 
mediated contractile 
augmentationVascular Diastolic

Decreased compliance Decreased left 
ventricular compliance

Increased pulsed-wave 
velocity

Increased early diastolic
Left ventricular filling
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physiological systems, leading to functional disability, falls, depression, dementia, 
loss of vision, and hearing impairment. Different potential factors such as polyphar-
macy, pain, lower physical activity, functional limitations, and cognitive impair-
ments are related to the increased frequency of falls; even the use of insulin therapy 
may also be related to the risk of falls in older persons with diabetes. Apart from 
other complications, loss of vision and hearing impairment simultaneously, both 
can increase the risk of falls in older people with diabetes, leading to functional dis-
ability, feeling isolated, and being more vulnerable to depression [6].

 Respiratory Complications and Aging

The effects of aging on the respiratory system due to MS are similar to those that 
occur in other organs in human subjects suffering from diabetes. Maximum lung 
function gradually declines with metabolic diseases including decreases in peak 
airflow and gas exchange, decreases in measures of lung functions such as vital 
capacity, activity  of the respiratory muscles, and effectiveness of lung defense 
mechanisms. In younger persons, these MS-related changes seldom lead to compli-
cated respiratory symptoms. These changes contribute somewhat to an older per-
son’s reduced ability to do exercise. MS-related diseases decreases heart functions, 
hence it may be a more important cause for such limitation. Additionally, along with 
MS, older people are at higher risk of developing pneumonia after bacterial or viral 
infections.

 Metabolic Process Linked to Diseases and Aging

Aging process is universally enhanced by alterations in cellular metabolism and related 
diseases. The development of MS shows a very complex pathophysiology in human 
subjects and T2DM represents a major component of metabolic alterations of hepatic 
gluconeogenesis, adipose lipogenesis, (defective) glycogen synthesis, and glucose 
uptake, they are very commonly observed in aged people with T2DM [7]. More impor-
tantly, abdominal obesity is frequently observed with aging and people suffering from 
diabetes. Many factors are linked to pathologic obesity found in a persons suffering 
from metabolic disease along with aging, a common cause for this may be expression 
of inflammatory mediators, which are known to critically influence diabetes.

 Alteration of Body Composition and Aging

A very common phenomenon in human populations, irrespective of sex, is 
the increased adiposity when people are in their 40s or beyond and it may increase, 
or decrease, or remain unchanged thereafter. A recent medical technique such as 
computational tomography scan reveals that with increasing age, parallel subcutane-
ous fat (SF) decreases and visceral fat (VF) increases in both men and women. On 
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the other hand, the VF accumulation in both these men and women is associated with 
insulin resistance and diabetes, which is a major risk factor for cardiac complica-
tions, coronary artery disease, stroke, and finally leading to  death [8]. Similar to 
human aging, different models of aged laboratory rodents also develop increased fat 
mass, with a disproportionate increase in VF compared to SF mass [9]. If we com-
pare human subjects with rodents, VF and SF are biologically distinct in terms of 
cascades of gene expression and downstream targets of secretory profiles of adipo-
kines and pro-inflammatory mediators, all of which can contribute to the pathogen-
esis of diabetes and its age-associated chronic complications [10]. Augmented 
release of free fatty acids is another risk factor of VF accumulation both in humans 
and in rodents due to MS, which can reach the liver via hepatic portal circulation and 
promptly interfere with hepatic insulin action. Muzumdar et al. [11] demonstrated in 
rodents that surgical removal of VF has shown to restore insulin sensitivity, improve 
lipid profiles, decrease hepatic triglycerides, and prolong lifespan. Adiponectin, 
another metabolic regulator derived from adipose tissue, is linked to aging in persons 
with MS including diabetes. More importantly, adiponectin is an insulin sensitizer 
with anti-inflammatory properties and a potent activator of AMP- activated protein 
kinase (AMPK) as opposed to other fat-derived cytokines [12]. Sarcopenia or loss of 
skeletal muscle mass represents another unfavorable phenotypic change observed 
more frequently in elderly people and it is a risk factor in those who are suffering 
from MS like obesity and diabetes [13]. Lee et al. [14] demonstrated that insulin 
resistance is another contributor to the decline in muscle quantity and quality in 
human subjects, as it has been associated with reduced skeletal muscle strength, 
reduced protein synthesis rates, and accelerated skeletal muscle loss.

 Abnormal Endocrine Function

Declines in different hormones have been linked to the MS-related aging process, 
exclusively in  people suffering from diabetes. Both human subjects  and rodents 
studies revealed the potential for hormone replacement strategies to modulate fea-
tures of metabolic syndrome-regulated aging. Rossouw et al. [15] have reported that 
the estrogen and progesterone replacement in older women would modulate several 
key age-related complications. However, this study was stopped early in women, 
because it increased the risk of many physiological complications like cardiovascu-
lar problems, cognitive decline, breast cancer, and many other health problems. This 
technique did not work for common people and mostly it failed. The interactions 
among hormones in young females are important for reproductive behavior and 
then it is different in postmenopausal women. More importantly, among all the sex 
hormones, estrogen may interact in a harmful way with MS environment, and these 
women are highly at risk with increase in inflammation, senescent cells, and break-
down in repair mechanism of cells. On the other hand, alteration of hormonal defi-
ciencies in women with MS was also limited to ovarian steroids. Also, there was no 
replacement of growth hormone, IGF-1, or important circulating peptides to more 
youthful levels. Growth hormone secretion markedly decreases with age and 
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diabetes, resulting in a concomitant decline in IGF-1 concentrations in humans [16]. 
In addition, reversal of insulin/IGF-1 signaling (IIS) in rodents has led to extended 
lifespan [17], and functional mutations of human IGF-1R have been linked to better 
longevity [18]. In human subjects, thyroid hormones are major regulators of energy 
expenditure and hypothyroidism is the most common thyroid disorder in older peo-
ple. Studies have reported that people with diabetes have a higher prevalence of 
thyroid disorders compared to the normal population and the rate of postpartum 
thyroiditis in diabetic patients is three times more than that of normal women [19]. 
In laboratory conditions, experimentally induced hypothyroidism in young rodents 
has resulted in extended lifespan, whereas inducing hyperthyroidism reduces lon-
gevity [20]. Moreover, hypothyroidism may modulate lifespan by lowering meta-
bolic rate, core body temperature, and oxygen consumption, thereby reducing 
generation of oxygen and nitrogen free radicals and associated oxidative-nitrosative 
stress. Collectively, longevity is negatively related to MS, and also linked to hor-
mones regulating metabolism with physiological manifestations.

 Decline in Cellular Antioxidant Capacity and Aging

Oxidative-nitrosative stress is a significant cause of glucose intolerance and insulin 
resistance, and there is substantial evidence supporting the idea that antioxidant 
treatments in laboratory animal models prevent age-associated metabolic dysfunc-
tion. Hoehn et al. [21] reported that treatment of mice with mitochondria-targeted 
superoxide dismutase MnTBAP prevented the development of insulin resistance 
and glucose intolerance caused by high-fat diet feeding. Another study by Ilkun 
et al. [22] in genetically obese mice, revealed that MnTBAP treatment also improved 
glucose homeostasis. Moreover, mitochondria-targeted antioxidant SS31 showed a 
similar protection from high-fat diet in rats [23]. Several genetic models of increased 
antioxidant enzyme expression have also shown to protect from obesity-induced 
insulin resistance. Overexpression of MnSOD, catalase, and peroxiredoxin 3 has 
been shown to preserve glucose homeostasis during high-fat diet feeding. Lee et al. 
showed that specific mitochondrial CAT mice are protected from age-associated 
declines in insulin due to reduced mitochondrial H2O2 production and reduced accu-
mulation of oxidative damage [24]. Long-term treatment of antioxidants vitamin C 
or butylated hydroxytoluene improved insulin response of adipocytes isolated from 
old rats [25]. However, antioxidants may be beneficial for glucose metabolism in 
different animal models, but most studies on antioxidant therapy in human subjects 
have been largely inconclusive.

 Decline in Mitochondrial Function and Aging

Aging is associated with progressive loss in mitochondrial number and function in 
people suffering from MS and it is more critical in diabetic patients. Mitochondria 
are the major source for the overproduction of reactive oxygen species (ROS) in 
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diabetes, leading to oxidative damage of macromolecules, and one of the  funda-
mental causes of cellular aging and senescence. However, the relationships among 
mitochondrial dysfunction, glucose homeostasis, and disease have been another 
area of intense investigation in aging process. Intriguingly, how impaired mitochon-
drial function in metabolically active tissues, including liver and skeletal muscle, 
may impinge on insulin signaling is complex, but it is thought to involve reduced or 
incomplete ß-oxidation of fatty acid substrates. Montgomery and Turner [26] dem-
onstrated an association between IR and impaired glucose tolerance with decreased 
mitochondrial oxidative activity and ATP synthesis in elderly and diabetes 
patients. There is a separate chapter in this book about the roles of mitochondria in 
the aging process.

 Increase in Advanced Glycation End Products (AGEs) and Aging

Basically, AGEs are formed in normal metabolic process in human tissues, which 
increase with different pathophysiological conditions and more frequently in elderly 
people and diabetes. After their formation in different organs/tissues, these free or 
unbound or protein-bound AGEs are freely available in blood circulation and in 
due course of time, they are removed from the body through enzymatic clearance 
and renal excretion. Different research reports on different animal models demon-
strated that MS enhanced the imbalance between the formation and natural clear-
ance of AGEs in the human body, leading to the accumulation of AGEs in different 
organs/tissues, and it accelerated the aging process [27]. In many age-related meta-
bolic diseases, the AGE accumulation increased many folds and it was a significant 
contributing factor in degenerative processes, especially in renal failure, blindness, 
and cardiovascular diseases [28, 29]. Clinical studies also reported that elevated 
AGE levels in patients with diabetes are most likely due to an excessive elevation of 
glucose concentration in the blood, which consequently accelerates the glycation of 
proteins and caused multiorgan complications [28, 29]. Basically, there are two pri-
mary sources for AGEs. The first source is the food we eat, the browning of food is 
a cooking technique and achieved by heating or cooking sugars with proteins in the 
absence of water. Since grains, vegetables, fruits, and meat all have proteins, this 
browning effect is an indication of AGEs. The second source for AGE products hap-
pens inside the human body through normal metabolism and aging.

 AGEs and Organ/Tissue Complications

In MS like diabetes, AGE formations are accompanied by increased free radical 
activity that contributes to the biomolecular damage, apoptosis, and finally organ 
failure sometimes associated with aging. Exactly, what AGEs are doing in cellular 
compartments so that cells are entering into the process of senescence is a question 
for both the clinicians and researchers. Simply, inside the tissues or cells, AGEs act 
as mediators and they can initiate a wide range of abnormal responses such as the 
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inappropriate expression of growth factors, alterations in growth dynamics, accu-
mulation of extracellular matrix that regulates apoptosis through decreased solubil-
ity, elasticity, and enzymatic activity in long-lived proteins such as collagen [30]. A 
number of these factors changes in different tissue collagen such as skin, in which 
it appears to be accelerated in metabolic diseases in humans and more complica-
tions occur in old age. More importantly, AGE cross-linking reactions occurring in 
collagen, contribute to diabetic cardiomyopathy such as vascular stiffening and 
myocardial dysfunction [31]. In cell membrane region, non-cross-linking effects are 
exerted by binding of AGEs to the receptor for AGEs (RAGEs). Different cells 
express RAGE, and the interaction with AGEs elicits activation of intracellular sig-
naling cascades, gene expression, and production of pro-inflammatory mediators 
such as interleukin (IL)-6 and tumor necrosis factor alpha (TNF-α) (Fig.  17.5). 
Moreover, pro-inflammatory mediators exhibit powerful proteolytic activity 
whereby collagen becomes more vulnerable and tissue elasticity decreases at the 
peripheral level [32]. Similarly, at the central level, interaction between AGEs, amy-
loid beta and hyperphosphorylated tau protein, induces cells such as microglia and 
astrocytes to upregulate the production of oxygen- and nitrogen free radicals and 
pro-inflammatory mediators, which affects neuronal cell functions [32].

 AGEs and Skeletal Tissues

Major chemically characterized AGEs are pentosidine for fluorescent cross-linking 
and carboxymethyl-lysine (CML) for non-cross-linking. The cross-linking AGEs 
are considered as being involved in the pathophysiology of metabolic diseases and 
responsible for an increasing proportion of insoluble extracellular matrix and thick-
ening of tissue as well as increasing mechanical stiffness and loss of elasticity and 
finally it accelerates arthritis. On the other hand, in metabolic diseases, higher levels 
of AGEs are reported in patients with osteoporosis, thereby increasing the risk of 
bone fractures.

 AGEs and Lens

Glycation product and AGEs of various derivations are generated significantly in 
metabolic disease this causes alterations in lens fiber membrane integrity and ter-
tiary structure of lens crystalline proteins, which is fully responsible for cataract 
formation. Many studies have reported that dicarbonyl compounds such as glyoxal 
and methylglyoxal are enhanced in diabetes and aging process, leading to AGE 
cross-links on α-crystallins with resultant loss of chaperone activity, increased 
αβ-crystallin content, and dense aggregate formation [33]. Recent evidence sug-
gests that a close association exists between advanced glycation, many metal ions, 
and generation of oxygen/nitrogen free radicals during metabolic disease- related 
cataract formation, where AGE formation on lens protein crystallins leads to bind-
ing of redox-active copper, which in turn catalyzes ascorbate oxidation [34].
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 AGEs and Cornea/Vitreous

Basically, the Maillard reaction has a major role in altering corneal architecture and 
biochemistry during MS and aging. Diabetic keratopathy is very common in patients 

Fig. 17.5 Metabolic syndrome-induced AGE-formation occurs in intra- and extra-cellular envi-
ronment. They can react with biomolecules in cellular compartments as well as extracellularly, 
through alteration of physicochemical properties of cellular proteins, decreased cell proliferation, 
increased apoptosis and senescence, induction of oxidative-nitrosative stress and pro- inflammatory 
mediators as well as other pathways
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suffering from diabetes, where AGEs play a major role for complications on thick-
ening of the stroma and basement membranes, recurrent erosions, corneal edema, 
and morphological alterations in the epithelial and endothelial layers. These types 
of alterations in human diabetic cornea are accompanied by decreased protein sta-
bility in the stroma and basal lamina and increased immunoreactive AGEs, which 
have been partially characterized as pentosidine and CML [35]. In patients who are 
suffering from diabetes, their Bowman’s membrane is heavily glycated. At the same 
time, in vitro AGE-modified substrates can significantly reduce corneal epithelial 
cell adhesion and spreading, possibly by disruption of integrin and non-integrin 
receptor-matrix interactions, which has obvious pathogenic implications for recur-
rent erosions [36]. In human diabetic patients, AGEs have been accumulating in 
higher level in vitreous region of eye, where the structural changes to the vitreous 
such as liquefaction and posterior vitreous detachment are associated with aging. In 
terms of AGE-mediated vitreous pathology, studies have demonstrated that glyca-
tion can induce abnormal cross-links between vitreal collagen fibrils leading to dis-
sociation from hyaluronan and resultant destabilization of the gel structure.

 Retina

In diabetic patients, the retinal microvasculature becomes progressively dysfunctional 
in different architectural regions of the retina such as retinal ganglion cells, retinal 
pericytes, endothelial cells, and the optic nerve leading to capillary closure and retinal 
ischemia in response to accumulation of AGEs. Research reports demonstrate that 
AGEs are localized in vascular basement membranes and retinal pericytes after 8 
months of experimental diabetes in rats [37]. Moreover, studies have pointed out that 
when nondiabetic animals are infused with preformed AGE- albumin, these adducts 
accumulate around and, within the pericytes, colocalize with AGE receptors, induce 
basement membrane thickening, and cause breakdown of the inner blood-retinal bar-
rier. In human subjects with different pathophysiological conditions, it has been 
reported that the levels of serum AGEs, and also the glycoxidation product CML, 
correlate with the degree of diabetic retinopathy. Many investigations on retinal vas-
cular cells have provided important insights into the action of AGEs and its adducts in 
both in vitro and in vivo models, especially on their receptors, receptor interactions, 
and how they contribute to retinal dysfunction in diabetic complications.

 Proteasome and Aging

MS and its associated metabolic dysregulations cause organ- or tissue damages by 
ubiquitin-proteasomal system (UPS), which is the main regulator of both the func-
tional and dysfunctional protein pool of mammalian cells. There are many conse-
quences of metabolic dysregulation in patients suffering from metabolic diseases 
like diabetes such as chronic redox shift to more oxidative-nitrosative state, i.e., a 
low-grade systemic inflammation that increases ROS  (reactive oxygen species)/
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RNS  (reactive nitrogen species) formation, lipid peroxidation, protein oxidation, 
formation of AGEs, glycosylation, S-glutathionylation, mitochondrial stress, endo-
plasmic reticulum (ER) stress, unfolded protein response (UPR), expression of tran-
scription factors, and release of cytokines and chemokines- these are already known 
to affect the highly redox-regulated UPS [38, 39]. Many research reports demon-
strated that maintaining a highly functional UPS positively correlates with increased 
health and lifespan, hence  modulating the UPS function may be an effective 
approach to preventing MS-related detrimental consequences.

 Metabolic Signaling Networks and Aging

Metabolic-regulated aging is considered to be solely the result of wear and tear, in 
fact it is  governed by specific signaling pathways in the  cellular compartments 
(Fig. 17.6). Simple manipulation of genetic and environmental factors can drasti-
cally extend lifespan, suggesting that several of these signaling pathways control 
longevity in response to changes in the surroundings. Here we summarize the key 
signaling pathways identified in MS that regulate aging and longevity.
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Fig. 17.6 Metabolic syndrome-regulated signaling networks and aging
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 Hormonal Signaling

 Insulin/Insulin-Like Signaling and Metabolic Diseases

Patients with T1DM suffer from insulin deficiency, and effective insulin therapy can 
lower hyperglycemia and reduce many pathophysiological complications. However, 
patients with T2DM are noninsulin-dependent, in which intensive insulin therapy 
lowers blood glucose, but increases body weight, cardiovascular risk, and other 
medical complications also [40]. In these patients, intensive insulin therapy does not 
provide much protective action to vital organs in adults, and majority of patients 
with T2DM have minimized lifespan and finally die of multiorgan failure. More 
importantly, understanding the mechanisms responsible for insulin action and resis-
tance and finding an effective management of metabolic syndrome, like diabetes 
and its associated diseases leading to organ/tissue dysfunction have important clini-
cal implications.

 Insulin Signaling and Action

Over the last decades, studies on insulin and its action have made a breakthrough in 
the area of diabetes and biomedical research for clinical applications. Innovative 
attempts through different advanced molecular techniques on recombinant insulin 
production and  purification, DNA- and protein sequencing, crystallography, and 
radioimmunoassay allowed cloning of the genes encoding insulin receptor and insu-
lin receptor substrate proteins as well as their molecular actions were identified.

 Insulin Receptor

Insulin receptor belongs to the receptor tyrosine kinase (RTK) protein-family. It is 
made up of glycoproteins consisting of an extracellular α-subunit and a transmem-
brane β-subunit. Both α- and β-subunits act as an allosteric enzyme; however, 
α-subunit inhibits tyrosine kinase activity of the β-subunit. Once insulin comes in 
contact with the cell membrane and binds to the α-subunit, it results in receptor 
dimerization to form the α2β2 receptor complex. Soon after the receptor dimeriza-
tion, the receptor tyrosine kinase (RTK) activation occurs at different tyrosine sites 
(Tyr1158, Try1162, and Tyr1163) of the β-subunit. The tyrosine kinase activation 
recruits and phosphorylates several substrates including  the insulin receptor sub-
strate  (IRS) proteins: IRS1-4, Shc, Grb-2-associated protein (Gab1), Dock1, Cbl, 
and APS adaptor proteins in the inner side of the cell membrane. All these molecules 
act like adaptor proteins and provide specific docking sites for recruitment of many 
downstream signaling proteins, leading to activation of both Ras/MAP kinases and 
PI3K/Akt signaling cascades [41]. On the other hand, both the subunits of insulin 
receptor and insulin-like growth factor-1 receptor (IGF-1R) form heterodimers (IR/
IGF1R), activating downstream signaling molecules in the cellular compartments. 
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On the one hand, insulin receptor forms a hybrid complex with Met, a transmem-
brane tyrosine kinase cell surface receptor for hepatocyte growth factor (HGF) and it 
is  structurally related to the insulin receptor [42]. On the other hand, the IR/Met 
hybrid complex results in strong signal output by activating insulin receptor- regulated 
downstream signaling cascades and mediating the metabolic effects of insulin [42]. 
Studies have demonstrated in animal models that IRS protein and the docking pro-
teins for insulin receptor provide interfaces that insulin, IGF-1, or HGF signaling 
propagate and engage similar intracellular signaling components. Moreover, insulin 
activates the Ras/MAP kinases pathways through insulin receptor, which mediates 
the effect on mitogenesis and cellular growth/proliferation. Similarly, insulin acti-
vates PI3Kinase and generates phosphatidylinositol (3, 4, 5)-triphosphate (PIP3), a 
second messenger activating 3-phosphoinositide- dependent protein kinase-1 and 
3-phosphoinositide-dependent protein kinase-2 (PDK1 and PDK2), which in turn 
phosphorylate the protein kinase Akt (T308 and S473)/mTOR and ribo-
somal S6Kinase that mediate the effect of IRS1/2 on aging (Fig. 17.7).

 Paradox of Insulin Resistance and Aging

In humans, insulin resistance (IR) accompanied by diabetes has clearly been impli-
cated as a major risk factor for multiple age-related diseases. In rodents, improved 
longevity and multiple features of delayed aging have been described, where insulin 
sensitivity is increased by genetic mutation [43]. Genetic manipulations of labora-
tory animals for the expression of key IIS pathway are associated with extension of 
lifespan. Interestingly, there is a substantial difference between aging of  lower 
invertebrate groups and mammalian aging. However, there are enough evidences in 
different model organisms to understand the role of attenuated IIS signaling in the 
mechanisms of aging and longevity that is not limited to the lower taxa, but is evo-
lutionarily conserved up to the mammals. In humans, decreasing IR with pharmaco-
logical drugs/inhibitors is a major strategy to relieve demands on pancreatic β-cells; 
however, it may lead to damage of other tissues with many side effects. Furthermore, 
different research reports demonstrated that IR has great potential for antioxidant 
defense mechanism and it  reduces the enhanced stress and may contribute to 
increased longevity of invertebrates with reduced IIS and may help explain the 
extension of longevity observed in some genetic mutant mice with IR. Consequently, 
pharmacological application regulates the IR action in humans that may help to 
minimize the hazards or complications associated with diabetes.

 Insulin Resistance and Metabolic Diseases

After taking a meal, insulin secretion starts from the pancreatic β-cells to control the 
systemic nutrient homeostasis by promoting anabolic processes in a variety of tis-
sues. Insulin has diverse functions in different tissues and cell types including stimu-
lating glucose influx into muscle and fat, protein and glycogen synthesis in the 
muscle and liver, and lipid synthesis and storage in the liver and adipose tissue, while 
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it inhibits fatty acid oxidation, glycogenolysis, and gluconeogenesis, as well as apop-
tosis and autophagy in insulin-responsive tissues. On the other hand, during the fast-
ing state, insulin secretion decreases, and tissues coordinate with counter- regulatory 
hormones, glucagon in the liver and fat, in favor of using fatty acids largely derived 
from adipocyte lipolysis for energy generation and maintenance of glucose homeo-
stasis throughout the body. It is the tough time for the cells for the metabolic adapta-
tions, during the transit from fasting to the postprandial state, they are  tightly 
controlled by insulin under physiological conditions. This adaptive transition reflects 
the action of insulin and insulin-responsive organs, while it is largely blunted in 
organs with insulin resistance preceding the development of T2DM [44].

 IRS1 and IRS2 in Metabolic Diseases

Different genetic manipulation experiments were carried out in different animal 
models to better understand the role of insulin receptors, IRS1 and IRS2, in control-
ling growth and nutrient homeostasis [45]. Earlier studies reported that mice lacking 
the insulin receptor genes were born with slight growth retardation, but rapidly 
developed MS-like hyperglycemia and hyperinsulinemia, followed by diabetic 
ketoacidosis and early postnatal death [46]. Experiments showed that both IRS1- 
and IRS2-null mice were embryonic lethal indicating that they are essential for life 
in these animals [47]. Interestingly, a previous study by Araki et al. [48] showed that 
systemic IRS1-null mice displayed growth retardation and peripheral resistance to 
insulin and IGF-1, mainly in skeletal muscle, but avoided developing diabetes 
because of IRS2-dependent pancreatic β-cell growth and compensatory insulin 
secretion in these mice. Similarly, a study by Withers et al. [49] demonstrated that 
systemic IRS2-null mice displayed metabolic defects in the liver, muscle, and 
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adipose tissues, but developed diabetes secondary to pancreatic β-cell failure. 
Further, many recent studies highlighted tissue-specific gene manipulation in mice, 
providing new insights into the action of the insulin receptor and control of glucose 
homeostasis and body weight [50]. Experiments showed that mice lacking insulin 
receptor in the liver, pancreatic β-cells, adipose tissue, or brain developed MS and 
its associated diseases like hyperglycemia, hyperlipidemia, hyperinsulinemia, and 
obesity [51]. Moreover, reconstitution of insulin receptor in the liver, β-cells, and 
brain rescued from diabetes in the mice lacking the insulin receptor and prevented 
the premature postnatal death [52], suggesting that the liver, pancreatic β-cells, and 
brain are crucial for the maintenance of glucose homeostasis by insulin. Many stud-
ies also demonstrated in rodent models that deletion of IRS1 and IRS2 genes in the 
liver and cardiac muscle prevented activation of hepatic Akt/Foxo1 phosphorylation 
and resulted in the development of hyperglycemia, hyperinsulinemia, insulin resis-
tance, and hypolipidemia [53, 54] (Table 17.2).

 IRS1/IRS2 in PI3K/Akt/MAP Kinase-Regulated Metabolic Diseases

The IRS1/IRS2 are strongly associated with PI3K/Akt activation and moderately 
associated with MAP kinase activity; however, deletion of IRS1 and IRS2 causes 
subjective PI3K inactivation and sustained MAP kinase activation in different spe-
cific organs such as the liver and heart of the mice [53, 54]. In different animal 
models, the differential PI3K inactivation and MAPK activation by the loss of IRS1/
IRS2 may provide a fundamental mechanism that illuminates the prevalence of 
insulin resistance and its association with metabolic diseases like T2DM, obesity, 
and cardiovascular dysfunction.

 PI3K/Akt/Foxo1 in Metabolic Diseases

The studies in animal models and humans also showed that activation of PI3K/Akt 
pathway plays a central role in metabolic regulation. Hepatic inactivation of very 
specific genes like PI3K, PDK1, Akt, and mTORC2 is sufficient for the induction of 
metabolic diseases like hyperglycemia, hyperinsulinemia, and hypolipidemia [55]. 
Specifically, mice lacking Akt2 developed T2DM [56], and patients with mutation 
of Akt2 have T2DM [57]. Many studies have revealed that expression of constitu-
tively active Foxo1 and Akt with specific sites mutated to alanine, blocking phos-
phorylation either in the liver causing insulin resistance or in the heart resulted in 
embryonic lethality in mice [58]. However, Foxo1 inactivation either in the liver of 
mice with T2DM resulted in  reversal of  hyperglycemia [55], or in  the heart of 
these animals with T2DM prevented heart failure [59]. This suggests that Foxo1 
activation was both sufficient and necessary for the induction of hyperglycemia and 
organ failure following insulin resistance or T2DM in these experimental mice.
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 Insulin Resistance by Hyperinsulinemia

Several lines of evidences from recent research demonstrated that hyperinsulinemia 
has profound effects in inducing insulin resistance as given below:

 1. In myocardium and adipocytes: prolonged insulin treatment was sufficient for 
preventing acute insulin action on Foxo1 phosphorylation or Glut4 cellular 
membrane trafficking [54].

 2. In liver: insulin inhibited IRS2 gene transcription and promoted IRS2 ubiquiti-
nation/degradation in murine embryonic fibroblasts [60, 61].

 3. In liver: insulin stimulated mTORC1 leading to IRS2 ubiquitination and the 
mTORC1 inhibitor rapamycin completely prevented insulin or IGF-1-induced 
IRS2 degradation [60, 61].

 4. In liver: genetic knockout of hepatic S6K, a downstream target of mTORC1, 
reduced insulin resistance, enhancing IRS1/IRS2 gene expression and prevent-
ing diabetes in mice [62].

 5. In liver: genetic knockout of mTORC2 in mice resulted in a diabetic phenotype 
and long-term treatment with rapamycin blocked mTORC2-mediated Akt 
phosphorylation/activation [63].

 6. In skeletal muscle and liver: hyperinsulinemic treatment induced insulin resis-
tance and was associated with oxidative stress and mitochondrial dysfunction 
in T1DM mice [64].

 7. IRS1/IRS2 expression: their decreased expression was observed  in tissues of 
animals and patients with hyperinsulinemia or T2DM [54].

 8. MAP kinases: it  induced IRS serine/threonine phosphorylation and degrada-
tion, particularly when animals were fed with a high-fat diet.

 9. p38α MAP kinase activation: prolonged insulin treatment in cardiomyocytes 
mediated insulin resistance by increasing IRS1/IRS2 phosphorylation and deg-
radation [54].

 10. p38 MAP kinase: it  mediated induction of inflammatory cytokines that pro-
moted insulin resistance [65, 66].

 11. PKC isoforms: PKCδ/PCKθ has an important role in inducing IRS serine/thre-
onine phosphorylation, resulting in insulin resistance in tissues following 
administration of high-fat diet [67].

 12. Protein kinases: many protein kinases were found to be associated, it will be 
important to identify in mouse- or human genome sequences, and activation 
mechanisms under different metabolic disease conditions for induction of IRS 
serine/threonine phosphorylation and inactivation of insulin signaling.

 Insulin Resistance and Foxo1 Activation

In normal physiological conditions, Akt phosphorylates Foxo1, and promotes Foxo1 
cytoplasmic retention by ubiquitination process. However, in metabolic disease like 
hyperglycemia and insulin resistance, Akt dephosphorylated the nuclear 
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Foxo1-S253, which was detected in liver and heart of animals with T2DM [68]. 
Genetic knockout of Foxo1  in the liver (L-DKO mice and db/db mice) reduced 
hepatic glucose production and ameliorated diabetes [53] and in the heart 
(High Fat Diet-fed mice) prevented heart failure [59, 68]. These animal experiments 
suggested that IRS/Akt/Foxo1 signaling cascades are critical in the nutrient homeo-
stasis and organ survival in rodents. Furthermore, aberrant Foxo1 activation in labo-
ratory animals disrupts metabolic homeostasis and promotes organ failure, by 
regulating expression of a number of target genes. There is a separate chapter on 
nutrient sensing and aging.

 Insulin Resistance and Metabolic Diseases

 Insulin Resistance in CNS and Obesity

The hypothalamus of the mammalian forebrain regulates circadian rhythm of the 
normal health. A decade of research has provided enough insights into diabetes- 
related cognitive dysfunction in CNS/brain. However, the biochemical and molecu-
lar mechanisms operating under such conditions are unclear about how the metabolic 
perturbations of diabetes correlate to the hypothesized anatomic substrates in differ-
ent major areas of the brain, associated with diabetic neuropathy and the imbalance 
in energy homeostasis (Fig.  17.8). In turn, the contribution to cognitive changes 
from the pathological lesions in the brain is not fully clear. Basically, appetite is 
tightly controlled by insulin action in the CNS.  Studies have demonstrated that 
genetic manipulations of neuron-specific insulin receptor  resulted in overweight 
and insulin resistance in the mice. A low dose of insulin delivery in these mice by 
the intracerebroventricular infusion decreased both food intake and hepatic glucose 
production, which are blocked by PI3Kinase inhibitors. To understand the func-
tional significance of the brain insulin signaling, studies on laboratory animals have 
reported that knockout of IRS2 in the hypothalamus, resulted in hyperglycemia and 
obesity [69]; however, deletion of IRS1  in the hypothalamus did not respond in 
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the  young mice. Apart from insulin, leptin, an adipocyte-derived hormone, also 
inhibits food intake through CNS. Leptin receptors in neurons are activating many 
signaling cascades. In the brain, the leptin and insulin, both promote IRS2 tyrosine 
phosphorylation and PI3K activation. The deletion of IRS2  in leptin receptor- 
expressing neurons caused metabolic disease like diabetes and obesity, in which 
Foxo1 inactivation completely reversed the metabolic dysfunction [70].

 Insulin Resistance in Adipose Tissue and Inflammation

Like other metabolic diseases, hyperlipidemia is a key feature of the MS, that results 
from insulin resistance in adipose tissue. In mammals, insulin promotes fat cell dif-
ferentiation, enhances adipocyte glucose uptake, and inhibits adipocyte lipolysis. 
Studies have demonstrated that deletion of TORC2 in mice exhibited hyperglyce-
mia, hyperinsulinemia, failure to suppress lipolysis in response to insulin, elevated 
circulating fatty acids and glycerol, and insulin resistance in skeletal muscle and 
liver. Recent studies by Boucher and Kahn [71] in mice lacking insulin receptor in 
adipose tissue, created by introducing  the adiponectin promoter-driven Cre/loxP 
system, developed severe MS, including lipoatrophic diabetes, hyperglycemia, 
hyperinsulinemia, hyperlipidemia, and liver steatosis. Therefore, when insulin 
action fails in fat cells of mammals, adipocyte development is retarded and lipids 
are unable to get converted from carbohydrates, for storage. Consequently, glucose 
and lipids are redistributed to different organs of the body through blood circulation, 
resulting in hyperlipidemia and fatty organs. Apart from normal function, adipose 
tissue is also playing a key role to secrete hormones and cytokines, including TNF-
α, IL-6, leptin, adiponectin, and many others, influencing food intake, systemic 
insulin sensitivity, and nutrient homeostasis. On the other hand, obesity from fat-
expansion disrupts a proper balance of cytokine and hormone generation, promot-
ing insulin resistance. In obesity, cytokines like TNF-α, IL-6, and leptin are markedly 
increased, whereas adiponectin is significantly reduced, that has anti- inflammatory 
effect on enhancing insulin sensitivity [72]. Overexpression of IKK- beta in the liver 
tissue of mice is sufficient for inducing insulin resistance and diabetes. TNF-α 
reduces IRS1 protein by activation of JNK or S6K, resulting in insulin resistance. 
Therefore, suppression of inflammatory mediators, increases the insulin sensitivity 
and improves MS in T2DM. However, the outcome of anti- inflammatory therapy in 
treating insulin resistance deserves a cautionary note for several reasons as follows:

 1. Inflammation is involved in deploying and mobilizing immune cells, leukocytes 
to defend against infections or toxins.

 2. Many inflammatory mediators reduce body weight and increase energy expendi-
ture. For example, overexpression of IL-6 in the liver of mice increased energy 
expenditure and insulin sensitivity [73].

 3. During physical exercise, inflammatory mediators are secreted resulting in inhi-
bition of anabolic metabolism, such as insulin action, and promoting catabolic 
metabolism, such as fat lipolysis, to meet fuel requirements for muscle.
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 4. NF-κB is essential for hepatocyte proliferation and survival, and gene-knock 
out mice lacking the p65 subunit of NF-κB died of liver failure during embryonic 
development [74].

 5. Inflammation not only triggers pro-inflammatory responses but also activates 
anti-inflammatory processes.

Together, the above findings suggest that a balance between inflammation and anti- 
inflammation is required for proper insulin action and nutrient homeostasis under 
normal physiological conditions. Therefore, correcting the imbalance of hormones, 
nutrients, and inflammation may provide opportunities and challenges for the pre-
vention and treatment of MS-like diabetes.

 Insulin Resistance in Liver and Hyperglycemia

In the human body, insulin secretion from pancreas regulates macromolecules’ syn-
thesis in the liver and suppresses hepatic glucose production by inhibiting gluconeo-
genesis; however, insulin resistance severely affects the liver by causing hyperglycemia. 
Animal studies revealed that genetic manipulation of either IRS1 or IRS2  specifically 
in liver tissues, somehow maintained glucose homeostasis. On the other hand, dele-
tion of both IRS1 and IRS2 in L-DKO (liver double knock-out) mice blocked insulin 
or feeding-induction upon Akt and Foxo1 phosphorylation. Finally, the signaling cas-
cades regulation in this mice resulted in unrestrained gluconeogenesis for hepatic glu-
cose production, and diabetes, with a reduction in hepatic lipogenesis and blood lipids 
[75]. Other studies highlighted that a high-fat diet ingestion severely impaired IRS2 
expression and tyrosine phosphorylation in hepatocytes of liver-specific IRS1 null-
mice and the mice developed severe diabetes [75]. At the same time, overnutrition or 
a high-fat diet ingestion in mice can modify intracellular signaling cascades, affecting 
IRS2 expression and its functionality, thus altering metabolic gene expression, and 
impairing glucose homeostasis. Hepatic insulin resistance in the L-DKO mice also 
affects, directly the insulin resistance in other delicate organs. Guo et al. [75] showed 
that the L-DKO mice not only demonstrated inhibition of the hepatic Akt signaling 
cascade but also blunted brain intracerebroventricular (ICV) insulin action on reduc-
ing the  hepatic glucose production in the  ICV-clamp experiments. More studies 
revealed insulin resistance to be involved in cardiac complications as follows:

 (a) Mice (L-DKO) exhibited features of heart-failure, likely to be  secondary to 
hyperinsulinemia, resulting due to cardiac IRS1 and IRS2 suppression [54].

 (b) Mice lacking hepatic insulin receptor displayed pro-atherogenic lipoprotein 
profiles with reduced high-density lipoprotein cholesterol and very low-density 
lipoprotein particles and, within 12 weeks of being placed on an atherogenic 
diet, they developed severe hypercholesterolemia.

From the above observations, it is very clear that hepatic insulin resistance is suffi-
cient to produce dyslipidemia and increased risk of atherosclerosis and cardiac 
dysfunction.
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 Insulin Resistance in Cardiac Tissues and Heart Failure

Loss of IRS1 and IRS2 acts differently depending upon the organs or tissues, for 
example, in the liver and brain, it resulted in hyperglycemia, whereas in the heart 
and pancreas, it resulted in organ failure. Like brain, the heart is an insulin- responsive 
and energy consuming organ and it  requires a constant metabolic-fuel supply to 
maintain intracellular energy for proper myocardial function. However, gene 
manipulation of cardiac IRS1 and IRS2 in mice diminished cardiac Akt and Foxo1 
phosphorylation and resulted in heart failure and death of these  animals [54]. 
Similarly, deletion of both IRS1 and IRS2 in skeletal and cardiac muscle of mice 
caused heart failure. Also diminished Akt and Foxo1 phosphorylation in the skeletal 
muscle of the mice had normal blood glucose and insulin sensitivity, suggesting that 
insulin resistance in skeletal muscle is not necessary for a disruption of glucose 
homeostasis in the mice. To promote proper cardiac function and longevity, cardiac 
muscle requires either IRS1 or IRS2 for the maintenance of endogenous Akt activity 
and Foxo1 inactivation. In mice, cardiac overexpression of Foxo1 resulted in heart 
failure [58], and also clinical observation showed this  in heart failure in human 
subjects. Moreover, deletion of both IRS1 and IRS2, following chronic insulin stim-
ulation and p38 MAK activation, contributes to insulin resistance in the heart [54]. 
Based on the recent studies, IRS1 and IRS2 have major roles in control of cardiac 
homeostasis, metabolism, and function. This concept was based on the following 
three-phase observations:

 1. Phase I: Insulin stimulates glucose transport and oxidation, ensuring effective 
cardiac utilization of glucose as a substrate for the supply of energy, reduction of 
IRS2 protein was observed in the  mouse liver and heart, compared to those 
mice in the fasting state [75].

 2. Phase II: When insulin resistance occurs, the heart undergoes adaptive responses 
to limit glucose utilization by insulin-dependent pathway and respond to lipid 
oxidation by less insulin-dependent pathway. At that situation, the heart is capa-
ble of generating energy for myocardial contraction and changes in gene expres-
sion patterns, with unaltered cardiac morphology. During this crucial period, the 
metabolic adaptation and remodeling compensate for cardiac energy demand, 
even without unconcealed indications of heart failure.

 3. Phase III: When maladaptive metabolic remodeling occurs in H-DKO mice, 
there is a lack of compensation for cardiac energy demand, secondary to loss of 
IRS1 and IRS2, with Akt inactivation, utilization of both glucose and fatty acids 
being restrained, resulting in hyperlipidemia and cardiac energy deficiency and 
sudden death [54]. Here, the affected heart may exhibit a loss of mitochondrial 
biogenesis and functions, a process required for fatty acid and glucose utilization 
via mitochondrial oxidative phosphorylation.
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 Insulin Resistance in Pancreas and β-Cell Regeneration

Pancreatic β-cell is an important lifeline for human health, and failure of its true func-
tion make life difficult with the development of diabetes. Pancreas has different types 
of cells and has different physiological roles for these cells  individually, such as 
β-cells secrete insulin reducing blood glucose and α-cells secrete glucagon increasing 
the blood glucose level to meet the metabolic requirements of the body. In metabolic 
process, insulin secretion is regulated by glucose availability after a meal that enhances 
glucose-stimulated insulin secretion in healthy humans [76], and at the same time, 
studies on mice show that insulin receptor-lacking β-cells have impaired insulin secre-
tion. Many signal transduction studies reported that genetic manipulation of IRS2 in 
mice resulted in pancreatic β-cell failure and diabetes, whereas Foxo1 inactivation in 
IRS2-null mice prevented loss of β-cells and diabetes, also [77]. Therefore, these stud-
ies concluded that IRS2/Foxo1 signaling or Foxo1-inactivation is mainly required for 
the β-cells’ survival. Additionally, IRS2 deletion in β-cells triggered β-cell repopula-
tion or regeneration in aged mice, leading to a restoration of insulin secretion and 
resolution of diabetes. As a result, Foxo1-activation following IRS2-inactivation in 
β-cells promoted β-cell regeneration or differentiation. On the other hand, many stud-
ies demonstrated that Foxo1- inactivation in β-cells resulted in reduced β-cell mass, 
hyperglycemia, and hyperglucagonemia, owing to de-differentiation of β-cells into 
progenitor-like cells or pancreatic α-cells [78]. Thus, to prevent the development of 
diabetes, we have to be very careful to keep our pancreatic cells safe and any abnor-
mality at the cellular level, may result in the imbalance of the hormones, insulin and 
glucagon, and this may provide a potential strategy to prevent diabetes.

 Insulin Resistance in Skeletal Muscle Tissue 
and Shortened Lifespan

The skeletal muscle takes an advantage for its remarkable metabolic flexibility to 
consume and store glucose and converts glycogen and triglycerides, a process stim-
ulated by insulin. In animal studies, it  revealed that muscular insulin receptor- 
lacking led to the display of elevated fat mass, serum triglycerides, and free fatty 
acids. However, at the same time, blood glucose, serum insulin, and glucose toler-
ance had no effect. Therefore, people suffering from diabetes have insulin resistance 
in muscle tissues, that contributes to the altered fat metabolism, while tissues other 
than muscle in the same individual appear to be more involved in insulin-regulated 
glucose disposal. Studies on laboratory animals showed that mice lacking mTORC2 
exhibited decreased insulin-stimulated Akt phosphorylation and increased glucose 
uptake and mild glucose intolerance, whereas mice lacking mTORC1 developed 
many physiological complications including muscular dystrophy, mild glucose 
intolerance, and shortened lifespan. Insulin action in skeletal muscle has a key role 
in the control of lifespan, studies have reported that IRS1 and IRS2 both knockout 
mice in skeletal and cardiac muscles, died at 3 weeks of age, with a much shorter 
lifespan than mice lacking both IRS1 and IRS2 in only cardiac muscle, the latter 
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died at 7 weeks of age [54]. At the same time, in the same animals, absence of both 
IRS1 and IRS2 in the skeletal and cardiac muscles did not develop hyperglycemia 
or hyperinsulinemia, although the insulin-induced glucose uptake was diminished. 
Another molecule, AMP takes major role in skeletal muscle, its activation causes 
activation of AMP-dependent protein kinase (AMPK) and stimulates glucose uptake 
in an insulin-independent manner, it occurs by phosphorylating and activating the 
Rab-GAP family member AS160, which promotes Glut4 translocation [79]. Also in 
cellular compartments, AMPK induces acetyl-CoA carboxylase (ACC) phosphory-
lation and inhibits ACC activity, thus preventing the conversion of acetyl-CoA to 
malonyl-CoA, and disrupting lipid synthesis and enhancing fatty acid oxidation 
[80]. Collectively, skeletal muscle takes the plasticity of controlling glucose homeo-
stasis and longevity by regulating different signaling molecules. Moreover, skeletal 
muscle actively secretes many chemical messengers, specifically irisin, a hormone 
that systemically regulates glucose homeostasis and MS-like obesity; it would be of 
interest to determine if a skeletal muscle-derived hormone affects longevity in ani-
mals. There is a separate chapter on the muscle and aging.

 Insulin Resistance in Vascular Endothelium 
and Glucose Homeostasis

Insulin resistance also had great effects on vascular endothelium (VE) in people 
who are suffering from diabetes. Basically, MS like insulin resistance stimulates 
many severe complications in VE such as vasoconstriction that promotes hyperten-
sion, atherosclerosis, impairs systemic insulin sensitivity, and glucose homeostasis. 
Studies in animal models revealed that inactivation of insulin receptor in VE dimin-
ished insulin-induced eNOS expression and blunted aortic vasorelaxant responses 
to acetylcholine and calcium ionophore in normal mice, and accelerated atheroscle-
rosis in apolipoprotein E-null mice [81]. Insulin acts as a vasodilator that mediates 
PI3K-dependent signaling pathways and stimulates nitric oxide production in 
VE. Specific knockout of IRS2 or both IRS1 and IRS2 in mice VE led to reduced 
endothelial Akt and eNOS activation and impaired skeletal muscle glucose uptake 
and systemic insulin resistance [82]. Also, Foxo activation plays a key role in stimu-
lating endothelial cell dysfunction in genetic manipulation of IRS2 or both IRS1 and  
IRS2 in VE. However, deletion of Foxo1, Foxo3, and Foxo4 in the endothelium of 
mice showed different pathophysiological changes including enhanced eNOS acti-
vation, reduced inflammation, and oxidative stress in the endothelial cells and pre-
vented atherosclerosis in high-fat diet administered or low-density lipoprotein (LDL) 
receptor-null mice [83]. In contrast, endothelium-targeted deletion of insulin recep-
tor or Foxo  genes in rodents barely disrupted glucose homeostasis. However, stud-
ies also showed that endothelium-targeted deletion of the transcription factor related 
transcriptional enhancer factor-1 (RTEF-1) increased the blood glucose levels and 
insulin resistance and RTEF-1 has the potential for interaction with the insulin 
response element and Foxo1 in these cells [84]. Collectively, from the above stud-
ies, it shows that VE serves as an organ that potentially regulates glucose homeostasis.
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 Insulin Resistance in Bone and Glucose Homeostasis

Insulin plays a major role in the formation of bone and differentiation of osteoblasts 
that synthesize osteocalcin, which regulates pancreatic insulin secretion and sys-
temically regulates glucose homeostasis. However, mice lacking insulin receptor in 
the osteoblasts exhibited diverse abnormal pathophysiological functions including 
reduced bone formation, increased peripheral adiposity, and insulin resistance, pri-
marily due to reduced gene expression and activity of osteocalcin [85]. Moreover, 
insulin may stimulate osteocalcin in osteoblasts by suppressing Foxo1, which 
affects bone remodeling and control of glucose homeostasis. In rodents, Foxo1 
inhibits osteocalcin expression and activity by increasing expression of Esp, a tyro-
sine phosphatase protein. On the other hand, osteoblast-specific Foxo1-null mice 
have increased levels of osteocalcin expression and insulin production and reduced 
levels of blood glucose [86]. Collectively, these studies suggest that bone serves as 
an endocrine organ in the control of glucose homeostasis, through bone-pancreas 
crosstalk, in which Foxo1 plays a key role in insulin action, regulating osteocalcin 
expression and activity in the osteoblasts.

 Neurohormonal Regulation

 Renin-Angiotensin-Aldosterone System (RAAS)

Metabolic diseases regulate RAAS activation in different organs or tissues specifi-
cally critical for cardiovascular diseases, including hypertension, coronary heart 
disease, and congestive heart failure, as well as artrial fibrillation. In fact, angioten-
sin II (Ang II) plays a critical role in cardiomyocyte hypertrophy and apoptosis, 
it  increases cardiac fibrosis, and impairs cardiomyocyte relaxation [87]. Studies 
have shown that cardiac Ang II concentrations increase significantly in the  aged 
rodent hearts, probably it is related to the increased tissue levels of Ang II-converting 
enzyme (ACE). Although the mechanism of increased ACE in MS and its impact on 
heart are not well understood, long-term inhibition with angiotensin receptor block-
ers and disruption of angiotensin receptor type I have been shown to reduce age- 
dependent cardiac pathology and prolong the animals’ survival.

 Adrenergic Signaling

Chronic activation of adrenergic signaling is very critical for different organs or tis-
sues in persons, who are struggling in life with metabolic diseases. Basically, activa-
tion of adrenergic signaling enhances metabolic demand, specifically to increase the 
heart rate, contractility, blood pressure, and wall stress, and inhibition of β-adrenergic 
signaling by β-blockers provides survival benefit in patients with heart failure. 
Moreover, metabolic diseases stimulate β-adrenergic receptors by adenylate cyclase 
type 5 (AC5), which is the major form in the heart. Studies have shown that 
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disruption of AC5 was shown to have prolonged lifespan in the mice, and that was 
mediated through Raf-1/pMEK/pERK pathway, which confers protection against 
cellular stress, including oxidative stress, decreased levels of circulating growth 
hormone (GH), and cardiac aging, including age-dependent cardiac hypertrophy, 
systolic dysfunction, apoptosis, and fibrosis [88].

 Growth Hormone Signaling

Hormonal signaling pathways are extremely potent regulators of human health and 
lifespan, but metabolic diseases play different roles in human body systems, because 
they coordinate the longevity of several delicate organs by acting in a systematic 
manner. Metabolic actions of GH, secreted from the pituitary gland, are diverse and 
tissue-specific, that regulate carbohydrate and lipid metabolism via complex inter-
actions with insulin and IGF-1. Experimental mouse models showed that the exten-
sion of longevity was likely to be due to defects in the ability of the pituitary gland 
to secrete GH in these animals. A null mutation in the GH receptor (GHR–/–) dis-
played increased in lifespan of the mice [89]; however, GH-overexpressing trans-
genic mice showed a  longevity shorter than wild-type mice. The Snell and Ames 
dwarf (genes encoding the pituitary transcription factors PIT1 and PROP1) muta-
tions in the mice extended their lifespan. Few studies have demonstrated that the 
Ames dwarf mice and the GHR–/– mice have reduced levels of circulating IGF-1, 
fasting insulin, and glucose, raising the possibility that the increased longevity of 
these mice was mediated by the insulin/IGF1 signaling.

 Klotho Signaling

Like other hormones and their actions, klotho, is a cell surface protein, whose extra-
cellular domain can act as a circulating hormone [90]. Interestingly, disruption of 
the expression of klotho accelerated aging in mice. However, overexpression of 
klotho showed extension of lifespan  in the mice, but klotho has been found to 
repress insulin/IGF1 signaling and to regulate phosphate and calcium homeostasis 
by affecting fibroblast growth factor 23 (FGF23) and the Na+/K+-ATPase.

 Steroid Signaling

In flies, the steroid hormone plays interesting role in lifespan, this was known by 
mutation of the insulin-like receptor. However, the effects of steroids or steroid 
receptors on overall lifespan in mammals are not clear, but the steroid dehydroepi-
androsterone sulfate has been found to be associated with increased lifespan in 
many primates and humans [91].
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 Akt/mTOR Signaling and Metabolic Diseases

The mammalian target of rapamycin (mTOR) is a highly conserved cytoplasmic 
kinase that regulates cell growth and metabolism in response to mitogens, nutrients, 
growth factors, and hormones including insulin and cytokines. Basically, mTOR path-
way is essential for physiological functions of the young individuals; however, in 
older age, mTOR plays differently, driving cellular quiescence into senescence. In 
particular, senescent cells show abnormal behaviors, such as hyperfunctional, hyper-
secretory, pro-inflammatory, and insulin resistant properties  leading to age- related 
diseases. More importantly, both glucose and insulin activate mTOR. There are two 
distinct complexes called complex 1 (mTORC1) and complex 2 (mTORC2) of the 
evolutionarily conserved mTOR protein. In metabolic disease like diabetes, mTORC 
gets phosphorylated and activated through the MAP kinases, Akt and PKC, control-
ling cell survival and energy homeostasis [92]. Of the two complexes, specifically 
mTORC1 interacts with the adaptor protein and is activated by RhebGTPase, via sup-
pression of TSC2, following Akt-activation. Recent research publications show that 
mTORC1 promotes lipogenesis via phosphorylating a phosphatidic acid phosphatase, 
Lipin 1 and nuclear translocation of Lipin 1 stimulates Srebp1c and lipogenesis. On 
the other hand, Akt activates mTORC2, which promotes expression and activation of 
the Srebp1 transcription factor, leading to lipid and cholesterol synthesis [93]. 
Hagiwara et al. [92] demonstrated that mTORC2 and PDK1 suppress the Foxo1, that 
promotes gluconeogenesis, mediating the effect of insulin on suppression of 
the hepatic glucose production. Most importantly, Akt regulates metabolism and sur-
vival by controlling expression of a number of genes through transcription factors, of 
which Foxo1 is the most critical one, and Akt/Foxo1 phosphorylation serves as pow-
erful indicators for insulin sensitivity on metabolic regulation in a variety of cells and 
tissues. Abnormal growth of small blood capillaries in the retinal part of the eye con-
tributes to retinopathy. For this, in retinal pigment epithelial cells, vascular endothelial 
growth factor (VEGF) takes the priority and stimulates angiogenesis via the insulin/
mTOR pathway leading to blood- retinal barrier breakdown. Similarly, studies on lab-
oratory animals showed that rapamycin decreased renal hypertrophy in diabetic mice 
and slowed down the progression of diabetic kidney disease in the rats. Activation of 
mTOR regulates pancreatic β-cell mass. However, hyperfunction of mTOR due to 
diabetes, eventually causes β-cell failure. In early diabetic state, mTOR stimulates 
β-cell functions, causing hyperfunction and slowly the chronic hyperstimulation of 
mTOR renders the β-cells resistant to IGF-1 and insulin, fostering cell death.

 Mitochondria and ROS Signaling

Among all the cell organelles, mitochondria act as master organelle in the regulation 
of cellular energy levels, ROS production, and cell survival. However, they are 
equally important in overproduction of mitochondrial ROS, by metabolic risk fac-
tors determining aging and lifespan of cells in metabolic disease conditions 
(Fig. 17.9). All the mitochondria-related mechanisms are deregulated by MS, so 
that the cells forcefully enter into senescence. Genetic studies in worms revealed 
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that few specific genes of the electron transport chain (ETC) in mitochondria 
directly control lifespan of organisms, and specifically mutations in Clk-1, which 
encodes a protein required for the biosynthesis of ubiquinone, an essential cofactor 
in the ETC, extended the worm’s lifespan and that was independent of insulin sig-
naling. On the other hand, lack of one allele of the Clk-1 gene improved the lifespan 
in mice, which suggests that ubiquinone plays a conserved role in lifespan regula-
tion. Feng et al. [94] demonstrated that mutation of the iron-sulfur protein (ISP-1) 
of the mitochondrial complex III increased the worm’s lifespan. Moreover, many 
recent studies in RNAi-directed experiments against several other components of 
the ETC, including the  nuo-2, NADH/ubiquinone oxidoreductase; cyc-1, cyto-
chrome c reductase; and cco-1, cytochrome c oxidase, as well as against the mito-
chondrial ATP synthase (atp-3), increased the worm’s lifespan [95]. Another 
molecule, p66shc is present within the mitochondrial intermembrane space and oxi-
dizes cytochrome c, thereby generating ROS, and deletion of the p66shc gene 
caused increase in the mouse lifespan compared with its wild-type littermates. In 
the aging process related to MS, mitochondrial DNA damage, mitochondrial DNA 
point mutations, and decrease in the mitochondrial DNA-copy number increased 
manyfolds the metabolic disease in  animals. In addition, protein-carbonyls and 
lipid-peroxidation in the mitochondria, indicative of the mitochondrial protein- and 
lipid-oxidative damages, significantly increased in the metabolic disease in 
such individuals. Collectively, these studies suggest that reducing the energy pro-
duction and increasing the production of ROS associated with the electron transfer 
and other mitochondrial complications are crucial for longevity, which are also 
critical for patients who are suffering from MS. There is a separate chapter on mito-
chondria and aging.

Metabolic Risk Factors 
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Fig. 17.9 Schematic relationship between the metabolic risk factors and the mitochondrial ROS- 
production, which accelerates metabolic syndrome and aging

17 Metabolic Diseases and Aging



378

 Genome Surveillance Pathways

 DNA Repair and Telomere Pathways

Healthy life is maintained when repair of nuclear and mitochondrial DNA lesions 
are properly carried out by efficient ways in the normal lifespan of an organism. 
Unfortunately, mutations in a number of DNA repair genes due to MS cause early 
aging. For human subjects, these mutations in the DNA repair genes and in a gene 
encoding a protein involved in the nuclear architecture are responsible for the physi-
ological deficiencies in the early age known as the progeroid syndromes [96]. Apart 
from the typical sequences of genes in DNA, telomere maintenance mechanisms in 
the chromosomes are equally important for a normal lifespan of cells and tissues in 
all eukaryotic organisms. Basically, telomeres are tandem repeats of a DNA 
sequence rich in G bases, bound by a six-protein complex known as shelterin pres-
ent at the ends of chromosomes (Fig. 17.10). The length of the telomeric repeats in 
the DNA sequence and the integrity of the telomere-binding protein complex are 
both essential for the chromosome end-protection and genomic stability in any type 
of cells under normal and metabolic disease conditions. In addition, telomere length 
and integrity are regulated by a number of epigenetic modifications, leading to 
the  higher order control of the  telomere functions. Genetic manipulation of 
the telomerase enzyme gene, i.e., in the Terc knockout mice, demonstrated that the 
telomerase was required for the telomere maintenance in mammals, as well as its 
importance for metabolic disease, like diabetes. In a normal healthy chromosome, 
telomere synthesis requires two important molecules including telomerase reverse 
transcriptase (TERT) and telomerase RNA component (TERC). However, research 
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Fig. 17.10 Schematic presentation of the mammalian telomere
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evidences suggested that  in mice lacking the TERC gene  (mTR–/–), it  displayed 
signs of accelerated aging at the sixth generation of the mice and the fact that rapid 
aging was only observed in the later generations of the telomerase-deficient mice, 
suggested that it is the telomere length or accumulation of the DNA damage, rather 
than the absence of the enzyme, that caused the effects of early aging. It is clear 
from the above studies that DNA repair and telomere maintenance in the chromo-
somes are essential components for normal health and lifespan. On the other hand, 
telomerase-deficient cells exhibited an accelerated telomere shortening that eventu-
ally led to loss of telomere protection in the chromosomes and end-to-end chromo-
some fusions, and this was limiting for the mouse’s longevity. There is a separate 
chapter on the telomere biology and aging.

 Telomere Length in Metabolic Disease

MS like obesity and insulin resistance influence telomere length. Recently, Peter 
and Nilsson [97] demonstrated in a large population-based study that short telo-
meres were associated with an increased risk of metabolic abnormalities. In their 
study, they showed that shortening of leukocyte telomeres was considered to be a 
molecular marker for aging and it was suggested to be linked with increased risk of 
cardiovascular and metabolic disease. Similarly, Zhao et al. [98] investigated the 
association of leukocyte telomere length at baseline with future risk of diabetes over 
an average follow-up period of over 5 years and found that individuals in the lowest 
quartile of leukocyte telomere length were at almost twice the risk of developing 
diabetes compared to those with longer telomeres. Their study highlighted a nonlin-
ear association between telomere length and diabetes-risk in which the increased 
risk was largely confined to those with the shortest telomere length. Studies also 
suggest that in atherosclerosis, telomere length probably contributes as a primary 
abnormality. Collectively, this apparent threshold effect is consistent with the 
hypothesis that there is a critical limit of telomere length, beyond that it  induces 
cellular aging.

 Telomere Length in Diabetes

There is apparent evidence concerning to the short telomeres and T2DM. Many stud-
ies have been cross-sectional in nature, and so many ambiguities come to mind: Do 
the metabolic perturbances of T2DM cause telomere attrition, or do shorter telomeres 
lead to T2DM? There is answer for all these plausible biological hypotheses support-
ing both scenarios [99]. Shorter telomeres are observed in diabetic patients, where in 
both T1DM and T2DM cases, β-cell failure is the final trigger. Shorter telomeres may 
lead to premature β-cell senescence, resulting in reduced β-cell mass and subsequent 
impaired insulin secretion and glucose tolerance [99]. Therefore, one could hypothe-
size that critically short telomeres contribute to the onset of diabetes by eliciting 
senescent phenotypes in β-cells. In fact, experimental evidence in animal study 
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suggests that telomerase is important in maintaining glucose homeostasis. On the con-
trary, elevated blood glucose levels increase oxidative- nitrosative stress, potentially 
interfering with telomerase function and resulting in shortened telomeres [100]. 
Moreover, telomeres were shorter in patients with only impaired glucose tolerance 
compared to the controls and even shorter in T2DM patients [101]. In addition, telo-
mere shortening has been linked to diabetic complications and associated diseases 
including diabetic nephropathy, microalbuminuria, and epithelial cancers, while telo-
mere shortening seems to be attenuated in patients with well-controlled diabetes.

 Telomere Length in Cardiovascular Disease and Diabetes

Sometimes, diabetes patients suffering with coronary heart disease, and stroke, 
show manifestations of shorter telomeres compared to patients with diabetes or 
other metabolic disease. A study done by Adaikalakoteswari et al. demonstrated that 
among T2DM patients, those with atherosclerotic plaques had the shorter telomeres 
[101]. Similarly, Olivieri et al. [102] showed that T2DM patients with myocardial 
infarction had shorter telomeres than T2DM subjects free of myocardial infarction. 
Collectively, these annotations suggest that decreased telomere length, either caused 
by the common risk factors between diabetes-related cardiovascular disease and 
inherited short telomeres, possibly reflects greater tissue aging and greater preva-
lence of senescent phenotypes in various tissues.

 Metabolic Strategies to Delay Aging

 Regular Exercise

Low aerobic or physical exercise and mechanical lifestyle are  correlated with 
increased MS leading to aging exclusively in younger generation. Along with 
impaired organelle functions, specifically mitochondrial task may be an important 
mechanism for low aerobic capacity and metabolic risk factors that accompany the 
MS. Regular physical endurance exercise improves the insulin action and glucose 
tolerance in insulin-resistant patients, it increases mitochondrial size, number, and 
stimulates mitochondrial biogenesis by increasing expression of genes such as 
PGC-1, NOS, NRF-1, and TFAM. Thus, regular exercise can improve the age- 
associated reduction in expression of mitochondrial genes, and mitochondrial bio-
genesis is restored with aerobic exercise and it may improve the human lifespan, 
specially of those who are suffering from metabolic diseases.

 Caloric Restriction

One of the strongest observations by different researchers and physicians in the biology 
of aging is the ability of caloric restriction (CR) in daily food habits along with aerobic 
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exercise to delay or prevent a range of age-related processes by minimizing metabolic 
complications and it can significantly extend human lifespan. Subsequently, the CR 
paradigm has served as a critical research model in the laboratory for uncovering pos-
sible modulators of aging in both simple and complex organisms. More importantly, 
CR regulates insulin secretion and glucose action, secretion of thyroid hormones, 
reproductive hormones, and GH/IGF-1 levels. In response to these, numerous down-
stream cellular signaling cascades are engaged. The collective response of these signal-
ing pathways to CR is believed to promote cellular fitness and ultimately longevity via 
activation of autophagy, stress defense mechanisms, and survival pathways while 
attenuating pro-inflammatory mediators and cellular growth (Fig. 17.11). Furthermore, 
there is evidence supporting that lifespan extension can be achieved with pharmaco-
logic approaches, such as rapamycin, via mTOR signaling blockade, and metformin, 
which seems to be a robust stimulator of AMPK activity. In addition, in mammals, the 
CR phenotype includes prevention of some of the potentially harmful changes that are 
typically related to aging, such as increased adiposity and VF or impaired hepatic and 
peripheral insulin action. Understanding the molecular characteristics of various 
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experimental animal models exposed to CR include numerous other changes in the 
transcriptome, metabolome, and proteome, as well as increases in stress hormones 
such as corticosterone or cortisol depending on the animal species.

 Restoration of Cellular Antioxidants and Attenuated 
Oxidative Stress

One of the defects in metabolic syndrome and its associated diseases is excess cel-
lular ROS and RNS accumulation. This is due to loss of cellular antioxidant capac-
ity that damages biomolecules and cell organelles, more specifically mitochondrial 
components, resulting in reduced efficiency of the electron transport chain. Recent 
research evidence indicates that reduced mitochondrial function caused by lowering 
antioxidant capacity and increased free radicals accumulation are related to fatigue, 
a common complaint of metabolic syndrome patients [103]. This can be accom-
plished, in part, by neutralizing excess free radicals with various types of antioxi-
dants or increasing free radical scavenging systems. Many recent studies in 
laboratory animals demonstrated that the dietary use of antioxidants, trace metal 
ions, vitamins, and herbal extracts separately or together, alter the course of MS 
progression and inhibit the progression of MS-associated diseases and prolong 
lifespan. Moreover, lipid replacement therapy (LRT) administered as a nutritional 
supplement with antioxidants can prevent excess oxidative-nitrosative damage, 
restore mitochondrial electron transport function and other cellular membrane func-
tions, and reduce metabolic disease like fatigue. Therefore, LRT plus antioxidant 
supplements may be considered for MS patients who suffer from various degrees of 
fatigue [104]. However, under the conditions of overnutrition and lack of physical 
activity, typical of those fostering the MS, chronic overactivation of the redox sig-
naling pathways may contribute to aging.

 Pharmacological Intervention

Mitochondrial function, mitochondrial biogenesis, fission and fusion, and stimula-
tion of mitochondrial events may have beneficial effects in metabolic diseases. The 
beneficial effects of thiazolidinediones and synthetic PPAR ligands have been 
reported to reduce insulin resistance in the liver, adipocytes, and heart, as well as 
pancreatic cell function and endothelial dysfunction. The molecular mechanism of 
insulin-sensitizing activity for thiazolidinediones and metformin may, in part, 
improve mitochondrial function by reducing oxidative-nitrosative stress and stimu-
lating mitochondrial biogenesis through activation of AMPK/PGC-1/NRF signaling 
pathway. Furthermore, these drugs may reduce actions of angiotensin and angioten-
sin receptor, increase insulin sensitivity, block angiotensin-induced oxidative- 
nitrosative stress, and improve mitochondrial functions. Recent research publications 
demonstrated that superoxide scavenger is able to ameliorate neuronal, cardiac, and 
vascular dysfunction, normalize angiotensin-induced insulin resistance, and 
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improve mitochondrial functions. Collectively, pharmacological intervention can 
stimulate mitochondrial biogenesis by reducing oxidative-nitrosative stress, such as 
metformin, angiotensin receptor blockers, and antioxidants and they may have ben-
eficial effects on MS-associated diseases and aging.

 Reduced Somatotropic Signaling

Human lifespan and longevity have been closely associated with MS-associated 
diseases and somatotropic signaling. Many studies on  laboratory animals 
showed that with reduced function of the somatotropic axis, including Ames and 
Snell dwarf mice and mice lacking the GH receptor, all of which have decreased 
plasma IGF-1 concentrations. Different animal models and human studies have also 
showed that reduced IGF-1 signaling may cause reduced risk of many metabolic 
diseases as well as improved longevity. In addition, functional mutations have been 
identified in the human IGF-1R gene that results in altered IGF-1 signaling and it 
is more common in centenarians than in younger control subjects [105]. Studies 
have demonstrated that low level of IGF-1  in humans have been associated with 
increased risk for CVD, stroke, T2DM, and osteoporosis. However, mutations in the 
GH receptor (GHR) gene with Ecuadorian individuals led to severe GHR, and cir-
culating IGF-1 deficiencies called the syndrome of Laron dwarfism, it had reduced 
risk for T2DM, presumably due to the absence of the anti-insulinemic action of 
GH. Collectively, these studies suggest that optimizing the IGF-1 to promote healthy 
aging in humans is more complex than it was  originally appreciated and it  will 
require a greater understanding of its array of interactions and tissue specificity in 
order to strike the right balance throughout the lifespan.

 Attenuation of mTOR Signaling

The mTOR signaling pathway is closely linked to components of IIS pathway and 
it plays a pivotal role in the energy metabolism and glucose homeostasis and aging. 
Aberrant activation of mTOR signaling has been linked to several age-related dis-
eases including T2DM, leading to studies on the role of this pathway in metabolism, 
aging, and lifespan. Inhibition of the mTOR signaling pathway by genetic or phar-
macological intervention protects against diet-induced obesity and enhances insulin 
sensitivity and extends lifespan. In fact, disruption or systemic knockdown of 
mTOR signaling has yielded diverse, tissue-specific effects in many rodents, result-
ing in longevity [106]. For instance, specific gene manipulation of raptor, a compo-
nent of mTOR complex in adipose tissue, protects against diet-induced obesity, 
whereas deletion of raptor in skeletal muscle is deleterious, resulting in a muscular 
dystrophy phenotype. In the liver, overexpression of dominant negative raptor 
improves insulin sensitivity, whereas inhibition of mTOR in the pancreas decreases 
insulin production by islets, leading to hypoinsulinemia and glucose intolerance 
[107]. Increased mTOR activity in the vascular endothelial cells, brain, and retina 
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activates S6K via IRS/Akt pathway in the hypothalamus leading to decreased appe-
tite via modulation of insulin, leptin, and ciliary neurotrophic factor and specifically 
developing neovascularization in the retina (Fig. 17.12). Rapamycin can inhibit the 
action in rodents and use in humans is also limited by its numerous side effects, 
including hyperglycemia, dyslipidemia, immunosuppression, vasospasm, and renal 
failure. Furthermore, human skeletal muscle from older adults has been shown to 
impair mTOR1 activation and protein synthesis in response to an acute resistance 
exercise for short period [108]. Thus, systemic blockade of the mTOR pathway 
could elicit an aging phenotype in MS and associated diseases.
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 Anti-AGEs Therapeutic Strategies

Prevention of AGE-mediated cell toxicity has been a key strategy in the prevention 
of MS and its associated diseases leading to some age-related pathology. Deterrence 
of AGEs interacting with their receptors or other proteins in cellular compartments 
is a valid therapeutic approach. There have been ranges of approaches, which seek 
to prevent AGE formation in cellular compartments, reduce AGE effects on cells, 
and even break established AGE cross-links with biomolecules. An important phar-
macological AGE inhibitor, aminoguanidine, can prevent diabetic vascular compli-
cations in experimental laboratory animals, while clinical trials of aminoguanidine 
are shown to effectively reduce AGE-Hb while leaving HbA1c unaffected. On the 
other hand, aminoguanidine and/or other related AGE inhibitors may eventually 
find a place in the management of diabetics or in individuals at risk of age-related 
sequelae. Vascular basement membrane (BM) thickening is a fundamental struc-
tural alteration of small blood vessels in diabetes and by specific antibodies against 
glycated albumin, it has been shown to prevent vascular BM thickening in diabetic 
mice. Also, the use of the AGE binding properties of lysozyme has succeeded in 
reducing AGE levels in diabetic patients with kidney disease. Additionally, elucida-
tion of AGE receptor signal transduction pathways may also offer intracellular strat-
egies to control receptor-mediated protection from toxic tissue contents of AGEs 
and reverse hyperglycemia-related complications.

 Stem Cells and the Promise of Pancreas Regeneration

Diabetes is strongly associated with VF, which is metabolically more active than SF, 
which is actively interfere to release non-esterified fatty acids and cytokines that 
weaken the insulin actions on its target tissues. Corresponding to this action, typi-
cally pancreatic β-cells adapt to a reduction in insulin sensitivity by increasing insu-
lin secretion through increased insulin synthesis and increased β-cell mass. However, 
diabetes ruin the β-cell action leading to hyperglycemia that breaks the closed feed-
back loop between the β-cell and its target tissue. In this regard, it is important to 
understand the pancreatic β-cell contribution in the maintenance of the pancreatic 
β-cell pool against the increased metabolic demands associated with diabetes that 
may provide new therapeutic targets for treating diabetes. Embryonic stem (ES) cell 
research has developed novel therapies to restore or replace pancreas that has been 
damaged through diabetic injury.

 Future Direction and Conclusion

The incidence of the metabolic syndrome, which is a cluster of metabolic risk fac-
tors associated with diabetes, obesity, and insulin resistance, is dramatically grow-
ing day by day throughout the globe in younger generation rather than only in the 
old people. This disorder consists of a bunch of metabolic complications, such as 
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hypertriglyceridemia, hyper-low-density lipoproteins, hypo-high-density lipopro-
teins, insulin resistance, abnormal glucose tolerance, and hypertension, that  – in 
combination with genetic, hormonal, environmental susceptibility, and abdominal 
obesity – are risk factors for diabetes, vascular inflammation, atherosclerosis, and 
renal, liver, lung, CNS/brain and heart diseases. For all these metabolic complica-
tions and its associated diseases, the causes are excess of ROS/RNS, AGE formation 
within or outside the cells, cellular antioxidant depletion, activation of metabolic 
signaling network etc. They  cause damage to cell organelles like mitochondrial 
components and initiate degradative processes throughout the body and these toxic 
reactions contribute significantly to the aging process. To minimize all these toxic 
substances generated due to MS, it requires management at the patient level starting 
from detection to therapy. In spite of the availability of efficient sensing technolo-
gies, there is a need for better and improved technologies for keeping pace with the 
demand to treat the MS. Although, recently, nanotechnology is in its infancy for MS 
management, as an example it has a proven track record at various levels in diverse 
organs/tissues for efficiently dealing with the above health complications. The sur-
face plasmon resonance and photothermal and fluorescence properties of nanopar-
ticles have an extremely important role in various techniques for sensing, imaging, 
delivery, and therapies in managing MS and aging [109].
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 Introduction

Several types of nutrient-sensing molecules have been recognized, and in mammals, the 
major nutrient-sensing molecules include mTOR, GCN2, AMPK, and sirtuins. Most of 
these pathways are conserved in eukaryotes. In addition to nutrient sensing, these path-
ways are regulated by varied hormones [1]. Interestingly, different mechanisms are 
employed by the mammalian cells to sense the various types of macronutrients (glucose, 
amino acids, and lipids). When the availability of food is high, the nutrient-sensing path-
way triggers anabolism and storage, whereas, during nutrient scarcity, it engages in 
energy-producing catabolic pathways to ensure diverse homeostatic mechanisms. The 
different sensors that detect macronutrient can be either direct or indirect [2]. 
Deregulation of nutrient-sensing pathways represents one of the hallmarks of aging [3].

 Amino Acid Sensing

The most studied nutrient-sensing strategy involves the sensing of amino acids. 
mTORC1 (mammalian/mechanistic target of rapamycin complex 1) plays a key role 
in detecting abundance of amino acids, although the mechanism is indirect and 
indistinct. Scarcity of amino acids is directly detected by GCN2, a kinase that binds 
to the uncharged tRNA molecule [1]. The synthesis of protein is energetically 
demanding; hence, the cells are equipped to sense the changes in amino acid avail-
ability precisely. During extreme nutrient deprivation, proteins are degraded through 
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proteasome-mediated process or through autophagy to generate amino acid stores. 
These amino acids are further recycled to generate glucose or ketone bodies to meet 
the different energy requirements of the body, particularly the brain [2]. Besides its 
importance for protein synthesis, amino acids are essential for other processes such 
as tryptophan (precursor for NAD+ and serotonin biosynthesis), methionine (plays a 
role in one-carbon transfer reactions), glutamate (neurotransmitter), and many oth-
ers that are intermediate metabolites in several cellular processes. Lower organisms 
can synthesize all the amino acids from carbon skeleton; however, higher organisms 
require the essential amino acids in their diets [4].

 GCN2 Senses Amino Acid Starvation

The deficiency of any of the 20 amino acids cannot be compensated by the others; 
thereby the cells are capable of detecting the lack of any of the amino acids. This is 
mediated through the presence of the enzyme GCN2 (kinase general control nonde-
repressible 2) [5]. During protein synthesis, the amino acids are added to the grow-
ing peptide chain by the ribosome through the binding of specific transfer RNAs 
(tRNAs) that is covalently linked to its respective amino acid [6]. Uncharged tRNA 
acts as a surrogate marker for low levels of amino acids. Under nutrient scarcity, the 
low levels of amino acids increase the accumulation of uncharged tRNAs in the cell. 
Thus, this leads to inefficient translation, and the cells prevent this process by trig-
gering adaptive responses that lead to inhibition of translation initiation. In bacteria, 
there is a direct control on transcription, whereas in eukaryotes uncharged tRNAs 
activate a signal transduction pathway through the direct interaction with GCN2 [4, 
7]. This protein has a HisRS (histidyl-tRNA synthetase) domain that binds to all 
uncharged tRNAs irrespective of its amino acid specificity. GCN2 on binding to the 
uncharged tRNA undergoes a conformational change that leads to its kinase activa-
tion through homodimerization and autophosphorylation [8, 9]. Besides its autoac-
tivation, the only other protein that GCN2 target through phosphorylation is the 
eukaryotic initiation factor 2 alpha (eIF2α), a key early activator of translation ini-
tiation. The phosphorylation of eIF2α inhibits the efficient initiation of translation 
at the methionine start codon, thereby preventing global protein synthesis [7, 10]. 
However, there is a selective translation of certain mRNA having specific regulatory 
elements in their 5′-UTRs (untranslated regions), a phenomenon known as transla-
tional derepression. An example of a derepressed mRNA is the one that codes for 
GCN4 transcription factor. The GAAC (general amino acid control) pathway acts 
through GCN4 to regulate the activation of transcription of amino acid biosynthetic 
and transport genes [11, 12].

In mammals, depletion of essential amino acids including leucine, histidine, 
tryptophan, or lysine in the diet leads to a rapid activation of GCN2 [13]. Additionally, 
GCN2 can be activated due to depletion of amino acids caused by other non-dietary- 
related mechanisms such as during acute stress caused by trauma or sepsis, which 
can lead to increased production of nitric oxide catalyzed by nitric oxide synthase 
leading to decreased level of arginine [14, 15]. GCN2 can be activated by the deple-
tion of amino acids caused via dietary limitation and enzymatic action or through 
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pharmacological means which results in the accumulation of uncharged tRNAs. 
One of the effectors of GCN2 is ATF4 (an orthologue of the bacterial GCN4). 
Unless there is dietary deprivation of essential amino acids, mice, where GCN2 
protein is absent, are normal [16]. However, cells lacking ATF4 need excess of non-
essential amino acids, and ATF4 knockout mice exhibit several developmental 
abnormalities and are generally smaller than their wild-type counterparts [17]. 
Besides being activated by low amino acid levels, glucose deprivation and UV irra-
diation can also activate GCN2 [18].

 mTOR Senses Amino Acid Abundance

The ability of cells to sense nutrient sufficiency involves the TOR signaling cascade. 
mTOR is a serine/threonine kinase involved in a number of cellular processes includ-
ing cell growth. In mammals, mTOR is present in two structurally and functionally 
distinct complexes, namely, mTORC1 and mTORC2. mTORC1 is inhibited by 
rapamycin and sensitive to changes in nutrient levels. However, mTORC2 is neither 
nutrient sensitive nor inhibited by rapamycin (unless it is under prolonged treatment 
of rapamycin, which then prevents mTORC2 assembly by sequestering the mTOR 
subunit in some cell type) [19, 20]. mTOR is the catalytic subunit of mTORC1 which 
has other subunits including a negative regulator, proline-rich AKT/PKB substrate 
40 kDa (PRAS40), and a regulatory-associated protein of mTOR (RAPTOR). These 
are involved in substrates and regulatory protein binding. In addition, mTORC1 has 
two other complexes which are common with mTORC2, Dep domain mTOR-inter-
acting protein (Deptor), and the positive mTORC1 regulator mammalian lethal with 
sec-13 protein 8 (mLST8, also known as GβL). mTOR is also regulated by growth 
factors where it coordinates various anabolic processes like protein and lipid synthe-
sis [21, 22]. Although the direct sensor for the abundance of amino acids is unknown, 
however, for mTORC1 signaling, the presence of amino acids is an absolute neces-
sity [23]. Growth factors and other triggers cannot effectively activate mTOR when 
the levels of amino acids are limiting. The low levels of leucine and arginine are 
particularly effective in downregulating mTOR pathway [23–25]. Additionally, glu-
tamate has also been implicated in the regulation of mTOR activation [26]. The 
molecular mechanisms of mTORC1 activation have been extensively studied 
although the exact mechanism has not been established. Besides being regulated by 
the presence of amino acids and growth factors, mTORC1 is also regulated by glu-
cose levels and stress [27]. During nutrient sufficiency, mTORC1 is activated, 
whereas nutrient deprivation leads to the inhibition of the mTORC1 signaling path-
way resulting in a well-coordinated regulation of cellular processes involved in cell 
growth and metabolism [28]. mTORC1 signals through ribosomal S6 kinase (S6K) 
and eIF4E binding protein (4EBP) to promote protein synthesis. Recent studies indi-
cate that mTORC1 activates the translation of specific mRNAs that encode for pro-
teins involved in translation, cell proliferation, and metabolism [15, 29]. mTORC1 is 
also implicated in mitochondrial function and is important for the maintenance of 
mitochondrial oxidative phosphorylation (OXPHOS) [30].
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The best-described pathway through which amino acids signal and activate 
mTORC1 is via the Rag GTPases [23, 31]. In mammals, there are four Rag proteins, 
Rag A or Rag B form heterodimers with Rag C or Rag D, and these are localized on 
the surface of the lysosomes [27]. When the levels of amino acids are high, this 
promotes the loading of GTP to the Rag A/B proteins and the loading of GDP to the 
Rag C/D proteins; the heterodimer Rag A/BGTP-Rag C/DGDP then recruits mTOR to 
the lysosomes by interacting through the RAPTOR subunit. On the surface of the 
lysosome, mTOR co-localized with LAMP2 (lysosomal-associated membrane pro-
tein) [28, 32]. The recruitment of mTOR to the lysosome brings it into close prox-
imity with the small GTPases Rheb protein, an activator of mTOR [33]. The guanine 
status of the Rag GTPases is vital for the recruitment and activation of mTORC1 
[32]. Additionally, Rheb is crucial for the activation of mTORC1 by amino acids 
[34] and Rheb is in turn activated by growth factors via the PI3K-AKT-TSC path-
way [33]; hence activation of mTORC1 is dependent on both signals from growth 
factors and amino acids [32]. The Rag GTPases do not have the membrane-targeting 
complex, and hence, it is anchored to the lysosome surface via a complex named 
Ragulator [35]. This complex promotes guanine nucleotide exchange of the Rag 
GTPases, thereby activating them [32], and depletion of the Ragulator complex 
interrupts the interaction of the Rag GTPases with lysosome and prevents mTORC1 
activation [28]. Besides the Ragulator complex, other proteins have been shown to 
regulate the Rag GTPases. These include the leucine sensor leucyl-tRNA synthetase 
[36, 37], the adaptor protein p62 that plays a role in the formation of active Rag 
heterodimers [38], and during nutrient scarcity a negative regulator of mTORC1 
activation; SH3 domain-binding protein 4 (SH3BP4) binds to the inactive Rag 
GTPase complex to inhibit the formation of active Rag complex [39].

Although the mechanism by which mTORC1 responds to amino acid signals is not 
precisely understood, however, it has been suggested that lysosomes may play a key 
role in an “inside-out” type of signaling mechanism [40]. The involvement of lyso-
somes in the sensing of amino acids was first suggested from the observation that 
yeast vacuoles accumulate nutrients, such as amino acids [41], that leads to the recruit-
ment of mTORC1, a mechanism which is conserved in yeast [42]. Lysosomal degra-
dation and phagocytosis cause an increase in intralysosomal nutrient levels and thus 
provide energy to protists such as D. discoideum [43], which further suggest the 
involvement of lysosomes in nutrient sensing. Finally, during nutrient depletion, 
mTORC1 is inactivated which leads to initiation of autophagy, a catabolic process 
where cellular components are degraded in the lysosomes and vacuoles to generate 
amino acids and other nutrients. However, after prolonged starvation, mTORC1 is 
reactivated possibly due to generation of amino acids by autophagy, and such activa-
tion is important for autophagy termination. Thus, the sufficient level of amino acids 
in the lysosome may be an indirect sensor resulting in mTORC1 recruitment and 
activation that in turn regulate various cellular processes [2, 27, 44]. There is a coor-
dinated action between GCN2 and mTOR in nutrient sensing; when amino acid levels 
are low, GCN2 is activated and mTOR is inhibited to ensure that only those mRNAs 
that are important for cellular adaptation to nutrient starvation are translated.
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 Lipid Sensing

Sensing mechanisms for lipid biomolecules are primarily mediated by 
membrane- bound proteins particularly those associated with the endoplasmic 
reticulum. Among those, the primary lipid sensors are GPR120, GPR40, 
GPR41, GPR43, GPR84, CD36, and SCAP-SREBP complex and the HMG-
CoA reductase. GPR120, GPR 40, GPR41, GPR43, and GPR84 are G-protein-
coupled receptors. Interestingly, these GPR sensors have different functions in 
the context of types of fatty acid sensing capability. For example, GPR120 and 
GPR40 mediate the signal transduction for the presence of long-chain unsatu-
rated fatty acids [45, 46], GPR41 and GPR43 sense the presence of short-chain 
fatty acids [47], while GPR84 mediates signal for the presence of medium-
chain fatty acids [48]. CD36, GPR120, and GPR40 are expressed within the 
oral epithelium that is associated with gustatory perception [49]. CD36 (cluster 
of differentiation 36) is expressed mostly in the taste bud cells and GPR120 is 
expressed in the white adipose tissue. It is interesting to note that sensing of 
lipids by these sensors triggers a cascade of signal transductions that integrate 
a mechanism associated with maintenance of systemic homeostasis. For 
instance, CD36 activation due to presence of unsaturated fatty acids initiates 
the pancreatic-biliary excretion to prepare for digestion of dietary fats [49]. 
Similarly, interactions of GPR120 with unsaturated fatty acids trigger the acti-
vation of PI3K (phosphatidylinositide 3 kinase) and Akt (protein kinase B), 
which in turn mediate the glucose uptake [50]. These observations indicate that 
the interactions between various signaling pathways precisely maintain cellu-
lar homeostasis and disturbance in any one, create an imbalance that leads to a 
disease state. For example, disruption of GPR120 is associated with obesity in 
human [51], which indicates that signal transduction pathway is crucial in sys-
temic regulation of homeostasis.

The presence of cholesterol is detected by binding of SCAP (SREBP1 cleavage 
activating protein), which is a membrane-bound protein in the endoplasmic reticu-
lum in complex with SREBPs (sterol regulatory element-binding protein) [52, 53]. 
In the presence of high cholesterol, SCAP binds to cholesterol and undergoes a 
conformational change that triggers a dissociation of SREBPs. The cholesterol- 
bound SCAP in turn bind to another protein, INSIG (insulin-induced gene), which 
is an anchor for SCAP and SREBP within ER membranes [54]. The INSIG protein 
interacts with HMG-CoA (3-hydroxy-3-methyl-glutaryl-coenzyme A). This inter-
action triggers degradation of HMG-CoA reductase, a rate-limiting enzyme in the 
synthesis of cholesterol [55]. When the level of cholesterol is scarce, the SCAP- 
SREBP complex remains bound and gets translocated into the Golgi apparatus 
wherein the SREBP is cleaved by a specific protease. The cleaved fragment of 
SREBP is translocated into the nucleus and regulates the expression of a gene asso-
ciated with cholesterol anabolic pathway such as synthesis of HMG-CoA reductase 
[56]. Thus, the lipid-sensing mechanism is a synergistic response in close proximity 
with cholesterol synthesis pathway.
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 Glucose Sensing

Like other sensing mechanisms for amino acids and lipids, sensing mechanisms for 
the carbohydrates particularly glucose do exist. Glucose intake, mobilization, and 
utilization are efficiently controlled by the interplay of several mechanisms that are 
involved at both intracellular and extracellular levels. This involves a network of 
hormones like insulin and glucagon, enzymes, and membrane receptors [2]. 
Extracellular sensing mechanism for glucose is mediated by glucose transporter 
presence in many cell membranes.

These glucose transporters, called GLUT, which comprise of 14 isoforms in the 
human genome, consist of 12 membrane-spanning domains [57]. These transporters 
are expressed differentially in various cell types and are classified based on their 
affinity and rate of transport for glucose [58, 59]. Among these, GLUT2 has higher 
Km for glucose, which makes GLUT2 an ideal glucose sensor since it is operational 
during a period of hyperglycemic conditions. For instance, the Km value of GLUT1 
and GLUT4 for glucose is 1 mM and 5 mM, respectively, while that of GLUT2 is 
20  mM [60]. While other glucose transporters are saturated even during fasting 
glycemia, GLUT2 can still transport glucose across cell membrane efficiently. In 
addition, GLUT2 transports glucose, bidirectionally, into the cell during transient 
hyperglycemic state and outside the cell into circulation when intrahepatic glucose 
is high; thus it serves as a key regulator of glucose homeostasis [2]. Therefore, it is 
obvious that a deregulated expression and function of this transporter may lead to 
various disease states. The transport of glucose into the cells is tightly linked with 
that of insulin. Insulin regulates transport of glucose into the insulin-sensitive cells 
via enriching concentration of the glucose transporters rather than increasing their 
activity [61, 62].

Once glucose is inside the cells, the next level of sensing mechanism involves the 
protein glucokinase, which constitutes the intracellular glucose sensor. Glucokinase 
is an enzyme that catalyzed the rate-limiting step in glycolysis, hence, regulating 
glucose consumption or storage. Glucokinase phosphorylates glucose into glucose- 
6- phosphate (G6P) to direct it for utilization. Among all enzymes that are involved 
in glucose metabolism, glucokinase is the only enzyme that acts as a glucose sensor 
during glucose abundance because of its low affinity for glucose. Glucokinase is 
activated only when the level of glucose is relatively high (around 120 mg dl−1, or 
7 mM, or greater). Glucokinase is principally expressed in liver cells [63], which 
make it a principal regulator of glucose homeostasis. During glucose limitation, 
glucokinase becomes inactive and permits export of glucose from the liver for utili-
zation to support the energetic demand of the brain and muscles.

It is interesting to note that AMPK and mTOR may also play a role in glucose 
sensing. Since glucose metabolism determines the cellular AMP/ATP ratio and 
AMPK is activated under high AMP/ATP ratio, therefore, it is possible that glucose 
availability may be sensed by AMPK enzyme [64]. Low glucose levels are mainly 
detected by sensory neurons that are present in both the brain [65, 66] and periphery 
[67, 68]. Although the mechanism is not well understood, however, neurons, present 
in the ventromedial hypothalamus (VMH), are activated when circulating glucose 
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level is increased (glucose-excited, GE) and become inactivated when glucose level 
is decreased (glucose-inhibited, GI) [69]. AMPK has been shown to play a key role 
as glucose sensor in these neurons. In them, AMPK detects the hypoglycemic con-
dition and triggers the glucose counter-regulatory response. This is achieved via 
promoting the release of counter-regulatory hormones (adrenaline and glucagon) 
that stimulate glucose production by the liver [70]. Recent evidence also has impli-
cated mTOR protein to behave as a glucose sensor through the Rag GTPases [71]; 
however, the mechanism of action remained to be elucidated.

 Energy Sensing

In addition to sensing the availability of macronutrients, the cells are also capable of 
sensing the alteration of nutrient levels through the changes in the level of certain 
metabolites such as NAD+/NADH or the AMP/ATP.

 AMPK Senses AMP/ATP

Almost every physiological process requires energy. This energy is provided by 
hydrolysis of ATP, and the free energy release during this process is used to drive 
many biochemical reactions crucial for cell survival and sustenance. Increased ATP 
consumption will increase the level of AMP concentration in the cell. The AMP/
ATP ratio therefore signals the energy status of the cell. Thus, it is logical that there 
should be a balance between ATP production and utilization so that cell functional-
ity is sustained. Although a small number of metabolic enzymes exist that sense 
directly the AMP/ATP ratio, namely, glycogen phosphorylase and phosphofructoki-
nase that are activated by increased AMP/ATP ratio and fructose-1,6- bisphosphatase 
that is inhibited by increased AMP/ATP ratio [64], however, the principal sensor 
that plays a key role in this context is an enzyme called AMP-activated protein 
kinase (AMPK). It is a heterotrimeric protein consisting of three subunits, namely, 
a catalytic alpha (α), scaffolding beta (β), and a regulatory gamma (γ) subunit. 
AMPK is known as the fuel sensor of the cell, working to ensure that energy homeo-
stasis of the cell is maintained under conditions of cellular stresses such as exercise, 
ischemia, starvation, hypoxia, and glucose starvation [72, 73]. The mechanism by 
which AMPK senses the low energy status is through binding of the AMP or ADP 
to the (γ) subunit at the nucleotide-binding site present at the C-terminal. This bind-
ing causes the gamma (γ) subunit to interact with the linker region of the alpha (α) 
subunit. This pulls the autoinhibitory domain on the alpha (α) subunit away from the 
kinase domain. This induces conformational changes that protect AMPK from 
being deactivated (dephosphorylation) by the phosphatases [73–75]. The down-
stream effects of AMPK activation involve a cascade of metabolic processes that 
promote the production of ATP while at the same time inhibiting those that consume 
ATP. The output is to preserve energy homeostasis. The catabolic events toward 
ATP generation include increased fatty acid oxidation, increased glucose transport, 
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and enhanced autophagy but inhibit, simultaneously, anabolic processes such as 
fatty acid and protein synthesis that require ATP consumption [73]. The increased 
glucose uptake in the tissues is through increased membrane expression of glucose 
transporters such as GLUT4 (muscle cells and liver) and GLUT1 (in other cells) 
[76]. Similarly, AMPK enhances fatty acid uptake via increased expression of fatty 
acid transporters such as CD36 at the plasma membrane [77]. AMPK promotes 
catabolism of glucose by activation of glycolysis via phosphorylation of 6-phospho-
fructo-2-kinase/fructose-2,6-biphosphatase (PFKFB). The phosphorylated PFKFB 
catalyzes the generation of fructose-2,6-bisphosphate, which is a key allosteric acti-
vator of the glycolytic enzyme 6-phosphofructo-1-kinase (PFK1) [78]. AMPK pro-
motes fatty acid oxidation in the mitochondria by phosphorylation and inactivation 
of the acetyl-CoA carboxylase (ACC2 also called ACCβ), triggering a drop in con-
centration of ACC product, malonyl CoA, which is an inhibitor of fatty acid trans-
port into mitochondria [79]. On the other side, AMPK prevents anabolic 
ATP-consuming biosynthetic processes to conserve ATP. This is achieved by phos-
phorylation and inactivation of regulatory process associated with protein, carbohy-
drate, and fatty acid biosynthesis. For example, it phosphorylates ACC1 to inhibit 
fatty acid synthesis [80]. Interestingly, AMPK inhibits the activity of mTOR and, 
thus, coordinately maintains cellular homeostasis through enhanced autophagy and 
inhibiting protein synthesis. This inhibition of mTOR is mediated through phos-
phorylation of tuberous sclerosis complex 2 (TSC2) and regulatory-associated pro-
tein of mTOR (RAPTOR) [81, 82]. One of the most important signaling cascades 
mediated by the activated AMPK is the direct phosphorylation and activation of 
peroxisome proliferator-activated receptor-gamma coactivator 1 alpha (PGC-1α), a 
transactivator and metabolic regulator of energy metabolism. PGC-1α is a “master 
regulator” of mitochondria biogenesis. The impact of PGC-1α on energy homeosta-
sis is through coordinating expression of genes that stimulate mitochondrial biogen-
esis [83, 84].

Given that AMPK forms the central regulator of energy homeostasis crucial for 
cell survival, deregulation of its activity may be associated with many pathophysi-
ological states including age-related diseases such as atherosclerosis, neurodegen-
erative disease, diabetes, and cancer. For instance, AMPK inhibits cancer and 
tumorigenesis [85]. The anticancer property of AMPK is elicited through inhibition 
of mTOR and PTEN activity as well as blocking cyclin-dependent kinase activity. 
Additionally, AMPK phosphorylates eEF-2 kinase to induce autophagy. The overall 
outcome is the cell cycle arrest and protein synthesis inhibition that prevents cell 
growth and proliferation [85]. Therefore, growing interest is focused on preventive 
capacity of many interventions that maintain AMPK activity, and one of those is 
dietary restriction (DR).

 Sirtuins Sense NAD+/NADH Level

Nicotinamide adenine dinucleotide (NAD+) and its reduced form NADH are main 
electron carriers that play a key role in many metabolic pathways such as glycolysis 
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and TCA cycle and are involved in the electron transport chain. They also have a 
role as cofactors in many other processes such as protein deacetylation executed by 
sirtuins [86]. Because of its role in various metabolic pathways, the ratio of NAD+ 
to NADH reflects the metabolic status of the cell and changes in this ratio can regu-
late many proteins that are sensitive to it. An example of such changes is during 
muscle differentiation where the NAD+ to NADH ratio decreases that leads to a 
concomitant decrease in Sir2 [87]. Alteration in the level of NAD(H) has several 
consequences including cell metabolism, cell survival, and aging [88]. NAD+ is 
generated by the action of the enzyme NAMPT (nicotinamide phosphoribosyltrans-
ferase); NAMPT converts nicotinamide and 5′-phosphoribosyl-pyrophosphate to 
nicotinamide mononucleotide (NMN), a key intermediate of NAD+. The NMN gen-
erated is then adenylated by NMN adenylyltransferases (NMNAT 1–3) to produce 
NAD+ [89]. In the nucleus and mitochondria, the NAD+ biosynthetic pathway via 
NAMPT is a well-known process that controls sirtuin activity [90].

Sirtuins are mostly lysine-specific NAD+-dependent protein deacetylases that 
were first recognized to catalyze the removal of acetyl group from histone proteins. 
There are seven types of sirtuins in mammals that are localized in different com-
partments of the cell. SIRT1, SIRT2, SIRT6, and SIRT7 are present in the nucleus; 
SIRT1 and SIRT2 are found in the cytoplasm as well. SIRT3, SIRT4, and SIRT5 
are localized in the mitochondria [91, 92]. The varied localization of sirtuins sug-
gests that they have other non-histone substrates. During nutrient scarcity, the 
NAD+/NADH ratio increases leading to the activation of sirtuins. Sirtuins in the 
presence of NAD+ catalyzed the transfer of an acetyl group that is supposed to be 
removed from the target protein to the NAD+ cofactor, and the products are a 
deacetylated protein, an OAADPR (O-acetyl-ADP-ribose), and an NAD-derived 
nicotinamide [93]. Sirtuins are involved in many cellular functions including 
energy metabolism, DNA repair, cellular senescence, stress, inflammation, neuro-
degeneration, and cancer.

The presence of sirtuins in different cellular compartments allows them to sense 
the changes in energy level in the nucleus, the cytoplasm, and the mitochondria 
contributing to their versatile functions [94]. Availability of nutrients such as glu-
cose increases the glycolytic rate and hence reduces the NAD+/NADH ratio. Because 
all sirtuins are NAD+ dependent, they have low activity when the supply of nutrients 
is high. However, during nutrient depletion and when the glucose level is low, cel-
lular energy decreases leading to an increase in NAD+/NADH ratio; this causes an 
increase in the activity of sirtuins [95]. It has been shown that in human liver, almost 
all the enzymes involved in metabolic pathways such as glycolysis, gluconeogene-
sis, tricarboxylic acid, and urea cycles are acetylated. For instance, enzymes 
involved in fatty acid and glycogen metabolic pathways have also been found to be 
acetylated. Acetylation of the enzymes in the glycolytic, tricarboxylic acid, and 
fatty acid oxidation pathways seems to have a positive effect, while acetylation of 
the enzymes involved in gluconeogenic pathway is negative [96]. It has been 
hypothesized that since sirtuins are activated when nutrients are limited, they may 
be involved in regulating the energy status of the cell by deacetylating these acety-
lated metabolic enzymes; however, it has not been proven until date [97].
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 Nutrient-Sensing Molecules, Aging, and Dietary Restriction

Aging is defined as the progressive loss of biological function with the passage of 
time. It is an irreversible alteration in the physiology of the organism leading to 
failure of tissues, organs, and the organism as a whole. Aging is associated with 
altered nutrient-sensing mechanism manifested by the changes in the expression 
level of many nutrient-associated sensors. These changes may result in altered 
metabolism [98] and rising incidence of certain age-related diseases such as 
decreased bone density, insulin resistance, and increased inflammation. Osteoarthritis 
and osteoporosis are age-associated diseases [99, 100]. Growth and aging may seem 
to be opposite in nature; however, it may be noted that when growth ceases, aging 
follows. The same factors that regulate growth are implicated to drive aging, and 
manipulations of these factors that decrease growth result in decreased aging and 
prolonged lifespan [101]. The process of aging is primarily dependent on the genetic 
and epigenetic factors. Besides these, the environment to which the organism is 
exposed also affects the process of aging and longevity. One of the environmental 
factors that has been extensively studied and shown to influence aging and longevity 
is the limitation in intake of nutrients (dietary restriction) [102, 103]. Several lon-
gevity genes and pathways have been identified that are involved in lifespan exten-
sions. The nutrient-sensing molecules and pathways are those that are implicated to 
affect the aging process and can modulate longevity. One of the pathways that have 
been shown to consistently influence aging in a wide spectrum of animals is the 
insulin-like growth factor (IGF)-1 signaling cascades [104, 105]. Alteration of this 
pathway by dietary restriction (DR), a process where the intake of food is reduced 
without causing malnutrition, has beneficial lifespan effect on animals ranging from 
yeast to humans. There is a positive association between mutations of genes of 
IGF-1 signaling cascade with extension of lifespan in humans [106, 107]. The effect 
of dietary restriction on IGF-1 signaling pathway is mediated through the FoxO 
transcription factors [105, 108]. In addition, one of the effectors of the growth factor 
is TOR. TOR activity is sensitive to many environmental cues including nutrition 
availability and hormone actions [22]. It integrates the signal from these factors to 
elicit several cellular processes. mTOR is also considered to be one of the key mod-
ulators in aging and age-related diseases. Its deregulation can cause cancer and lead 
to many age-associated diseases. Inhibition of this pathway imparts protection to 
several age-associated pathologies and extends lifespan in several organisms [109]. 
Through its downstream substrates, S6K and 4E-BP, mTOR promotes protein syn-
thesis and is a master regulator of growth and metabolism. It also negatively regu-
lates autophagy [110]. mTOR is implicated in its role on aging and longevity 
through the regulation of protein synthesis and autophagy [111]. The extension of 
lifespan observed as a result of DR has been shown to be mediated through the 
mTOR signaling cascades in various organisms [112]. In C. elegans, lowering the 
expression of proteins involved in mRNA translation such as eIF4e and S6K extends 
the lifespan of the organism. As protein synthesis is an expensive mechanism, it has 
been suggested that the reduction in protein synthesis may cause a decrease in 
energy consumption hence decreasing respiration and ROS production [111, 
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113–115]. Indeed mTORC1 signaling has been shown to enhance mitochondrial 
function by increasing the transcription of genes responsible for it [30]. This may 
lead to increase the production of energy required for anabolic processes. During 
nutrient abundance, mTOR signaling promotes ribosome biogenesis, and the num-
ber of ribosomes indicates the capacity of cell to undergo protein synthesis and 
enhanced cell growth and division, but during nutrient depletion, mTOR signaling 
is inhibited and there is increase in lifespan, which may be due to a decreased ribo-
some production [116]. The role of mTOR on autophagy is evident from studies 
which showed that inactivation of autophagy gene reverses the lifespan-extending 
mechanism of mTOR inhibition [117]. When there is loss of function of autophagy 
gene in C. elegans, there are increased tissue aging and decreased lifespan [118]. 
Similarly, flies and yeast have a shorten lifespan when the autophagy gene is mutated 
suggesting that loss of autophagy increases aging [119, 120]. DR in worms, flies, 
and rodents induces autophagy since mTOR signaling is impaired as amino acid 
levels are low [121–123]. The decrease in autophagy with age can be rescued by 
dietary restriction in mice [124].

Another protein that senses amino acid deprivation, GCN2, does not affect aging 
under normal conditions. Studies reveal that when GCN2 gene is deleted, there is no 
effect on growth, but under amino acid limitation, there is reduction in the lifespan of 
these wild-type animals [16]. The disruption of gcn2 gene in a DR model of worm 
(eat-2 mutants) reverts the enhanced lifespan of the organism. Additionally, the 
extended lifespan achieved by inactivation of the TOR substrate was also affected by 
deletion of GCN2. In C. elegans, TOR negatively regulates a transcription factor 
PHA-4/FoxA, which is responsible for DR-mediated longevity in adults [125]. 
During DR and amino acid deprivation when TOR is inactivated, GCN2 is required 
for the activation of pha-4. PHA-4 target genes include stress survival and autophagy 
genes, and these are activated in a GCN2-mediated manner upon amino acid starva-
tion causal to stress survival and longevity of worms [16]. Therefore, the lifespan 
extension due to mTOR inhibition may in part be dependent on GCN2 activation.

Certain evidence has implicated the role of lipid sensors in age-related diseases. 
For example, studies in model organisms indicate that mice lacking GPR120 devel-
oped insulin resistance, glucose intolerance, and enhanced hepatic lipogenesis with 
decreased adipocyte differentiation [51]. The role of GPR120 has been shown to 
mediate anti-inflammatory reactions and enhance insulin-sensitizing and antidia-
betic effect via suppressing macrophage-induced tissue inflammation [50]. 
Similarly, studies have also indicated that mice deficient of GPR40 exhibit osteopo-
rotic features. GPR40 is expressed in bone cells and is, therefore, implicated to play 
a role in mediating the effects of fatty acids on bone remodeling and bone density 
[126]. In another study, GPR40 is implicated to mediate anti-inflammation reaction 
in osteoarthritis. Chondrocytes from GPR40-deficient mice exhibit increased secre-
tion of inflammatory mediators. Therefore, there are good evidences that targeting 
these lipid receptors may improve the quality of life in the elders and decrease mor-
tality. Apart from these, there is an age-dependent change in the level of cholesterol 
sensors in both rodents and human. The changes in the levels of these sensors are 
responsible for the increased circulating level of cholesterol during aging, a 
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condition called hypercholesterolemia that is well associated with cardiac pathol-
ogy. During aging, nuclear SREBPs rise, indicating that cholesterol synthesis 
increases during aging. INSIG proteins which inhibit SREBPS and HMG-CoA 
reductase (HMG-CoAR) activity are also reduced [127]. In aged rats, the hepatic 
HMG- CoAR, the rate-limiting enzyme of cholesterol biosynthesis, is fully active, 
and its degradation rate is slow [128, 129]. Several evidences indicate the beneficial 
effect of DR to modulate the age-related changes relevant to lipid metabolism. 
Studies have implicated that DR reduces the circulating level of cholesterol and its 
precursors such as lanosterol and lathosterol in the brain of old Wistar rats [130]. 
This beneficial effect of DR in maintenance of cholesterol homeostasis is brought 
about by the reducing activity of HMG-CoA reductase and other related proteins 
associated with regulation of its activity and expression such as transcription factor 
SREBPs and INSIG proteins [127]. All these changes of the lipid sensor that regu-
late cholesterol synthesis may play a role in triggering and aggravating age-related 
disorders, and DR may alleviate such disorders by maintaining cholesterol 
homeostasis.

Energy and metabolic homeostasis determine the longevity and cellular senes-
cence. As aging is associated with reduced energy production, therefore, factors that 
regulate processes associated with efficient energy production may play a vital role 
in determining health span and lifespan of an individual. Among those, alteration in 
the glucose transporters (GLUT) may have an impact in determining the accelerat-
ing rate of aging process because these regulate the efficient transport of glucose in 
and out of the cells. Thus, directly determine the availability of glucose for energy 
production. For instance, GLUT8, glucose transporters expressed highly in testis 
but also in the brain, heart, skeletal muscle, spleen, prostate, and intestine cells, 
decrease significantly during aging in mouse’s testis [131–133]. This indicates that 
reduced glucose availability may be responsible for decreased energy production to 
drive testosterone synthesis during aging, which is well connected with the age- 
related decrease of spermatogenesis in male reproductive system. Age-dependent 
decrease of GLUT does not necessarily indicate that they directly regulate the aging 
process. However, increased levels of these transporters are also associated with 
increasing incidence of many age-related diseases. For example, in aged lungs, 
GLUT1 play a key role in glycolysis induction, which is associated with increasing 
incidence of age-related lung fibrosis in mouse and human [134]. As the animal 
ages, one of the main characteristics is the increasing incidence of insulin secretion 
complications. Alteration in the glucose sensing in the β-cells both in human and 
animal models has become a prime focus. Reports have indicated glucose-induced 
insulin secretion decrease drastically as the animal ages. These complications have 
been characterized and associated with the age-dependent decline expression of 
GLUT2 in the pancreatic β-cells [135]. A reduced expression of GLUT2 in these 
insulin-secreting cells may be the etiological factor in diabetes and many age-related 
metabolic pathophysiological conditions. Alteration of hepatic glucokinase activity 
also has a profound effect on circulating glucose and hepatic glucose flux. Age- 
related change in the enzyme will determine the efficient utilization of glucose. In 
diabetic conditions, the levels of this enzyme reduced significantly which is 
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responsible for the increased glucose circulating level, and normalizing expression 
of this enzyme increases glucose sensitivity and improves hepatic glucose metabo-
lisms [136]. Thus, the interplay of various glucose sensing molecules both at the 
extracellular and intracellular levels will determine the physiological state of an 
organism. Disturbing the link that connects these sensing molecules will lead to 
disease conditions as witnessed in diabetic conditions.

Maintenance of energy homeostasis forms an integral part of driving many phys-
iological processes, and imbalance in energy status may provoke onset of diseases 
and jeopardize healthy aging. AMPK is a metabolic energy sensor that coordinates 
and integrates energy balancing, and as such, correct regulation of this sensor is 
associated with health and survival. Under energy stress, AMPK triggers a cascade 
of biochemical signals that stimulate ATP production; thus it effectively regulates 
energy metabolism and cellular homeostasis [137]. Hence, AMPK acts as a cellular 
energy housekeeper. Therefore, it is plausible that age-associated diseases are linked 
to perturbed energy homeostasis and deregulated AMPK.  For instance, declined 
AMPK activity during aging provokes diseases such as cardiovascular diseases and 
metabolic syndrome [138]. Since AMPK triggers fatty acid oxidation via enhanced 
mitochondrial functions, reduced mitochondrial oxidative phosphorylation activity 
has been implicated with increased incidence of insulin resistance and type 2 diabe-
tes during aging [139, 140]. AMPK is also indicated to control lifespan of an organ-
ism as evident by the fact that stimulation of AMPK activity is associated with 
extension of the lifespan of various model organisms [141, 142]. On the other hand, 
inhibition of AMPK is linked to disturbed energy homeostasis that jeopardized both 
health span and lifespan [143]. From these findings, it is evident that AMPK acts as 
a mediator of lifespan extension, but whether it acts alone or in concert with other 
AMPK-linked signaling networks needs further studies. Nevertheless, it is apparent 
by a plethora of studies that dietary restriction delays aging process and extends 
lifespan in a broad spectrum of model organisms by pathways that are under control 
of AMPK activity. These signaling networks include inhibition of CRTC-1/CRE, 
NF-kB, and mTOR, while it activates SIRT1, ULK1, p53, and FoxO. Various stud-
ies have indicated that responsiveness of AMPK activation declines with age [144]. 
This entailed that reduced activity of AMPK in one hand would attenuate autopha-
gic clearance through enhanced activity of mTOR, while in the other, it leads to 
reduced activity of sirtuins, FoxO transcription factor, and p53 that are well associ-
ated with maintenance of homeostasis during stress responses [145]. DR elicits 
lifespan extension through its physiological low energy state; therefore, AMPK 
makes an appealing mechanistic link between energy status, DR, and lifespan by its 
ability to integrate and crosstalk with other signaling molecules to promote 
longevity.

Sirtuins are one of the main regulators of aging and the antiaging roles of sirtuins 
are evolutionarily conserved. The availability of NAD+ decreases with aging, so 
does the activity of sirtuins. This reduction in sirtuins activity affects both the cel-
lular and systemic communications in an organism and may play a contributory role 
in the development of age-associated pathologies [146, 147]. Sirtuins are involved 
in the regulation of several biological processes in the body. Besides its deacetylase 
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enzyme action, it has many other activities such as ADP-ribosyltransferase, 
demaloynylase, desuccinylase, deglutarylase, long-chain deacylase, and lipoami-
dase. All these enzyme activities require the cofactor NAD+. SIRT1 is the most 
studied sirtuins and is the closest homolog to the yeast Sir2. The overexpression of 
SIRT1 in the brain delays aging and extends the lifespan of both male and female 
mice [148]. SIRT1 expression in the brain, particularly the hypothalamus, is impor-
tant for longevity in mammals [149], whereas whole-body expression of SIRT6 in 
transgenic mice exhibits lifespan extension although this was observed only in 
males [150]. The relation between NAD+ and sirtuin is vital during aging and lon-
gevity. The interaction between NAD+ and sirtuin is dependent on the biosynthesis 
of NAD+, the regulation of sirtuin activity by NAD+ derivatives/substrate, and the 
degree of usage by other NAD+-dependent mechanisms. The alteration in the bio-
synthesis of NAD+ affects the activity of sirtuin. With age, there is a decline in the 
level of NAMPT and the synthesis of NAD+ in various organs of mammals [151, 
152]; moreover, during diseased state the NAMPT-mediated NAD+ biosynthesis 
declines [153, 154]. This reduction in NAD+ results in the decrease of sirtuin activ-
ity with age, which may be responsible for the development of many age-related 
diseases. NAD+ substrates and derivatives such as nicotinamide and NADH can also 
modulate sirtuin activity. The NAD+/NADH ratio has been shown to be a regulator 
of sirtuin activity as NADH is a competitive inhibitor for sirtuin [155]. Other 
enzymes also utilize NAD+ for catalyzing a reaction, and one of the enzymes that 
compete with SIRT1 for NAD+ is PARP (poly-ADP-ribose polymerases) [156, 
157]. It has been shown that in aging worms and mice, PARP is continually acti-
vated, and this leads to increase in poly-ADP-ribosylation of cellular proteins. This 
activation of PARP may result in depletion of NAD+, thereby decreasing sirtuin 
activity [146, 158]. When the availability of NAD+ is low and sirtuin activity 
decreases with age, there is a deregulation of mitochondrial metabolic function 
through the stability and increased level of HIF-1α, which in turn leads to defective 
TFAM expression, a gene responsible for coding mitochondrial transcription factor 
[151]. SIRT1 low activity also decreases PGC-1α and FoxO1 function, and this, in 
turn, causes decrease in oxidative metabolism, mitochondrial biogenesis, and anti-
oxidant defense pathways [84, 159]. In mammals, SIRT1 can activate mitochondrial 
unfolded protein response such as HSP60, which are implicated in aging and lon-
gevity [160]. The increased in SIRT1 activity has been observed in both mice and 
humans under dietary restriction [94]. Increased SIRT1 activity can lead to increase 
in deacetylation of several protein pathways such as AMPK signaling, PGC-1α, and 
autophagy [161]. Enhanced SIRT1 activity also increases OXPHOS activity which 
otherwise declines during aging [151]. In addition, SIRT3 is also involved in the 
beneficial DR-mediated effect on mitochondrial function [162]. SIRT3 can regulate 
ROS levels through the activation of FoxO transcription factor resulting in enhanced 
expression of antioxidant proteins such as SOD (superoxide dismutase) [163]. 
During different types of stress including DR, the biosynthetic pathway of NAD+ is 
activated by the induction of NAMPT, which causes an increase in sirtuin activity 
[164]. Hence, the failure in the connection between NAD+ and sirtuins leads to 
mitochondrial dysfunction, one of the hallmarks of aging.
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 Conclusion

Nutrient sensing is central to survival and sustenance of an organism. The cells are 
highly capable of sensing the diverse range of nutrients available in nature to ensure 
proper functionality of the organism. The changes in the availability of nutrients 
detected by cells with extreme precision ascertain that there is a coordinated inte-
gration of the nutrient-sensing pathway to maintain cellular homeostasis (Fig. 18.1). 
Disturbance of any of these nutrient-sensing molecules and pathways creates an 

Fig. 18.1 Interplay of nutrient-sensing pathway. Nutrient-sensing molecules can be receptors 
(GPR, CD36) or transporters (GLUT) present at the plasma membrane or intracellular proteins 
(mTOR, GCN2, AMPK, SIRT, HMG-CoAR). The nutrients detected by these molecules can com-
municate with each other to ensure an overall homeostasis of the cell. The signals detected trigger 
a cascade of intracellular signaling, which integrates to regulate various cellular processes. 
Deregulation of the nutrient-sensing pathway enhances the aging process and intervention by DR 
promotes healthy aging and longevity. [Gray bold arrow depicts during nutrient deprivation and 
black bold arrow indicates during nutrient abundance.] Abbreviation: AA amino acids, AAT amino 
acid transporter, GCN2 kinase general control nonderepressible 2, mTOR mammalian/mechanistic 
target of rapamycin, eIF2α eukaryotic initiation factor 2 alpha, S6K ribosomal protein S6 kinase, 
4EBP eIF4E-binding protein, Glu glucose, GLUT glucose transporter, AMP adenosine monophos-
phate, AMPK AMP kinase, TSC2 tuberous sclerosis complex 2, eEF-2 eukaryotic elongation factor 
2, PGC-1α peroxisome proliferator-activated receptor gamma coactivator 1-alpha, NAD+ nicotin-
amide adenine dinucleotide (oxidized), NADH nicotinamide adenine dinucleotide (reduced), 
SIRT1 sirtuin 1, HSP60 heat shock protein 60, FA fatty acids, PI3K phosphatidylinositide 3-kinase, 
Akt protein kinase B, GPR G-protein-coupled receptors, CD36 cluster of differentiation 36, SCAP 
SREBP cleavage-activating protein, SREBP sterol regulatory element-binding protein, INSIG 
insulin-induced gene, HMG-CoAR 3-hydroxy-3-methyl-glutaryl-coenzyme A reductase

18 Interplay Between Nutrient-Sensing Molecules During Aging and Longevity



408

imbalance leading to a pathological state (Table  18.1). Nutrient availability pro-
motes biosynthesis and storage, while starvation supports breakdown and salvage of 
stored nutrients to provide the necessary energy for the body. During aging, there is 
a deregulation of the nutrient-sensing cascade, and this is associated with the devel-
opment of several age-related diseases. In fact, deregulated nutrient sensing is one 
of the characteristics of aging. These nutrient-sensing molecules mediate the pro-
cess of growth and development and maintenance of systemic homeostasis. These 
same molecules are responsible for accelerating the rate of aging when the growth 
rate has reached its plateau. Interventions either pharmaceutical or nutraceuticals 
that can modulate and maintain the healthy interplay of these pathways can be a 
novel target to ameliorate the deteriorating process of aging and promote healthy 
lifespan. Among the interventions, dietary restriction offers a promising tool to 
healthy aging and longevity. Some of the presently available pharmaceuticals that 
have been shown to mimic DR and improve health span include resveratrol and 

Table 18.1 List of nutrient-sensing molecules and the changes during aging and DR

Nutrient sensors
Nutrients sense 
for Tissues present in

Aging/
age-related 
diseases DR References

mTOR Amino acids, 
glucose

Most tissues ↑ ↓ [1, 111, 
112]

GCN2 Amino acids Most tissues – ↑ [5, 16]
GLUT Circulating 

glucose
Heart, liver, 
hypothalamus and 
many other tissues

↓ ↑ [58, 59, 
140, 165]

IGF-1 Glucose, amino 
acids

Most tissues ↓ ↓↓ [104, 106, 
107]

Hypoxia- 
inducible 
factor 1α 
(HIF-1α)

Oxygen sensing, 
glucose sensing

Hypothalamus ↑ – [166, 167]

CD36 Unsaturated 
fatty acids

Taste buds cell, 
adipose tissues

↑ – [49, 168, 
169]

GPR Fatty acids Adipose tissue, large 
intestine, lungs

↓ – [51, 170]

HMG-CoA 
reductase

Cholesterol ↑ ↓ [127–129]

AMPK Energy sensing, 
glucose sensing

Most tissues ↓ ↑ [64, 73, 
138]

Sirtuins NAD+/NADH Most tissues
SIRT1: Cytosol/
nucleus
SIRT2: Cytosol
SIRT3: Mitochondria
SIRT4: Mitochondria
SIRT5: Mitochondria
SIRT6: Nucleus
SIRT7: Nucleus

↓ ↑ [94, 146, 
147]
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STACs that enhance sirtuin activity, rapamycin and its related drugs that inhibit 
mTOR, and metformin that activates AMPK.
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 Protein Aggregation and Related Diseases

Every protein, irrespective of its aggregation propensity, is synthesized in the cel-
lular protein synthesis machinery. Once the nascent polypeptide chain is synthe-
sized in the ribosome, the unstructured chain undergoes a protein folding process by 
which it gains the necessary secondary and tertiary interactions leading to formation 
of a soluble and functionally active native structure (Fig. 19.1). The properly folded 
native structure of a protein is vital to carry out its biological functions which are 
critical for normal cellular metabolic processes. Proteins play several important 
roles in life processes, such as cellular and structural repair, defense mechanism, 
metabolism of hormones and enzymes, molecular transportation, conducting stim-
uli, building nutrients, and energy production [1, 2]. However, sometimes these pro-
tein molecules can be trapped into an aggregation pathway due to many factors such 
as mutation, deletion, degradation, and protein misfolding, as illustrated in Fig. 19.1 
[3]. Biological fate of many functional protein species that are trapped in aggrega-
tion pathway may have severe direct and indirect consequences on the normal cell 
physiology. For instance, due to loss of native conformation during protein aggrega-
tion, the physiological concentrations of the proteins are predicted to deplete, which 
may trigger protein-deficient diseases (Tables 19.1 and 19.2). Coincidently, many 
protein deficiency diseases are observed in the old age. The other direct effect of 
protein aggregation is the accumulation of cytotoxic amyloid fibrils. Recent reports 
have confirmed that smaller molecular weight on-pathway oligomers, produced 
during aggregation, are more toxic than the mature amyloid fibrils [5–7]. Typical 
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oligomers and higher order mature fibrils generated due to aggregation of insulin 
molecules under in vitro conditions are shown in Fig. 19.2.

Cells possess certain molecular mechanisms that are engaged in either repairing 
or degrading misfolded proteins to prevent the process of protein aggregation. 
These molecular machineries are known as molecular chaperons. For example, 
Hsp70, Hsp40, and clusterins [8–11] are the cellular chaperones which help in 
proper folding of protein polypeptide chains so that they can arrive at the desired 
biologically active native structures. In addition to guiding proper folding of 
nascent polypeptide chains, these chaperones also help in the transport of proteins 
across membranes [12, 13]. The level of chaperones, particularly from Hsp family, 
is regulated in the cell to match the level of protein synthesis in the cytosol [14]. 
However, under stress conditions (such as pH stress, temperature stress, and salt 
stress), the expression of Hsp molecules is believed to rise beyond the normal level 
[13]. In addition to the prevention of protein misfolding and protein aggregation, 
there exists another kind of chaperones that are known as disaggregases, which can 
effectively solubilize the preformed formed aggregated structures of proteins. It 
has been reported that Hsp104 disaggregase, with the help of other Hsp molecules, 
can promote the disassembly of protein aggregates [15, 16]. In mammals, Hsp 110 
has been identified as one type of such chaperones which can facilitate disaggrega-
tion process, leading to fragmentation of α-synuclein-generated toxic amyloid 
fibrils into nontoxic soluble species [17].

Fig. 19.1 Schematic representation of protein aggregation mechanism, showing possible path-
ways that trap proteins into an aggregation process leading to the formation of cross-β-structured 
amyloid fibrils or irregular amorphous aggregates [3, 56, 57]
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In addition to chaperone machineries which protect the proteins from going into 
an aggregation pathway, cells also possess other mechanisms of protein degradation 
that can prevent protein misfolding and protein aggregation. One of such protective 
systems is ubiquitin–proteasome system in the cell [18, 19]. Soluble misfolded pro-
teins are first conjugated to the ubiquitin with the help of different ligases (E1, E2, 
and E3). Such ubiquitinated protein, with the help of other chaperones, is delivered 
to the proteolytic chamber of the cell, where the misfolded corrupt proteins are 
degraded into nontoxic soluble components or fragments [18, 19].

It is possible that despite the presence of cellular protective mechanism, some 
aggregation-prone peptides and proteins can still form toxic amyloid structures 
leading to the onset of several amyloid-related diseases. It is also possible that as the 
age increases, the efficacies of these cellular protective machineries may gradually 
deplete, and such condition may enhance the aggregation process. How does the 
process of protein aggregation begin? What are the changes in their conformational 
properties that trigger aggregation? Is there any effective strategy to prevent aggre-
gation process? Clear answers to these fundamental questions are required not only 
to understand the mechanism of protein aggregation but also to find effective strate-
gies for prevention of aggregation-linked diseases.

Table 19.1 List of selected amyloidogenic proteins, the respective diseases, and the sequences of 
the aggregation-prone regions of the proteinsa

Name of parent peptide/
protein

Pathophysiological 
conditions Short active aggregation-prone sequence

Islet amyloid 
polypeptide

Diabetes mellitus (type 
II)

FGAIL

β-amyloid peptide Alzheimer’s disease QKLVFF,LPFFD,LVFFA.
Lactadherin Aortic medial amyloid NFGSVQFV
Gelsolin Finnish hereditary 

amyloidosis
SFNNGDCCFILD

Serum amyloid A Chronic inflammation 
amyloidosis

SFFSFLGEAFD

Thyroid carcinoma 
peptide

Thyroid carcinoma DFNKF, DFNK

Human muscle 
acylphosphatase 
amyloid

Human muscle 
acylphosphatase

RVQGVCFRMTEDEARSKLEYSNFSIRY

Calcitonin Medullary thyroid 
carcinoma

YTQDFNKFFHTFPPQTAIGV

BRI Neuronal dysfunction 
and dementia

FENKFAVFAIRHF

β2-microglobulin Dialysis-associated 
renal amyloidosis

DWSFYLLYTEFT

PrP Creutzfeldt–Jakob 
disease

PHGGGWGQ

aAdapted from Anand et al. Scientific Reports 2017
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 Neurodegenerative Diseases

 Alzheimer’s Disease

Over the past hundred years, life-threatening diseases like dementia and Alzheimer’s 
disease are known to us, which mostly appear in the old age. Every year, large num-
ber of clinical reports related to dementia is recorded, and this number is rising 
exponentially, which is a great concern [20]. According to World Alzheimer Report 

Table 19.2 Physiological concentration of the selected blood proteins, their functions, and 
related pathophysiology

Protein About protein Function Protein pathophysiology
BSA Most abundant 

serum protein, MW 
66.5 kDa, synthesis 
site liver (12–25 g/
day), half-life – 16 h

Blood coagulation, 
transports hormones, 
fatty acids, drugs, etc. 
Maintains oncotic 
pressure, prevents 
photodegradation of 
folic acid

Peripheral and pulmonary 
edema, delayed wound 
healing, nephrotic syndrome, 
hepatic cirrhosis, heart failure, 
and malnutrition

Insulin Synthesized in the 
pancreas within the 
β cells of the islets 
of Langerhans. MW 
5.8 kDa, half-life 
4–5 h

Carbohydrate and fat 
metabolism, facilitates 
the packing of glucose 
into fat cells as 
triglycerides

Localized amyloid deposition, 
poor glycemic control, 
acanthosis nigricans, 
hyperinsulinemia is directly 
related to cancer, obesity, 
type-II diabetes, hypertension, 
arthrosclerosis, chronic 
inflammation, cardiovascular 
disease, prostate enlargement

Cyt c Located in the 
mitochondrial 
intermembrane. 
MW 12 kDa, 
half-life 5–8 min

Electron transport, 
intrinsic type II 
apoptosis, scavenges 
reactive oxygen species, 
oxidizes cardiolipin 
during apoptosis

Lewy bodies and other 
neurodegenerative disorders 
[38]

Lysozyme Synthesis in 
osteoclasts MW 
14.3 kDa, half-life 
4 h

Hydrolyzing the 
glycosidic bond, 
immune functions

Prominent amyloid 
nephropathy, nephrotic 
syndrome and sicca syndrome, 
spontaneous splenic rupture, 
cholestasis, liver failure, 
massive hepatic hemorrhage

Myoglobin Synthesis in cardiac 
myocytes and 
oxidative skeletal 
muscle fibers. MW 
16.7 kDa

Oxygen storage, serve 
as a buffer of 
intracellular PO2, 
facilitated O2 diffusion, 
scavenger of NO in 
heart, normal muscle 
development and 
function

Muscular dystrophy, 
rhabdomyolysis

Adapted from Dubey et al. (2017) Scientific Report
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[20], by the year 2015, almost 46.8 million patients were suffering from dementia 
and Alzheimer’s diseases, and by the year 2050, this count will rise to 131.5 million, 
which seems an alarming situation. Until now, no effective cure is available for such 
neurodegenerative diseases, neither to treat nor to suppress the progression of the 
disease. Alzheimer’s disease pathology involves formation of two types of amyloid 
aggregates: (1) formation of extracellular plaques in the brain tissues that originates 
from the β-sheet-rich Aβ peptides [21] and (2) formation of intracellular neurofibril-
lary tangles [22] which are mostly originated from amyloid aggregation of tau pro-
tein. The mechanistic understanding of the process of amyloid formation of Aβ 
peptide is largely unknown. The Aβ peptide, which is amyloid prone, is a byproduct 
resulting from the cleavage of amyloid precursor protein (APP), which is a single 
pass transmembrane protein mostly present in the brain tissues [23, 24]. APP pro-
tein has been directly linked to several metabolic events through a combinatorial 
action of specific proteases and intramembranous secretases [23]. APP is known to 
have multiple cleavage sites for different cleaving enzymes whose action results in 
the accumulation of different peptide segments including Aβ peptide. One of such 
processing pathways of APP involves its cleavage by α- and γ-secretase and that 
action yields the p3 peptide, a nonamyloidogenic segment. Another processing of 
APP involves its cleavage by β- and γ-secretase that yields amyloidogenic Aβ pep-
tide [25, 26]. Thus, a heterogeneous mixture of Aβ peptides, whose length varies 
from 27 to 49 residues [27, 28], is predicted to accumulate in the body system. 
Reports have proposed that the Aβ homeostasis is deregulated in the pathophysiol-
ogy of early onset of the Alzheimer’s disease [29]. Aggregation propensity of the Aβ 
peptides is also affected by mutations in the peptide sequence [30, 31]. Hence, tar-
geting the aggregation of Aβ peptides has become one of the effective strategies to 
prevent the onset of Alzheimer’s disease.

 Prion Diseases

Prion diseases are often described as infectious amyloid pathologies [32]. The nor-
mal prion protein (PrPC), in its disease form (PrPSC), attains an abnormal 

Fig. 19.2 Aggregation of soluble insulin into insoluble amyloid fibrils. (a) Native structure of 
insulin monomer (PDB ID: 1TRZ). (b) Atomic force microscopy images showing morphology of 
on-pathway spheroidal oligomers, scale bar 50 nm. (c) Morphology of Thioflavin T-stained mature 
amyloid fibrils of insulin, scale bar 10 µm
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conformation which is known to trigger the amyloid formation, leading to forma-
tion of toxic prion plaques in neuronal tissues [32, 33]. The prion diseases are infec-
tious because it is transmissible across species and the infectious entity is in fact the 
aggregates of abnormal PrPSC species. It has been proposed that the PrPSC aggre-
gates, after infection, readily interact with the normal PrPC of the individual, and 
such interaction alters the native conformation of the PrPC protein into an aggrega-
tion-prone conformation, triggering an aggressive aggregation process and subse-
quent amyloid plaque formation [34]. Besides formation of plaque deposits in the 
brain tissues, another hall mark of prion disease is the formation of large vacuoles, 
a process identified as spongiosis. Hence, prion diseases are also mentioned as 
transmissible spongiform encephalopathies [3].

 Polyglutamine Diseases

Polyglutamine diseases are amyloid-linked neurodegenerative pathologies caused 
by autosomal dominant mutation that leads to abnormal expansion of genetic codon 
CAG [35–37]. Since the codon CAG represents the amino acid glutamine (Q), these 
mutated gene products result in proteins with expanded glutamine repeats (polyglu-
tamine or polyQ). There are about nine neurodegenerative diseases which have been 
identified as polyglutamine diseases (Table 19.3). As shown in the Table 19.3, all 
the gene products would result in the respective proteins with extended polyQ-tract 
in their sequence, and when the number of glutamine residues surpasses the 

Table 19.3 List of neurodegenerative diseases related to polyglutamine (polyQ) amyloid forma-
tion [4]

Polyglutamine disorder Gene Symptoms
Threshold polyQ 
length

Haw River syndrome Atrophin 1 Dementia, 
ataxia

35–49

Huntington’s disease Huntingtin Chorea, 
dementia

35–37

Spinobulbar muscular 
atrophy

Androgen receptor Weakness 36–38

Spinocerebellar ataxia 
type 1

ATXN1 Ataxia 35–49

Spinocerebellar ataxia 
type 2

ATXN2 Ataxia 32–77

Spinocerebellar ataxia 
type 3

ATXN3 Ataxia 40–55

Spinocerebellar ataxia 
type 6

CACNA1A Ataxia 18–21

Spinocerebellar ataxia 
type 7

ATXN7 Ataxia 17–38

Spinocerebellar ataxia 
type 17

TATA Box Binding 
protein

Ataxia 42–47

Reference: Gusella et al. Nature Rev. Neurosci. 2000

K. Kar et al.



425

threshold number, there is a high risk for the onset of polyglutamine diseases. The 
polyglutamine amyloid pathologies include several neurodegenerative diseases 
such as spinal and bulbar muscular atrophy, Huntington’s disease, and spinocerebel-
lar ataxias [39, 40]. The length of the polyQ stretch is inversely related to the age of 
onset of the disease [41–43]. In case of Huntington’s disease, the threshold length 
of polyQ tract is considered to be ~35–37 glutamine repeats that corresponds to the 
age of ~50–55 years for the disease onset [42, 43]. For example, if the number of 
glutamine residues increases to 100, there would be no survival at the beginning of 
life. The thumb rule in polyQ diseases is that more the number of glutamine resi-
dues in the polyQ tract of the protein sequence, lower the age of onset of the disease 
[4, 42].

The culprit protein for Huntington’s disease is believed to be the exon1 protein, 
which comprises a 17 residue N-terminal region, a polyQ repeating region, and a 
longer C-terminal region.

It is considered that the polyQ sequence is inherently amyloidogenic and in the 
mature amyloid structures of exon1, the polyQ regions show interdigitated cross-β 
conformation [43–45].

 Parkinson’s Disease

Parkinson disease is considered as one of the most severe neurodegenerative pathol-
ogy that results in lethal neuronal defects, including tremors, bradykinesia (slower 
movement), and impaired balance and coordination in the affected body parts [3, 
46]. As the age of the patient progresses, the complications related to the Parkinson’s 
disease (PD) worsen. Parkinson’s disease causes degeneration of nerve cells in 
brain, particularly affecting the substantia nigra region of the brain [46, 47]. Due to 
loss of neuronal cells, the production of dopamine, a vital neurotransmitter [48], 
decreases in the specific segments of the brain, which controls mostly movement 
and coordination-related functions of important body parts. One of the foundational 
reasons for the neuronal cell death linked to Parkinson’s disease is the formation of 
Lewy bodies [49–51]. Lewy bodies are defined as intracellular inclusions of amy-
loid nature generated as a result of the aggregation of a protein α-synuclein [51]. 
Recent observations have also confirmed that the presence of Lewy bodies is not 
only restricted to mid brain region but also in other areas of brain including the stem 
region and olfactory bulb region [38]. These areas of the brain are associated with 
nonmotor functions such as sleep regulation [52, 53]. Further, it has been reported 
that there is a decrease in the intestinal dopamine cells, which can predispose gas-
trointestinal symptoms in PD patients [54]. The pathophysiology of Parkinson’s 
disease involves several metabolic defects that include α-synuclein proteostasis, 
calcium signaling, oxidative stress, and neuroinflammation [46, 47]. Due to this 
reason, using various biomedical detection tools (such as PET), it has become pos-
sible for early diagnosis of Parkinson’s disease. Since dopamine-regulated meta-
bolic pathways have a direct relevance to PD, potential drugs that substitute 
dopamine are preferred in the treatment of Parkinson’s disease. Targeting the 
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cellular transport and amyloid aggregation of α-synuclein has been recently shown 
as a potential approach for the treatment. Though the above strategies have shown 
enormous potential to prevent Parkinson’s disease, however, early detection of PD 
seems central to the treatment of this lethal disease. Moreover, α-synuclein aggrega-
tion leading to the formation of Lewy bodies in PD has also attracted many research-
ers to find potential strategies to either reduce gene expression of α-synuclein or 
prevent the onset of α-synuclein aggregation. Recent research reports from Austrian 
biotech AFFiRiS have proposed a potential vaccine against PD, which is in the first 
stages of clinical trials, that is designed to bind to α-synuclein and to eliminate it 
from the affected brain tissues [55].

 Nonneurodegenerative Amyloid Diseases

Protein aggregation is also involved in nonneurodegenerative diseases with severe 
lethality by affecting the tissues other than brain tissues [56, 57]. Similar to neuro-
degenerative diseases, conformational changes in any specific proteins toward an 
amyloid-prone structure are believed to be one of the foundational events for the 
onset of such nonneurodegenerative diseases. Examples of such nonneurodegenera-
tive disease are IAPP-linked type II diabetes [58], crystallins-linked cataracts [59], 
and nonneuropathic systemic amyloidosis [60].

 Type II Diabetes

Type II diabetes is an age-linked disease that is primarily caused by abnormal regu-
lation glucose metabolism in the body system. This metabolic defect has been 
ascribed to the aggregation of the islet amyloid polypeptide (IAPP) that leads to 
formation of toxic amyloid species capable of killing pancreatic islet β cells. In 
normal physiology, insulin is secreted from pancreatic β cells for the regulation of 
glucose metabolism. The protein IAPP exists in the insulin secretory granules of the 
pancreatic β cells, and it is always co-secreted with insulin. The actual role of IAPP 
is largely unknown; however, it is believed that IAPP plays a major role in maintain-
ing glucose homeostasis [61–64]. IAPP is inherently amyloidogenic because it 
shows a high propensity to undergo an aggregation process under in vitro systems 
[65]. Furthermore, accumulation of IAPP-generated amyloid plaques has been 
observed in most of the patients suffering from type II diabetes. Not only IAPP, 
insulin protein is also known to undergo an amyloid aggregation that often yields 
toxic amyloid species both in vitro and in vivo conditions [66–70]. The storage of 
insulin in the vials which is used by the diabetic patients is also a big concern as the 
insulin has been reported to form toxic amyloid aggregates, possibly due to pro-
longed storage and exposure to varied external factors such as temperature [70].
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 Cataract

Cataract is a common nonneurodegenerative disease in which individuals suffer 
from blindness. This disease affects almost more than 50% of individuals over the 
age of ~70, and it has been reported that about 100 million people have been suffer-
ing from age-related cataract [71, 72]. Normally, the lens can stay transparent 
throughout life, as there is no protein turnover or synthesis. In cataracts, soluble 
proteins of the lens tend to aggregate and form insoluble amyloid structures. Hence, 
formation of such aggregated structures adversely affects the lens transparency 
leading to blindness. Though cataracts are not considered as a life-threatening dis-
ease, this problem is directly or indirectly linked to several medical and social con-
sequences [59]. More than one-third of the lens components are made up of the 
molecular chaperones αA-crystallin and αB-crystallin. These crystallin proteins are 
identified as molecular chaperones whose presence in the lens is necessary for 
maintaining the solubility of other lens proteins. As the age of an individual 
increases, crystallins undergo extensive posttranslational modifications, and with 
such modification, these proteins become aggregation prone, triggering an aggres-
sive aggregation process [73, 74]. Sometimes, mutations are also known to convert 
native conformation of soluble crystallins into abnormal aggregation-prone confor-
mation, triggering the formation of opaque aggregates [59]. For example, the 
Arg120Gly mutation in αB-crystallin is known to trigger early onset of cataract [75, 
76]. The ability of the crystallins to convert into fibrils under destabilizing condi-
tions suggests that this process could contribute to the development of cataract with 
aging.

 Nonneuropathic Systemic Amyloidosis

Amyloid aggregation in multiple tissue components sometimes leads to lethal 
severities, which are identified as nonneuropathic systemic amyloidosis [77], such 
as amyloid light-chain (AL) amyloidosis and serum amyloid A (SAA) amyloidosis. 
AL amyloidosis is the most common form of systemic amyloidosis disorder, which 
is caused by the amyloid aggregation of the peptides derived from light chains of 
immunoglobulin. Generation of such amyloid-prone fragments from light chains of 
immunoglobulin proteins has been reported to occur in multiple organs [78]. These 
aggregation-prone light-chain peptides are produced in the bone marrow, and upon 
release, they are internalized by cells of diverse tissue components in the body sys-
tem, and eventually, such cells are adversely affected as the peptide forms toxic 
amyloid aggregates [79]. Various vital organs including liver, heart, kidney, and 
pancreas have been reported to be affected by the occurrence of AL amyloidosis 
[78, 79]. Another unique nonneuropathic systemic amyloidosis is caused by serum 
amyloid A protein (SAA). SAA is usually considered as an amyloid-prone protein 
which can undergo an aggregation process to yield toxic amyloid species [80]. The 
kidney tissues are mainly affected by SAA amyloidosis, which very often leads to 
renal failure [56]. Furthermore, transthyretin-related (TTR) amyloidosis is also 
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considered as a big treat to normal physiology. Mutations in the wild-type TTR have 
been considered as one of the factors to trigger familial amyloid cardiomyopathy 
[81]. The wild-type TTR can sometimes, due to misfolding, undergo aggregation 
that can cause nongenetic amyloid diseases, particularly triggering the onset of 
senile systemic amyloidosis (SSA) [82, 83].

 Does Coaggregation of Proteins Exist in Biology?

In nature, most proteins coexist in different microenvironments or subcellular com-
partments and intermolecular interactions between them such as protein−protein 
interactions and formation of protein complexes are crucial for normal cellular 
metabolism. Hence, it is important to understand what effect the aggregation pro-
cess of a particular protein would have on the biophysical properties of other neigh-
boring proteins. The question is whether amyloid formation of one type of protein 
can trigger amyloid aggregation process in another type of protein. Though amyloid 
formation of a specific protein or peptide is usually known to cause the related dis-
ease, it is largely unknown whether such aggregation-prone peptides/proteins can 
induce an aggregation process in other proteins. Recent investigations have reported 
the coexistence of two different amyloid-linked diseases in individual patients [84–
86]. For example, occurrence of both Alzheimer’s disease (AD) and Huntington’s 
disease (HD) has been observed in the same patient [84]. Coexistence of Huntington’s 
disease and amyotrophic lateral sclerosis (ALS) has also been reported in individu-
als in a recent study [85]. Lauren et al. have shown that prion proteins and amyloid-β 
oligomers can interact with each other [87], and in yet another study, Ohara et al. 
reported the coaggregation of α-synuclein and Cu/Zn superoxide dismutase protein 
[86]. In a recent in vitro study, it was demonstrated that amyloid aggregates of one 
type of protein can effectively trigger amyloid aggregation process in other proteins 
[69, 88]. The same study has revealed in  vitro coaggregation and cross-seeding 
between lysozyme, bovine serum albumin, insulin, and cytochrome c [69]. In 
another research work involving in vitro experiments, it has been shown that phe-
nylalanine amyloid fibrils can effectively trigger aggregation of other globular pro-
teins leading to the formation of cytotoxic fibrils of amyloid nature [88]. Since 
amyloid-linked inclusions, plaques, and tangles are usually considered as hetero-
component entities, despite their origin from one type of proteins, the study of 
cross-seeding and coaggregation between proteins/peptides  seems important to 
improve our mechanistic understanding of amyloid-related pathologies.

 Mechanism of Protein Aggregation

The process of amyloid formation of most proteins is believed to follow a nucleation- 
dependent propagation [89, 90] in which protein monomers self-assemble to form 
stable oligomers, capable of recruiting and driving aggregation of other monomers, 
sequestering an aggregation process. If the population of such initial nucleation 
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capable oligomers rises above the critical concentration, the aggregation reaction is 
favored, leading to conversion of soluble protein monomers into insoluble amyloid 
fibrils [90] However, in some cases, the protein monomer itself can act as a nucleus 
such as in the case of the amyloid fibril formation of polyQ peptides [43, 45, 91]. 
Simple polyQ peptides also undergo spontaneous aggregation process under physi-
ological conditions and the kinetics of such aggregation process increases with the 
increase in the number of glutamine residues. Dr. Wetzel’s group has proposed a 
nucleation growth mechanism for aggregation of polyQ peptides in which the struc-
ture of the nucleus possibly has a duplex β-sheet architecture [45, 92]. For longer 
polyQ peptides, with more than ~25 Qs, the nucleus structure can be attained by the 
single peptide, possibly by taking one or two reverse turns to arrive at the required 
β-sheet conformation. However, for short polyQ peptides, with less than ~25 Qs, at 
least four peptides would have to come together for the formation the required 
nucleus structure to begin aggregation, thus reducing the aggregation propensity of 
the short polyQ peptides [45]. The requirement of a β-hairpin structure to begin 
aggregation of polyQ peptides has been further validated by recent reports on rapid 
aggregation of short polyQ peptides with inbuilt β-hairpin motifs in the peptide 
sequence [93, 94]. Interestingly, strategically designed β-hairpin-based inhibitors, 
particularly aimed to interfere with the intermolecular H-bonding between polyQ 
peptides, have shown strong inhibition effect against polyQ aggregation under 
in vitro conditions [93, 94].

In general, the nucleation process during protein aggregation mainly comprises 
three distinct phases: lag phase, time taken by proteins monomers to form oligo-
mers; growth phase, exponential growth of the formation of aggregates; and plateau 
phase, indicating completion of aggregation (Fig. 19.3). Recent studies have pro-
posed that the on-pathway oligomers are more toxic than the mature amyloid fibers 
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Fig. 19.3 Schematic representation of the nucleation and propagation process during protein 
aggregation as a function of time. N, is the native conformation of a protein; O, is the intermediate 
oligomeric state; and A, is the aggregated mature higher order structures
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[5, 6, 95]. Therefore, researchers are now more interested in understanding the pro-
cess of oligomerization and the mechanistic understanding of their cytotoxic effects. 
The structural conformation of most protein oligomers is typical cross-β type [57, 
96–98]. When proteins undergo an aggregation process, they generally form stable 
higher order structures with diverse morphologies, such as disordered amorphous 
aggregates and highly ordered cross-β-structured amyloid fibrils (as schematically 
shown in Fig. 19.1) [99]. Formation of the cross-β conformation is fundamentally 
driven by viable noncovalent interactions between two partially unfolded amyloido-
genic chains. The partially unfolded protein species are known to trigger self- 
association of proteins. Such interactions are believed to be stabilized by 
hydrophobic–hydrophobic interactions mediated through exposed hydrophobic 
groups [100]. The cross-β structure is usually stabilized by stable H-bonds mediated 
through the functional groups present in the backbone of the polypeptide chain.

Further, these cross-β structures are also stabilized by interactions between the 
functional groups of the side chains, which include π–π stacking, hydrophobic inter-
actions, and salt bridges [101, 102]. Figure 19.4 shows the cross-β structure (PDB 
ID: 2LMN) of the Aβ peptide [103], that is believed to be the core structure of the 
amyloid entities observed in Alzheimer’s disease. All these noncovalent interactions 
are vital to the formation of supramolecular protein assemblies.

 Strategies to Target Protein Aggregation Process

Prevention of amyloid-linked diseases, including both neuropathic and nonneuro-
pathic amyloidosis, largely depends on how well the mechanism of such aggrega-
tion process is understood. Notably, as indicated in Fig. 19.5, there can be three 
possible strategies one could propose: (1) to target the gene product and block the 
synthesis of the amyloidogenic proteins, (2) to inhibit the initiation of the aggrega-
tion of the proteins, and (3) to promote disassembly of the higher order amyloid 
structures such as plaques and inclusion bodies.

Amyloid fibrils 

A peptide Pathophysiology 
of Alzheimer’s 
disease

Cross-
conformation

b

b

Fig. 19.4 Schematic representation of the proposed mechanism for the aggregation of Aβ (1–42)
peptide related to Alzheimer’s disease. The peptide Aβ is believed to form cross-β architecture 
consisting of an ordered arrangement of β sheets (PDB ID: 2LMN) that becomes the core struc-
tureof the amyloid fibrils [101]. (Reference: Luhrs et al. 2005, PNAS)
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Though targeting gene expression of the amyloidogenic proteins sounds beneficial, 
with this approach the essential roles of the protein, if any, may be lost, which could 
result in various side effects. For treatment of Alzheimer’s disease, one of the straight-
forward strategies is to reduce the production of amyloidogenic Aβ (1–42) peptide. 
Though the exact connection between Aβ peptide and pathophysiology of AD remains 
largely unknown, recent reports on the successful trials of potential drugs designed to 
target the Aβ amyloids have shown promising results in reducing the AD disease pro-
gression. One of such candidates to target AD pathology is Gantenerumab that has 
been reported to result in the reduction of the plaque mass in a dose-dependent man-
ner [104]. This drug molecule is an anti-Aβ antibody which has inherent property to 
specifically bind to Aβ plaques [104]. Gantenerumab is currently undergoing Phase II 
and III clinical trials, and it seems to be a potential drug in treatment of Alzheimer’s 
disease. Another approach to target AD is inhibition of amyloid formation through 
potential candidates that can block the activity of both γ-secretase and β-secretase 
enzymes. Blocking of these secretase enzymes would reduce the cleavage of APP, 
preventing the formation amyloid-prone Aβ peptides [105].

Since normal globular proteins can also undergo amyloid formation upon expo-
sure to aggregating conditions, sometimes such aggregation process may directly 
or indirectly lead to severe medical complications (Table 19.2). Normal globular 
proteins such as lysozyme, serum albumin, insulin, and myoglobin are usually 

Fig. 19.5 Schematic representation of different possible targets to prevent protein aggrega-
tion linked diseases: (1) to target the gene product and block the synthesis of the amyloidogenic 
proteins; (2) to inhibit the initiation of the aggregation process; (3) to promote the disassembly of 
higher order amyloid structures such as plaques and inclusions
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considered as convenient model systems to study amyloid formation of proteins, 
mostly under in vitro conditions. Much information on both structural and aggre-
gation properties of these globular proteins is available in literature [106–108]. 
Aggregation of lysozyme is known to induce systemic amyloidosis [109], whereas 
insulin fibril assembly aggregation is known to trigger site-specific localized amy-
loidosis [110]. Since insulin is a vital supplement for the diabetic patients, amyloid 
formation of insulin is also a great concern during its storage as therapeutics agents, 
in the syringe vials [111]. Furthermore, due to increase in the local concentration 
of insulin at the site of injection, formation of toxic insulin amyloid aggregated has 
been reported in patients, particularly at the site of arterial walls [112]. Due to all 
these reasons, it is important to have a clear and solid strategy to prevent the aggre-
gation of these globular proteins. These approaches may possibly involve (i) inhi-
bition of oligomerization, (ii) stabilization of protein monomers, and (iii) 
depolymerizing the already existing oligomers/mature amyloid structures [113]. 
These globular proteins have been used as convenient model systems to study amy-
loid formation, and finding suitable inhibitors against such process is important for 
amyloid research. Several potential compounds including single metabolites [114–
116], natural products [68, 114], proteins, and small peptides [93, 117–119] have 
been found to protect proteins against amyloid fibril formation. Recent studies 
have revealed that strategically designed nanoparticles can also be used to target 
amyloid formation of proteins [66, 67, 120–122]. Citrate-capped gold nanoparti-
cles of size greater than ~20 nm are known to delay the growth rate of α-synuclein 
aggregation [123]. Metallic nanoparticles, surface functionalized with natural 
compounds such as capsaicin, show inhibition effect against amyloid formation of 
globular protein. Interestingly, the anti-amyloid efficacy of some natural com-
pounds such as capsaicin and piperine was found to be enhanced when they are 
coated with the nanoparticles [66, 120]. In a recent study, albumin-modified mag-
netic nanoparticles were found to promote the depolymerization of insulin amyloid 
fibrils [121]. Successful synthesis of biologically compatible gold nanoparticles 
using various amino acids has been reported recently [66, 67]. Gold nanoparticles 
coated with different amino acids have also showed substantial effect on serum 
albumin absorption and cytotoxicity [19], and in some studies, these amino acid-
coated gold nanoparticles were found to be capable of both the prevention of amy-
loid aggregation and the dissociation of already formed amyloid aggregates [67, 
121]. For instance, tyrosine- and tryptophan-coated gold nanoparticles have been 
shown to be effective in both inhibiting insulin aggregation and triggering disas-
sembly of insulin amyloids [67]. Sometimes, the inhibitors not only prevent the 
onset of the aggregation process but also protect the cells against amyloid-induced 
toxicity [66, 68]. A recent biophysical study (Fig. 19.6) has revealed the anti-amy-
loidogenic activity of eugenol (a potential natural plant product), which can pre-
vent the process of amyloid aggregation of proteins and  protect the human 
erythrocytes against amyloid-induced toxicity [68].
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 The Relationship Between Aging and Protein Aggregation

Increase in the age of an organism is known to affect both the protein quality control 
systems [14, 124–126] and the cellular defense machinery against reactive oxygen 
species [127]. As discussed in the beginning of this chapter, a series of neurodegen-
erative diseases appear during aging, such as Alzheimer’s, Huntington’s, and 
Parkinson’s diseases [60]. It is believed that the critical cellular processes linked to 
protein folding and protein homeostasis are adversely affected due to the accumula-
tion of pathogenic amyloid entities, such as plaques, tangles, inclusions, and Lewy 
bodies [128–130]. Since amyloid formation in pathologies such as Huntington’s 
disease is believed to be toxic gain of function, it is predicted that disease severities 
during old age would rise due to both the loss of protein quality control mechanism 
and the accumulation of toxic amyloids. The question of whether loss of protein 
function, toxic gain of cytoplasmic function, or a combination of both can cause 
neurodegeneration is largely unknown [131]. Dr. Dupuis group, based on a recent 
study on mouse models, has proposed that mislocalization of cytoplasmic FUS (a 
RNA-binding protein whose aggregation is linked to amyotrophic lateral sclerosis 
and frontotemporal dementia) can lead to nuclear loss of function and can also trig-
ger motor neuron death due to a toxic gain of functions [131]. Aging is fundamen-
tally associated with the progressive decline of protein homeostasis, and the 
mechanism behind the age-linked alterations in the proteome composition in the 
body system remains largely unknown. However, using convenient model systems 
such as C. elegans and yeast cells, researcher have been able to reveal key insights 

Fig. 19.6 Schematic representation showing the anti-amyloidogenic property of the natural com-
pound eugenol, which can effectively prevent in vitro amyloid formation of serum albumin and can 
also protect erythrocytes from amyloid-induced hemolysis [68]. (Adapted from Dubey et  al. 
(2017), Scientifc Reports)
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into the relationship between the aging process and protein aggregation [132–134]. 
Walther et al. in an extensive study on nematodes have revealed that one-third of 
proteins change in abundance at least two fold during aging and one of the factors 
behind such proteome imbalance is the process of protein aggregation [135]. The 
same study has suggested that sequestering proteins in chaperone-enriched aggre-
gates can be a protective strategy to reduce the proteostasis decline during nematode 
aging [135]. In yet another study involving yeast cells, it has been proposed that as 
the yeast grows older, its sensitivity to reproductive pheromones reduces drastically. 
It is believed that the activity of histone deacetylate Sir2 is reduced during old age, 
which affects the metabolism at the chromatic level, particularly affecting the mat-
ing loci. Recent investigation by Schlissel et al. has proposed another mechanism 
that involves aggregation of Whi3, a RNA-binding protein [136]. Whi3 possesses a 
glutamine-rich tract in its sequence that is predicted to promote amyloid aggrega-
tion as the age progresses. Interestingly, deletion of such aggregation-prone 
glutamine- rich region of Whi3  in yeast cells resulted in increased replicative life 
span [136]. Another experimental evidence to highlight the direct link between 
aging and amyloid aggregation of proteins was revealed by Lithgow et al., in which 
compounds that have been known to specifically bind the amyloid fibrils can sub-
stantially increase the life span of the C. elegans [132]. Dr. Lithgow’s group has 
revealed that Thioflavin T (a dye that specifically binds to amyloids fibrils) has the 
potential to increase the life span of C. elegans. Their study also reveals that 
Thioflavin T is also capable of suppressing amyloid-linked paralysis and reducing 
the levels of soluble aggregation-prone oligomeric proteins [132]. One of the sug-
gested mechanisms behind the increased life span of the nematodes is the direct 
influence of the amyloid-binding dye on the regulation of crucial age-related tran-
scription factors HSF-1 and SKN-1 [137, 138].

 Conclusions

We age because the metabolic efficacies of cells decline as a function of time; how-
ever, the interrelationship between protein aggregation and aging-linked defects still 
remains as a mystery. If the protein quality control machinery in the cell is adversely 
affected, concentration of misfolded and aggregation-prone peptides and proteins 
would rise, leading to the onset of amyloid-linked diseases. However, aggregation 
of proteins may not be always interpreted as a lethality inducing factor to cellular 
processes. For example, in a recent investigation on yeast cells, a new type of pro-
tein aggregate was discovered, particularly in older cells. Interestingly, the presence 
of these aggregates has been reported to enhance the protein quality control systems 
in cell. The researchers propose that these age-related aggregates may contain mul-
tiple proteins including prion proteins. If the aging and the onset of neurodegenera-
tive diseases are so directly related, probably every individual would suffer from 
Alzheimer’s disease in his/her old age. However, the existence of healthy individu-
als in their old age certainly demonstrates the complexities related to aging and 
protein aggregation-linked diseases. It is possible that aggregation of proteins and 
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peptides is a normal and fundamental process, and it may predispose lethality only 
when the aggregation occurs in the wrong place in the cell or when the amount of 
aggregate accumulation rises above the threshold limit, sufficient enough to cause 
cell damage. It is also possible that aggregation-induced metabolic defects could be 
manifested at the transcriptional and/or at the translational level, involving a com-
plex interplay between RNA and DNA metabolism, much before the synthesis of 
amyloidogenic proteins begins. Though we have started gaining more knowledge 
on the aging and the protein homeostasis, extensive future research works would 
probably unfold the underlying principles behind the mysterious link between aging 
and protein aggregation.
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 Biological Rhythms

A regular and predictable pattern of any biological phenomenon which reoccurs 
with certain periodicity is considered as biological rhythm [106]. A biological 
rhythm can be endogenous, where it is controlled by the internal biological clock or 
exogenous where it is controlled by synchronizing internal cycles with external 
stimuli. Such stimuli are mostly with respect to the position of Earth to the Sun and 
to the Moon as well as on the immediate effects of such variations, for example, day 
alternating with night, high tide alternating with low tide, etc. [33]. Biological 
rhythms are genetically regulated, temperature independent, and resistant to phar-
macological and chemical disruption. Based on the set of cues, the organism entrains 
and generates rhythms (Fig.  20.1) with varied periodicity such as, circannual 
rhythms – occurring in cycles of approximately 1 year; circalunar rhythms – occur-
ring in cycles of approximately one lunar cycle; circatidal rhythms – occurring in 
cycles of approximately one ocean tide; infradian rhythms – occurring in cycles of 
frequency more than a day (>24 hours (h)); ultradian rhythms – occurring in cycles 
of frequency less than a day (<24 h) and circadian rhythms – occurring in cycles of 
approximately 24  h. In anticipation of these day–night phases, living organisms 
have evolved cellular and physiological rhythms having a periodicity of approxi-
mately 24 h known as circadian rhythms [124].
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 Circadian Rhythms

Circadian rhythms regulate physiology and behavior with a period near 24 h. 
Circadian is derived from a Latin phrase meaning about (circa) a day (dia). 
There are several physiological, biochemical and behavioral aspects which fol-
low circadian rhythms that include: sleep/wake cycle, body temperature, hor-
mone secretion, blood pressure, digestive secretions, levels of alertness, etc. 
[69]. Exogenously they are set and entrained by zeitgebers, derived from 
German meaning time (Zeit) giver (Geber). The primary being Light–Dark 
cycles due to the rotation of earth around its axis though food, social cues, tem-
perature, etc., can be considered as nonphotic zeitgebers. The circadian rhythms 
persist even in the absence of zeitgebers under constant conditions such as con-
stant darkness or constant light. That means rhythms are endogenous. The per-
sistence of rhythms in the absence of cues leads to free running situation, that 
is, rhythms continue to run, but with a slight deviation from 24 h. The rhythms 
are genetically determined [66] (Fig. 20.2). There are several other factors that 
act to the external stimuli and the result is the generation of the rhythms col-
lectively known as the circadian timing system (CTS) [26]. These self-sustained, 
endogenous, and entrainable rhythms of sleep and wakefulness, foraging and 
feeding, body temperature, enzyme activity, hormonal release, energy metabo-
lism, and several other molecular and behavioral parameters helped the organ-
isms to effectively cope with ever-changing environment, thus improving their 
survival [56, 137, 150]. The importance of these oscillations on health and dis-
eases has been rightly recognized with 2017 Nobel Prize in physiology and 
medicine jointly awarded to Jeffrey Hall, Michael Rosbash, and Michael Young 
“for their discoveries of molecular mechanisms controlling the circadian 
rhythm” [29].

Fig. 20.1 Diagrammatic representation of mammalian circadian timing system. The biological 
localized in suprachiasmatic nucleus (SCN) gets entrained through photic input and then time 
information from SCN regulates physiological, biochemical, and transcriptional rhythms and 
hence synchronizing the entire body processes
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 Circadian Time-Keeping System (CTS)

The presence of temporally regulated rhythms in physiology and behavior hinted at 
the possible existence of a circadian clock which was confirmed by lesion experi-
ments and was discovered to be located in the hypothalamic suprachiasmatic 
nucleus (SCN) in mammals [150]. SCN, the principal pacemaker, consisting of 
nearly 20,000 tightly packed neurons, acts as “master clock” by synchronizing the 
peripheral oscillators located in all other cells and tissues [1]. This hierarchical 
architecture of the CTS in mammals function robustly based on specialized input 
and output pathways.

 Input Pathways to the SCN

Three major pathways convey information to the SCN resulting in entrainment of 
the master clock. Blue light activates photosensitive retinal ganglion cells in retina 
and will be communicated to SCN via retinohypothalamic tract (RHT) with the 
release of excitatory neurotransmitter glutamate and the neuropeptide pituitary 
adenylatecyclase- activating protein (PACAP). The release of these neurotransmit-
ters leads to stimulation of signaling pathways involving Ca2+ and cAMP and leads 
to induction of clock genes [1, 22, 55].

Biological 
Clock

Measures local time 
of the day and 

lapse of the time

Synchronized to 
environmental cues

Controls overt 
biological rhythms

Remarkable 
timing system

Features of Biological Clock

Related to 
various disorders

Temperature
compensated

Under genetic 
control

Free-running 
in absence of Time Cues 

Fig. 20.2 Diagrammatic representation of various features of clock
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RHT also indirectly communicates photic information to SCN via intergenicu-
late leaflets (IGL) geniculohypothalamic tract (GHT) pathway through gamma ami-
nobutyric acid (GABA) and neuropeptide Y (NPY) [64]. However, the IGL also 
processes non-photic information such as arousal status received via pathway origi-
nating from the dorsal raphe nucleus (DRN), suggesting assimilation of photic and 
non-photic signals to entrain the SCN [30].

Another important input to the SCN comes directly from both the median raphe 
nucleus (MRN) and dorsal raphe nucleus (DRN) [96]. Here the serotonergic tract 
participates in entrainment of the circadian clock by non-photic cues such as physi-
cal activity and exercise [30].

 Output Pathways from the SCN

Within hypothalamus, SCN axons project to the preoptic area, lateral septum, 
bed nucleus of the striaterminalis, the subparaventricular zone, and also to the 
arcuate nucleus and the dorsomedial hypothalamus. In thalamus, efferents from 
the SCN innervate the IGL and paraventricular nucleus (PVN). Glutamate, 
GABA, peptide neurotransmitters, AVP, VIP, prokineticin 2 (PK2), cardiolipin-
like cytokine, and transforming growth factor α (TGFα) have been shown as 
SCN output signals [30, 54].

Melatonin, a multitasking molecule, also a messenger of darkness, is secreted 
from pineal gland and is considered to be an internal zeitgeber which communicates 
the time information from SCN to all other peripheral clocks through circulation. As 
the photic information reaches SCN via the RHT, the subsequent activation of sig-
naling pathways lead to induction of clock genes which ultimately results in the 
regulation of biosynthesis and release of melatonin from pineal. The pathway gov-
erning melatonin synthesis is triggered during scotophase in the absence of light. In 
pineal, tryptophan is converted into serotonin (5-HT) by 5-hydroxytryptophan. 
Serotonin subsequently undergoes N-acetylation and methylation by arylalkyl-
amine N-acetyltransferase (AANAT) and hydroxyindole-O-methyl-transferase 
(HIOMT) respectively, ultimately resulting in melatonin synthesis (reviewed in 
Jagota [55] and Reiter et al. [123]).

The neural circuitry from SCN to pineal gland involves a multisynaptic path-
way that includes PVN, intermediolateral cell column (ILCC), superior cervical 
ganglia (SCG), and finally terminate on pinealocytes and release norepinephrine 
(NE) which acts on both α1- and β-adrenergic receptors potentiating cAMP pro-
duction to activate protein kinase A (PKA) and stimulating adenylatecyclase 
(AC) respectively. PKA phosphorylates cAMP response element-binding protein 
(CREB) which in turn activates N-acetyl transferase (Nat) gene that leads to 
melatonin synthesis and secretion. However, the cAMP also suppresses Nat 
expression by inducible cAMP early repressor (ICER) which competes with 
P-CREB [55, 138].

Melatonin exerts its effects and influences cellular physiology majorly by mem-
brane bound G-protein-coupled receptors such as MT1 and MT2. These receptors 
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regulate cellular processes by inhibition of adenylatecyclase, followed by a decrease 
in cAMP levels and modulation of PKA activity [123, 160].

 Molecular Mechanisms

The molecular mechanism governing the mammalian CTS involves two main 
processes such as the posttranslational modifications (PTMs) of proteins (e.g., 
phosphorylation) and the autoregulatory transcriptional–translational feedback 
loop (TTFL) that consist of tightly interconnected positive and negative limbs 
[137].The positive limb composed of transcriptional activators BMAL1 and 
CLOCK (or NPAS2 in brain), hetero-dimerize and bind to the E-box elements 
present in the promoter of several clock-controlled genes (CCGs) including the 
clock genes Period (Per1 and Per2) and Cryptochrome (Cry1 and Cry2). PER-
CRY heterodimers enter the nucleus to repress BMAL-CLOCK activity by 
deacetylating histones 3 and 4 by recruiting PSF/Sin3-HDAC complex [34].The 
auxiliary feedback loops consist of nuclear receptors REV-ERBs and RORs 
which are transcriptionally controlled by the BMAL1-CLOCK. RORs activate 
the transcription of Bmal1 while REV-ERBs inhibit the transcription of Bmal1, 
there by regulating their own activator [22, 137].

Moreover, the gene coding for adenine dinucleotide (NAD+) synthesis in the 
mammalian salvage pathway, nicotinamide phosphoribosyltransferase (Nampt), is a 
CCG.NAD+, a metabolic oscillator, modulates the transcriptional activity of clock 
through a histone deacetylase, SIRT1 [99]. This indicates that the cellular metabo-
lism via NAD+ can feedback to the clock, suggesting an interplay between the ele-
ments of clock output and the clock itself [1].

Transcriptional regulation of circadian clock is also controlled by D-box ele-
ments [140]. The PAR-Zip transcription factors such as D-box-binding proteins 
(DBP) which are under the E-box-mediated transcriptional control bind to these 
elements, and hence, they indirectly regulate CCGs [72].

In addition to transcriptional regulation, PTMs regulate the subcellular localiza-
tion and stability of PER–CRY complexes [45] allowing progressive and delayed 
(circa 24  h) maturation of PER/CRY as transcriptional repressors. CK1ϵ and 
mitogen- activated protein kinase play an important role in the activation or repres-
sion of BMAL1, while CK2α and GSK-3β help in cellular localization and protea-
somal degradation respectively [75]. In case of PER, site-specific phosphorylation 
at a “priming site” (FASP site) delays phosphorylation at “sites” (PERs or βTrCP 
site) that would signal for nuclear entry and degradation by proteasomal pathways 
[141]. In addition, salt inducible kinase 3 (SIK3 kinase) modulates PER2 phos-
phorylation rhythms and abundance [47]. Similarly, microRNAs (miRNAs) and 
several RNA-binding protein complexes regulate RNA stabilization and degrada-
tion, circadian polyadenylation and splicing [112]. Overall, the molecular mecha-
nisms underlying the regulation of circadian rhythms in a cell involves numerous 
complex processes.
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 Aging and Theories of Aging

Aging is an inevitable unidirectional process that eventually leads to the progressive 
decline of metabolism, physiology, and behavior and ultimately culminates in death. 
Aging is explained through a couple of theories. Programmed theory deems the 
timeline of different stages of life linked to change of metabolism, physiology, and 
behavior. First theory falls into three subcategories: (i) Programmed longevity  – 
programmed switching of particular genes leading to senescence resulting in overt 
manifestations. (ii) Endocrine theory – evolutionarily conserved hormonal signal-
ing such as insulin/IGF-1 signaling pathway regulates the process of aging. We have 
vividly discussed the endocrine regulation of aging elsewhere [59]. (iii) 
Immunological theory – preprogrammed deterioration of immune system.

Second, damage or error theory postulates that the accumulated damages or 
errors at several levels over the period of time would cause aging and is linked to 
metabolic disorders, epigenetic alterations, genomic instability, telomere attrition, 
loss of proteostasis, altered intercellular communications, cellular senescence, 
deregulated nutrient sensing, stem cell exhaustion and mitochondrial dysfunction, 
and DNA damage [82]. Of all the macromolecules that are being damaged as the 
age progresses, DNA is very important because it cannot be replaced like other 
macromolecules [38] and also slowing down of DNA repair mechanisms progresses 
aging process.

 Age-Associated Circadian Dysfunction

Age has a marked effect on CTS, which impacts the temporal organization of circa-
dian physiology and behavior (Fig. 20.3, Table 20.1). In humans, fragmented sleep 
and progressive advance in sleep phase has been recorded in elderly [35, 53]. 
Similarly, the amplitude of feeding rhythms, secretion of hormones, and body 

Fig. 20.3 Schematic diagram showing interaction between aging and clock dysfunction
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temperature are known to decline with age [149]. In aged animals, decline in loco-
motor activity rhythms and disrupted sleep–wake cycles suggests age-associated 
circadian alterations [9]. Reports from mice have demonstrated that the aged ani-
mals are more vulnerable to negative effects of photoperiodic phase shifts as the 
adaptability of circadian system is compromised with aging [7]. In rodents, age- 
related changes in circadian rhythms have been reported for body temperature, 
activity–wakefulness, locomotor activity patterns, drinking behavior, and serotonin 
rhythms [57, 87, 121, 148, 152]. In addition, core clock in aged mice showed dimin-
ished response to the external stimuli suggesting CTS deterioration [83].

 Influence of Aging on Central and Peripheral Clocks

As the SCN communicates directly and indirectly to various peripheral clocks, cir-
cadian clock and aging may be interconnected by pathology at the level of the SCN 
and SCN output signals [91]. Though there appears no reduction in the total number 
of cells in aged SCN [50], the age-related loss of amplitude in SCN electrical activ-
ity [100] suggests alterations in cellular properties, neuronal circuitry, and clock 
genes [10]. At single cell level, the neurons of aged SCN showed diminished ampli-
tude of potassium currents and resting membrane potential as a result of possible 
alterations in large conductance calcium-activated potassium channels (BK chan-
nels) [36]. Age-associated alterations in cellular communication in SCN has been 
evident with reports showing age-dependent loss of neuronal connectivity, marked 
by decline in synaptic spines and shortened dendrites, altered electrical activity, and 
altered signaling molecules [107]. Moreover, alterations in the expression of 

Table 20.1 Effect of clock-associated genes on aging

Animal model
Clock-associated 
gene Age-associated phenotypes Author

Mice Clock mutant Age-related cataract development [31]
Age-related arthropathy [161]

Bmal1 mutant Premature aging [111]
Premature aging of hippocampal neurogenic 
niche

[3]

Induced severe age-dependent astrogliosis [98]
Progression of noninflammatory arthropathy [15]
Accelerated prothrombotic phenotype [133]
Accelerated age-dependent arthropathy [158]

Reduced Sirt1 Reduced amplitude of circadian rhythms in 
aging

[11]

Sirt1 mutant Premature aging [147]
Per1/2 mutant Premature aging [74]
Per2 overexpression Increased expression of aging markers [147]

Irradiated 
mice

Clock mutant Accelerated aging [5]

Drosophila Per mutant Accelerated aging [70]
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neuropeptide vasoactive-intestinal polypeptide (VIP) and arginine-vasopressin 
(AVP) reported upon aging would hamper the SCN output as they are essential for 
intracellular coupling within the SCN [93]. Disrupted GABAergic signaling in aged 
SCN indicates clock deterioration [107]. Weakened melatoninergic feedback to the 
SCN is suggested by reports showing diminished MT1 receptor expression in aged 
human SCN [145]. Age-linked circadian disruption is significantly contributed by 
desynchrony between SCN and oscillators in peripheral tissues. Phase-shifting 
studies in elderly involving exposure to different LD regimens showed decline in 
the ability to re-entrain in several parameters such as rhythms of activity, rest/sleep 
and body temperature [51]. Similarly, phase advance study using PER2::LUC 
mouse demonstrated that oscillators in esophagus, thymus gland and lungs in older 
mice took longer time period to get entrained to specific light–dark schedule, in 
comparison with younger mice [128].

Aging is also known to be resulting in declined total melatonin secretion. Studies 
in humans, primates, and hamsters indicate that the normal nighttime peak in elderly 
is reduced and phase advanced compared to younger adults [51]. In addition, dimin-
ished pineal melatonin synthesis and SCN expression of melatonin receptors have 
been reported in individuals with Alzheimer’s or Parkinson’s disease [142]. Severe 
alterations in daily rhythms and levels of serotonin metabolism in SCN of aged rats 
and a rat model of PD have been reported from our lab [57, 89, 120]. Similarly, 
cortisol, a hormone under clock control, which also synchronizes peripheral clocks 
was observed to show age-related reduction in amplitude and advance in phase [51]. 
In a recent study analyzing hepatic transcriptome, it was observed that 2626 genes 
(44.8%) were exclusively oscillatory in young mice whereas in old mice only 1626 
genes (28.4%) were rhythmic [126]. Further, age-dependent decline in cyclic global 
protein acetylation was observed in peripheral clock liver [126]. Recently, from our 
laboratory, we have reported the age-associated day–night variations of proteins in 
SCN, substantianigra (SN), and pineal gland of rats [61]. In SCN, the number of 
proteins showing day–night variations were found to have decreased from 32 (in 
young adults) to 9 (in old age). Similarly, SN also showed a decrease from 59 to 9. 
However, in pineal, the number of proteins showing oscillations increased from 51 
to 62 [61]. Our earlier studies investigating daily rhythms of lipid peroxidation and 
antioxidant enzyme activities in rats showed age-dependent variations in liver [87]. 
Further, reports from our laboratory have demonstrated differential alterations in 
daily rhythms and levels of NO and Socs1 expression in various peripheral clocks 
of aged rats [143, 144] suggesting desynchrony [61].

 Influence of Aging on Clock Genes and Proteins

The canonical genes and proteins constituting the TTFL of the core clock machin-
ery show drastic variations upon aging (Table 20.2). We have reported severe altera-
tions in rhythms and levels of various clock genes in the SCN of mid- and old-aged 
rats [90]. Similarly, studies in aged mice SCN showed changes in Rev-erb a, Dec1, 
and Dbp expression [12]. Earlier studies in mice showed altered expression of the 
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CLOCK and BMAL1 proteins in the SCN, hippocampus, amygdala, and several 
other brain regions by mid-age [153]. Additionally, altered expression of Bmal1 and 
Per2 transcripts in various non-SCN brain regions in aged hamsters has been 
reported [32]. Studies on Per1:luc rats showed slight age-related changes in Per1 
expression in SCN, whereas robust changes in peripheral oscillators [155]. Though, 
reports on rhythmic PER2, PER3, and BMAL1 expression in cortex of elderly 
humans suggest persistence of clock function in old age [76], altered PER1, 2, 3 
rhythms in leukocytes indicated desynchrony [49]. A detailed account on age-linked 
alterations in the core clock gene expression in the SCN is discussed elsewhere [10].

Table 20.2 Age-induced 
circadian rhythm disorders

Sleep-associated disorders
Advanced sleep phase [24]
Irregular sleep–wake disorder [162]
Circadian sleep–wake rhythm disorders 
(CSRD)

[65]

REM sleep behavior disorder (RBD) [117]
Insomnia [39]
Co-occurrence of obstructive sleep 
apnea and insomnia

[2]

Restless leg syndrome/Willis–Ekbom 
disease (RLS/WED)

[151]

Free running disorder [156]
Sleep fragmentation [77]
Reduced total sleep time [16]
Reduced slow wave sleep time [86]
Sleep disordered breathing [62]
Advanced sleep–wake phase disorder 
(ASWPD)

[73]

Delayed sleep–wake phase disorder 
(DSWPD)

[73]

Neurological disorders
Cognitive decline [13]
Dementia [91]
Alzheimer’s disease [78]
Parkinson’s disease [44]
Mood and behavior-related disorders
Adult attention deficit hyperactivity 
disorder

[8]

Bipolar disorder [125]
Depression [97]
Major depressive disorder (MDD) [92]
Metabolic disorders
Cancer [105]
Rheumatoid arthritis [27]
Type II diabetes mellitus [119]
Cardiovascular diseases [13]
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The mechanisms underlying the modulation of clock gene expression in aging 
might be involving the cross-talk between circadian and metabolic regulatory sys-
tems [116]. The NAD+-dependent protein deacetylase SIRT1 is known to play a 
significant role in the age-related deterioration of the circadian clock [20]. The role 
of SIRT1 in the modulation of circadian clock is well known [99] and studies in the 
SCN of aged mice have demonstrated decline in SIRT1 levels concomitantly with 
levels of BMAL1 and PER2 [20]. Further, Sirt1 knockout mice resulted in senescent- 
like phenotype and Sirt1 overexpression resulted in antiaging phenotype with 
respect to alterations in clock [20]. In addition, role of SIRTs in age-associated 
epigenetic changes in the clock has also gained considerable importance [104].

 Therapeutic Interventions

Understanding the molecular components and their feedback mechanisms that are 
involved in aging and circadian dysfunction helps the researchers to identify the 
target molecules and to develop the therapeutic drugs to delay the progress of aging 
and age-associated disorders. Here we discuss few of the potential therapeutic strat-
egies that are showing promising results in combating the aging process and restor-
ing the circadian clock.

 Effect of Antioxidants on Aging and CTS

 (i) Melatonin

The primary function of melatonin is to relay the circadian signals to the periph-
eral clocks and to synchronize them with the central clock [138]. It is also well 
established that melatonin relays seasonal temporal information [113]. Melatonin is 
shown to regulate several clock genes and considered as chronobiotic [59]. It is a 
multitasking molecule with several properties like anti-inflammatory and antioxi-
dant, and can stimulate antioxidant enzymes like glutathione reductase, glutathione 
peroxidase, and catalase [87, 118]. Melatonin irregularities have been attributed to 
several circadian dysfunctions that are involved in cancers [122]. The secretary 
rhythm of melatonin has been linked with the immune changes and thyroid hor-
mone in aging mice [114]. And also, the nocturnal secretion of melatonin is related 
to the cell-mediated immunity [84]. The peak expression of IL-1b, IL-2, IL-6, and 
TNF-α is observed shortly after the maximum melatonin serum levels [25].

In humans, melatonin metabolite 6-hydroxymelatonin sulfate showed similar 
pattern in both young and healthy centenary subjects; this is evident to claim that 
melatonin can be a proper aging marker [37]. Melatonin reduces the microglial 
activity in brain which is considered as anti-inflammaging property [46]. It also has 
shown to alleviate age-induced memory impairments and neuronal degeneration 
[130]. Cognitive deficits and neurodegeneration were shown to be alleviated with 
melatonin administration [103]. Melatonin has also shown the beneficiary effects on 
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the sleep deprivation-induced memory deficits [4] and also improved sleep efficacy 
[135]. Further, melatonin supplementation has slowed down the progress of cogni-
tive deficits and also ameliorated the sundowning syndrome in Alzheimer’s disease 
patients [18]. In correspondence to Alzheimer’s disease, melatonin has reduced 
β-amyloid, anomalous nitration of proteins, β-fibrillogenesis, tau phosphorylation, 
and also increased survival rate of AD transgenic mice [79, 80, 88]. We have recently 
demonstrated the restoratory effects of melatonin on age-induced alterations in NO 
daily rhythms and Socs1 expression in peripheral oscillators [143, 144]. We further 
demonstrated that melatonin administration could differentially restore the circa-
dian phase, amplitude and the expression levels of clock genes such as Bmal1, Per1, 
Per2, Cry1, and Cry2 [89, 90] in aged and a rat model of PD. Additionally, we 
demonstrated age and PD-related changes in the number of oscillatory proteins 
which shows day–night variations, and the melatonin administration has resulted in 
differential restoration of these proteins in both aging and PD [61]. In concordance 
with it, several other researchers have shown the beneficial effects of melatonin in 
age-associated disorder like Parkinson’s disease [19].

The beneficiary effects of melatonin can be attributed to its amphiphilic nature 
that can easily cross the blood brain barrier [123]. The effect of melatonin on several 
clock-associated genes has been extensively discussed elsewhere [59].

 (ii) Resveratrol

Resveratrol (3,5,4′-trihydroxy-trans-stilbene), a polyphenol purified from natu-
ral sources is known to modulate CTS [102] and also rescues from various age- 
related impairments [41]. Studies in nocturnal primate gray lemur further revealed 
the influence of resveratrol on circadian clock. Resveratrol improved the synchroni-
zation of old animals to light–dark cycles and restored the rhythms of locomotor 
activity and body temperature [115]. Interestingly, few researchers have demon-
strated its role in clock-mediated rescue from disorder of lipid metabolism in a 
rodent model [134]. Corroborative evidence on beneficial effects of resveratrol 
came from a report where it attenuated the insulin resistance in liver by modulating 
core clock elements as well as SIRT1 [163]. Considering the importance of clock in 
healthy aging [28], an earlier study emphasized SIRT1 and its activator resveratrol’s 
role in BMAL1-CLOCK-mediated transcription of clock genes, highlighting its 
influence on CTS [109].

 (iii) Curcumin

Curcumin (diferuloylmethane), a potent antioxidant, is a polyphenol derived 
from rhizomes of Curcuma longa and known for its multiple beneficiary effects 
[129]. It has been reported that curcumin can cross blood brain barrier [139]. Its role 
as antioxidative, anti-inflammatory, anticancerous, neuro-protective, and clock 
restoratory agent is widely explored in various animal models [17]. Several studies 
have also suggested curcumin as a potential SIRT1 activator [157], it could mediate 
antiaging effects. Reports showing Bmal1 and SIRT1 activation by curcumin 
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suggest a modulatory role for curcumin in age and associated circadian disorders 
[43]. We have shown the influence of curcumin on circadian clock by studying sero-
tonin (5-HT) and its metabolite 5-hydroxy indole acetic acid (5-HIAA) rhythms in 
the SCN and pineal of rats [58]. Interestingly, a recent study demonstrated a syner-
gistic function of melatonin and curcumin in tumor suppression [131]. Overall, 
these reports suggest curcumin can be a potential drug candidate in reversing age- 
linked clock dysfunction.

 (iv) Withania somnifera

Withania somnifera (WS), known as Ashwagandha, is known to promote health, 
enhance longevity, and create a sense of well-being [85]. With various biologically 
active constituents, the leaf, root, and fruit extracts of the plant have potential regen-
erative properties and is used for the treatment of various disorders [146]. Several 
studies have explored the free radical scavenging activity, regulation of lipid peroxi-
dation, glutathione-S-transferase activity, and anti-inflammatory property of WS 
[63, 108]. Similarly, clinical and preclinical experiments have revealed the potential 
of WS against cancer, insomnia, anxiety, stress, cognitive, and age-associated neu-
rodegenerative disorders such as AD and PD [68, 85, 127]. Evidence for antiaging 
effects of WS has also come from studies reporting downregulation of senescence 
in human fibroblasts and lifespan extension in C. elegance [71]. Moreover, we have 
recently reported the differential restoratory effect of Ashwagandha leaf extract on 
age-induced alterations in SCN core clock transcript expression rhythms [60]. Our 
results showed an age-specific action of WS, as we observed restorations in the 
phase of Per1, Cry1, and Bmal1 in the SCN of mid-aged (12 m) rats and only Per1 
in old-aged (24 m) rats [60].

 Effect of Calorie Restriction (CR) on Aging and CTS

CR is demonstrated to be a potential strategy in lifespan extension and improved 
health in various organisms [14]. A recent report elucidating the role of CR in rescu-
ing age-dependent circadian alterations by involving SIRT1 activation in peripheral 
clock liver [126] corroborated the previous knowledge on antiaging effects of CR 
[81]. CR, a strong metabolic cue and known to function as a zeitgeber for peripheral 
clocks has been shown to modulate peripheral gene expression [6, 111]. Studies 
investigating the SCN VIP expression, pineal melatonin, blood glucose, and loco-
motor activity rhythms suggested the influence of CR on circadian clock. In addi-
tion to it, CR could also synchronize the peripheral clocks and influence 
clock-controlled output systems, such as the food anticipatory activity (FAA) and 
body temperature. Further, studies exploring the influence of CR on photic responses 
suggested a role for CR in entrainment of circadian clock [94]. Transcriptome anal-
ysis in various peripheral clocks under CR demonstrated Per2 as the most upregu-
lated gene in majority of the clocks [136]. Emerging studies have also linked CR 
with elevated expression of several core clock genes including Per1, Per2, Cry2, 

A. Jagota et al.



455

and Bmal1. Similarly, some of the key CCGs which code for transcription factors 
such as Dbp, Dec1, Dec2, Hlf, Tef, and E4bp4 were differentially affected in under 
CR [110]. These observations indicate that CR could directly synchronize central 
clock as well as peripheral clocks and rescue from the age-associated circadian ail-
ments [126]. Interestingly, a recent study using Bmal1 knockout mice has high-
lighted the role of BMAL1 in CR-mediated longevity effects [110].

 Effect of Small Molecules as Modulators in Aging and CTS

In the recent years, there is an upsurge in the studies related to usage of small mol-
ecules as drugs. Through chemical screening approaches more than 2,00,000 small 
molecules have been identified as circadian regulators that may act as modifiers of 
period length, phase delay, phase advance, phase attenuation, and amplitude 
(Table 20.3) [22]. Small molecules such as CKI inhibitors and synthetic ligands for 
the nuclear receptors CRY1, REV-ERBs, and RORs have been proposed as thera-
peutic alternatives for several CTS dysfunction [22]. Studies on small molecules 
would open a new avenue in modulating age-related circadian dysfunctions toward 
healthy and slowly progressive aging.

Table 20.3 Small molecules modulating circadian clock

Small molecule Circadian effect References
KN-62 Targets CaMKII and attenuates phase shifts [42]
Lithium Stabilizes REV-ERBα and lengthens circadian 

period
[159]

PF-670462 Inhibits CK1δ resulting in period lengthening [95]

L-methyl selenocysteine Enhances transcriptional activation of Bmal1 [52]
SR9009 and SR9011 REV-ERB agonists

Altersgene expression and circadian behavior in 
obese mice

[132]

Compound 5 and 
compound 6

Induction of cAMP leading to phase delays [21]

KL001 Stabilizes CRY resulting in period lengthening [101]
SSR 149415 and 
OPC-21268

AVP receptors antagonists
Accelerate re-entrainment after shift work and jet 
lag

[154]

Resveratrol SIRT1 activator
Modulates circadian clock

[20]

2-ethoxypropanoic acid Targets CRY
Activates E-box transcription

[23]

Neoruscogenin ROR agonist
Induces Bmal1 expression

[48]

SR8278 Targets REV-ERB
Reduces anxiety and induces maniac-like behavior

[67]

Nobiletin Targets ROR receptors
Increases the amplitude of target gene expression

[40]
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 Conclusion

Aging is associated with disruption of the chronobiological cycle. CTS undergoes 
reduced sensitivity to external cues with aging in various physiological, biochemi-
cal, and molecular parameters. Numerous clinical studies have established a direct 
correlation between abnormal circadian clock functions and the severity of neuro-
degenerative and sleep disorders. Therapeutic interventions using various pharma-
cological agents such as antioxidants, CR, and small molecules may help to restore 
CTS dysfunction in elderly.
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 Introduction

All living organisms reproduce to produce offspring which become young and then 
over the course of time encounter the universal phenomenon of aging and finally 
die. Aging is the universal process that occurs in all living organisms. Every species 
has the desire to live young; however, aging and death are unavoidable. Since 
ancient times, humans have tried to understand the mechanisms of aging. Aging is 
accompanied by several age-related disorders that are the major cause of demise of 
all living beings. It has been found that there is a close association between aging 
and diseases. Last century has seen remarkable increase in life expectancy in 
humans due to medical advancements; therefore, the number of old aged people has 
been increasing worldwide. However, old age also brings various age-associated 
disorders, including cancer. Cancer is a multifactorial disease characterized by 
uncontrolled cell proliferation. At first glance, aging and cancer seem to be unre-
lated, but growing research in this area have indicated that there is close relation 
between aging and cancer. The association of aging and cancer is widely observed, 
together with other common age-related disorders. In this chapter, we will try to 
address questions about aging and its biology. Why do living organisms become 
aged during a course of time? Could this phenomenon be avoided? What are the 
genetics and physiology of the aging? Is there any particular set of genes which 
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govern the process of aging? Why is life span the characteristic of the species? What 
is the common biology of aging and cancer?

 Aging and Its Hallmarks

Dysregulation of several molecular events during the process of aging causes loss of 
homeostasis and thus predisposes the human system to age-related disorders such as 
osteoporosis, sarcopenia, cardiovascular and neurodegenerative disease, diabetes, 
lipodystrophy, and cancer. Aging also causes social and economic distress to the 
sufferer. Understanding the complexities of aging will provide assistance in devel-
oping strategies to prevent or delay aging and aging-related disorders [1].

With the progression of time from newborn to old, organisms come across several 
molecular and cellular changes. These changes collectively described as the “hall-
marks of aging” usually contribute to aging. López-Otín et al. [2] enlisted nine hall-
marks of aging; these are genomic instability, epigenetic alterations, telomere attrition, 
loss of protein homeostasis, dysregulation of nutrient sensing, mitochondrial dysfunc-
tion, cellular senescence, stem cell exhaustion, and altered intercellular communica-
tion. Ideally, certain common criterion has to be fulfilled by any factors in aging to be 
called as hallmark. Each hallmark should manifest during normal aging and experi-
mental modulation in hallmarks should either accelerate or retard the aging [2].

 Causes of Aging

Despite extensive research in the field of molecular biology and genetics, enigma 
that regulates lifespan and aging is unsolved. Many theories have been presented to 
explain the process of aging, which falls in the category of either programmed or 
error theory, but no single theory is convincing enough to understand the process 
completely [3]. Each theory is unique, however, not mutually exclusive, and thus 
describes the process of aging at different levels alone or in combination with 
another theory. Hence, these theories of aging have been classified into four groups, 
evolutionary, molecular, cellular, and systematic. Aging is programmed through 
both intrinsic and extrinsic factors and their simultaneous interactions at several 
levels. It is postulated that in the middle of last century, due to improved hygiene 
and medical advancements, increased longevity has been observed in humans. 
Evolutionary theory emphasizes on the role of natural selection on aging, which 
has been further explained by mutation accumulation and antagonistic pleiotropy 
theory. Mutation accumulation theory argued that the decline in natural selection 
over successive generations lead to accumulation of deleterious mutations; on the 
other hand, antagonistic pleiotropy theory emphasizes that pleiotropic effects of 
genes, where beneficial genes acts in early life, become deleterious at later ages 
contributing to aging.

Molecular theory suggests that differential expression of certain set of genes in 
early and late life might promote aging. Lifespan is the characteristics of the 
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selection of genes that promotes longevity. Role of insulin-like signaling pathways 
in worms, mice, and flies in regulating lifespan indicated that altered gene expres-
sion might affect the process of aging [4]. In the cellular theory of aging, cellular 
senescence explains the accumulation of senescent cells with time either due to loss 
of telomeres or cell stress. The production of reactive oxygen species (ROS) during 
oxidative metabolism causes damage to the macromolecules in the cells that might 
contribute to aging.

System-based theories state that decline in functionality of critical organs that 
are involved in maintenance and control of other organ systems disrupts the integ-
rity and function thus becomes less efficient [4]. Hence, exploring the root cause of 
aging is complicated since multiple factors are involved during the process of aging. 
However, these theories have tried to explain certain aspects of aging, but consensus 
has not been met.

 Aging and Senescence

Probably, some might think that the process of aging and senescence is the same; 
however, these processes are separate but overlapped. Senescence is a process of cell 
growth arrest that is irreversible in nature attributed to the fact that any external phys-
iological stimulation cannot sensitize the arrest cells to re-enter into cell cycle. In 
1961, Hayflick and Moorhead were the first who observed the phenomenon of senes-
cence. They have observed the irreversible growth arrest of fibroblast cells in in vitro 
culture. Role of senescence is implicated in protection of cancer as well as in aging 
[5, 6]. The morphology of the senescent cells is distinctive, usually flat, and enlarged, 
and these cells are found to have increased expression of several senescence-associ-
ated biomarkers such as β-galactosidase and cell cycle proteins p53, p21, p16, p27, 
and p15. Aging and senescence are linked processes since both limit the lifespan of 
the cell, but to correlate these two phenomena is challenging due to the complexity 
of these processes. It is postulated that accumulation of senescent cells in aged tis-
sues over the period of time caused the loss of homeostasis of the system. There are 
various biological stimuli which lead to senescence increases with aging. Recent 
studies in mouse model of progeroid syndrome have established connection between 
aging and senescence which further emphasizes that these processes are related and 
discrete but not the same. They have targeted the p16-positive senescent cells in vivo 
that alleviate age-related features in mouse models. There are several molecular 
alterations such as activation of p53 and telomere shortening that link the process of 
aging and senescence [7]. It is postulated that senescence could promote aging 
through many possible ways. Senescence depletes the tissue stem or progenitor cells, 
thus compromising the tissue repair and regeneration processes. Secretory molecules 
from these cells also affect the vital process of the cells such as cell growth, differen-
tiation, and migration, which further affect the tissue architecture [8].
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 Potential Animal Models for Investigating Connections 
Between Aging and Cancer

Several in vitro studies have tried to decipher the molecular mechanisms associated 
with aging and cancer, but more in vivo studies are needed for deeper understanding 
of molecular mechanisms interplaying in aging and cancer. Several organisms have 
been established in past few decades to study the process of aging. mTOR pathway 
regulates the process of aging and cancer in several model organisms such as yeast, 
nematodes, and flies. Another breakthrough in yeast, nematodes, and flies 
have  shown how the overexpression of the Sir2 influences the lifespan of these 
organisms, indicating a direct connection between aging and cancer. The life exten-
sion in mice models was found upon calorie restriction indicated connection with 
calorie intake and its effects on aging. The most widely studied animal models for 
aging include nematodes and fruit fly. There are many established vertebrate animal 
models which have been used to study aging and related diseases, and these include 
mouse, rats, naked mole-rats, primates, fish, dogs, cats, and birds [1, 9].

 Cancer and Its Incidences with Aging

Cancer is a deadly disease characterized by uncontrolled growth of cells. Several 
properties of cancer cells include loss of growth control, resistance to apoptosis, 
immortality, angiogenesis, and ability to invade and metastasize. Cancer is gener-
ally driven by different changes at genetic and epigenetic levels. Genetic changes 
include mutations leading to loss of function mutations in tumor suppressor genes 
and activation of oncogenes. Epigenetic changes include global hypomethylation 
leading to genome instability and activation of various oncogenes and transposable 
elements, promoter-specific hypermethylation resulting into suppression of certain 
tumor suppressor genes, microRNA-based silencing of different oncogenes, and 
various kinds of histone modifications [10].

Age-related increase in cancer incidence is well documented. It has been reported 
that more than 60% of new cancer incidences and more than 70% of cancer-related 
mortality occur in people over the age of 65 years [11]. But this trend is not univer-
sal and also depends on the type of cancer. For example, osteosarcoma and acute 
lymphoblastic leukemia (ALL) peak during early years of life [12, 13]. Also, tes-
ticular and cervical cancer declines after middle age (WONDER database).

Study by Veronesi et al. showed that recurrence of breast cancer after mastec-
tomy was higher in younger women compared to old ones [14]. An experiment by 
Ershler et al. showed that growth of injected Lewis lung carcinoma and B16 mela-
noma in younger mice was rapid compared to older mice [15], while younger mice 
coped better than the older ones during chemical or radiation-induced sarcomas 
[16]. Hence, studies have provided evidence that there is high incidence of cancer 
with age. The complexity of both the process makes it difficult to study these phe-
nomena simultaneously and their related molecular mechanisms. However, several 
studies have provided the information on common biology of the cancer and aging. 
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Therefore, in the next section, we have highlighted all the common aspects of can-
cer and aging.

 Common Biology of Cancer and Aging

Multiple changes at cellular, molecular, and physiological level during aging affect 
the biology of cancer. There are various phenomena which are common between 
cancer and aging such  as telomere shortening, genomic instability, senescence, 
global hypomethylation, promoter-specific hypermethylation, metabolism, and 
autophagy. Hence, the link between common biology of cancer and aging is incon-
trovertible, but the underlying molecular mechanisms are yet to be fully 
understood.

 Telomere Shortening

Telomeres are the repetitive sequences at the ends of chromosomes. DNA polymer-
ases are unable to completely replicate these telomeres as these polymerases are 
unidirectional and need a labile primer. Thus, after each cell division, telomeres get 
shortened [5]. This shortening of telomeres after several cell divisions results in 
genome instability and activates DNA damage response and leads to irreversible 
growth arrest known as replicative senescence.

Telomerase, an enzyme that could synthesize DNA repeats de novo, and recom-
bination between telomeres known as alternative lengthening of telomeres (ALT) 
are two ways by which telomeres are elongated. Adult cells have very less expres-
sion of telomerase, so the telomeres undergo shortening with age [17]. Telomere 
shortening has been observed during aging as well as during development of most 
of the cancers.

Several studies have shown that the shortening of telomeres with age and length 
of telomeres can predict longevity and age-associated defects in humans. The senes-
cent cells as a result of replicative senescence have also been found to be accumu-
lated during aging. Genetic variants of p16, which is a marker for senescence, are 
also found to be involved in age-influenced diseases [18]. Mice lacking telomerase 
have shown decreased lifespan even after first generation and further decrease 
occurred in subsequent generations. Telomere shortening has been found at old age 
in Mus musculus and Mus spretus. Mice with overexpression of telomerase which 
escape tumor development have shown increased lifespan. Mice deficient in telom-
erase have shown to age prematurely due to impaired function of stem cells leading 
to decreased regeneration capacity of tissues which in turn leads to multiple organ 
defects and is considered as the most important cause of telomere-associated aging 
[19]. Furthermore, factors that contribute to aging such as obesity or stress have 
shown to decrease telomere length and activity of telomerase. Various premature 
aging syndromes are linked to mutations in telomerase, telomere shortening, and 
chromosome instability. The telomere-associated aging is found to be regulated by 
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p21, downstream target of p53 and PMS2, a mismatch repair protein. In telomere- 
deficient mice, deletion of p21 increases lifespan [6].

Most of the tumors have also found to have short telomeres as a consequence of 
excessive proliferation, but later on by activation of telomerase or ALT, they main-
tain their telomeres and elongate them [19]. The telomere shortening has also been 
associated with cancer susceptibility. Increased risk of chromosomal aberrations 
caused by breakage-fusion-bridge cycles after telomere shortening predisposes the 
cells to cancer. The telomere shortening results in the loss of telomere function 
which in turn results in the genomic instability leading to tumor development. 
Higher incidence of cancer has been found in mice with short telomeres which can 
be attributed to genomic instability. Furthermore, the replicative senescence has 
been suggested to promote cancer development in old tissues due to secretion of 
various tumor-promoting factors [18]. Telomerase inactivation which causes telo-
meres to shorten has been reported to cause cancer and progeroid syndrome in mice 
which generally have higher telomerase expression and comparatively long telo-
meres [20].

Incidence of cancer was found to increase in mice which were genetically 
manipulated to express telomerase postnatally through Tert transgenesis, and rate of 
cancer protection was increased in mice with telomerase deficiency. These mice 
were found to be resistant to tumor induction by carcinogens and genetic defects. 
Two exceptions exist for telomerase-deficient mice models of cancer protection, 
one is when this deficiency is combined with absence of p53 and another is when 
this occurs with overexpression of TRF2, a shelterin component which recruits 
nuclease to telomeres. These two conditions result in genomic instability which in 
turn promotes cancer development [6, 19]. Furthermore, senescence induced by 
telomere shortening has been found to inhibit the cancer development in mice defi-
cient in telomerase and with expression of Myc gene in its B cells [6]. Thus, telo-
mere shortening acts as a potent barrier to tumorigenesis, but cancer cells overcome 
this barrier at some point of cancer development leading to malignant 
transformation.

Hence, the maintenance of telomeres has been associated with both aging and 
cancer.

 Genomic Instability

Genomic instability is at the heart of both aging and cancer. Genomic instability is 
caused in various ways, among them the most common is oxidative damage due to 
ROS generation. Major source of ROS generated in a cell is through mitochondria. 
The damage caused by ROS to molecules such as DNA, lipids, and protein during 
aging has also been found to occur in cancer. For example, malondialdehyde 
(MDA) and 4-hydroxynonenal/4-hydroxy-2-nonenal (HNE), the two byproducts 
of lipid peroxidation, have been found to be involved both in tumor development 
and aging [21]. There are few reports linking the inhibition of oxidative damage 
and increase in lifespan. Mice deficient in p66shc, a redox protein having role in 
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ROS generation, and mice that overexpress catalase, enzyme responsible for che-
lating H2O2, showed delayed aging. Mice overexpressing human thioredoxin also 
showed extended lifespan. Similarly, inhibition of oxidative damage is one of the 
potent strategies in cancer chemoprevention. Use of N-acetylcysteine results in 
protection against some lymphomas and carcinogen-induced lung cancers. It has 
also been reported to intervene in cancer development in mice. Moreover, resvera-
trol has shown anti-aging and anti-cancer effect which could be partly attributed to 
its antioxidant property [19].

Other causes of genome instability that link cancer and aging are telomere attri-
tion and global hypomethylation. As discussed earlier under telomere shortening 
section, telomere shortening occurs during aging, and it also predisposes to cancer; 
this is due to the result of genomic instability and chromosome aberrations after 
telomere attrition [18]. Global hypomethylation is another phenomenon which 
results in genomic instability and links cancer and aging. It results in the activation 
of certain latent retrotransposons leading to genome instability and has been found 
to occur in cancer as well as in aging [22, 23].

Mutation in various genes which are involved in  the maintenance of genomic 
stability results in premature aging as well as neoplasia. Such genes also provide 
evidences for the role of genomic instability in linking cancer and aging. Examples 
of such genes include ATM kinase, BRCA1, p53, WRN, BLM,RTS, ERCC4, 
BUB1, SIRT1, and ku86 [17, 18]. Mutations in p53, ATM, and BRCA1 result in 
genetically inherited cancer syndromes such as Li-Fraumeni syndrome, ataxia- 
telangiectasia, familial breast, and ovarian cancer, respectively. All these genes are 
involved in DNA damage surveillance and are also linked to aging. Mice expressing 
super active form of p53 while maintaining its normal regulation results in cancer 
resistance and normal aging. But the mice with super active isoform of p53 with 
loss of its regulation are cancer resistant but show premature aging. Mice with over-
expression of p53 and p19ARF showed delayed aging due to elimination of DNA 
damage [17, 19]. Also, the life-extending mutations in C. elegans ultimately result 
in activation of p53. Likewise, mice with mutation in ATM showed rapid aging [19]. 
Mutation in BRCA1 leading to impairment of its repairing capacity of DNA dam-
age resulted in premature aging in mice, and such mice were also prone to cancer 
development [24].

WRN, BLM, and RTS encode RecQ helicases which are involved in repairing of 
double-strand DNA breaks and thus are very important for maintaining genome 
integrity [24]. WRN gene also interacts with telomere-binding proteins and helps in 
proper maintenance of telomeres. WRN gene has also been found to be epigeneti-
cally silenced in cancers [17]. Mutations in these genes result in premature aging 
disorders with cancer predisposition, namely, Werner syndrome, Bloom’s syn-
drome, and Rothmund-Thomson syndrome, respectively. Werner syndrome includes 
multiple features of aging as premature thinning and graying of hairs, wrinkling of 
skin, type II diabetes, cardiovascular diseases, osteoporosis, cataracts, hypogonad-
ism, and cancer mainly sarcomas. Bloom’s syndrome involves immune deficiency, 
dwarfism, decreased fertility, and development of multiple types of cancers early in 
life. Rothmund-Thomson syndrome patients show growth deficiency, growth 
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retardation, poikilodermatous changes in the skin, cataracts, graying and thinning of 
hairs, photosensitivity, and increased predisposition to cancer [25].

ERCC4 encodes an enzyme involved in nucleotide excision repair (NER). 
Mutation in this gene leads to xeroderma pigmentosum syndrome which predis-
poses the patients to various solid tumors. Severe mutations in the same gene also 
result in premature aging as shown by a study on a single patient [17]. BUB1 is a 
mitotic checkpoint protein which has role in chromosome segregation and mainte-
nance of genome integrity. Overexpression of BUB1  in mice has been found to 
prolong healthy lifespan and protects against cancer [18].

SIRT1 is a member of sirtuin family of enzymes (NAD-dependent deacetylase) 
and it is a mammalian orthologue of sir2 gene in Drosophila. Various members of 
sirtuin family have role in gene silencing, recombination, and maintenance of 
genome stability. Mice with deleted Sirt1 die shortly after birth due to genomic 
instability [17]. Sir2 was also reported to have noticeable longevity activity and 
overexpression of sir2 increased lifespan in yeast [26]. Extended lifespan in yeast 
and worms after caloric restriction was found to be mediated by sir2, and its over-
expression was sufficient to cause lifespan extension [17]. Role of SIRT1 in can-
cer development as well as in cancer prevention has also been studied. Depending 
upon the context, it can act as tumor suppressor or oncogene. Overexpression of 
SIRT1 has been studied in some tumors as leukemia and various anticancer thera-
pies target SIRT1. Activators of SIRT1 are undergoing clinical trials for cancer 
prevention as it has been observed to have protective role against colon and breast 
cancer in mice [18]. SIRT3 and SIRT6 have also been reported to have role in 
aging. Mice deficient in SIRT6 resulted in accelerated aging and SIRT3 had role 
in healthy aging [26].

Ku86 is an important component of nonhomologous end-joining repair mech-
anism. Mice with deletion of ku86 resulted in decreased lifespan and early onset 
of cancer, but the incidence of cancer was decreased. This decrease may be due 
to unavailability of sufficient time for cancer development because of shorter 
lifespan [27].

 Senescence

Senescence is characterized by irreversible growth arrest following various stress 
signals. Senescence can be induced by progressive shortening of telomeres, DNA 
damage, epigenetic damage, mitogenic or oncogenic stimuli, and activation of 
tumor suppressors and inactivation of oncogenes. Senescence due to telomere attri-
tion is called as replicative senescence, and senescence caused by different stresses 
except telomere shortening is known as stress-induced premature senescence (SIPS) 
[5, 28].

DNA double-strand break caused by radiations, topoisomerase inhibitors, and 
other means results in senescence induction. Damage caused by most of the chemo-
therapies also results in senescence [5]. Oxidative damage caused by ROS genera-
tion has also shown to cause senescence. Propagation of human cells in 20% oxygen 
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level which is higher than physiological level or in presence of H2O2 resulted in 
senescence-like condition [28].

The change in epigenome such as chromatin de-condensation by HDAC inhibi-
tors and by excessive activity of p300, a histone acetylase has been reported to cause 
senescence by derepression of p16 which is a marker of cellular senescence [5]. 
Various oncogenes have been shown to elicit senescence. Oncogenic form of H-ras 
which causes activation of MAPK pathways induces senescence in primary cells. 
Raf, MEK, and some other components of MAPK pathway as well as other onco-
genic pathways also trigger senescence [28]. Other mitogenic stimuli which result 
in senescence include overexpression of ERBB2, a growth factor receptor, trunca-
tion of growth factor signaling by loss of PTEN, and stimulation by interferon-γ. 
p53, p21, p16, and pRB are the tumor suppressor genes that are also involved in 
regulation of cellular senescence, and overexpression of these genes is sufficient for 
induction of cellular senescence [5]. Inhibition of several oncogenes has also been 
observed to cause senescence. Inhibition of CDK4, c-myc, and some embryonic 
factors having oncogenic properties such as TBX2 and TWIST1/2 also results in 
senescence [28].

DNA damage caused by various stimuli such as dysfunctional telomeres, oxida-
tive stress, oncogenes, etc. resulted in activation of DNA damage sensors such as 
ATM/ATR and Chk1/Chk2. These kinases then phosphorylate p53 which further 
activates p21 which ultimately causes growth arrest; p21 also causes inhibition of 
phosphorylation of pRb by CDKs which further inhibit cell cycle progression [29]. 
p21 is found to be upregulated during replicative senescence. Deletion of p21 gene 
increases lifespan and health in mice deficient in telomeres. Components of mis-
match repair pathway, especially PMS2, are found to have role in senescence and 
aging after telomere loss and act upstream of p21 [6]. p21 overexpression can 
induce senescence and its deletion delays senescence.

INK4a/ARF locus also plays an important role in regulation of senescence. This 
locus encodes two different proteins, p16 and ARF; p16 inhibits CDKs and thus 
activates pRb and ARF sequesters Mdm2 leading to stabilization of p53. p16 expres-
sion has been reported to increase during replicative as well as stress-induced senes-
cence, but it is still unclear whether telomere shortening regulates this increase and 
how different stress signals leading to senescence regulate p16 expression. The 
INK4a locus is regulated at various levels. Polycomb group of repressors such as 
Bmi, CBX7/8, and TBX 2/3 represses this locus and thus inhibits senescence, and 
during senescence these regulators show decreased expression. This inhibition is 
counteracted by various activators such as MAPKAP which inhibits polycomb 
complexes, SWI/SNF which causes chromatin remodeling and JMJD3, and a lysine 
demethylase which activates the INK4 locus. Activation of p38 MAPK in response 
to ROS, oncogenes, and dysfunctional telomere also regulates this locus [28].  
At transcriptional level, p16 is activated by transcription factors Ets1/2 or E47.  
Id1 forms heterodimers with this transcription factors and thus inhibits activation of 
p16. Its expression was found to decrease during senescence [29]. P16 and ARF are 
also regulated posttranslationally. UV treatment leads to the activation of p16 by 
inhibition of its degradation by SKP2 and ARF is regulated by ULF ubiquitin ligase. 
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MicroRNAs (miRNAs) are also found to regulate senescence. Some miRNAs act as 
inhibitor and some as activator of senescence. ROS and enzymes generating and 
inhibiting ROS have also been found to regulate senescence. Akt also regulate 
senescence by modulating ROS [29].

 Senescence in Cancer and Aging

Senescence also provides a link between cancer and aging. Accumulation of senes-
cent cells has been reported during aging as well as in tumors. Accumulation of 
senescent cells was found in various tumors such as in neurofibromas, benign 
lesions of the prostate, and the skin. Accumulation of senescent cells has also been 
observed in several mouse models of benign tumors and hyperplasia [6]. Senescence 
has tumor-suppressive function, and at this point, cancer and aging diverge; how-
ever, in spite of its role in inhibition of cancer, senescence is also involved in cancer 
progression. Hence, the biology of cancer and aging merges at this point as aging- 
derived senescence results in cancer development. Various senescence-associated 
secretory profile/phenotype (SASP) components are involved in tumor 
progression.

Inactivation of p53, p16, ARF, p21, SUV39H1, and Rb, the proteins which regu-
late senescence, results in malignant growth [28, 29]. Various chemotherapy-based 
strategies also depend on induction of senescence in cancer cells. Different thera-
pies induce senescence by different means as by targeting telomerase, reactivating 
p53, inactivation of oncogene as c-myc, and induction of DNA damage. All these 
changes lead to senescence and thus cancer regression [29].

Mouse and human epithelial cells were reported to show increased proliferation 
after administration of senescent fibroblast, while non-senescent fibroblasts do not 
have this effect. This stimulation is mediated by different SASP components such as 
VEGF which help in tumor angiogenesis, MMP3 which has role in invasion, and 
GRO and amphiregulin which promote cancer cell proliferation. SASP components 
such as IL6 and IL8 are involved in induction of epithelial to mesenchymal transi-
tion (EMT) in cultured cells. EMT helps cancer cells to invade and metastasize to 
different sites leading to malignant growth. Some other SASP factors have role in 
stem cell renewal and chemoresistance of cancer cells [5]. Senescent cells also con-
tribute to cancer initiation by generation of ROS and are considered to be a major 
cause for cancer development [30].

SASP acts as an important factor linking cancer and aging. As senescent cells 
accumulate during aging, SASP components create a fertile microenvironment for 
cancer development. Thus, increase in cancer incidences with age may be partly due 
to SASP-mediated effects which accumulate during aging. Infiltration of leukocytes 
by SASP components results in inflammation leading to DNA damage which can 
result in development of cancer as well as ageing phenotypes [5]. All these facts 
show that senescence can act as double-edged sword; during early stage of life, it 
helps in tumor suppression, but with aging it causes permissible environment for 
cancer development.
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Cellular senescence apart from having a role in cancer is also considered as an 
important factor in aging. Accumulation of senescent cells has been reported to occur 
during aging and certain age-related pathologies as dementia, atherosclerosis, osteo-
arthritis, benign hyperplastic prostate, and respiratory disease [29, 31]. A number of 
senescent cells were found to increase with age in various tissues such as the skin of 
baboons, the liver of mouse, the retina of primates, and human skin and liver [18, 31]. 
Further, senescent cells were found to be responsible for disruption of normal struc-
ture of breast epithelial cells and pulmonary arteries, and these disruptions were 
hypothesized to cause or contribute to age-related changes mediated by SASP compo-
nents. Indirect evidences indicate that senescent cells are also implicated in genesis of 
various age-associated diseases. Direct evidence that senescent cells can drive the 
age-related pathologies came from a study which involves targeted clearance of senes-
cent cells expressing p16 in a progeroid mouse model. This targeted clearance resulted 
in delay in age-associated pathologies [5]. Moreover, regulators of senescence have 
also been linked to aging. CDK2a locus which is expressed at very low levels in young 
tissues and is a regulator of senescence gets activated during aging resulting in 
increased p16 levels with age in humans and rodents, and it serves as marker for 
aging. Single nucleotide polymorphism and variants of p16 have been found to be 
linked to aging and age-related diseases [17]. Caloric restriction which slows the rate 
of aging is reported to decrease the age- related increase in p16 levels. Further support-
ing this link, age-dependent increase in p16 has been shown to decrease regeneration 
potential of various adult stem cells, and mice lacking p16 showed increased regen-
eration capacity, while mice deficient in polycomb repressors have been shown to 
decline in self-renewal capacity of stem cells [17, 29].

Inhibition of p21, another regulator of senescence, results in decreased regeneration 
capacity of hematopoietic stem cells which is attributed to depletion of stem cells as a 
consequence of increased cell cycle progression. Deletion of p21 resulted in reversion 
of progeroid phenotype of mice with mutation in RNA component of telomerase. p53 
which is an important regulator of senescence also provides a link between senescence 
and aging. Mice deficient in p53 showed increase in self- renewal capacity of stem cells 
and mice with increased p53 activity aged prematurely due to exhaustion of stem cells, 
while simultaneous increase in p53 and ARF led to increased lifespan [29]. Furthermore, 
another biomarker for senescence, β-galactosidase, also showed specific pattern in the 
skin from young and old donor showing age-related increase [32].

Despite these observations, it is still unclear whether cellular senescence is one of 
the causal mechanisms for aging. There are some indirect evidences that support this 
notion. For example, the cells derived from the patients having Werner syndrome, 
a premature aging syndrome, undergo less cell divisions before achieiving senescence 
as compared to similar aged normal individuals. The studies showed prolonged lifes-
pan of cells cultured in vitro from younger donors compared to old donors and also 
provide indirect link between senescence and aging, but the direct evidences in this 
field are still lacking [29].

However, it is considered that senescence might cause aging in different ways. 
Firstly, excess accumulation of senescent cells results in loss of homeostasis and 
organ function. Secondly, senescent cells, due to their growth arrest property, 
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deplete the stem/progenitor cell resources gradually leading to decreased renewal 
capacity. Finally, various SASP components as degradative proteases, cytokines, 
and growth factors cause tissue disruption [24]. Fibroblasts isolated from skin sam-
ples from old animals showed decreased potential to replicate when compared to 
younger ones under culture conditions, and replicative potential was found to have 
direct link to lifespan as found in one of the study comparing various species [32].

Few senescent cells also include a heterochromatin foci which silence some pro- 
proliferative genes, and some senescent cells have also increased levels of proteins 
with tumor suppressor function as DEC1 (deleted in esophageal cancer) and DcR2 
(decoy receptor 2) [17]. Thus, senescence is another important phenomenon which 
is shared by both cancer and aging.

 Epigenetic Modifications

Cancer and aging also share some common biology at the level of epigenetic 
changes. Global hypomethylation and promoter-specific hypermethylation are the 
hallmarks of both processes. Various genes have been shown to be hypermethylated 
during aging and cancer. For example, RASSF1 gene is hypermethylated in various 
cancers and its hypermethylation increases with age [18]. ESR1 gene which shows 
age-related hypermethylation has been found to be methylated in colon and prostate 
cancer [33]. Target genes of polycomb group of proteins have also found to be 
methylated in aging as well as cancer. It has been found that the hypermethylation 
which results during aging shows a significant overlap with methylation during car-
cinogenesis and the CpG sites having age-linked hypermethylation also seem to get 
coherently methylated in cancer [34]. Age-derived hypermethylation as well as 
methylation during cancer preferentially takes place at bivalent chromatin sites 
which are marked in stem cells. Rakyan et al. studied 28 genes which were found to 
be hypermethylated in various cancers including BRCA1, p14, p15, p16, E-cadherin, 
cyclin D1, RARβ, RASSF1, APC, and MGMT. They observed that the promoters of 
these genes have age-associated hypermethylation [35]. Apart from the commonly 
hypermethylated genes in cancer and aging, there are several genes which show 
age-dependent methylation and mutations in both aging and cancer [33]. Few genes 
which are found to be mutated during aging-related syndromes have also shown 
hypermethylation during cancer development as WRN gene and lamin A/C gene. 
Both genes are mutated in Werner syndrome and hypermethylated in several can-
cers [23].

Several studies which were performed in human fibroblast and stem cells have 
indicated the presence of global hypomethylation with age and generally occurs in 
repetitive sequences and the regions outside of CpG islands. This hypomethylation 
is mirrored in cancer cells too and helps in cancer development [10, 33]. Furthermore, 
mice lacking DNMT3A show reduced lifespan and increased tumor growth [33].

Another example of this category includes a class of histone deacetylases known 
as sirtuins. Deletion of SIR2  in yeast decreases the lifespan and overexpression 
extends life. SIRT1 is mammalian homologue of yeast sir2, and it has been found to 
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decrease during aging and to increase in various cancers as lymphoma, soft tissue 
sarcoma and lung carcinoma of mice, leukemia, lung cancer, and prostate cancer of 
humans. Colon cancer is the exception in which sirt1 is found to be 
downregulated.

The acetylation levels of H4-K16 and H3K9 which are targets of sirt1 also show 
alteration in various cancers. Furthermore, trimethylation at H4-K20 also imposes 
an example of divergence between aging and cancer as it increases during aging and 
declines in cancer cells [23]. Levels of p16 show divergence between aging and 
cancer and it is regulated by various epigenetic mechanisms. SNF5 (chromatin 
remodular), H2AZ (histone variant), JMJD3 (histone demethylase), MLL1 (histone 
methylase), p300 (acetyltransferase), and chromatin modulation by c-myc activate 
p16 and result in decreased carcinogenesis, and many of these factors also activate 
p16 during aging [5, 10]. EZH2, a histone methylase, deactivates p16 and is down-
regulated during aging but upregulated in various cancers. Furthermore, a chroma-
tin remodeling complex, NuRD, shows different patterns during aging and cancer. 
It is targeted to wrong site in acute promyelocytic leukemia (APL) and in aging it is 
reported to be downregulated [10]. Thus, epigenetic modifications play important 
role in the regulation of aging and cancer.

 Metabolism

Growth hormone/Insulin growth factor (GH/IGF) pathway is one of the important 
pathways linking aging and cancer at physiological level. Mice having mutations in 
GH/IGF1 signaling live longer and show decrease in incidence of cancer and exhibit 
extended latency period for cancer development in comparison with the wild-type 
mice. Growth hormone receptor null mice were reported to have lesser number of 
tumors and less severe tumor lesions. Frequency of tumor development and death 
due to neoplasms was also decreased in these mice compared to wild type, and such 
mice are also reported to have longer life. Another study in Ames dwarf mice having 
GH deficiency due to impaired development of pituitary gland also showed delayed 
tumor development with slightly decreased incidence of tumors. Humans with GHR 
deficiency had low levels of IGF1 and IGF2 and were found to be resistant to can-
cer, but no effect on lifespan was observed in such humans [18]. In C. elegans and 
Drosophila melanogaster mutation in insulin pathway components, daf-2, age-1 
and daf-16 resulted in increased lifespan.

Furthermore, hyperinsulinemia has been considered to have important role in 
cancer development as well as aging, and antidiabetic biguanides have been reported 
to prolong lifespan of female rats and mice, and these drugs have also been found to 
have anticarcinogenic role in various cancer models [36]. A gene named klotho is 
considered as aging suppressor gene. Mice with defective klotho show premature 
aging and mice with its overexpression show longer life. Thus, this gene has role in 
delaying aging. This effect is supposed to be mediated by inhibition of insulin/IGF1 
pathway by klotho. Klotho prevents phosphorylation of FOXO 3A and promotes its 
nuclear translocation leading to upregulated expression of MnSOD by FOXO. This 
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result in decreased ROS and thus decreased IGF1 pathway as ROS are required for 
modulation of this pathway which in turn results in delayed aging. Klotho has also 
been reported to downregulate Wnt signaling, ROS, and p53/p21 pathway in addi-
tion to IGF1 pathway. Klotho also acts as a tumor suppressor gene, and this function 
is mediated by inhibition of insulin/IGF1, p53/p21, and Wnt signaling by klotho 
[19, 37] (Fig. 21.1).

The mammalian homologues for daf2 and daf16 are IGF1 receptor and FOXO, 
respectively. The longevity effect of daf2 mutant is mediated mainly by the down-
stream component daf16. Daf16 regulates a number of enzymes involved in stress 
management and metabolism. Daf16  in worms and drosophila was sufficient to 
increase the longevity. Mammalian FOXO protein members are also involved in 
metabolism and stress resistance, and they also act as tumor suppressor and play 
role in longevity. FOXO1, FOXO3, and FOXO4 have anti-cancerous activities [17, 
19]. Thus, IGF/FOXO signaling regulates lifespan and cancer development. 
Decreased insulin signaling and increased FOXO activity delay aging and prevent 
cancer development. Two studies considering genetic variations in IGF1R and 
FOXO3A in human populations have also proved the same. It suggests that this 
signaling might play important role in longevity and cancer protection in humans 
too [20]. Another pathway linking metabolism, cancer, and aging is mTOR path-
way. During nutrient deprivation, it gets deactivated, while in presence of plenty of 
nutrients, it gets activated. Regulators of this pathway have altered expressions in 
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various cancers, and rapamycin, an inhibitor of mTOR, is being used against vari-
ous tumors. This pathway also has role in aging. Various studies in different organ-
isms have shown that inhibition of this signaling results in increased lifespan, and 
lifespan increase by caloric restriction has been reported to regulate this pathway in 
yeast. In mammals also this pathway has important role in metabolism. Succinate 
dehydrogenase, a Krebs cycle enzyme, also links metabolism with aging and can-
cer. Mutation in it results in the development of certain tumors in humans, and 
mutations in the same complex also resulted in progeroid phenotype in worms and 
yeast [17]. SIRT1 also forms a link between cancer and aging by regulating metabo-
lism. During nutrient-deprived condition, it associates with PGC1α, a transcription 
factor, and increases the efficiency of metabolism and decreases the ROS produc-
tion. It also activates FOXO protein [19]. Most of these pathways discussed above 
are interconnected to each other and work together by regulating each other.

Caloric restriction (CR) has been reported to cause lifespan extension in most 
species with more significant effects in rodents. Various studies including rodents 
and rhesus monkey reported that it also causes reduction in cancer incidences. Some 
of these effects of CR may be attributed to decreased fat, as obesity has been found 
to cause decreased lifespan and increased age-associated diseases such as cancer in 
humans. The molecular mechanism behind CR-mediated effects is not well under-
stood, but it is thought that GH/IGF1, mTOR, AMPK, and SIRT1 might play role in 
CR-mediated effects. GH/IGF1 is considered to be the most probable mechanism. 
During CR, its activity decreases in rodents, and it has been reported to have role in 
aging as well as cancer; thus both the effects of CR can be explained by this path-
way. Furthermore, there is an evidence for IGF1/Insulin pathway as a probable 
mechanism for CR-mediated effect. In one study of bladder cancer in p53-null 
mice, delayed incidence of tumor was inhibited after restoration of IGF1 in mice 
with CR. mTOR pathways have role in longevity and might be associated with 
CR. AMPK is energy sensor which has been linked to CR as well as longevity [18]. 
SIRT1 also has role in increasing lifespan and is considered to be an important sen-
sor of CR and regulator of CR-mediated increase in lifespan [19]. Thus, different 
types of genes which regulate various  mechanisms  such as metabolism, epig-
enome and DNA damage repair are important for aging and cancer as shown in 
Fig. 21.2.

 Autophagy and Apoptosis

Autophagy also forms a link between cancer and aging. Autophagy clears damaged 
and old organelles and proteins for maintenance of homeostasis. During aging, the 
autophagic potential decreases and inhibition of autophagy results in aging-like 
phenotypes. Inhibition of autophagy also inhibits the life-prolonging effects of vari-
ous factors such as caloric restriction, inhibition of insulin/IGF pathway, and sirtuin 
activation [38]. Autophagy acts as tumor suppressor by clearing damaged proteins 
and organelles. Mice with deletion of one copy of Beclin1 gene were observed to 
develop tumors and this locus has been found to be deleted in various human tumors. 
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Tumor suppressor genes such as p53 and PTEN also induce autophagy. Thus, inhi-
bition of autophagy results in aging as well as in cancer development [17]. Apart 
from its tumor suppressor effect, autophagy has also been found to have oncogenic 
effect by promoting the tumor growth.

Apoptosis also functions to remove damaged cells to maintain homeostasis. 
During young age, it is very important to maintain homeostasis and also for tissue 
differentiation, but with increased age, exhaustion of stem cells occurs due to apop-
tosis. This exhaustion results in loss of cellularity and tissue function, thus contrib-
uting to aging [24]. Thus, apoptosis over a long period of time increases aging. On 
another side, inhibition of apoptosis results in cancer development and various anti-
cancer therapies act by inducing apoptosis [39]. Hence, apoptosis is one of the 
divergent pathways between aging and cancer.

 Interplay Between Cancer and Aging

As biology of cancer and aging converges at various points as shown in Fig. 21.3, 
the therapies which target cancer can also act as geroprotector and vice versa since 
the pathways which are the targets of anticancer therapies as mTOR, MAPK, PI3/
Akt, and GH/IGF1 are also targeted for lifespan extension. Rapalogues which 
include rapamycin and its analogues, Akt/PI3 inhibitors and MAPK inhibitors, 
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represent the anticancer drugs which can also act as anti-aging agents as shown in 
Box 21.1 [40]. Class I and class II geroprotectors were found to decrease the tumor 
incidences in laboratory animals with few exceptions which showed no change in 
cancer incidence [25]. Caloric restriction which delays aging also helps in cancer 
prevention. Metformin which slows aging also provides protection against various 
cancers [40]. Moreover, various caretaker and gatekeeper genes as XPA, ku80, cat, 
PARP, p53, Bcl-2, RB, TERT, etc. regulate both the processes [25].

Furthermore, carcinogen has been found to cause premature aging in various 
experimental animals, and premature ageing has also been observed to favor carci-
nogenesis. Many of the premature aging syndromes as Werner, Bloom, and 
Rothmund-Thomson are also associated with increased cancer incidences [25].

Various genetically modified mice models have shown that the genetic modifica-
tions leading to decreased lifespan were also associated with increased incidence of 
tumor with few exceptions [25]. Hence, in the next section, we have discussed the 
diverging and converging aspects associated with cancer and aging.
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 Factors Influencing Cancer Incidence with Age

Several studies have shown that the cancer incidence may increase or decrease dur-
ing aging as shown in Table 21.1. Most of the cancers occur in the old age of 65 or 
above [41] and rate of cancer mortality is also higher in older patients [32]. However, 
some tumors decrease with age, and cancers in older people have been found to be 
less aggressive compared to tumors in younger patients. Rate of growth and metas-
tasis of various cancers decrease in old aged animals under experimental conditions, 
but this is not universal [32]. There are some factors which can explain the less 
growth and aggressiveness of tumor during aging as explained in Table 21.1.

Following factors can explain this increase or decrease in cancer incidence and 
mortality with advanced age.

 Accumulation of Damaged Macromolecules

With the increase in age, accumulation of various damages such as oxidative dam-
age and mutations occurs in genome. This is also supported by impaired mecha-
nisms of DNA repair which can predispose cells to cancer development [32]. Protein 
misfolding also increases with age in some organ which can make it prone for vari-
ous diseases including cancer. With aging, the increase in lipid peroxidation due to 
increased ROS has also been reported. Such situation may lead to cellular abnor-
malities which may even support the growth of cancer.

Box 21.1: Drugs Having Anti-cancerous as Well as Anti-ageing Properties
Various pathways, genes, and cellular events indicate the link between the 
common biology of aging and cancer, and this concept is further supported by 
the drugs which have shown both anti-cancerous and anti-aging properties. 
This box represents some of these drugs such as rapalogues which are rapamy-
cin and rapamycin-based drugs with anticancer properties and which are also 
found to increase the lifespan. Other such anticancer drugs having anti-aging 
effects too include Akt/PI3K and MAPK inhibitors. There are several drugs 
which have anti-aging property and also inhibit cancer. These include metfor-
min, class I and class II geroprotectors.

Drugs having anti-ageing as well as anti-cancerous properties

•Rapalogues
•Akt/PI3K & MAPK inhibitors

•Metformin
•Class I and Class II geroprotectors
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 Carcinogen Exposure

Usually the development of cancer requires several as well as effective hits of car-
cinogen exposure targeting proto-oncogenes and/or tumor suppressor genes. 
Further, the fidelity of DNA repair machinery declines with age generating more 
chances for the accumulation of mutations in older people. Further, longer stay in a 
particular environment due to a particular occupation may also increase the risk 
from the repetitive exposure of environmental carcinogens. Therefore, in such situ-
ations, aging will increase the risk of cancer development from exposure to physi-
cal, chemical, or biological carcinogens [25].

 Senescence

As discussed earlier, senescence increases with age, and various SASP components 
as MMP3, VEGF, IL6, IL8, and Gros stimulate the tumor growth. SASP-mediated 
oxidative damage and inflammation also stimulate cancer development [5]. 
Additionally, senescence may also act as tumor suppressor mechanism by arresting 
cell growth at earlier stages of carcinogenesis. Thus, increased rate of senes-
cence during aging can also protect cells from cancer development.

Table 21.1 Factors associated with the increase/decrease in cancer incidences with aging. 
Most of the cancers are reported in aged people, but there are also reports that cancer incidences 
decrease in elder people. This increase or decrease in cancer with age depends on the type of can-
cer and cellular context. This table indicates certain factors that could attribute to the increase or 
decrease in cancer during aging

Factors responsible for increase in 
cancer incidences during aging

Factors responsible for decrease in cancer incidences 
during aging

Repetitive exposure to carcinogen Increase in senescence leading to growth arrest initially
Accumulation of damaged DNA 
with age

Certain immune cells play role in tumor growth and 
angiogenesis, and hence increased immune senescence 
with age also plays a role in decreased incidence of 
cancer with age

Increase in senescence which 
promotes tumor growth through 
various SASP components

Derepression of INK4 locus which codes for tumor 
suppressor proteins p16 and ARF

Immune senescence with age 
contributes to increase the chances 
of cancer development

Decrease in angiogenic potential with age

Telomere shortening
Increase in global hypomethylation 
and gene-specific hypermethylation
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 Immune Senescence

Immune system is involved in cancer prevention. Immune system recognizes and 
removes the tumor cells based on the antigens displayed by tumor cells, and this 
phenomenon is called as immune surveillance. Several mouse models have shown 
that immune surveillance has important role in prevention from cancer. 
Immunodeficient mice showed increased incidence of spontaneous as well as 
carcinogen- induced tumor development. There are evidences for role of immune 
system in prevention of cancer development in humans also. Patients with immuno-
deficiency and patients taking therapy to suppress immune system in order to pre-
vent transplant rejection have been found to show increased risk of tumor 
development. Lymphocyte infiltrations at the site of tumor development, autoim-
mune syndrome associated with neoplasm, and certain tumors with unstable micro-
satellite provide evidences for role of immune surveillance in cancer prevention. 
Various tumors as melanoma, lymphoma, mesothelioma, and lung carcinoma have 
shown spontaneous regression of tumors which could be attributed to immune sur-
veillance as lymphocytes were found to be infiltrated in these cases [42].

Immune surveillance decreases with age due to immune senescence which 
affects activity of all the components of immune system and mostly occurs during 
aging. Various age-associated diseases including cancer have been linked to 
decrease immunity during aging [28, 32]. T-cells help in immune surveillance 
against cancer by means of natural killer cells which form lymphokine-activated 
killer cells upon IL2 stimulation and by cytotoxic T-lymphocytes, B-lymphocytes, 
macrophages, and various cytokines such as IL2 and IFNγ and TNFα which are 
also found to have role in antitumor immune surveillance. Proliferation and anti-
gen stimulation capacity of T-cells decrease with aging and production of IL2 also 
decreases; both of these lead to decrease in the expression of p53. Furthermore, 
aging results in T-cell population deficient in its co-stimulator CD28 which may 
contribute to decrease antitumor activity of T-cells with aging. During aging, 
capacity of B-cells to respond to antigens also decreases, while levels of immuno-
globulins increase posing a risk for development of lymphomas and myelomas. 
Functions of monocytes and macrophages and secretion as well as function of 
various cytokines also get dysregulated in old aged people [41]. Increase in the 
suppressor T-cells which help tumor to escape immune surveillance and promote 
their growth has also been reported during aging [41]. Moreover, inflammation 
and associated cytokines as IL6 and TNF increase during aging and cause risk of 
cancer development as observed for colon carcinoma and myeloma [18, 32]. 
Aging also results in decreased activation of T-cells by dendritic cells, dysregula-
tion of TLRs, increase in levels of myeloid-derived suppressor cells and an 
immune suppressor, IDO, and shift of TH1 to TH2 cells [28]. All these changes in 
the immune system result in decreased immune surveillance and increased risk of 
cancer development during aging.

Immune system also has role in cancer development. Certain immune cells as 
monocytes or lymphocytes provide certain factors which stimulate tumor growth. 
For example, macrophages promote tumor growth by production of angiogenic and 
growth-stimulating factors. TNFα has also been shown to behave like growth 
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stimulators for some tumors in spite of their tumor protective role. T-cells also pro-
duce angiogenic factors. In some circumstances, this growth stimulation outweighs 
the inhibition by same cells [32, 41]. In such conditions, immune senescence pro-
vides a benefit to older persons by decreasing their susceptibility to tumor forma-
tion. Melanoma growth provides a good example of this case. In elder mice, its 
growth is slower than the younger ones, and this is attributed to decreased produc-
tion of angiogenic factors by T-cells due to senescence leading to reduced function-
ality of T-cells in elder mice [41].

 Hormones

Estrogens and androgens help in the development of certain cancers such as breast, 
endometrial, and prostate cancer. Level of these hormones decreases during aging 
resulting in decreased risk of hormone-dependent tumors in older age. Furthermore, 
GH/IGF1 signaling also decreases during aging due to decreased levels of GH and 
IGF1. As this signaling plays important role in cancer development, thus decrease 
in this pathway might be linked to decreased incidence of tumor during aging [18]. 
However, aberration in the level of production of these hormones or mutations may 
increase the risk of associated cancers.

 Activation of INK4 Locus

INK4 locus codes for two tumor suppressor proteins, p16 and ARF. During aging, 
this locus gets de-repressed resulting in increased expression of theses tumor sup-
pressor genes. This increase could also be a factor for protection against cancer dur-
ing aging. Downregulation of p16 and ARF has been observed in many cancers.

 Angiogenesis

Angiogenesis is very important for tumor growth and development. During aging, 
angiogenic potential of cells declines due to decreased response to angiogenic sig-
nals, and this decline inhibits tumor progression in older people. There are few 
evidences which suggest that the slower rate of some tumors during aging may be 
due to decreased angiogenesis [18].

Thus, aging and cancer share various pathways in common, but many of these 
pathways have dual role in linking aging and cancer. Telomere shortening, senes-
cence, and epigenetic modifications represent these pathways which at some point 
show convergence between aging and cancer, but at another point, they indicate the 
divergence between aging and cancer. This convergence and divergence is context 
dependent. Thus, a clear conclusion cannot be drawn about the common biology of 
aging and cancer. However, from all the points discussed earlier, it can be concluded 
that a balance between the convergent and divergent pathways (Fig. 21.3) of aging 
and cancer is required for a healthy and tumor-free lifespan.
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 Molecular Events Involved in Aging and Cancer

As discussed earlier, aging causes many complexities in the biological system and 
thus responsible for development of many age-related pathologies, including can-
cer. As the organism grows older, the population of senescent cells increases in the 
organ system. This process of cellular senescence prevents the proliferation of the 
cells that might have experienced certain stress including oncogenic stress. 
Senescence is a very complex process that could be beneficial or detrimental to liv-
ing organism depending on the various physiological conditions. The connection 
between aging and cancer is widely observed in many epidemiological studies. It is 
observed that there is exponentially rise in incidence of cancer after sexual maturity 
of the organisms. However, the relationship between biology of aging and cancer is 
still not clear [5, 18].

The complexity of aging is well established that is accompanied with several 
molecular and physiological changes. However, there are findings which have indi-
cated that hundreds of genes modulate the process of aging, thus longevity in model 
organisms. Also, there are approximately 100 genes found in mice which are 
involved in the process of ageing. Most importantly, it has been found that a dietary 
and genetic manipulation that affects the ageing in rodents also affects the cancer 
incidence and progression [18]. Hence, it could be concluded that mechanism of 
both the processes might overlap; therefore, understanding common molecular 
events involved might unravel the connection of aging and cancer.

 Signaling Pathways Involved in Aging and Cancer

The organized signaling pathways are crucial for the growth of organism and main-
taining the homeostasis of the cells. Disruption in signaling network predisposes the 
organism to many diseases. Several signaling pathways are involved that regulate 
the process of aging, longevity, and cancer. The signaling network which regulates 
aging includes hormonal signaling, nutrient sensing signaling, and mitochondrial- 
mediated ROS signaling.

Over a period of time, these signaling network intensities change that causes 
many age-related pathologies including cancer. It is found that the molecular 
changes in signaling pathways that are involved in repair slows down in older ages; 
this causes decrease in the normal repair process in organs. For example, activation 
of Notch signaling pathway in skeletal muscle decreases with age, which further 
diminishes the activation of satellite cells, thus causing defects in repair of muscle 
injury. Role of Wnt signaling as a pro-aging signaling and cancer progression is 
well known [43, 44]. The Ras and PI3K signaling affects diverse processes inside 
the cells including autophagy, cellular senescence, and aging. Both of these path-
ways are critical for the regulation of cancer as well as aging. It is found that when 
senescence-induced cells are treated with MEK, PI3K, and mTOR inhibitors, induc-
tion of cellular senescence and aging was blocked. Additionally, a drug that targets 
these signal transduction pathways inhibits the cellular senescence and aging [45]. 
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Microarray-based studies have shown the association between cancer and aging by 
investigating the expression of aging-related signature genes and by analyzing their 
expression profiling in various human tumors. They have found several aging- 
related signature genes; however, only few genes were found to be commonly 
expressed in multiple tissues. These genes are involved in pathways in cancer and 
MAPK signaling, hence implicated in cancer. Human aging-related genes are impli-
cated in both cancer and aging. For example, FOS which regulates cell proliferation 
and transformation is associated with both aging and cancer. FOXO1 and p53 are 
other two genes found to be associated with aging and cancer. There are certain 
critical molecular mechanisms such as DNA damage response, metabolic process, 
p53 signaling pathway, apoptosis, cell cycle regulation, and immune/inflammatory 
response which underlie both aging and cancer [46, 47]. NF-κB is a critical tran-
scription factor which regulates many physiological processes such as innate 
immune system, apoptosis, inflammation, and cell proliferation. In one study in 
gastric mucosa of rat, the activity of NF-κB was found to be increased with age. It 
is estimated that inflammation contributes approximately 15% of solid cancer with 
NF-κB playing a key role [48].

 Role of Oxidative Stress in Cancer and Aging

Excessive production of ROS in most of the cancer is well known, where ROS 
modulates several signaling pathways. It is suggested that moderate increase in oxi-
dative stress can stimulate the cancer cell proliferation and survival, while high 
oxidative stress might cause cell death and apoptosis. Enhanced oxidative stress is 
found during aging development (Fig. 21.4). Senescent cells are found to have more 
oxidative damage to DNA and protein and are associated with high intracellular 
ROS level. The free radical theory of aging which was given by Denham Harman 
explained the role of free radicals in causing aging. It is stated that aging results 
from accumulation of deleterious effects caused by free radicals for a long time; 
hence the organism’s lifespan will be defined by their ability to cope up with these 
radicals. There is an evidence of increased mitochondrial DNA damage and intra-
cellular ROS production in aged tissue. Studies in model organism also have estab-
lished this theory, where it has been observed that oxidative stress-resistant mutant 
strain of C. elegans has extended lifespan. The increase in ROS production in aged 
mitochondrion is an adaptive response that provides increased stress resistance [49, 
50]. Telomeres are critical for maintaining the DNA structure. The length of telo-
meres shortened with each division is thus considered as major cause of replicative 
senescence. It has been observed that telomere shortening is directly related to the 
cellular oxidative stress, which affects telomere maintenance at various levels. The 
presence of oxidized base such as 8-oxoguanine in the telomere regions greatly 
affects the telomerase-mediated elongation process of telomeres [49].

Mitochondria are the major source of ROS in the mammalian cells; thus oxida-
tive damage to mitochondrial DNA is very common due to close proximity. Role of 
mitochondria in aging is well known as explained by the mitochondrial theory of 
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aging. It suggested that oxidative damage to mitochondrial macromolecules such as 
mtDNA, proteins, and lipids is responsible for aging. The role of mitochondria in 
cancer progression is prominent as many mutations in mtDNA have been known in 
neoplastic transformation [49]. Thus, it can be suggested that mitochondrial dys-
function is common important factor for both aging and cancer progression.

 Deterioration of Immune System with Aging

Immune system alterations at higher ages are very common which increases the risk 
factor of individuals to develop many diseases including cancer. With aging, decline 
in both parts of immune system that is adaptive as well as innate is known as immu-
nosenescence. However, its precise role in development and progression of cancer 
in elderly people is still controversial. Age-associated changes in function of den-
dritic cells (DC) which act as a bridge between innate and adaptive immunity have 
been observed. The modulatory effects of DC on T-cell response are found to be 
compromised by certain factors such as VEGF, IL10, and TGF-β secreted by tumor 
cells. Cytotoxic effect of monocytes was found to be decreased against tumor cells 
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found in elderly people, along with change in neutrophils function which might 
contribute to tumor progression. Natural killer (NK) cells play very important role 
as they are major killer of cancer cells, but with aging, altered phenotype was 
observed with less cytotoxic activity. There is an emergence of novel network of 
mechanism with aging which is capable of suppressing the immune response and 
thus might contribute in emergence of many diseases including cancer [51].

 Role of p53 in Aging and Cancer

p53 regulates various physiological processes inside the cell especially during 
stress; it triggers cell cycle arrest, apoptosis, or cellular senescence. In case of DNA 
damage, p53 can cause cell cycle arrest, thus providing a chance to repair machin-
ery to repair the damage; however, if the damage is irreparable, apoptosis or senes-
cence would be triggered. Tumor suppressor gene, p53, also known as longevity 
assurance gene, promotes longevity through reducing the somatic mutations and 
survival of mutant cells, thus avoiding the occurrence of cancer. However, increased 
function of p53 promotes aging. How does p53 increase organismal longevity? The 
activity of this protein in aging is mostly studied in lower organisms such as nema-
todes and fruit flies. There is evidence which suggest that p53 regulate the redox 
status of the cells and thus reduce the oxidative stress in the cells. Role of oxidative 
stress in aging and cancer is well established; hence p53 promotes longevity by 
reducing oxidative stress [52]. Studies in various mouse models that contain muta-
tions in p53 genes have established the role of p53 in aging. Animal having condi-
tional and tissue-specific knockouts along with factors that are critical for aging 
provides information for the role of p53 in aging. Excessive expression of p53 is 
toxic to the cells and can cause death along with accelerated aging. It has been 
found that p53 affects the replicative senescence in fibroblasts in cell culture. This 
gene is also found to affect early aging phenotype Brca1-deficient mice. Although 
the role of p53 in cancer is prominent, however, its role in aging is very complicated 
[53]. Hence, there is a need to investigate this area more deeply, so that overlapping 
factors that contribute to aging and cancer could be explored. These findings pave 
the way for developing therapy that could target both cancer and aging.

 Insulin/IGF1 Signaling Is Intricate to Aging and Cancer

Age-related changes in endocrine hormones provide other hallmarks for aging. 
However, the link between hormones and aging-associated pathology is controver-
sial, especially with growth hormone (GH). Growth hormone (GH) is a peptide 
hormone which regulates various critical physiological processes in the body. This 
hormone is secreted by anterior pituitary and affects the metabolism, aging, and 
immune system. The growth hormone receptors expressed on the various tissues 
where GH binds and exerts its effect through activating tyrosine kinase Janus kinase 
2 (JAK2). Thus, GH signaling regulates multitude of biological processes such as 
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prevention of apoptosis, cellular proliferation, cytoskeletal reorganization, differen-
tiation and migration, and regulation of metabolic pathways as shown in Fig. 21.5 
[54].

The level of GH is found to be very high in early period of life owing to rapid 
growth period. With time, there is decline in GH in plasma of adult and elderly 
people. This decline is well documented across the mammalian species primarily 
due to less active hypothalamus system which further affects secretions from the 
pituitary. This age-related decline in activity of somatotropic axis hormones (GnRH, 
GH, IGF-1) is known as “somatopause” [55].

The relationship between aging and hormones came into light from studies in 
lower organisms where it was found that genetic alteration in hormonal signaling 
could affect the longevity in these organisms. The studies in C. elegans provide the 
evidence that certain genes which regulate aging are homologous to mammalian 
genes that regulate the insulin transmission and insulin-like growth factor (IGF) 
signaling. Further studies in worm, insects, and yeast have suggested that insulin/
IGF-like signaling (IIS) pathway controls aging in these species. In one study, 
knockout mice heterozygous for the igf1r (+/−) have increased lifespan as com-
pared to wild type. Similar results were observed in case of heterozygous females. 
It was observed that igf1r (+/−) mice were resistant to oxidative damage that is 
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detrimental and a major cause of aging [56, 57]. Increased lifespan in female mice 
has been observed when the insulin receptors are removed selectively from the adi-
pose tissue; however, mice lacking GH and GH receptors in both sexes resulted in 
robust increase in life span. The long-lived mice having GH-related mutants have 
several advantages as compared to wild type. It is found that mutant mice have 
shown reduced incidence of cancer and delayed onset of cancer and aging with 
marked increase in lifespan [57].

The role of somatotropin signaling in regulating aging is controversial and com-
plicated. However, there is clear evidence that Laron syndrome, which shows GH 
resistance, provides the protection from cancer and diabetes.

In several studies, it is observed that genetic variants of somatotropin signaling 
are found to be reduced in exceptionally long-lived people. The variants of gene 
FOXO which is regulated by IIS have also shown association with longevity in 
unrelated human population [57]. Aging is one of the most important risk factors for 
insulin resistance that could ultimately lead to cancer.

 Nutrient Signaling

Several signaling pathways have been evolved which can sense the extracellular and 
intracellular level of nutrient, collectively termed as nutrient signaling pathways. 
This is requisite for maintaining the homeostasis of the system and, if disrupted, can 
cause serious consequences. Sensing the outside and inside nutrient levels in unicel-
lular organisms is not complex. However, in multicellular organisms, most of the 
cells do not expose the environmental nutrients directly, but they have developed the 
system to sense fluctuations. It is well known that there are several nutrients sensing 
signaling mechanisms exist for different nutrient molecules such as lipid, amino 
acid, and glucose [58]. The prominent effects of nutrients on the life and health span 
of the living organism from yeast to mammals have been well implicated. Eukaryotic 
model Saccharomyces cerevisiae has been used most commonly to study the pro-
cess of longevity. Dietary modulation of nutrients in culture media has shown to 
impact the lifespan of the yeast. Studies in S. cerevisiae observed the effect of glu-
cose on lifespan depending upon abundance where higher glucose promotes the 
pro-aging signaling. There are many nutrients upon which living organism relies for 
growth and proper maintenance; however, the amino acids and proteins are well- 
studied component that modulates the longevity. In rodents, dietary intake of pro-
tein and certain amino acids such as methionine and tryptophan increased the 
longevity of the species. The effect of essential amino acids in diet influences the 
lifespan as observed in fruit flies. Different amino acids might affect different sig-
naling in living organisms; thus varied responses have been observed [59, 60]. The 
loss of nutrient sensing has been accompanied by mTORC1 activation and tumor 
cell growth. mTORC1 is integral to local as well as  systemic nutrient signals 
(Fig. 21.6) [61].

Hence, the nutrient regulates both processes of aging as well as cancer. There are 
some common molecules found to be involved in aging and cancer that suggest 
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these two processes are mutually inclusive. Further insights into common biology 
will help in understanding the connection between these two phenomena.

 Role of Stem Cells in Aging and Cancer

The basic properties every stem cell would follow irrespective of their origin are the 
self-renewal to form daughter cell and give rise to different types of differentiated 
cells. Minor populations of these cells with such properties are cardinal for proper 
functionality of the tissue throughout the life time of the organism.

The role of stem cells is aging and cancer has been reviewed extensively. Various 
studies have supported the notion that aging is a gradual and complex process 
invariably accompanied by loss of tissue homeostasis maintenance and repair tissue 
injury. Many pathophysiological conditions that mostly occurred in elderly popula-
tions such as anemia, osteoporosis, and sarcopenia are resultant from imbalance 
between cell renewal and cell loss. It is postulated that the stem cells play a central 
role in aging. The stem cells decline with time accelerates causing the loss of 
homeostasis and regenerative potential which attributes to aging. On the other hand, 
the role of stem cells in cancer is incontrovertible. Cancer acquisition is mostly fol-
lowed by occurrence of multiple mutations in the genome of the cell. Stem cell 
renewal is a lifetime process, and thus, these cells are the ideal reservoirs for the 
accumulation of mutations over the period of time. It is postulated that the cell 
renewal is integral to the homeostatic maintenance of the tissue system. Since, the 
mutations in the stem cells checked out in the system through various processes and 
mutated stem cells removed out through apoptosis or permanent growth arrest. This 
would lead to the stem cell attrition in the tissue which paves the way for aging due 
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to lack of maintenance of the tissues. On the other hand, if these mutated cells have 
not been sorted out from the system, then this accumulation of mutations could be 
fatal and can lead to cancer [62]. Hence, it is germane to discuss aging and cancer 
closely and deciphering their common molecular events would be beneficial for 
understanding aging and related pathologies such as cancer.

The stem cells are found at the spot in the tissue having specialized microenviron-
ment, which controls the stem cell behavior, termed as “stem cell niche.” It protects 
the stem cells from depletion and over proliferation. These niches are conserved 
across the species, and in mammals, several techniques such as genetic and imaging 
techniques have been used to decipher several stem cell niches. The well- characterized 
niches in mammals are hematopoietic, small intestine stem cells and hair follicle. 
There are several growth factors, and cytokines have been secreted by niche which 
regulates stem cell division and self-renewable capacity. However, it is observed that 
with age the niches get weakened, and thus normal function of niches gets affected. 
This would overall affect the functionality of the stem cells and improper mainte-
nance leads to aging and tissue regeneration. The influence in stem cell niches due to 
various factors could also lead to development of cancer [63]. Therefore, exploring 
stem cell niches will help in understanding the behavior of stem cells and related 
altered signaling that might link the process of aging and cancer.

Recent studies have suggested the role of stem cells and progenitors cells in age- 
dependent increase in cancer. It has been found that mutant clonal hematopoiesis 
evolves over time and predicts enhanced risk of leukemias and other age-related 
pathologies. These clones further acquire the additional mutations, and thus clones 
with multiple mutations were observed in HSC compartment of the acute myeloid 
leukemia (AML). Several studies have shown that younger individuals have detect-
able level of cancer-associated genetic alterations; however, dominance of these 
clones with alterations is found to increase exponentially with age. The aging- 
dependent increases in mutations in stem and progenitor cells are prompt by increase 
in mutation initiation rates, and selection of clonal dominance of cells acquired 
non- neutral mutations [64].

There are a small number of cells which rarely divide found at the top of the hier-
archy of the hematopoietic system, and these cells are referred to as quiescent hema-
topoietic stem cells. It is evident that the process of quiescence protects the HSC cells 
from accumulating the mutations; however, how these cells linked to mutations of 
stem cell and clonal dominance is not yet clear. Several molecules are known to be 
involved in maintenance of HSC quiescence, and these molecules include transcrip-
tion factor, Nrf2, ATM, and CEBP/a. These molecules have been found to influence 
the health and lifespan of the organisms. ATM is known to protect the cells and tis-
sues from DNA damage and prevent premature aging in the organisms [64].

Telomere shortening is nearly found in all the human tissues including stem and 
progenitor cells. This process could contribute to genomic instability in adult cells 
over time owing to replicative aging. It is found that the level of activity of telomer-
ase, an enzyme required for maintenance of telomeres, is either low or absent in 
most of the stem cells except embryonic stem cells and cancer stem cells [64, 65]. 
In recent years, metabolism has been regarded as an emerging hallmark for cancer. 
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Also, studies have shown the influential role of metabolism in aging and functional-
ity of stem cells. Metabolism and related signaling pathways have shown to affect 
the rate of aging and longevity along with cancer in many organisms such as C. 
elegans and mice [64].

Overall, studies from past few years have untangled the many aspects of cancer 
and aging that have shown causal relation between these processes. Several emerg-
ing evidences have suggested that aging induces the modifications in several signal-
ing pathways in stem and progenitors cells that could accelerate initiation and clonal 
dominance of mutations. Therefore, understanding the common cellular and molec-
ular biology of stem and progenitors cells in cancer and aging will undoubtedly help 
in exploring novel targets that could be used as a therapy and thus improves the 
early detection and treatment of aging-associated pathologies such as cancer.

 Conclusions

In past few decades, with several medical advancements, the life expectancy has 
increased leading to survival of more aged people. The unhealthy aging population 
will increase the burden on the medical care and management, as well as decrease 
the quality of life (Fig. 21.7). It is evident from several studies that incidence of 
cancer with age is one of the most common pathologies. However, common shared 
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link between aging and cancer is yet to be explored in-depth. Although several stud-
ies have tried to explore the aspects of aging and related pathology such as cancer, 
there is a need to explore this field for better understanding. The exploration of com-
mon molecular mechanisms associated with cancer and aging would help in devel-
oping several targets that could simultaneously affect aging and cancer. The specific 
molecular interventions could delay aging and avoid the occurrence of cancer. 
Hence, molecular targets developed from combined study of cancer and aging will 
pave the way for novel therapeutics target and thus improve the human health. 
Moreover, studies should be directed to explore the links between aging and cancer 
in order to pave the way for a healthy aging.
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