
Chapter 7
Redox Signalling, Autophagy and Ageing

Fatma Hussain, Umm-E-Ammara Warraich, and Amer Jamil

Abstract Reactive oxygen species (ROS) transform cell responses through miscel-
laneous processes. These act as signalling molecules when present in low concen-
trations or damage cell machinery when present in high levels. ROS-mediated mito-
chondrial damage leads to lesser oxidative phosphorylation and enhanced cell death.
Aberrant cell death and redox signalling are implicated in numerous pathological
conditions such as cardiac, neurodegenerative, and metabolic diseases. Cells have
adopted an auto-degradationprocess as a cytoprotective strategyby inhibitionof aber-
rant cell death and oxidation stress along with activation of autophagy. Autophagy,
a pervasive degradation or turnover homeostatic mechanism of cell organelles and
components, involves differentiation and ageing. Any dysfunction of autophagy can
lead to anomalous mitochondrial function and ROS. Redox signalling cascade is
related to the etiology of ageing, and the cellular machinery that regulates redox,
autophagy and ageing has been elucidated. Redox signalling orchestrates autophagy
and ageing processes leading to altered transduction of redox homeostasis. This
chapter discusses ageing process, generation of ROS, redox signalling, autophagy
types andmechanisms, the interplay between redox signalling, autophagy and ageing.
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7.1 Ageing

Ageing can be defined as an intrinsic, universal process experienced by all living
beings and depicted as the steady accretion of molecular and cellular damage
(Alonso-Fernández and De la Fuente 2011; Carmona and Michan 2016). Ageing
is a heterochronic and heterogeneous process. The heterochronic nature of ageing
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can be defined as the asynchrony by which different tissues and cells age within
an organism (Alonso-Fernández and De la Fuente 2011; Peng et al. 2014). Several
prominent deleterious changes may occur because of ageing including telomere
shortening, DNA damage, oxidative stress, and inflammatory senescence-associated
secretory phenotype (SASP) (Cheon et al. 2019). Hence, ageing is one of the perfect
examples of homeostasis deterioration being related to impaired biological systems
(Abbas et al. 2017). As a heterogeneous process, ageing may occur across diverse
organisms at various rates; even among members of the same species, ageing occurs
at variable rates (Alonso-Fernández and De la Fuente 2011; Carmona and Michan
2016; Urtamo et al. 2019).

7.1.1 Ageing Process

Growing old is a process called quasi-programmed i.e., a plan that is sustained
and not once switched off. It is a developmental program with aimless contin-
uation even after the completion of assigned tasks, as predicted by evolutionary
theory. Ageing is not caused by damage, in fact, damage occurs due to ageing
(Blagosklonny 2008). The damage driven by ageing results in the deterioration of
an organism’s body function, causing several diseases and gradually lessens the
stress resistance (Davalli et al. 2016). The biogerontologists demonstrated that both
environmental conditions and genetics contribute to the onset of ageing, which can
be explained by the fact that 75% of individuals get older due to environmental
factors including behavioural patterns, whereas 25% of individuals are accounted by
genetics (Fernández-Ballesteros et al. 2013; Labat-Robert and Robert 2015). There-
fore, other than genes, ageing is ascribed to socio-environmental conditions as well
as behavioural and personal events (Theurey and Pizzo 2018).

7.1.2 Healthy Ageing

The principal challenge is to figure out the basis of healthy ageing. The study of desir-
able phenotypes of ageing that are healthy ageing and longevity has been mentioned
as ‘positive biology’ (Farrelly 2012; Brooks-Wilson 2013). However, healthy ageing
can be defined as warding off the decline of cellular and molecular processes for
the longest period of the lifespan. Not surprisingly, increased longevity and healthy
ageing have a strong association. The main difference between healthy ageing and
longevity is that the former emphasizes health span and the latter is aimed at life span.
Hence, both are closely related to each other because a person, who exceptionally
has a long lifespan, tends to be healthy for much of his life (Fig. 7.1). This statement
can be justified by the fact that certain factors such as stress resistance, protection
against age-related diseases, and cellular homeostasis can be promoted by dietary,
genetic, and/or pharmacological interventions which ultimately tend to enhance the
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Fig. 7.1 Factors contributing to ageing. Increased ROS/RNS (reactive nitrogen species) generation
damage protein, mitochondria and this damage propagate to neighboring organelles (lysosomes),
cells and othermacromolecules (DNA).Dietary habits, sedentary lifestyle and environmental factors
along with declined autophagy further aggravate the ageing process

lifespan and vice versa (Carmona and Michan 2016). The extrinsic skin age process
is called photo-ageing, and the skin being an outermost organ is affected not only
by ultraviolet radiation but also by other environmental factors including tobacco
smoking and air pollution (Gu et al. 2020).

7.1.3 Cellular Ageing

Cellular factors that influence ageing are strongly connected with progressively
compromised autophagy (a process that causes degradation of cell debris) (Cheon
et al. 2019). ROS along with genetic factors are the major cause of intrinsic ageing
(Abbas et al. 2017). In diverse eukaryotic species, autophagy is associated with a
vital supervisory position for ageing as it can eliminate impaired molecules and cell
organelles (Wang and Xu 2020). The removal of defective mitochondria, a signifi-
cantly selective pathway of autophagy, is known as mitophagy (Poljšak et al. 2012;
Couve et al. 2013; Markaki et al. 2017).
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Ageing symptoms can be mitigated by cellular antioxidant systems and restora-
tion or induction of autophagy (Wong et al. 2020). Over the last 30 years, main
anti-ageing cures; consumption of polyamine-rich antioxidant, autophagic inducers,
and caloric controlwere found to be effective.Given the ever-increasing ageing popu-
lation and human lifespan along with the occurrence of cardiovascular disease, it is
mandatory to figure out the fundamental autophagymechanisms. Froman autophagic
approach, two processes leading to ageing occur simultaneously i.e., mitophagy and
augmentation in ROS levels (Ren and Zhang 2018; Barbosa et al. 2019).

7.2 Oxidative Stress and Ageing

How ageing is influenced by reactive oxygen species (ROS) is a mystery in biology
(Ewald 2018). The free radicals or ROS are responsible for the development of
ageing, as illustrated by theories on ageing that is from programmed cell death to
‘natural inevitable cell damage’. The report for ageing research would carefully and
accurately be described as “It is the free radicals and oxygen is poisonous when it is
present as reactive specie”. The remarkably common concept regarding ageing is the
free radical concept of age established in earlier work (Gerschman 1954). Oxidative
toxicity is instigated by free radicals as these radicals trigger the destruction of cell
machinery and tissues. However, the production of free radicals generally arises
through metabolic reactions. Thus, the concept inspired of Harman’s theory that
comprehensive elimination of the so-called detrimental compounds could lessen
such impairments, subsequently, slow the ageing progression (Abbas et al. 2017;
Pomatto and Davies 2018).

Oxidative damage can be defined as free radical’s accumulation due to the over-
production of free radicals that cannot be processed progressively or due to fewer
antioxidants bioavailability (Weidinger and Kozlov 2015; Simioni et al. 2018).
The decline of antioxidant defending ability as compared to ROS leads to oxida-
tion tension. The surplus ROS can primarily promote inflammation and increased
concomitant cytokine synthesis, which can additionally activate the formation of
ROS (Pisoschi and Pop 2015; Luo et al. 2020a, b).

Oxidative stress promotes the development of ageing as well as several long-
lasting and deteriorating ailments such as inflammation, arthritis, cancer, autoim-
mune disorders, cardiac disease and neuropathies (Chandrasekaran et al. 2017).
Oxidative stress disrupts bio-signalling, due to which different pathophysiological
events could occur and successive modifications at different life phases, specifi-
cally in the older stage (Szentesi et al. 2019). When acceptable equilibrium among
antioxidant-oxidant processes is maintained, then the modifying influence on ROS
synthesis and deactivation occurs continuously in normal as well as pathological
settings (Davalli et al. 2016).

Since ROS are responsible for molecular damage, certain mechanisms have been
evolved by the organisms for the protection against abnormally increased ROS.
Both low and acute ROS exposure can trigger protective mechanisms (Ewald 2018).
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Recently a novel idea termed “hormesis” has been introduced, conferring that the
cellular response for a more deleterious condition may be corrected by small dosages
of a stressor. This could enhance cellular fitness and lifespan (Barbosa et al. 2019).
This acute or low ROS exposure in model organisms can enhance lifespans such as
in rodents, nematodes, flies, and yeast. Low or acute ROS levels can function as a
secondary messenger at the physiological level to modify bio-signalling and play a
significant role in an adjustment under oxidative stress (Ewald 2018). In this context,
the beneficial effect of low levels of ROS is significant as it triggers the homeo-
static responses; however, severe impairment or ageing could be due to its unequal
accumulation. ROS performs several cellular activities such as inflammation, cell
signal transduction, differentiation, cell survival, cell death, immune response, and
gene transcription. Therefore, the balance between antioxidants (AOs) and oxidation
species is important for a biological role such as adaptation, growth, and regulation
(Warraich et al. 2020).

7.2.1 Synthesis of ROS

Reactive oxygen–nitrogen species (RONS) including potent nitrogen and oxygen
species are normally generated as by-products during the cellular redox process. Such
by-products may be non-radical as well as radical dynamic compounds (Pham-Huy
et al. 2008; Powers et al. 2011). Numerous exogenous RONS sources are transition
or heavy metals, drugs, radiation, alcohol, air pollution and tobacco. The endoge-
nous RONS sources are lipoxygenase, nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase, angiotensin II and myeloperoxidase (MPO). The main intra-
cellular ROS source is enzymes (Liguori et al. 2018). ROS are produced within
several cellular compartments. These compartments include mitochondria during
oxidative phosphorylation, NADPH oxidase at the plasma membrane, cyclooxy-
genases, oxidase, cytoplasm, and lipid oxidation inside the peroxisomes (Campisi
et al. 2019). Although all these sources contribute to producing an overall oxidative
burden during ageing, maximum production of ROS occurs during oxidative phos-
phorylation. In addition to these sources, othermajor endogenous oxidant sources are
monoamine oxidase, nitric oxide synthase, cytochrome p450, mitochondrial respira-
tory chain (RC), several oxidoreductases such as xanthine oxidase and enzymes that
activate xenobiotic such as NADPH oxidases by causing inflammatory and infection
responses (Warraich et al. 2020).

Oxidant generation fromall these sources can varywith pathophysiological condi-
tions and increases with age. However, contact with endogenous sources of oxidants
is much more extensive as the internal oxidants are produced continuously during
the lifetime (Warraich et al. 2020). The radicals and non-radical compounds that
can trigger any deleterious response due to free oxygen are identified as ROS and
comprise of superoxide anion (O−), H2O2 (hydrogen peroxide), hydroperoxyl (HO2),
hydroxidochlorine (HClO), dioxygen (O=O) alkoxyl radical (R–O·), and hydroxyl
radical (HO·). ROS include derivatives of oxygen and are either non-radical or radical
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oxidizing agents and/or are easily convertible to radicals (Lambert and Brand 2009;
Cui et al. 2012; Genova and Lenaz 2015).

The sequential oxidation reduction reactions of mitochondria generate ATP along
with free radicals. Other sources of free radicals are vigorous physical activity and
infectious conditions that involve activation of phagocytes (Pham-Huy et al. 2008;
Pisoschi and Pop 2015). Free radicals in bio-systems were observed in the 1950s and
since then it was believed that these radicals contribute largely to diverse patholog-
ical processes and ageing (Lushchak 2015). The interaction of oxygen with certain
molecules produces radicals with an outmost shell having unpaired electrons such
as O2 i.e., diatomic oxygen. These potent radicals in a cell are generated by the
removal or gain of a single electron and behave as reductants or oxidants (Bailey
2019). The same spin quantum number is carried by electrons when all electrons are
not located in the same π* anti-bonding orbital. This parallel spin is responsible for
their less reactivity with non-radical species. Conversion of O2 (molecular oxygen)
into extra active singlet oxygen O2 (dioxygen) is likely to happen by the supply
of energy to reverse the rotation of one electron. Therefore, both electrons either
occupy the same π* orbital by pairing or they may remain in two discrete orbitals.
The spin constraint can be controlled by the addition of an electron to oxygen. Non-
radicals are synthesized during stress conditions in the body and the normal aerobic
metabolism such as H2O2 (Genova and Lenaz 2015; Liguori et al. 2018). Numerous
forms of ROS possess distinctive characteristics. hiROS (highly reactive oxygen
species) damage biomolecules while loROS (less reactive oxygen species) impair
cell signalling mechanism (Scialò et al. 2017). The term “ROS physioma” is used
for the hiROS family and includes superoxide anion, hydroxyl radical and hydrogen
peroxide. Superoxide radicals participate in the generation of other ROS such as
H2O2 and HO· (Zarkovic 2020).

The manifestation of cellular degenerative characteristics of Friedreich’s ataxia
(FRDA) is due to mitochondrial ROS generation and is enhanced by the deficient
mitochondrial frataxin. The increased level of ROS in FRDA cells is due to the
defect produced in complex IV by defective synthesis of heme and the damaged
cytochrome c as well as heme in complex IV and III. Thus, heme defect in FRDA
results in limited oxidase and cytochrome c action as well as increasedmitochondrial
ROS, all take place due to defective iron-sulphur centres. Consequently, shortage
of functional heme, the presence of defective heme and eventually increased ROS
synthesis happens (Napoli et al. 2006).

Several diseases have a strong association with ageing, which are progressed due
to the stimulation of a protein pore mPTP (mitochondrial permeability transition
pore) on the internal membrane where the development of the voltage-gated channel
occurs, stimulated by calcium overloaded mitochondria and ROS. This initiates the
production of more ROS by the complete opening of mPTP, and it may also cause
matrix DNA to be released into inter-membrane space for the hydrolytic reaction.
This results in cell DNA depletion thus contributing to the activation of the ageing
(Rottenberg and Hoek 2017). It is assumed that the opening of mPTP is increased
by ageing and vice versa. ROS also initiates the stimulation of mPTP. The activated
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mPTPcauses damage tomitochondria during oxidative reactions, hence furtherwors-
ening the clinical features of FRDA. Many deleterious properties of dysfunctional
mitochondria and ROS towards ageing and longevity are interceded by activated
mPTP (Panel et al. 2018).

7.3 Ageing and Mitochondria

In human mtDNA (mitochondrial DNA), 16,659 base pairs are present. Mammalian
cells contain several copies of mitochondrial DNA. HumanmtDNA codes for rRNA,
tRNA, and thirteen different proteins which are crucial for the functional and struc-
tural stability of mitochondria (Dröse and Brandt 2012). Frequent studies indicate
that themutations inmitochondrial DNAmay affect the production of ATP. Neurode-
generative diseases and early phases of ageing are associated with disturbance
in the integrity of mitochondrial DNA. In mitochondria, various metabolic path-
ways including TCA (tri-carboxylic acid) cycle, beta-oxidation of fatty acids, amino
acids oxidation and one-carbon cycle takes place. Mitochondria are responsible for
generating 90% of the cell’s energy (Warraich et al. 2020).

Ageing at the molecular level is caused by a lifelong accumulation of numerous
damages, many of which have yet to be completely elucidated (Table 7.1). Func-
tional abnormalities in mitochondria are considered indicators of ageing (Bolduc
et al. 2019). Over time, the mitochondrial DNA destruction and production of ROS
occurs which ultimately leads to the cell’s inefficiency to recognize the vital function
of mitochondria. This information contributed to the formation of MFRTA (mito-
chondrial free radical theory of ageing) theory although it is controversial to some
extent (Son andLee 2019).Many researchers have updated, extended, and questioned

Table 7.1 Ageing at
molecular level

DNA
Somatic and mtDNA mutations
Shortening of telomere ends
Genetic interference (viral or transposon agents)
Epigenetic factors

RNA
Aberrant transcription process
Errors in post-transcriptional modifications

Proteins
Misfolding of specific 3-D structure
Aberrant translation process
Errors in post-translational modifications
Aberrant protein catabolism (turnover)

Membranes
Oxidative damage
Less fluidity
Deficit of integrity
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it. Nonetheless, two basic statements were not revised. First; the antioxidant/oxidant
imbalance ensues with ageing, which causes the accumulation of damaged macro-
molecules. Second, oxidative damage causes the degenerative phenotype of ageing.A
few studies questioned the second statement, but the first statement is well known that
in the elderly, damaged macromolecules accumulate due to the antioxidant/oxidant
imbalance (Luo et al. 2020a, b).

MFRTA theory (Lara et al. 2018) is currently termed as OST (oxidative stress
theory). Several studies indicate that during ageing, alteration in mitochondria
and mtDNA, accelerated structural disintegration, declined phosphorylation during
aerobic metabolism, improved synthesis of ROS, and harmful impact on nucleic
acid, fats, and protein occur (Haas 2019). An estimated mitochondrial mutation rate
is ten times greater than nuclear DNA. The mtDNA has lesser repairing ability and
deficiency of histones which influence cancer and ageing (Kammeyer and Luiten
2015).

As concluded from the above review of literature, the mammalian mitochondria
are the central places for ROS production and thus the mtDNA is more vulner-
able to harm due to their existence adjacent to the ROS production site. It has been
demonstrated that mitochondrial DNA contains a large amount of 8-hydroxy-20-
deoxyguanosine (a by-product of oxidation) than DNA present in the nucleus (Cui
et al. 2012). The decreased mitochondrial function correlates with the emergence of
several ailments. However, the general idea is that ROS causes the accumulation of
damagedmacromolecules which leads to ageing. The number of impairedmitochon-
dria is increased during ageing, and it produces less ATP and more ROS. In cells, the
harmful effect due to DNA damage occurs by blocking replication, breaks in DNA
strands, transcription, and rearrangement of chromosomes (Warraich et al. 2020).

With the increase in age, the progressive oxidative reactions induce the
phenomenon of strand breaks in DNA andmutations in somatic mitochondrial DNA.
The RC complex damage occurs by the mutations in mitochondrial DNA which
results in a cycle having more alternations in mtDNA and increased synthesis of
ROS (Bonomini et al. 2015). Mitochondrial damage and energy crisis due to ROS
and oxidation stress cause neurodegenerative disorders and trigger ageing. Destruc-
tion of mtDNA is linked with ageing, but it is not clear that which one is directly
affecting vascular ageing; mitochondrial DNA damage or mitochondrial dysfunction
(Foote et al. 2018; Stefanatos and Sanz 2018).

7.3.1 ROS Production in Mitochondria

Chance and colleagues documented the ROS production in the respiratory chain for
the first time in 1966 (Chance et al. 1979). Within the chain, prominent sources of
ROSproduction are the first and third complexeswhen a direct reaction between elec-
trons derived fromNADH, ubiquinone and oxygen or other electron acceptors occurs,
resulting in the generation of free radicals. Thus, during the respiration process,
ROS are the normal side products but their reaction with fats, proteins and nucleic
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acids deteriorates these molecules (Marchi et al. 2012). The isolated mitochondria
generate a significant proportion of ROS by two approaches, principally through (i)
first complex in a certain condition such as reduced coenzyme Q and high proton
motive force (Fp) as there is no ATP synthesis; (ii) when a higher ratio of reduced
and oxidized NAD present in the mitochondrial matrix. When active production of
ATP occurs by mitochondria, less amount of O2 (singlet oxygen) is produced, conse-
quently, lower NADH/NAD+ and Fp ratio are present. ROS generation in isolated
mitochondria takes place at eleven sites, although only three sites are more rele-
vant for in vivo ROS production: complex I (NADH dehydrogenase), complex II
(succinate dehydrogenase), and complex III (cytochrome bc1 complex). However,
the recent investigation indicated that at complex II, the substantial formation of O2

(singlet oxygen) occurs (Eleutherio et al. 2018).
According to Brand (2016), hydrogen-free radicals are formed in mammalian

mitochondria at eleven different sites. Each site is closely related to substrate
catabolism and RC and has its unique properties. Sequential action of electrons
transport through mitochondrial chain complexes produces a difference of chemical
concentration and electric charges. Eventually, proton transport takes place from
the matrix to the inter-membrane part. During this transmission, the direct electron
transfer to oxygen chiefly at I, II, and III complexes results in the production of
superoxide (one electron transport) or hydrogen peroxide (two electrons transport)
(Eleutherio et al. 2018).

Surprisingly, ROS generation does not occur at complex IV (cytochrome c
oxidase), although it causes reduction of oxygen to water, elaborating that ROS
production and electron leakage in RC can be inhibited. ROS generation in RC
complexes is significant in the regulation of different biochemical processes such as
cellular differentiation, and deterioration in ischemia/reoxygenation injury (Scialò
et al. 2017),whereas theROSalsomediates the progression of some cancer types. The
ROS formed from the third complex are shared between the mitochondrial matrix
and IMS. While ROS generated by complex 1 are transferred to the matrix only,
thereby illustrating the adoption of different distribution mechanisms for both the
complexes (Reczek and Chandel 2015; Stefanatos and Sanz 2018).

When the electron transfer takes place at complex I (from NADH to CoQ), the
generation of ROS may occur at two places, IQ (CoQ attachment position) and IF
(FMN position) within the matrix. ROS generation in complex II takes place on IIF
position, having an association with succinate dehydrogenase. The small amount of
ROS production by complex III is negligible in comparison to ROS produced from
CI. The ROS formed by CIII is transported into IMS and matrix. Within IMS and
matrix, ROS are converted into H2O2, reactions catalyzed by enzymes (superoxide
dismutase) SOD2 (matrix) and SOD1 (IMS). This H2O2 has a significant function
in physiological mechanisms. Superoxide presumably functions at the site of its
synthesis is short-lived and has less membrane-penetrability in comparison to the
H2O2 that is uncharged, extra stable and can pass through aquaporin channels, thus a
better multipurpose signalling particle. Though analogous to superoxide molecules,
substantial destruction of molecules by H2O2 takes place in the presence of free Fe2+.
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Fig. 7.2 Mitochondrial redox mediated signaling. ROS in mitochondria is produced from the
escape of electrons to form superoxide (O2

−) in complex I and complex III of the electron transport
chain. O2

− is converted to H2O2 by SOD1 and SOD2 in intermembrane space and matrix. H2O2 is
reduced to water by Gpx. Both O2

− and H2O2 are mtROS that act as signaling molecules triggering
metabolic processes in the cytoplasm and nucleus. SOD: Superoxide dismutase, Gpx: Glutathione
peroxidase, NO: Nitric oxide, PTM: Post-transcriptional modifications

The presence of this cation results in the production of highly active OH-radicals as
shown in Fig. 7.2 (Warraich et al. 2020).

The generation of a progenitor ROS i.e., superoxide anion occurs at almost nine
mitochondrial sites (Andreyev et al. 2005).Moreover, NADPHoxidases also produce
superoxide, which catalyses the controlled formation of O2 (singlet oxygen) by
coupling the electrons derived fromNADPH to oxygen. The topological significance
of sites generating ROS and variation among various ROS peculiarly superoxide and
hydrogen peroxide should be appreciated. For example, superoxide in matrix gener-
ating oxidation–reduction bio-signalling at IQ site may vary from the superoxide at
complex IIIQo that sends such bio-signalling into the cytosol. Likewise, hydrogen
peroxide producing redox signalling from both these will be different (Warraich et al.
2020).

A momentous correlation between ROS production rate, RC complexes action,
and mitochondrial membrane potential (��m) exists. If increased production of
ROS occurs by the dissipation of mitochondrial membrane potential and respiration
is inhibited, then the rate of free radical formation can be reduced by uncoupling
which activates the drop in ��m (Angelova and Abramov 2018). Even though in
RC a large amount of ROS generation occurs under resting situation, O2 genera-
tion also takes place by the proteins in the matrix including enzymes of the citric
acid cycle (pyruvate, alpha-ketoglutarate dehydrogenase, aconitase) and by different
complexes. Studies have confirmed that the function of RC is disturbed during ageing
and the reason might be the weakened antioxidant defence and increased accumu-
lation of ROS from impaired metabolic process. Though, mitohormesis induction
at a young age to avoid age-associated illnesses and management of RC activity in
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old age for enhancement of lifespan using therapeutics can be a bright scenario to
continue (Bouska et al. 2019).

7.4 Redox Signalling

The molecular basis of the ageing process in humans is a complicated unanswered
question, although numerous studies support the concept of the altered mitochon-
drial function being the major regulatory point during ageing (Jang et al. 2018).
Throughout the history of scientific research, ROS and redox reactions have been
declared potent and harmful agents. However, recently it has been suggested that
ROS are involved in the regulation of bio-signalling. Explicit properties of ROS are
modified mostly by covalently modified cysteine in specific redox-sensing target
proteins. Oxidized cysteine residues then lead to alterable enzymatic modifications.
Thus, ROS regulate an array of biological phenomenon such as the generation of
inflammatory and growth factor responses. Any disturbance in redox signalling can
lead to pathological manifestations (Finkel 2011). Redox biology has emerged from
pathological findings and deals with the role of oxidative species in signalling path-
ways. The earliest studies from the 1930s byMcCord and Fridovich on the discovery
of superoxide dismutase also described the association between signalling and redox
reactions. Initially, most of the researchers focused on damage of biomolecules by
free radicals but later on, it was realized that peroxides such as H2O2 and lipid
oxidation electrophiles are helpers in signal transduction and regulators of some
transcription factors (Fig. 7.2). The new field of redox signalling emerged from the
combination of signal transduction and redox biology. It is well established that redox
signals are changed in ageing, but these signals are important in maintaining normal
homeostasis (Forman 2016).

7.4.1 Dual Role of ROS

ROSare toxic products of aerobicmetabolism that play a dual role. These are required
formany signalling reactions such as programmed cell death. It is plausible to believe
that ROS have benefits in bio-system viability and maintenance of specific intracel-
lular ROS level is essential to sustain life (Mittler 2017). ROS perform an important
function in the production of blood cells, differentiation and the equilibrium between
dormancy and production of relevant stem cells. Suitable ROS levels can be an ideal
therapeutic target for the treatment of blood cancers (Samimi et al. 2020).

The most interesting biological paradox in recent scientific history is the fact that
ROS are toxic yet signal supporting molecules. Redox mechanisms based on the
scavenging chemistry of oxidants have been evolved that facilitate the wellbeing of
the living organism during the ageing process (D’Autréaux and Toledano 2007).
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7.4.2 Redox Signalling

Signalling systems in living organisms are dependent upon chemicals with free
energy, redox atmosphere and ion channels across the membranes. Thiol-sulfhydryl
redox systems are controlled in dynamic yet non-equilibrium settings, are constantly
oxidized and differ in redox potential within cellular organelles or intracellular
compartments. Redox signalling uses “sulphur switch” which means cysteine amino
acids that undergo reversible oxidation reactions, covalent incorporation of nitric
oxide, reversible binding of glutathione, and the addition of acyl or sulfhydryl groups
(Paulsen and Carroll 2013). These redox signalling systems control delivery, biolog-
ical affinity, movement and sensitivity of signalling proteins, thereby influencing
the rate and activities of redox systems. Thio-sulfhydryl reservoirs are oxidized
with increasing age, lifestyle, environmental pollution and diseases such as diabetes,
obesity and neurodegenerative diseases (Jones 2010).

Foyer and Noctor (2016) stated that considering the limited data available on ROS
mediated signalling, some knowledge can be extracted about the stress-triggered
signalling process. ROS transmit information in response to internal or external
stimuli. It is speculated that cells can rely on ROS tomonitor metabolic flux and ROS
may become the symbol of sustainability in the context of ever-changing demanding
situations. Previously, it was stated by Kamata and Hirata (1999) that biochemical
signalling involves the bindingof growth factor to receptors to activate tyrosine kinase
that stimulates MAP (mitogen-activated protein), PLC-gamma (phospholipase C-
gamma) and PI3K (phosphatidylinositol-3 kinase). The message is conveyed to the
nucleus for gene expression after activation of many transcription factors. ROS such
as H2O2 activates tyrosine kinases, triggering a cascade of molecules like MAP
kinases and PLC-gamma (Zhang et al. 2016). This alters calcium levels, leading to
stimulate or block many transcription factors. Redox molecules either stimulate or
suppress some transcriptional factors, applying to double-check regulation of cell
signalling. ROS also acts as a secondary messenger in response to the extracellular
stimulus by crosstalk between signalling systems and redox systems. Cell death
also has redox regulation by oxidation and reduction reactions. Some death signals
generate ROS and which in turn activates death machinery. It is confirmed that a
cell’s destiny is ultimately decided by crosstalk between bio-signalling pathways
and redox species (Redza-Dutordoir and Averill-Bates 2016).

ROS can affect cellular proliferation, apoptosis, necrosis, gene expression
and signalling processes especially involving mitogen-activating protein kinases
cascades (Sies and Jones 2020). Within the human redox pool, damage caused by
ROS is mended and key players of redox atmosphere are enzymes and antioxidants
that establish a reduced environment by continuous addition of energy (Genestra
2007). The ability of living matter to extract energy from the environment, transform
it to another form and use it for growth and reproduction is the basic attribute of life.
During aerobic metabolism in mitochondria, oxidative phosphorylation generates
ROS as a by-product that can damage cell machinery, though recently these have
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been recognized as signal molecules. ROS-controlled bio-signalling processes play
important role in homeostasis (Shadel and Horvath 2015).

7.5 Autophagy

Participation of the lysosomal system to degrade intracellular organelles and macro-
molecules through a process named autophagy and of extracellular components and
membrane through a process known as heterophagy or endocytosis is well-known for
more than half a century (Kaushik and Cuervo 2018). The autophagy term is deriva-
tive of a Greek word with the meaning “to eat itself”. Autophagy is a catabolic and
well-preserved process that has evolved in all eukaryotic cells during evolution and is
a method for transportation of extra and intracellular components from cells to lyso-
somes, where their degradation and subsequent recycling take place. This may occur
because of natural or stress response. The autophagy process was first observed in
1962 by T. Ashford and K. Porter in the cells of the rat liver after receiving glucagon.
The name was given in 1963 soon after its discovery by a Belgian biochemist Chris-
tian deDuve (Fîlfan et al. 2017;Arensman andEng2018;Barbosa et al. 2019). Subse-
quently, recognition of genes linked to autophagy and autophagymorphology in yeast
cells was described in the 1990s by Japanese researcher Yoshinori Ohsumi (Wang
and Xu 2020).

Autophagy allows cell survival by inducing mobilization of endogenous macro-
molecules during periods of nutrient deprivation. It plays a paramount role in a
stressful environment bymaintaining the homeostasis in cells andmetabolic stability
during routine degradation, synthesis, and successive replacement of cytoplasmic
components (Tan et al. 2014; Arensman and Eng 2018).

7.5.1 Lysosomal System in Autophagy

The contribution of autophagy, in almost all cases, in diverse physiological functions
is attributed to its two major functions: as a procedure to eliminate undesirable cell
components or as a source of energy. The lysosomal system has the unique ability
to degrade and sequester the complete cellular portion, and this ability confers a
paramount involvement of autophagy in certain circumstances where widespread
cellular transformation is required for example embryogenesis, cell differentiation
as well as degradation that occurs during some types of apoptosis (Buratta et al.
2020).

Lysosome, cell’s recycling centre is fully devoted to the degradation of various
macromolecules both from the intracellular and from the extracellular environment.
The lysosomal membrane contains permeases for recycling vital building blocks that
are produced from the degraded products (e.g. fatty acids, sugars, cholesterol, and
amino acids, etc.) in the cytosol. The lumen of the lysosomes also contains about 40
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Table 7.2 Types of Autophagy gene (ATG) proteins

Categories ATG proteins

1 Type III phosphatidylinositol 3-kinase (PI3K-III), which has Beclin1 (Bcl2
interacting protein), Vps15, Vps34 (type III PI3K), ATG14L (ATG14-like)

2 Unc-51-like kinase 1 (ULK1) complex, that has ULK1, IFP200, ATG13,
ATG101

3 ATG9

4 ATG5-ATG10-ATG12 system

5 ATG- WIPI

6 Ubiquitin-like binding protein LC3-II

types of hydrolytic enzymes such as glycosidase, lipases, proteases, phosphatases
and nucleases. The degradation of soluble individual proteins, cell organelles as well
as particulate structures occurs through lysosomes. This characteristic of the lyso-
somal systemmakes it specifically relevant under circumstances when the formation
of irreversible aggregates and oligomers starts from damaged proteins (Cuervo 2008;
Hubbard et al. 2012). Moreover, the degradation of cytosolic components by lyso-
somes occurs non-specifically; however, it may also be distinguished between the
targets to be degraded with the participation of a degradation label like a chaperone
and a complicated process to create a way for the targeted proteins to cross the
membrane of lysosomes through a specific translocation complex (Yang et al. 2019).

Autophagy also plays a role in attained (acquired) and inborn (inherited) immu-
nity through digestion, sampling, and by presenting the peptides from both their
cellular milieu as well as from the invasive pathogens that get an entry into the
cells (Cuervo 2008). Generally, autophagy can target either the degradation of selec-
tive cargo or the bulk. However, many studies have elaborated that the process of
autophagy specifically targets its cargo for degradation. Examples are the specifi-
cally chosen degradation ofmitochondria (mitophagy), proteinmasses (aggrephagy),
ribosomes (ribophagy), and lysosomes (lysophagy) (Barbosa et al. 2019; Wong et al.
2020). Several inducers start the process of autophagy such as various stressors,
while one of the major stimuli is a nutrient restriction which can rapidly activate
the autophagy process along with protein synthesis inhibition (Boya et al. 2013).
Several genes linked to autophagy (Atg) that encode proteins involved in autophagy
have been reported (Shibutani et al., 2015; Luo et al. 2020a, b). The complexes of
ATG proteins primarily have several categories (Table 7.2).

7.5.2 Autophagy Mechanism

There are three steps of autophagy: initiation, formation, and degradation.

Start-up stage: Firstly, the autophagy regulation is mediated by environmental
signals including the level of nutrients and exogenous stress agents such as heat
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or hypoxia over a multifaceted system of signalling pathways and proteins. The
serine-threonine protein kinases are the key proteins in the initiation phase and
are characterized by the mammalian target of rapamycin (mTOR). Two mecha-
nisms proceed in different modes for the modulation of autophagy i.e., mechanistic
target of rapamycin (mTOR) and nutrient-sensing pathways that include adenosine
monophosphate-activated kinase (AMPK). Activation of AMPK induced autophagy
during nutrient-depleted conditions drives a high AMP/ATP ratio. Consequently,
phosphorylation and stimulation of ULK1, a serine/threonine-protein kinase, occurs
that is an activator of autophagy. Conversely, an elevated level of amino acids
is detected by mTORC1 a nutrient-sensing complex at the lysosomal membrane
containing mTOR, endorses biomass production and cell proliferation actively and
suppresses the autophagy process by repressing ULK1 (Gu et al. 2020; Wong et al.
2020).

Formation stage: The next stage requires the participation of theATGproteins group
to control the double-membrane vesicle generation for ingesting the cytoplasmic
material (Madeo et al. 2015). The ingestion occurs by the formation of phagophore
(Gu et al. 2020). The membrane used for the formation of phagophore originates
from various locations including endosomes, mitochondria, endoplasmic reticulum,
golgi complex, and plasma membrane (Lapierre et al. 2015). Moreover, certain parts
of the plasma membrane having marked ATG16L1 may be delivered to the core
of autophagic machinery by recycling endosomes (Madeo et al. 2015). Phagophore
causes encapsulation of misfolded proteins or dysfunctional organelles, followed by
the formationof autophagosomebyextension and edgegradual fusionof phagophore.
Beclin-1/Atg6 andVps34 (vesicular protein sorting 34) are twodistinct class III phos-
phatidylinositol 3-kinase (PI3-kinase) complexes in mammalian systems, involved
in the phagophore extension (Itakura et al. 2008). Inhibition of phosphatidylinos-
itol 3-kinases (PI3K) by 3-Methyladenine (3-MA) causes inhibition of autophagy
due to blockage of autophagosome formation (Gu et al. 2020; Wang and Xu 2020).
A previous study elaborated that the elongation of the phagophore includes ATG6
(Beclin-1), through contact with various binding partners; it likewise comprises a
setting for incorporation of autophagy and programmed cell death processes. Many
ATG16L1-interacting ATG proteins, including ATG12 and ATG5, participate in the
stabilization of incipient phagophores (Madeo et al. 2015).

Degradation stage: Finally, at the third and last step of autophagy, phagophores
enclosing the degraded cellular material form vesicular autophagosomes.
Autophagosomes at that point merge with lysosomes forming autolysosomes for
digestion through the transmission of microtubules cytoskeletal network system.
The endomembrane of the autophagosome and components encapsulated by it are
degraded by hydrolase present in the autolysosome. The permeases then release
the degraded products into the cytoplasm and are reused (Madeo et al. 2015;
Gu et al. 2020). The autolysosome formation should be precisely processed as
incomplete autolysosome processing can instead result in the production of the
residual body having indigestiblematerial. The accumulated unprocessed autophagic
vacuoles cause various age-related diseases including neurodegenerative disorders.
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This suggests that in aged individuals the cell’s potential to effectively manage and
accomplish the autophagy is progressively diminished. SNARE (soluble NSF [N-
ethyl-maleimide-sensitive Rab7, Dynein, and HSPB1 (heat shock 27 kDa protein 1)
are involved in these processes (Lapierre et al. 2015; Wang and Xu. 2020).

7.5.3 Types of Autophagy

Three principal types of autophagy (Fig. 7.3) can be differentiated based on the
procedure through which cytoplasmic components are carried to the lysosomes and
the volume of sequestered substrates (Morgunova et al. 2016). Macroautophagy

Fig. 7.3 Types of autophagy. Autophagy leads to the degradation of cargo and discharge of
breakdown products into the cytosol for reuse. Macroautophagy depends on autophagosomes
formation in the cytosol, to remove and transport materials to the lysosome. Autophagy gene
Beclin 1, an ortholog of Atg6/vacuolar protein sorting (Vps)-30 protein plays role in posi-
tioning proteins before autophagial degradation. CMA (chaperone-mediated autophagy) transports
unfolded proteins directly across the lysosomal membrane. Substrate proteins with specific KFERQ
sequences are recognized by HSC70 and are transported into lysosomes through binding with
LAMP2A protein. Microautophagy comprises the uptake of materials through invagination of the
lysosomal membrane. ESCRT, cytosolic proteins together with numerous supporting proteins facil-
itate membrane bending/budding forming multivesicular bodies. Multivesicular bodies ultimately
fuse with the lysosome for the degradation of materials. HSC70: heat shock protein 70 complex,
LAMP2A: lysosome-associated membrane protein type 2A, ESCRT: endosomal sorting complexes
required for transport
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is commonly described as autophagy, the second type is conserved from yeast to
mammals, named microautophagy while the third type has only been explained in
mammals, termed as chaperone-mediated autophagy (CMA) (Cuervo et al. 2005).

7.5.3.1 Macroautophagy

It is a well-studied and stress-induced type of autophagy where degradation occurs
through autophagosome having a vacuole with bilayer and autophagolysosome, a
lysosome having single-membrane. A group of proteins is involved for the comple-
tion of various steps in macroautophagy such as restraining membrane formation,
length extension, growth, the merging of lysosomes, and breakdown (Lőrincz and
Juhász 2020). These are generically named Atg proteins and were elucidated for
the first time in yeast. Overexpression and Knockdowns of the genes in different
organisms encoding these proteins have greatly increased the knowledge about the
involvement of macroautophagy in enormous pathological as well as normal physio-
logical processes.Macroautophagy helps a cell to renew the non-nuclear intracellular
materials, destroy the worn-out structures and produce the new ones by utilizing the
building blocks generated during “digestion” (Cuervo et al. 2005; Morgunova et al.
2016).

7.5.3.2 Microautophagy

In mammalian cells, microautophagy has been reported to take place in late endo-
somes instead of lysosomes, hence named endosomal microautophagy (Sahu et al.
2011). It comprises the transport of components from the cytosol to the endosome
with the formation of endosomal membrane invaginations, and this process is facili-
tated by the ESCRT (endosomal sorting complexes required for transport). Hence, in
microautophagy, invaginations are formed by the lysosome, and macromolecules as
well as small structures are sequestered without the formation of autophagosomes as
in macroautophagy (Macian 2019). Microautophagy is also named basal autophagy
because in cells this process is maintained at a constant level. When a cell expe-
riences deficiency of energy it utilizes the process of microautophagy (Morgunova
et al. 2016).

7.5.3.3 Chaperone-mediated autophagy (CMA)

In CMA rearrangement of the lysosomal membrane is not required; instead, chap-
erone proteins are involved in the transportation of “faulty” proteins to the lysosome.
Specific “chaperones” recognition and binding to the target substratemolecules result
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in their degradation. The specific sequences of amino acid on degraded substrates are
required by these “molecular chaperones” (Morgunova et al. 2016; Luo et al. 2020a,
b).

Many scientific reports have defined CMA as an extremely degradative and
regulated process that involves the participation of HSC70 (heat shock protein 70
complex). Additionally, receptor lysosome-associated membrane protein type 2A
(LAMP2A) undergoes multimerization.

The degradation of proteins by CMA must have a KFERQ motif in amino acid
sequence, which is essential for the binding of chaperone HSC70. For lysosomal
docking, binding of LAMP2A (twelve amino-acid tails in the cytosol) to the HSC70
complex and substrate is required.Moreover,multimerization of LAMP2A ismanda-
tory for substrate transfer inside the lysosome. The multimeric complex releases
cytosolic HSC70, after which an HSP90 chaperone present at the membrane of
lysosome lumen associates with LAMP2A to stabilize it all through the substrate
transfer process. Finally, to end the process of translocation, there is a requirement
for a luminal chaperone HSC70 and once inside, the lysosomal enzymes degraded
the targeted protein (Barbosa et al. 2019).

CMA is very sensitive and mainly liable for protein breakdown only (Luo et al.
2020a, b). Hence, transportation of only soluble cytosolic proteins occurs this way
and for entry to the lysosomes, unfolding of the proteins is necessary (Massey et al.
2006; Kaushik and Cuervo 2018).

7.5.4 Ageing and Autophagy

Researchers have focused to explore the role of lysosomal and autophagy in
ageing. Current studies have indicated that autophagy might have an impact on
ageing, stress induced by oxidation, inflammation, and astrocytes functionality
(Wang and Xu 2020). Almost all cells and tissues experience reduced autophagic
activity as an organism ages, and it was supposed to largely contribute to the
commencement of several detrimental age-associated ailments and various aspects
of the age-related phenotypes (Cuervo 2008). Decreased autophagy is linked with
enhanced ageing, while stimulation of autophagy may induce effective age control
potentials (Madeo et al. 2010). In yeast, during nutrient deprivation, autophagy is
crucial for survival as it provides energy and new nutrients by enabling the recycling
of macromolecules (Rubinsztein et al. 2011). Logically, an indication that ageing
is accelerated by autophagosomes formation deficiency proposed that health span
should be prolonged by the enhancement of autophagic activity, specifically if there
was insufficient normal autophagy to respond against cell impairment associated
with ageing. Genetic manipulations in various species are specially developed to
enhance autophagy capable of extending longevity (Madeo et al. 2015).

One of the earliest proofs that elevated autophagy have a paramount role in
enhancing lifespan originates from the inspiring opinion that inC. elegans, autophagy
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is caused by the failure of insulin-like growth factor pathway and autophagy inhi-
bition is due to essential Atg genes mutation, which hampers the improvement of
lifespan (Meléndez et al. 2003). Pyo and collaborators conducted an experimental
work to evaluate the association between increased lifespan and genetic overex-
pression of one Atg. The authors observed a rise in the process of autophagy and
anti-ageing features by overexpressing the Atg5 gene in mice as compared to the
wild-type mice (Pyo et al. 2013).

Another study was performed in Ana María Cuervo’s laboratory that explained
the significance of autophagy in ageing. A double transgenic mouse model was
generated in aged mice within which for CMA, expression of the lysosome receptor
could be modulated. It was concluded that ageing characteristics can be limited at
the organ and cellular levels by the enhancement of this receptor (Zhang and Cuervo
2008). Furthermore, expression of the Atg5 showed increased insulin sensitivity,
improved resistance to age-related obesity, showing an enhancedmetabolism in aged
individuals. However, several studies failed to verify that longevity can be achieved
by the upregulation of one autophagic factor. Moreover, enhanced lifespan has been
shown bymanyKO (knock-out) mousemodels; however, the connection with ageing
and the molecular mechanisms behind it are not yet well-defined (Barbosa et al.
2019).

Similar characteristics are shared by an animal model named senescence-
accelerated mouse prone 8 (SAMP8) that are non-genetically altered strains of mice
(Ma et al. 2011). During ageing, certain remarkable changes related to autophagy
were detected in the SAMP8 mice brain, such as reduced autophagy activity and
accumulation of ubiquitin-positive proteins (Tan et al. 2014). Dysfunctional manage-
ment of bio-signalling pathways including AMPK and mTOR resulting in cellular
vulnerabilities that are conducive for the progression of neurodegeneration, cancer,
and metabolic disease as well as impaired autophagy which ultimately contributes
to ageing. However, a reduction in the function of mTORC1 is enough to enhance
the life duration in worms, mold, mice, and flies (Wong et al. 2020).

Overexpression of an autophagy stimulator viz. HLH-30 was identified in C.
elegans to increase the lifetime and is homologous to the transcription factor EB
(TFEB) in mammals (Lapierre et al. 2013). An in vitro ageing model in humans indi-
cated that over-expression of certain factors of the autophagy machinery including
LC3/ATG8 and ATG12 contributed to the maintenance of mitochondria and long
life. This suggests advantageous effects of pro-autophagic protein expression either
in humans or within other mammalian cells. Moreover, within the nervous system,
initiation of autophagy is of great importance for example in D. melanogaster, over-
expression of brain-specificLC3/ATG8was linked to prolonging age (Simonsen et al.
2008) and the absence of polyglutamine stretch of huntingtin in the brain exhibited
a rise in autophagy which was linked to enhance longevity (Zheng et al. 2010).

The over-expression of Atg8 leads to longevity in muscle and neurons of adult
Drosophila flies. Similarly, neuron-specific autophagy in adult Drosophila is induced
in both non-cell and cell autonomously by the overexpression of Atg1, hence also
results in extension of lifespan. Concordant with the biological significance of
all findings, numerous relevant genes such as Atg5, Atg6, Atg1, Atg7, and Atg8
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represent decreased appearance in flies with ageing and in human as well as mice
muscle, ATG7 and LC3 proteins levels also decline with age. Generally, age-related
and genetic loss of adequate lysosomal and autophagic function associate with the
progress of various metabolic as well as anti-amnesic diseases. Examples are the
mutations that result in loss of function of enormous genes relevant to autophagy such
as Becn1/VPS30/ATG6, Atg5, and Atg7 decrease autophagy and higher accumula-
tion of aggregated, disordered proteins in Alzheimer’s disease (Ab and MAPT/tau),
Huntington disease (HTT/huntingtin), and Parkinson’s disease (SNCA/a-synuclein)
(Lapierre et al. 2015).

Most ageing studies in humans are conducted using postmortem tissues, biop-
sies, peripheral blood samples and different types of cells that can be propagated
by employing an artificial culturing medium in vitro. In all these cases, individual
environmental factors/lifestyle is difficult to control between people, which leads
to considerable experimental variability. Moreover, the literature reports additional
ageing models that are used for better elucidation about the multi-factorial process
of ageing in different species. Some emerging models include the longest-lived
(30 years) rodent mole nude rat, the longest-lived mammal named the bowhead
whale (200 years), killifish, the shortest-lived (~four months) vertebrate, and bivalve
mollusks (life span up to 500 years). Diverse experimental approaches in all of these
species have been applied to figure out the biological signals of ageing that range
fromdetection of age-related biomarkers, regulatory proteins, genes/polymorphisms,
compounds/metabolites, hormones, and different diets and decreased intake of
calorie to intermittent fasting, which may defer the start of age-associated diseases
and/or confer resistance as well as modify the process of ageing and longevity to
manage with the environmental challenges (Carmona andMichan 2016). Autophagy
activation can delay ageing, but at the same time, several studies have highlighted
the opposite view. Hence, further work is warranted to assess the exact relationship
between ageing and autophagy processes (Gu et al. 2020).

7.5.4.1 Role of Macroautophagy and CMA in Ageing

Alteration in macroautophagy and CMA happens with ageing; consequently, the
contribution of autophagy to longevity has been supported by both vertebrate and
invertebrate transgenic models (Hubbard et al. 2012). Generally, CMA andmacroau-
tophagy activities decline during ageing (Salminen and Kaarniranta 2009). However,
there is a lack of evidence that howmicroautophagy activity might be affected during
the process of ageing (Macian 2019). The dramatic increase in the function of both
macroautophagy and CMA has been observed during stress, which facilitates cells
to adjust to the environment (Morgunova et al. 2016).

Two well-characterized types of extralysosomal ‘waste’ are indigestible oxidized
protein and senescent mitochondria (Cuervo et al. 2005). The organellar homeostasis
is critically regulated by autophagy specifically that of mitochondria (Rubinsztein
et al. 2011). Macroautophagy degrades all cellular structures, but mitochondrial
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digestion known as mitophagy is of peculiarly great significance because the long-
term existence of the cell is dependent on the quality control of such organelles.
Macroautophagy is strongly connected with the biogenesis of mitochondria; in
few circumstances, the fundamental constituents from the “old” mitochondria are
utilized by the cell for the formation of new mitochondria (Yen and Klionsky 2008;
Morgunova et al. 2016).

The aged post-mitotic cells contain many mitochondria that are structurally dete-
riorated and enlarged, exhibiting swelling and disintegration of cristae, usually
causing the formation of amorphous material. The mitochondria that are exces-
sively enlarged are frequently named ‘giant’. The basic mechanism elaborating age-
associated changes in mitochondria is still under discussion. Initial deterioration of
mitochondria can be ascribed to the damage by ROS along with an inefficient perfor-
mance of mitochondrial repair systems such as mtDNA repair as well as Lon and
AAA proteases. Defective mitochondria should be degraded and autophagocytosed
but the accumulated damaged mitochondria with age either escape macroautophagy
or they require replicative advantage over normal mitochondria (Cuervo et al. 2005).

Dysfunctional mitochondrion that has lost membrane potential is more suscep-
tible to release ROS along with toxic apoptotic mediators (Fig. 7.4). These are elim-

Fig. 7.4 Effect of ageing on autophagy. Activated autophagy causes the elimination of damaged
mitochondria by using PINK1 kinase and E3 ligase Parkinmarkers, while reduced autophagy results
in the accumulation of waste product, making the process of ageing more lethal and causing several
other destructive ailments. PINK1 kinase: PTEN induced kinase 1
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inated selectively by autophagy through ubiquitin Ser65 phosphorylation reactions
carried out by PINK1 kinase (PTEN induced kinase 1), following attachment of ubiq-
uitin proteins by the E3 ligase Parkin, compared to “healthy” mitochondrion. The
autophagy uses PINK1 kinase and E3 ligase Parkin asmarkers to distinguish between
damaged and healthy mitochondria, promote binding of dysfunctional mitochondria
to phagophore by recruiting the mitochondrial autophagy receptors P62/SQSTM1
and NDP52 (Rubinsztein et al. 2011; Gu et al. 2020).

It is strongly suggested that the working of macroautophagy, especially defec-
tive mitochondrial breakdown, is impaired due to ageing. Cell organelles undergo a
complex and inducible macroautophagy process that includes Beclin1 and other Atg
genes activation. The stimulation of macroautophagy occurs in response to hormone
treatments and during various stress conditions. Interestingly, both the repression of
growth hormone-insulin-like growth factor (GH- IGF-1) axis and caloric restriction
can reverse age-associated variations and cause activation of macroautophagy. The
increased stress resistance is a special feature of hermetic lifetime extension in C.
elegans and long-livedmousemodels (Cypser et al. 2006;Murakami 2006; Salminen
and Kaarniranta 2009).

It has been observed that during ageing, housekeeping processes become compro-
mised as the rate of protein turnover determines the quality of the cellular house-
keepingmechanisms.During ageing, the accumulation ofwastematerial in cells after
mitosis indicates the inefficiency of physiological housekeep such as the proteolytic
system. The proteasomal degradation activity is decreased in ageing (Salminen and
Kaarniranta 2009), and the mechanism involves quality control checks, regulation
of translation, protein folding, and breakdown by cell machinery. UPS (ubiquitin–
proteasome system) and autophagy-lysosome system are involved in it. However, the
nature of cross-talk between autophagy and proteasome is still not clear (Sun-Wang
et al. 2020).

Indeed, autophagy performs a paramount role in proteostasis regulation, a mech-
anism which has been recently identified as one of the fundamental age causing
mechanism (Macian 2019). Proteins are the components that enable or directly
perform several functions of cells, taken together they constitute the “proteome”.
The term proteostasis or protein stability refers to the capacity of cells to protect
protein function and structure against ambient stressors such as changes in oxida-
tive stress, pH, temperature, radiation, and ageing (Ruan et al. 2020; Sabath et al.
2020). Vulnerability in proteostasis correlates with changes in longevity and ageing
rates among various species. Different researches identified that long-lived organ-
isms are highly resistant to numerous environmental stressors and protein unfolding,
thereby have maintained endogenous enzymatic activities in comparison to the
species that are short-lived having less robust/effective proteostasis (Treaster et al.
2014). The proteostasis network present in the cells is well elaborated that involves
autophagy, chaperones, protein synthesis, the ubiquitin–proteasome pathway, and
the unfolded-protein response. These network constituents altogether are designed
for the maintenance of recycling of long-lived products, counteracting protein
misfolding, protein turnover and clearing up unfolded proteins. Studies revealed
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that proteostasis networks with age can be compromised resulting in the accumula-
tion of protein and the aggregation of damaged and/or unfolded proteins (Carmona
and Michan 2016).

One of the main functions performed by autophagy is proteostasis. CMA is
engaged in the elimination of potent oxidized proteins by degradation in lysosomes
(Barbosa et al. 2019). Cuervo and Dice (2000) demonstrated that during ageing the
activity of CMA reduces in rat liver. The impaired transport of defective proteins into
lysosomes as well as their binding to the membrane of lysosomes was observed with
ageing. Interestingly, the results of various studies concluded that the progressive age-
related decreased expression of the receptor protein in CMA uptake and LAMP-2A
protein results in the reduced efficiency of CMA. Contrarily, certain targeting protein
expression in CMA i.e., HSC70 protein was generally unaffected by ageing. These
studies were further extended by the Cuervo laboratory, indicating that in transgenic
mice the inhibition of age-associated deterioration of LAMP-2A protein can sustain
a functional and an active CMA till older age. Moreover, the CMA conservation
was significantly linked with improved liver function and decreased accumulation
of defective proteins (Zhang and Cuervo 2008). During ageing, the decline of the
LAMP-2Amechanism in lysosomes appears to be post-transcriptional as the LAMP-
2A efficiency during transcription is not affected by ageing. This identifies that the
function and assembly of the LAMP-2A complex in lysosomal membranes were
affected by ageing; hence, impaired CMA properties occur during ageing. More-
over, HSP90 protein levels, a key constituent of LAMP-2A complex assembly, also
decrease in the liver of ageing rats (Salminen and Kaarniranta 2009).

7.6 Conclusion

The interplay between redox signalling, autophagy and ageing is although quite
dynamic, yet many aspects are still unknown. This highlights the probable challenge
to identify specified pathways, the bulk of stimuli and metabolites. It is plausible
that ageing process comprises multiple vicious cycles of ROS generation, redox
signalling, and autophagial degradation of mitochondria. Defective and effective
autophagy may decline or accelerate normal physiological conditions. Much of the
data presented here are from those model organisms in which morbidity, mortality,
and ageing may vary from what impacts human life and health. Nevertheless, it is
expected that the biological progressions allied with the long life of model organisms
may defend against ailments that afflict people.

Now the next puzzle is what best should be adopted to improve the healthy ageing
process without any side effects. Being aged is a reality that everyone accepts. We
want to live a healthy life i.e., healthy ageing.But unfortunately, it is not quite possible
because inmost cases ageing causes detrimental ailments. There are numerous factors
including external as well as internal that collectively contribute to make ageing
a detrimental process. Among these, increased oxidative stress and the decreased
autophagy process are significant as both are interconnected with each other. During
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ageing, if the autophagy activity suppresses due to certain factors, it can neither
destroy ROS-producing mitochondria nor maintains the homeostasis process, hence
making the process of ageing even worse. Therefore, it is fascinating to speculate,
although it is not proven experimentally, that supplements such as inducers that
enhance the autophagy activity as well as certain dietary antioxidants may be benefi-
cial to maintain the oxidant-antioxidant balance inside the body, promote health and
postpone our inevitable fate.
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