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Abstract

ACKGROUND: Mitochondria became a driving

force in evolution due to their ability to manufacture

adenosine triphosphate (ATP) through respiration.
The functioning of mitochondria within eukaryotic cells
has evolved dramatically as a result of evolution. Recent
research has revealed mitochondria form plasticity to keep
the cell's needs and function.

CONTENT: Mitochondria have
as the cell's

long been regarded

"powerhouse," providing energy for

cell metabolism through oxidative phosphorylation

(OXPHOS). A lot of physiological processes were known
to be mediated by mitochondria

including immunity

and autophagy, cell death mechanism, and stem cell

reprogramming. Mitochondria can change their shape to
form a tubular network that is controlled by fission
and fusion processes. Mitochondrial dynamics is the
equilibrium between these two opposing processes that
regulates mitochondrial number, size, and positioning

within the cytoplasm.

SUMMARY: All of these discoveries opened up new
research avenues and revealed new targets for targeted
medication development. Calorie restriction, and the
mimetic agents were developed to increase mitochondria
biogenesis to improve human lifespan.

KEYWORDS: mitochondria, metabolism, homeostasis,
stress response, aging, epigenetic
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Introduction

Mitochondria is largely associated with cellular
bioenergetics after the discovery of the Krebs cycle in
the 1950s. This perception shifted in the 1990s, when
mitochondria were discovered to play a role in apoptotic
cell death.(1) These led to the hypothesis that mitochondria
have a role in cell signaling, which has now been confirmed
by a large body of evidence where mitochondria have been
linked to a number of complex cellular processes other
than cell death (2), including autophagy (1), stem cell
differentiation (3), and immune response regulation (4).

These organelles also play a role in important metabolic

processes including calcium and iron homeostasis, redox
signaling, programmed cell death, and innate immunity,
as well as regulating a variety of physiological processes.
(5) Mitochondria are the cell's powerhouses, producing a
significant portion of the cellular adenosine triphosphate
(ATP) content.

Mitochondria’s wide range of roles is reflected in
their morphological diversity, as the outcome result of a
delicate equilibrium of two opposing processes: fusion and
fission. When cells exposed to mild stress, mitochondria
form an elongated and interconnected network by reducing
fission, resist mitophagy and increase ATP production
as in nutritional deprivation. When the cells exposed to
severe stress, oppositely mitochondria induce a fragmented

221



The Indonesian Biomedical Journal, Vol.13, No.3, September 2021, p.221-336

form by limiting the fusion.(6) Prolonged disruption of
any fusion or fission will lead to metabolism imbalance
and induce many diseases such as CVD or cancer. Post-
translational modifications and protein-protein interactions
control the molecular machinery that mediates organelle
fission and fusion, to maintain mitochondrial integrity.(7)
Mitochondria’s forms, both in terms of overall size (length,
breadth, and roundness) and ultrastructure (organization of
mitochondrial membranes) varies in morphology between
cells, throughout the cell cycle, and in response to metabolic
or physiological cues.(8)

Modern day mitochondria are made up of well over
1,000 proteins, according to a combination of proteomics,
genomics, and bioinformatics; the composition is plastic,
varying between organisms in response to cellular and
tissue-specific organismal needs.(9) Mitochondria detect
and respond to a variety of stresses, and their energy
production and signaling pathways may aid or hinder cell
survival. Cellular stress adaption is further influenced by
mitochondrial motility and inter-organellar interactions,
such as those involving the endoplasmic reticulum (ER).
(10) At the tissue and organismal level, mitochondrial stress
responses are critical for cell fate, fitness, and disease.(11)

Many studies tried to reveal the strategies to increase
human lifespan by increasing mitochondria biogenesis and
keep the mitochondria quality (12), since mitochondrial
dysfunction, including any alteration in mitochondrial
activity cause accelerated aging (13). Calorie restriction
(CR), CR mimetic agents, and exercise seems promising to
restore mitochondria function.(14,15)

Mitochondrial Quality Control

Mitochondria are intricate organelles that house hundreds
of biochemical reactions ranging from energy production
to amino acid and lipid synthesis to hormone synthesis.
These biochemical reactions include the flow of substrates
and products between the cell's many organelles. There
is growing evidence that direct interorganellar contacts
are necessary for metabolite shuttling rather than free
diffusion mechanisms.(16) Mitochondrial-derived vesicles
(MDVs) are tiny intracellular vesicular size 70-150 nm,
carriers that carry mitochondrial proteins and lipids.
Selective protein cargo incorporation, which can be limited
to the outer membrane or involve the outer, inner, and
matrix membranes, results in MDVs.(17) MDVs have been
found to have two distinct fates, with some being directed
to the late endosome/multivesicular body for degradation
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(18), while others are directed to a subpopulation of
peroxisomes.(17)

Cargo is delivered to peroxisomes and lysosomes via
mitochondrial vesicle transport, and was eventually degraded
(18), and in vitro experiments have shown that MDVs
are rich in oxidized proteins (19). The purpose of vesicle
delivery to the peroxisomes, however, is currently unclear.
(20) Just one protein known to traffic to peroxisomes is
mitochondrial-anchored protein ligase (MAPL, also known
as MULAN, MULI1, GIDE, and HADES), a membrane-
anchored protein ligase.(17) It's difficult to predict the
processes and principles that control cargo selection when
there's only one known cargo.

The addition of MDYV transport to lysosomes to the
paradigms of mitochondrial quality control introduces a
fourth mechanism as described in Figure 1. Mitophagy,
mitochondrial proteases, ubiquitin-mediated proteasomal
degradation, and MDVs all work together. The unanswered
question is how to describe the relative contributions of these
four processes and their future hierarchy. Within the matrix
and intermembrane space, mitochondrial proteases degrade
unfolded and oxidized proteins about 6-12% proteins per
hour as a study in yeast (21), indicating that proteases are
a key component of mitochondrial quality control (22). It's
also conceivable that proteases trim down complexes and
cargoes, leaving more hydrophobic regions to be extracted
later by MDVs, which would be an example of how these
pathways overlap. The loss of mitochondrial proteases
causes a variety of neurological problems, including spastic
paraplegia.(23)

Mitochondria use a variety of proteases to maintain
their proteostasis and maintain their overall consistency. Any
decline in this process induce cellular stress and accelerated
aging. Thus, it needs to be tightly regulated for metabolic
adaptation in a variety of physiological scenarios. Several
mitochondrial proteases may be mutated or dysfunctional,
resulting in complex human disorders with extreme
metabolic phenotypes.(24) In each sub-compartment, a
number of mitochondrial proteases (mitoproteases) provide
protein quality control by destroying misfolded proteins and
digesting freshly imported proteins to aid biogenesis.(25)

Mitoproteases, which function as quality-control
enzymes, are likely to have an effect on metabolism
because mitochondria are a central metabolic center. As
a result, faulty mitoproteases play a role in a variety of
human diseases, including cancer and neurodegeneration,
and are closely linked to the aging process.(24) The
mitophagy and ubiquitin pathways are responsible for
removing dysfunctional/old mitochondria from cells via
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Figure 1. Outline of the 4 pathways of mitochondrial quality control.(16) (Adapted with permission from EMBO Press).

autophagy (26), and eliminating dysfunctional/misfolded
proteins via the 26S proteasome (27,28), respectively.
Healthy mitochondria and proteins are required for cells
to function correctly. Because of these essential tasks, the
mitophagy system governs mitochondrial quality and the
ubiquitin route regulates protein quality in cells. Defects in
the mitophagy or ubiquitin pathways, can disturb cellular
homeostasis, placing cells at risk of dying. A number of
human illnesses, including cancer, have been related to
defects in the mitophagy and ubiquitin pathways.(29)
Several mitochondrial quality-control  systems,
including.(30) First, mitochondria preserve their quality
by using their proteolytic mechanism to degrade unfolded,
misfolded, or weakened membrane proteins (resulting
from environmental insults such as oxidative stress, viral
infections, and so on).(31) Second, when damage is mild
and below a certain threshold during the fusion/fission
process, compensation were done by fusion of normal
and damaged mithocondrias so the protein sharing can
overcome the defects.(32) Third, under oxidative stress, a
portion of mitochondria will bud off and form MDVs, which
then fuse with lysosomes to degrade oxidized mitochondrial
proteins.(19) When mitochondria are damage, they form
mitochondrial spheroids, which acquire lysosomal markers,
become acidic, and conduct limited mitochondrial protein
breakdown.(33) Finally, weakened mitochondria can be
degraded using the ubiquitin pathway in combination with
mitophagy.(26) Mitochondria have evolved sophisticated
quality management systems. Mitochondrial turnover is the
sum of these processes. Different macromolecules are turned
over and have different half-lives within mitochondria.

Stress and developmental mechanisms influence these
turnover rates.(34)

Mitophagy's opposite is mitochondrial biogenesis.
De novo mitochondrial input is rare, so new mitochondrial
formation needs a coordination with existing network.
Furthermore, two distinct genomes must work together to
create the functional multi-protein complexes needed for
energy production. The nuclear-encoded mitochondrial
proteins and mitochondrial transcription factor A (TFAM)
for mitochondrial biogenesis were regulated by nuclear
respiratory factor (NRF)1 and NRF2.(35)

Peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-la), which was first identified
as a transcriptional co-activator involved in brown fat
thermogenesis, was discovered to stimulate NRF1 and
NRF2 gene expression and trigger transcription of
their downstream targets, resulting in mitochondrial
biogenesis.(36) In transgenic animal models or cultured
cells, overexpression of PGC-1a increased mitochondrial
number and function.(36,37) In mice (38) and humans
(39), physiological factors such as exercise increased
PGC-1la levels. The loss of PGC-la had no effect on
total mitochondrial volume, but it did significantly
reduce mitochondrial transcript expression and reduce
mitochondrial function.(40) PGC-1a has been implicated in
the regulation of mitochondrial efficiency and function in a
number of studies.

Mitochondria have developed several quality control
pathways to ensure proper operation both in the absence of
stress and in the presence of it. These pathways examine the
entire mitochondrial network as well as individual proteins,
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encompassing various scales of mitochondrial protein
quality control.(12) Understanding how mitochondrial
quality control pathways contribute to mitochondrial
homeostasis may lead to the development of targeted
therapies for disecases where these mechanisms fail.
However, the studies to find major pathways of mitophagy
has not been well understood.(34)

Mitochondrial Dynamics and
Metabolic Regulation

The American architect Louis Sullivan famously said,
"Form always follows purpose." He came to this conclusion
after studying nature, where function is determined by
well-defined structures. Mitochondria are a great example
of this axiom: as they're highly plastic organelles that play
key roles in a variety of cellular processes as described
(41), they form the fusion which positively associated with
increased ATP production (42), and fission events during
the so-called ‘mitochondrial life cycle’ in order to meet
metabolic demands and perform complex quality control,
to ensure removal of damaged mitochondria (32). Linked
to its function, mitochondria’s morphology is dynamic. It
can be dramatically changed response to metabolic inputs.
(43) Mitochondrial fragmentation has been identified
in cardiovascular and neuromuscular disorders, cancer,
and obesity as a result of nutrient overload and cellular
dysfunction. It stimulates mitochondrial autophagy
(mitophagy) (11), and enables mitochondrial activities to be
adapted to physiological demands (44). Figure 2 shows the

machinery and context of mithochondria.

Severe stress
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Adequate nutrient levels are essential for mitochondrial
function because micronutrients including essential amino
acids (EAA) and gluthatione are needed for mitochondria
function and ATP-production.(45) Nutritional depletion
triggers starvation and metabolic stress in cultured cells
thus induce a stress-induced mitochondrial hyperfusion
(SiMH) in the mitochondrial network.(46,47) SiMH
relies on mitochondrial fusion and the stomatin-prohibitin
flotillin-HAIC/K (SPFH) family scaffold protein Stomatin-
like protein 2 (SLP2) to protect cells from autophagy and
cell death.(46) T cell activation, which is dependent on
mitochondrial ATP output, has been shown to be aided
by SLP2.(48) This means cells lacking SLP2 have lesser
respiratory chain super-complexes (RCS) which is need
to efficiently improve electron transfer during OXPHOS,
and cannot to expand under respiring conditions.(49) On
the contrary, chronic nutritional overload increase the
metabolites, including reactive oxygen species (ROS),
unfolded protein responses (UPRs) by the endoplasmic
reticulum (ER), and the activation of the mechanistic target
of rapamycin (mTOR) which chronically cause irreversible
damage to mitochondria via downregulation of adenosine
monophosphate (AMP)-activated protein kinase (AMPK),
and modifications to metabolic-sensitive proteins through
the deactivation of sirtuins. Finally this will disrupt the
metabolic homeostasis.(50)

The mitochondria are a significant mediator of
environmental cues with fate decisions due to their highly
dynamic existence and plasticity.(51) These metabolic
shifts are followed by significant changes in mitochondrial
morphology, and have been shown to influence one another
during cellular processes.(52,53) The metabolites produced
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and metabolized in the mitochondrial tricarboxylic acid
(TCA) cycle serve as cofactors for epigenetic enzymes,
coupling mitochondrial metabolism and transcriptional
regulation.(54) Mitochondrial dynamics in mediating
the various stem cell states (pluripotent stem cells (PSC),
hematopoietic stem cells (HSC), and neuronal stem cells
(NSC).(43) As a result, it's possible that the direct changes
in mitochondria dynamics cause metabolic reprogramming,
allowing for cell fate plasticity.(54)

During cell differentiation, the transition is not linier
from glycolysis to OXPHOS, as different stem cells need
different requirements depend on the cell fate. This high
plasticity feature is similar with mitochondrial dynamics
which occur before cell transcription, indicates that they act
as checkpoints for cell function integrity and plasticity.(54)

Mitofusin 1 (MFN1), Mitofusin 2 (MFN2), and OPtic
Atrophy 1 (OPA1) are mitochondrial proteins that mediate
fusion events in mammals (OPA1). A mitochondrion has
double membrane, so the fusion occurs in two steps: the
mitochondria outer membranes (MOM) provided by MFN1
and MFN2 (55), and the mitochondrial inner membranes
(MIM) by OPA1. These two steps are almost simultaneous
and are synchronized.

The proper ratio between two major forms of
OPA1: the Long (L-OPA1) and Short (S-OPA1) isoforms
is needed for mitochondrial fusion. In reality, L-OPA1 is
linked to effective mitochondrial fusion, while S-OPA1
is thought to be a mediator of fission.(56) The process is
catalyzed by the membrane potential-dependent protease
OMA1 (metallopeptidase overlapping with the m-AAA
proteasel) and the ATP-dependent protease YMEIL.
Thus, YMEIL-mediated proteolysis is responsible for
OXPHOS-dependent inner-membrane fusion stimulation.
Dissipation of membrane potential, on the other hand,
causes OMA activation, followed by OPA1 cleavage and
inactivation.(57) OMAL1 can be activated to cleave OPAI
in response to a variety of cellular stresses.(58) Treatment
with carbonyl cyanure m-chloro phénylhydrazone (CCCP)
recovers fused mitochondria in cells with down-regulated
OMAI expression recovered, and become less vulnerable
to staurosporine-induced apoptosis, implying that OMA1
controls the functions of the dynamin by modulating the
abundance of the L-isoform.(59) This mechanism is thought
to play a role in the mitochondrial fragmentation as seen in
various types of mitochondrial dysfunction (60).

OPA1 has been subjected to several post-translational
modifications in addition to proteolytic regulation. For
examples, increased O-GlcNAcylation of OPA1 caused by
high glucose exposure induces mitochondrial dysfunction
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in newborn cardiac myocytes via increasing mitochondrial
fragmentation.(61) Sirtuin (SIRT)3,
deacetylase, can deacetylate OPA1 and increase its GTPase

a mitochondrial

activity. Preservation of mitochondrial networking and
defense of cardiomyocytes from doxorubicin-mediated
cell death is aided by SIRT3-dependent activation of OPA.
(62) Genetic and cell biology studies, on the other hand,
have established two groups of proteins that are necessary
for the mitochondrial fission process. GTPase dynamin-
related protein 1 (DRP1) (63), is thought to be the main
effector of this mechanism in mammals. Given its cytosolic
localization, this protein's recruitment to mitochondrial
surface necessitates the presence of unique MOM adaptor
proteins. Fisl, Mff, MiD49, and MiD51 are among the
proteins in this second class.(64)

Apart from its role on metabolism, the mitochondrial
dynamics playing a role in innate immunity, as showed by
some studies that highlight mitochondrial membranes as a
signaling and assembly platform. The mitochondria antiviral
signaling protein (MAVS) is located on the MOM in a finite
number, and causes type I interferons to be generated,
resulting in downstream antiviral signaling. MAVS-driven
innate antiviral signaling was decreased in a mitochondrial
membrane potential-dependent manner when MFN1/2 or
OPAT1 was depleted.(65) It has been proposed that fusion
aids MAVS aggregation by providing new molecules from
different mitochondria. The NLRP3 inflammasome uses
mitochondria as a signaling platform, altering mtROS,
lipids, and membrane potential.(66,67) Drpl ablation, on
the other hand, may either increase or decrease NLRP3
activity, depending on the initiating stimulus.(68)

Understanding how mitochondrial fusion and fission
are controlled from a molecular and biological standpoint
is critical for understanding a variety of human diseases.
From unpredictable organelles (69) to key biological events
(70), the discovery of new players that control these events
is constantly evolving, and this will continue in the coming
years with the advancement of novel microscopy technology
and genetic resources (71). Figure 3 shows mitochondrial
structure and function, for better understanding.

Mitochondrial Communication in
Homeostasis

Cellular organelles interact with one another all the time,
either by establishing contact or transmitting signals.
Although an organelle's core role is usually carried out
in the lumen, signaling takes place at the surface. Several
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Figure 3. Mitochondrial structure and function.(8) (Adapted with permission from Nature Springer).

organelles, including mitochondria (72), melanosomes
(56), peroxisomes (57) and lysosomes (58), have been
discovered to serve as 'launch pads' for signals to other
cellular compartments, including the nucleus, in recent
studies.(73,74)

Depending on the availability of nutrients and their
ability to generate ATP, cells must actively regulate their
energy intake. ATP is broken down into adenosine
diphosphate (ADP), and further to AMP. Catabolic processes,
such as the degradation of glucose or lipids, generate ATP,
and mitochondria, the sites of OXPHOS, produce the bulk
of it in cells. As cellular ATP levels drop, cells must reduce
their energy consumption to avoid depleting what resources
they have left. At the same time, emergency steps such as
raising nutritional intake, triggering alternative energy-
producing pathways, or converting existing macromolecules
into nutrients must be taken to restore cellular energy supply.
(75) Thus, nuclear gene expression programs regulate
mitochondrial biogenesis and homeostasis, including
mtDNA expression and maintenance.(76)

Mitochondria control many aspects of intermediate
metabolism and being at the center of cellular energy

harvesting. As a result, mitochondrial function is tightly

226

regulated by the nucleus through a process known as
'anterograde regulation' as described in Figure 4, which
can reduce or increase mitochondrial activity while
also encouraging mitochondrial biogenesis, depending

on cellular requirements. In contrast, mitochondria
triggers produce a 'retrograde response’ to then nucleus
to alter cellular function and reprogram cell metabolism.
Mitonuclear communication, which combines anterograde
(from the nucleus to the mitochondria) and retrograde (from
the mitochondria to the nucleus) signals, produces a strong
network that helps cells maintain homeostasis and respond
to a range of stresses.(77)

Upstream sensors that detect changes in metabolic
As ATP
synthesis is reduced, as it is during exercise and caloric
restriction, the AMP/ATP ratio rises, activating AMPK,
which raises cellular NAD" levels and activates SIRT1
(78,79), a NAD'-dependent deacetylase which induces

PGC-1la, stimulates the mitochondrial energy metabolism

conditions trigger these anterograde signals.

and biogenesis (80). During exercise, PGC-1a is activated
by increases in calcium ions (Ca*), either directly or
indirectly via the Ca?*/calmodulin dependent protein kinase
type IV (CaMKIV) (81), or by AMPK activation after Ca*"/
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calmodulin-dependent protein kinase kinase-f (CaMKK}p)
(82), which promotes mitochondrial biogenesis. PGC-1 is
also activated by cold stress via cAMP dependent protein
kinase (also known as protein kinase A (PKA)) and the
cAMP response element binding protein CREB).

All organisms produce retrograde signals thatregulate
a variety of cellular and organismal activities as well
as protect against mitochondrial dysfunction by activating
nuclear genes involved in metabolic reprogramming
and stress defense, but the regulation and nature of the
pathways involved can differ. The pathways can be divided
as energetic stress responses, Ca*" dependent responses,
and ROS stress responses, depending on the stimulus. All
organisms produce retrograde signals that regulate a
variety of cellular and organismal activities as well
as protect against mitochondrial dysfunction by activating
nuclear genes involved in metabolic reprogramming and
stress defense, but the regulation and nature of the
pathways involved can differ. The pathways can be
divided as energetic stress responses, Ca?* dependent
responses, and ROS stress responses, depending on the
stimulus.(83)

The nucleus regulates mitochondria-nucleus contact
by activating several transcription factors that trigger
mitochondrial genome expression, inducing transcription
of several mitochondrial proteins encoded by nuclear DNA,
and promoting mitochondrial adaptive pathways. Similarly,
mitochondria can monitor nuclear function by regulating the
levels of metabolites that influence gene expression, such
as ATP, acetyl CoA, NAD", and reactive oxygen species
(ROS).(84) Protein quality control routes, mitochondrial
dynamics, mitophagy, mitochondrial biogenesis, and
apoptosis are only a few of the mitochondria quality control

processes.(25,85)
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AMPK can detect the amount of energy available in
a cell by specifically binding adenine nucleotides in higher
eukaryotes.(86) As the central integrator of mitochondrial
homeostasis, and the cell's primary source of ATP, AMPK
naturally has a low ATP sensor which is stimulated by
changes in the ATP-to-ADP or ATP-to-AMP ratio. A
lot of main proteins in multiple pathways, including
mTOR complex 1 (mTORC1) (87,88), lipid homeostasis
(87,88), lipid homeostasis (89,90), glycolysis (91,92)
and mitochondrial homeostasis (93,94) redirects AMPK
metabolism towards increased catabolism and decreased
anabolism once enabled. Control of mitochondrial number
via mitochondrial biogenesis stimulation, regulation
of the form of the mitochondrial network in cells, and
mitochondrial quality control via autophagy and mitophagy
regulation are all examples of these aspects.(75)

Calcium is a versatile signaling ion that has been
connected to wide range of processes, including fertilization,
muscle contraction, and cell death. It's been nicknamed as
the life and death signal for good reason.(95) Mitochondria
are one of the most important calcium signaling regulators
and targets (96), since mitochondria involved in many basal
and adaptive physiological respons (97).

The transcription factor NF-E2 p45-related factor 2
(Nrf2) is mainly regulated at the level of protein stability
to controls the expression of the genes network that code
for proteins of cytoprotective properties. Nrf2 is a short-
lived protein that undergoes continuous ubiquitination and
proteasomal degradation in its natural state. The degradation
of Nrf2 is aided by three different ubiquitin ligase systems.
(98) Nrf2 functions as a master regulator of cellular redox
homeostasis (99), and has a direct transcriptional target in
the xCT subunit of system x-c, which imports cystine into
cells (100).

Cysteine is converted to cysteine in the cell, which is a
precursor for GSH production. Nrf2 ensures that glutathione
remains in its reduced state by coordinating transcriptional
control of glutathione reductase 1, which converts oxidized
glutathione to GSH utilizing NADPH reducing equivalents.
Malic enzyme 1 (ME!1), isocitrate dehydrogenase 1
(IDH1), glucose-6-phosphate dehydrogenase (G6PD), and
6-phosphogluconate dehydrogenase (PGD) are the four
main NADPH-generating enzymes, which transcriptionally
controlled by Nrf2 (101), and so do the inducible gene
expression of cytosolic, microsomal, and mitochondrial
aldehyde dehydrogenases (102), which employ NAD(P) as
a cofactor to produce NAD(P)H.

As a result, when compared to WT, the total

mitochondrial NADH pool in Keapl-KO cells is
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substantially higher, whereas it is dramatically lower in
Nrf2-KO cells.(103) Nrf2 is important for mitochondrial
integrity, especially in redox homeostasis. Mitochondria
from the brain and liver of rats given a single dose of the
Nrf2 activator sulforaphane are immune to the oxidant tert-
butylhydroperoxide opening the mitochondrial permeability
transfer pore (mPTP).(104) Mitochondrial behavior evolves
in respond to stress and other endomembrane compartments
status, such as endoplasmic reticulum.(64)

Mitochondria as Regulator of Cellular
Stress Response and Apoptosis

Stressors can be chemical or physical in nature, and their
frequency can be acute or chronic. Mitochondria are essential
for the removal of cells that have been fatally compromised
by stressors that surpass the cell's adaptive ability such
as genetic alterations in mitochondrial and nuclear DNA
genes (MtDNA and
encode over 1,000 mitochondrial proteins, including the

nDNA genes, respectively) that

mtDNA maintenance machinery.(11) Even some stressors
which is not targeting mitochondria still affect the
mitochondrion, since it involves in critical process for cell’s
survival against the stressors.(105) Other stressors, such as
oxidative phosphorylation, intermediate metabolism, cell
death, calcium signaling, or cell dynamics, specifically
target and interfere with mitochondrial function.(11)
Mitochondrial stress may also be caused by a lack of
mitochondrial fuel substrates or an excess of nutrients such as
glucose and fatty acids results from High Fat Diet (HFD).(43)
Stressors include disruptions of intracellular iron (106) and
calcium (Ca*") homeostasis, such as prolonged stimulation
with Ca*-linked agonists, inadequate cytoplasmic Ca?*
clearance, and reduced mitochondrial Ca®* gatekeeping
(107,108). The respiratory chain produces more ROS as a
result of various stressors, with mitochondria being a major
source of ROS and a target of ROS-mediated injury.(109)
Stressors that disrupt fusion/fission cause mitochondrial
shapes to become more complex. By fusing the two ends
of tubular mitochondria, hypoxia—reoxygenation and other
stressors may cause donut-shaped mitochondria. Matrix
expansion induced by the opening of the permeability
transition pore (PTP) or the K+ channel in H9¢2 cells is
followed by partial detachment from the microtubular track.
The formation of donuts is a stress response that can protect
the body from structural damage caused by swelling.(110)
Adaptive and maladaptive stress responses are
effects contribute to stress

possible. Maladaptive
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pathophysiology and disease state growth, while adaptive
effects contribute to resilience. When adaptation wears out
and maladaptation takes over, the organism moves from
physiology to pathology. We classify three types of stressors
based on initiation and length that trigger various stress
response patterns: early onset, chronic; late onset, acute;
and late onset, chronic.(10)

In order to preserve homeostasis, the cell activates
defensive mechanisms in stressful situations. The developed
stress responses, either result in a positive event that
counteracts the environmental attack, or in cell death if they
fail.(6) Some selective mild stresses, such as UV irradiation,
RNA transcription inhibition, protein translation inhibition,
and moderate nutrient starvation, activate the so-called
SIMH response in this context and in various cell models.
The SIMH requires the MFN 1 and OPA1 fusion machinery
proteins, as well as the MIM protein SLP2. Since it is linked
to increased ATP production and NF-activation, SIMH is
thought to be a pro-survival response to stress.(46,111)

Proteostasis is a mechanism of protein homeostasis
control, including the development, folding, and degradation,
for cellular survival. Unfolded protein responses (UPRs),
which are finely organized and involve close contact
with the nucleus, have developed in the cytosol, ER, and
mitochondria to maintain proteostasis in different subcellular
compartments. Proteostasis dysfunction is linked to protein
aggregation and is seen in a number of age-related diseases.
(112) Although the UPRER and the cytosolic heat shock
response (HSR) have been extensively studied (113,114),
the mitochondrial unfolded protein response (UPRmt) is
a relatively new discovery that sheds light on the nucleus-
mitochondrial relationship (115,116).

Different stress factors, such as the UPRER, the
UPRmt, oxidative stress, nutritional deficiency, the presence
of viral double-stranded RNA, or haem deficiencies, cause
mitochondrial stress and induce integrated stress response
(ISR).(117,118) The eukaryotic translation initiation factor
2 (eIF2a) subunit is a key component of this stress response.
Phosphorylation of elF2 by many different kinases, such as
general control nonderepressible 2 (GCN2), PKRIlike ER
kinase, protein kinase double stranded RNA-dependent or
haem-regulated inhibitor, inhibits protein synthesis globally
while facilitating the particular expression of stress response
genes like ATF4.(119,120) ATF4 promotes the production
of a number of stress proteins, including CHOP, growth
arrest and DNA damage-inducible protein 34 (GADD34),
ATF3, immunoglobulin heavy chain binding protein (BIP;
also known as GRP78), and tribbles homologue 3 (TH3), to
restore appropriate cellular function (TRIB3).(117)
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Mitochondrial stress signals not only induce various
cellular responses, but also non-cell autonomous responses
(Figure 5), meaning that mitokines can be secreted from
stressed mitochondrial cells. Mitonuclear stress induced
by tissue-specific knockdown of ETC subunits can be
transmitted to distant tissues in C. elegans; when mitonuclear
signaling was selectively induced in neurons by neuron-
specific knockdown of ccol, the UPRmt was activated not
only in the nervous system but also in the intestine, with
a beneficial effect on the entire organism, including an
increase in lifespan.(121)

Certain cells inside our bodies must die in order for
us to survive. Damaged, dysfunctional, or no longer needed
cells are constantly cleared through controlled cell death
and ideally replaced by new, healthy cells to maintain
normal physiology and tissue function.(122,123) When
these natural cell death processes go wrong, the results can
be tragic. Excessive or incomplete cell removal can induce
many diseases such as neurodegenerative, cardiovascular,
autoimmune, and infectious diseases.(124,125)

Apoptosis is needed for proper development (126,127),
tissue homeostasis (128,129) and cancer prevention in
vertebrates (130). Apoptotic cell death is characterized
by a number of similarities, culminating in the activation
of cysteine—aspartic proteases (caspases), which degrade
cellular components in order to prepare dying cells for
phagocyte clearance with minimal stress to surrounding cells
and tissues.(131) In comparison to necrosis (an uncontrolled
type of cell death often resulting from acute cell trauma),
(132), apoptosis is an active process that requires energy

Mitochondrion
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input. Apoptosis is caused by pro-apoptotic, BH3-only
proteins, which get their name from the fact that they only
have BH3 domain. The BH3-only ‘activator' proteins are the
main effectors of apoptosis commitment: BCL-2-interacting
mediator of cell death (BIM), which is encoded by BCL;
BH3-interacting domain death agonist (BID), which is
encoded by BID; p53-upregulated modulator of apoptosis
(PUMA), which is encoded by BBC3; and possibly others
that bind and activate one or both of the pro-apoptotic
pore-forming proteins. BCL-2 antagonist/killer (BAK),
encoded by BAK1, or BCL-2 associated X protein (BAX),
encoded by BAX. When BAX or BAK are activated at the
mitochondrial surface, they undergo an allosteric transition,
allowing them to oligomerize and form macropores in
the outer membrane, causing permeabilization of the
mitochondrial outer membrane (MOMP) (Figure 6).(133)

In apoptosis, MOMP is triggered by effector pro-
apoptotic members of the B cell lymphoma 2 (BCL2)
family of proteins (most notably BAX and BAK), initiates
a signaling cascade that leads to cell death; however, as we
have now learned, induction of MOMP is not synonymous
with cell death. MOMP also has other effects in addition
to cell death, such as the activation of proinflammatory
signaling. Finally, although apoptosis is the most common
form of controlled cell death, it is far from the only one.
Necroptosis, pyroptosis, and ferroptosis are three forms of
controlled cell death that have only recently been discovered.
Mitochondria have been implicated in these additional
modalities of controlled cell death, but their functions are
still unclear and tend to be less prominent.(134)
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From a strictly mitochondrial perspective,
mitochondria are the most important organelles in deciding
cell fate. Indeed, mitochondria determine whether a cell
survives or dies. They are key regulators of apoptosis as well
as participating in various critical biosynthetic and metabolic

pathways, as well as calcium and redox homeostasis.(135)

Mitochondrial Dysfunction in Aging

One of the hallmark of ageing and accelerated aging
is mitochondrial dysfunction, including any alteration
in  mitochondrial activity.(13,136) Thus, increased
mitochondrial ROS has a direct link to longevity.(136)
UPRmt suggested to promote lifespan by an initiation to
nuclear retrograde pathway.(137)

One of the keystones driving evolution is the ability
to recognize, react to, and adapt to diverse environmental
stresses through cellular level defensive mechanisms that
protect the entire organism and maintain its potential to grow
and reproduce.(138) Stress adaptation and aging are known
to be intimately linked.(139) The idea are linked stems
from research in model organisms, where the discovery
of aging-related molecular pathways, insulin/insulin-like
growth factor (IGF), sirtuins, TOR, and AMPK, revealed
that intrinsic activation of stress protection programs and
the resulting adaptation would extend life expectancy (140),
while suppressing the insulin/IGF-1 signaling in worms and
mice promotes their lifespan (141). It became evident over
time that exposing people to moderate levels of stress could
trigger beneficial and adaptive stress response pathways,
enabling them to live longer (142), it is now called ‘hormetic
stress response,’ which piqued the scientific community's
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attention because of its possible use in the pharmacological
treatment of age-related diseases.(116,143)

Mitoproteases play a main role in recycling the
misfolding and damaged protein, as well as importing
proteins for mitochondria gene expression, as part of
mitochondria quality control.(144) This enzyme performs
highly regulated mitochondrial dynamics via proteolytic
reactions, either mediating proteolytic processing or
deciding the half-lives of short-lived regulating proteins.
(25,145) Impaired or dysregulated activity of mitochondrial
proteolysis has been linked to a variety of diseases, including
cancer, metabolic syndromes, and neurodegenerative
discases (146) and the control of ageing and longevity (13).
Mitochondrial function deteriorates as people get older,
and this deterioration is followed by a drop in mtDNA and
protein levels, a decrease in mitochondrial mass, a reduction
in respiration, and significant changes in mitochondrial
morphology. Mitoproteases are involved in the regulation of
mitochondrial proteostasis, so it's possible that mutations in
these enzymes play a role in the mitochondrial dysfunction
seen as people age.(147,148)

The molecular hallmarks of senescence cells including
the resistance to apoptosis, morphological and structural
changes, epigenetic changes, chromatin rearrangement,
and a changed transcriptome program.(149,150) Senescent
cells also contain a complex mix of secreted factors called
the SASP (149,151), which induces the secretion of
many proinflammatory cytokines including interleukins,
chemokines, growth factors, proteases, cell surface
molecules, and extracellular matrix degrading proteins via
the transcription factor NF-kB (152). Mitochondria have
been identified as a key modulator in the development of

the senescence phenotype, especially the pro-inflammatory
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SASP.(153) Telomere attrition, as well as other telomere-
independent factors such as oxidative stress, activated
oncogenes (also known as oncogene mediated senescence/
OIS),
epigenetic modifiers, or disrupted proteostasis, have all been

irradiation, genotoxic drugs, cell-cell fusion,
identified as potent inducers of cell senescence. Senescence
can also be caused by a failure to repair DNA damage.(154)
In vitro study showed that mtDNA-depleted cells exhibit
senescent phenotypes such as resistance to cell death,
increased SA-B-gal activity, and lipofuscin accumulation,
suggests that mtDNA damage can play a role in cellular
senescence.(155) Many nuclear-derived transcription
factors including DNA polymerase y (POLy), PGC-la,
NRF-1/2, SIRT and TFAM that control mitochondrial
biogenesis also have roles in cellular senescence.(156)
Inefficient mitochondrial genome's integrity maintenance
cause defects/errors in the mtDNA replication machinery
and/or failure in the repair of mtDNA damage. This results
in impaired mitochondrial biogenesis, mitochondrial
malfunction, and cell bioenergetic failure.(157)

The coordinated action of two genomes: nuclear and
mitochondrial, is needed for mammalian mitochondria
biogenesis and function.(158) Nucleoids are protein DNA
complexesthatinclude MtDNA.(159,160) The mitochondrial
transcription factor A (TFAM), is the key DNA packaging
protein ofnucleoids.(161,162) The NRF1 and 2 genes, which
are involved in the transcriptional control of mtDNA, the
PGC1 a gene, which stimulates mitochondrial biogenesis as
a basis for cellular energy metabolism regulation, and SIRT
(156), are all essential in maintaining the mitochondrial
genome's integrity. In mitochondria, SIRT3, SIRT4, and
SIRTS5 are NAD+-dependent deacetylases, deacylases, and
ADP-ribosyl transferases. The metabolic status of the cell
is indirectly connected to their enzymatic activity (through
NAD+). They help maintain mitochondrial homeostasis
during stressful conditions by regulating non-metabolic
elements of mitochondrial function.(163)

Mitochondria: Master of Epigenetics

Metabolites operate as cofactors and regulators for
a variety of enzymes, including those involved in
chromatin remodeling. As a result, metabolic activities
have been found to influence covalent modifications of
DNA and histones, such as methylation, hydroxylation,
acetylation, crotonylation, B-hydroxybutyrylation,
O-GIcNAcylation, and

poly(ADP) ribosylation (PARylation), with consequent

2-hydroxyisobutyrylation,
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impacts on gene expression.(164) Methylation is a
fundamental chromatin alteration that is intimately linked
(DNMTs),
lysine methyltransferases (KMTs), and peptidyl-arginine

to metabolism. DNA methyltransferases

methyltransferases (PRMTs) are some methyltransferases
role in epigenetic gene regulation.(165) These enzymes
deposit methyl groups on DNA and histones, causing
chromatin accessibility, transcription factor binding, and
gene expression to alter dramatically.(166)

All creatures rely on dynamic gene expression
regulation in response to changing local conditions to
survive. The establishment of functionally diverse cell
lineages in metazoans is based on the coordination of gene
expression programs. Many of the chemical modifications
that adorn DNA and histones are adducts formed by cellular
metabolic pathway intermediates. Furthermore, metabolites
are used by many enzymes that can destroy these marks
as part of their enzymatic reaction. These findings lead
to the notion that metabolite levels have an impact on the
deposition and removal of chromatin modifications.(167)

Metazoan creatures have a more complicated nutrient
signaling system than prokaryotes. Signaling pathways
have evolved in multicellular organisms to react to specific
nutrients as well as hormones that indicate metabolic status.
(168) The response of an individual cell to such extracellular
signals (e.g., whether to rewire metabolic pathways to
favor an anabolic vs. catabolic state) is influenced by a
number of intracellular nutrient and bioenergetic sensors
such as AMPK, mTOR, and GCN2. These enzymes detect
variations in intracellular metabolites and transform
them into an output, substrate phosphorylation, which
can occur at any ATP/ADP ratio found in viable cells.
These signaling channels work together to allow cells to
synchronize organismal metabolic status with intracellular
metabolic status (through extracellular signaling pathways).
Furthermore, these kinases enable metazoan organisms
to modify gene expression in response to a wide range of
substrates necessary to sustain bioenergetics. Suggest that
mitochondrial metabolism and the epigenome are linked.
(51,167,169)

Terminally differentiated cells, unlike stem cells
which have a fragmented mitochondrial network (170),
is rely on the mitochondria for bioenergetic demands by
using OXPHOS, a process of energy generation fueled
by respiration, and the ETC, which is characterized by a
hyperfused mitochondrial network essential for OXPHOS
operation (171). The metabolic shifting between OXPHOS
and glycolysis is facilitated by mechanisms that balance
mitochondrial clearance and mitochondrial biogenesis,
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dictating stem cell outcomes. As a result, the efficiency
of reprogramming somatic cells to iPSC decreased, as did
mitochondrial mass and mtDNA levels.(172) These findings
highlight the importance of metabolic reprogramming
as a driving force in stem cell fate outcomes before
nuclear identity is established, which is also controlled
by mitochondrial homeostasis mechanisms and post-
translational modifications, ensuring high metabolic
plasticity when needed.(54)

The mitochondrial pyruvate carrier is found in the
MIM and is required for effective mitochondrial pyruvate
absorption as well as the link between glycolysis and
the TCA cycle.(173,174) In glycolytic cancer cells and
intestinal stem cells, overexpression of mitochondrial
pyruvate carrier was reported to decrease proliferation
and self-renewal capacity.(175,176) Epigenetic processes
maintain the dynamic nature of chromatin, allowing for
cellular plasticity. The research of metabolism-driven
chromatin regulation, particularly in PSC, has risen in
prominence in recent years because cellular metabolism
provides essential metabolites for direct control of DNA
and histone modifications, as well as cofactors and allosteric
inhibitors of epigenetic enzymes. In pioneering research
in this field, the necessity of metabolic regulation for the
survival of mouse ESC in vitro was initially established.
(177) Surprisingly, the finding that ESC was significantly
reliant on one key amino acid, threonine, was discovered
using culture medium depleted of each of the 20 amino acids
separately. During the undifferentiated condition, TDH,
which converts threonine to glycine, and Ac-CoA were also
shown to be expressed exclusively in undifferentiated ESC
and explanted blastocyst embryos.(177)

The nuclear levels of the key metabolite Ac-CoA,
which are in line with the enzymatic activity of histone acetyl
transferase and histone deacetylase, dictate global histone
acetylation levels. Early PSC differentiation is mediated by
glycolysis-derived Ac-CoA regulation of histone acetylation
levels. Histone acetylation decreases with spontaneous
differentiation of PSC, due to decreased glycolytic flux, and
lower amounts of Ac-CoA produced. Exogenous acetate, a
precursor for Ac-CoA synthesis, prevented PSC escape from
pluripotency during differentiating by inhibiting histone
deacetylation. Surprisingly, the necessity of maintaining a
high glycolytic flux during PSC self-renewal is owing to
glycolysis' connection to the TCA cycle and the production
of pyruvate-derived Ac-CoA, rather than the traditional
uncoupling Warburg effect.(178,179).

Because Ac-CoA cannot freely diffuse from the
mitochondria, cytosolic and nuclear Ac-CoA pools rely on
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mitochondria-derived citrate efflux. The enzyme ATP citrate
lyase (ACLY) degrades citrate to produce extramitochondrial
Ac-CoA and oxaloacetate.(180) Silencing of ACLY results
in decreased levels of histone acetylation, reduced glucose
intake and decreased glycolytic enzyme expression, which
can be rescued by adding exogenous acetate, a precursor
for histone acetylation in the absence of Ac-CoA.(181)
However, in case of cancer, ACLY silencing lower levels of
histone acetylation in the cells and lowered lipid buildup in
adipocytes that were differentiating.(181) ACLY appears to
relate cellular metabolism, particularly glucose-derived Ac-
CoA, with histone acetylation and cell outcomes, according
to these research.(54)

TCA cycle metabolites serve as cofactors for
epigenetic enzymes, which is the most well-studied path
for contact between the mitochondria and the nucleus. As
previously described, some mitochondrial enzymes (e.g.,
PDH) have been shown to localize to the nucleus and thus
produce metabolites (Ac-CoA) close to the regulatory sites
(histone acetylation).(138) If it is possible that a single
mitochondria could reach the nucleus and transport the
entire mitochondrial enzymatic machinery, the nucleus
may be in charge of the creation and distribution of several
mitochondrial metabolites. This would eliminate the need to
recreate the mitochondrial enzymatic network in the nucleus
from scratch.

Strategies to Restrore
Mitochondrial Function

Disruptions in mitochondrial bioenergetic and metabolic
function can cause a variety of secondary mitochondrial
diseases.(182,183) Mitochondrial disorders are caused
by abnormal ROS production, calcium dyshomeostasis,
defective mitochondrial biogenesis, disruption of
mitochondrial dynamics and quality control, necrotic cell
death induced by the MPTP, inappropriate activation or
suppression of apoptosis, lowered cellular ATP:ADP ratio,
decreased NAD" levels, and changes in mitochondrial
signaling pathways.(183) These various types of organelle
dysfunction are frequently found together because they are
mechanistically related, and they can contribute to disease
through acute, irreversible cell death, long-term disruption
of mitochondria's role as signaling hubs, or lifelong
accumulation of environmental damage that leads to a
degenerative disorder.(184,185)

In summary, there are three reasons why mitochondria

should be pursued as a therapeutic target for common



Mitochondria in Metabolism, Homeostasis, Stress, Aging and Epigenetics (Meiliana A, et al.)

DOI: 10.18585/inabj.v13i3.1616

diseases. First, many common diseases are secondary
mitochondrial disorders, meaning that mitochondrial
dysfunction plays a role in the disease process or progression.
As a result, focusing on the organelle can enhance patient
outcomes, even though mitochondrial dysfunction isn't the
primary cause of disease. Second, mitochondria are involved
in a variety of pathologies through common pathways
(183,186), so a single therapeutic method could be used to
treat multiple disorders. Finally, in our aging population,
the common diseases where targeting mitochondria shows
promise are having a rising medical, societal, and economic
impact. New approaches are needed because the creation of
new medications for these disorders has been frustratingly
slow.(187)

The mitochondrial response during CR is based on
PGC-1a-dependent pathways, as well as SIRTs and AMPK
activity (CR). PGC-1la is expressed and activated under
CR conditions, resulting in an increase in mitochondrial
biogenesis through coactivators like NRF1 and NRF2
(Figure 7). PGC-1a gene expression did not decrease with
age in CR models, implying that CR animals maintain
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mitochondrial biogenesis better.(188,189) CR also affects
bioenergetic sensors including the AMP/ATP and NAD*/
NADH ratios, which activates AMPK and SIRT1, two of the
most essential mitochondrial biogenesis regulators. It has
been established that starvation induces AMPK expression
and that its activation triggers a signaling cascade that
PGC-1a,
biogenesis.(190) However, activating AMPK in the absence

increases thereby enhancing mitochondrial
of SIRT1 has no effect on mitochondrial function and
cancels out the benefits of CR.(191) SIRT3's function in
mitochondrial physiology has been linked to that of other
members of the SIRT family. SIRT3 actually increases
under CR conditions, implying that its regulation is
influenced by caloric intake.(192) SIRT1 and SIRT3 have
also been linked to mitochondrial biogenesis during CR by
activating NO synthase (NOS) and PGC-1, which, when
coupled with mitophagy activation via factor forkhead
box 0-3 (FOXO03) deacetylation, enhances mitochondrial
restoration.(14,15)

CR reduces oxidative stress and stimulates the
proliferation of mitochondria through a peroxisome

Plant

=~ polyphenols

Cell membrane

Figure 7. Key players involved in mitochondrial
biogenesis.(15) (Adapted with permission from Elsevier).
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proliferation-activated receptor coactivator lo signaling
pathway.(193) Hancock et al reported that three months
of 30% CR results in large increases in mitochondrial
biogenesis in heart, brain, liver, and adipose tissue,
as well as ATP synthesis increases (194), thus chronic CR
mitigates many detrimental effects of aging and prolongs
lifespan (195).

There are several opportunities to interfere. SIRTs
are influenced by transcription, translation, protein
stability, and oxidative stress so then they are involved
in many process from energy metabolism, cell survival,
DNA repair, tissue regeneration, as well as inflammation,
neuronal signaling, and even circadian rhythms. SIRTs are
additionally influenced by protein—protein interactions,
natural inhibitors such as nicotinamide, microRNAs, cell
and organelle location, and the availability of substrate and
co-substrate.(196) The mammalian SIRTs: SIRT1, SIRTS,
and SIRT7 operate as transcription regulators in the same
way that the yeast SIRTs do.(23,197) SIRT1, a nuclear
protein, deacetylates histones H3, H4, and H1 (197,198)
as well as more than 50 non-histone proteins (199), such
as transcription factors and DNA repair proteins. The
p53 (200,201), NF-xB (202), PGC-la (203), and sterol
regulatory element-binding protein (SREBP) are some of
the transcription factors controlled by SIRT1 (204).

NAD" is transformed to nicotinamide (NAM) and
O-acetyl-ADP-ribose during sirtuin-mediated deacetylation
of target Lys residues.(205) By binding to the C-pocket
of SIRTs, which is adjacent to the NAD*-binding pocket,
NAM acts as a SIRT inhibitor.(206,207) NAM is still one
of the most popular and efficient SIRT inhibitors. NAM and
its methylated metabolite 1-methyl-nicotinamide (MNA)
have also been linked to health in recent studies. More than
a decade ago, scientists began looking for chemicals that
activate SIRTs. Many of the obstacles to the production of
STACs as medicines have been resolved in the last three
years, including technological problems, increasing STAC
bioavailability, and deciding the diseases to prioritize in
clinical trials.

The first SIRT1 STACs were found in 2003, with
resveratrol being the most powerful in promoting SIRT1-
mediated deacetylation of PGC-lo, hence stimulating
PGC-1 transcriptional activity in mice and rats' neurons,
liver, and muscles. This discovery was significant since it
demonstrated that SIRTs might be activated allosterically.
(208) More than 14,000 STACs from a dozen chemical
groups have been detected as a result of high-throughput
efforts,
stilbenes (for example, resveratrol), chalcones (for example,

screening and medicinal chemical including
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butein), and flavones (for example, quercetin) from plants.
(208) Imidazothiazoles (for example, SRT1720) (209),
thiazolopyridines (for example, STAC-2), benzimidazoles
(for example, STAC-5) and bridged ureas (for example,
STAC-9) are all examples of synthetic STACs) (210,211).
Via a K-type allosteric activation mechanism, both of
these chemical groups activate SIRT1 by lowering the
substrate's Km value.(212) Quercetin, curcumin, myricitrin,
ellagitannin, and epigallocatechin-3-gallate (EGCG) are a
few examples of polyphenols that enhance mitochondrial
biogenesis. Resveratrol, on the other hand, is a well-known
polyphenol that may be utilized to imitate CR and increase
(213,214)
mechanisms, including modulation of PGC-1a, SIRTI,
mTOR, ERR-0,and AMPK (215,216). Resveratrol increased
NO development by inducing mitochondrial biogenesis via a

mitochondrial biogenesis through multiple

process involving the Nrf2 signaling pathway. It also mimics
calorie restriction by inhibiting cAMP phosphodiesterases
(PDEs) (Figure 8). In SH-SY5Y neuroblastoma cells treated
with resveratrol, crosstalk between AMPK and Nrf2 about
mitochondrial biogenesis and cellular redox maintenance.
(217,218). Several sessions of exercise also activates SIRT1
and SIRT3. Together with the biogenesis and mitochondrial
oxidative function, these will activate ATP production and
the mitochondrial function.(219)

NAD is now known to be a substrate for many
enzymes involved in signal transduction, DNA damage
repair, epigenetics, and metabolic control, in addition to
being a cofactor for various redox enzymes.(220,221)
Nearly two decades ago, the revelation that NAD* was a
substrate for the SIRT family of deacetylases reignited
interest and excitement in the area, resulting in significant
breakthroughs in our understanding of the biology and
metabolism of this nucleotide.(221) NAD™ levels decline
in physiological conditions such as aging and pathological
diseases impacting numerous organ systems such as skeletal
muscle, heart, kidney, central nervous system, and eyes.
(220) Thus, animal studies suggest that dysregulation of
NAD metabolism is a common feature of different states
(220), and that restoring NAD+ levels during aging and
numerous rodent illness models improves health and
alleviates pathological conditions.(222)

NAD" levels can be raised by either boosting NAD*
production enzymes or administering NAD* precursor
molecules, or by restricting its use. NAD" content can be
increased by supplementing with NA, NAM, NR, NMN, or
tryptophan (223), or by activating enzymes that catalyzes
the rate-limiting steps of NAD" biosynthesis (224,225).
Although there is no guarantee that increasing NAD™ will
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Figure 8. Resveratrol mimics
calorie restriction by inhibiting
cAMP phosphodiesterases
(PDEs).(214) (Adapted with
permission from Elsevier).

prolong human lifespan, such techniques have the potential
to delay age-related physiological decline, and thus we
anticipate that they will be useful in managing aging-related
diseases and extending healthspan.(226)

Conclusion

Mitochondria plays a number of important roles in the
cell, including oxidative phosphorylation, central carbon
metabolism, and the biosynthesis of intermediates for
cell development, but they are also involved in a number
of other processes that influence cell function and fate.
Mitochondrial malfunction is a hallmark of rare inherited
mitochondrial illnesses and has also been linked to age-
related diseases, such as type 2 diabetes and Parkinson's
disease, which affect the metabolic and neurological

systems. Optimum mitochondria function can be maintained
by a balanced mitochondrial biogenesis and mitophagy,
mitochondrial dynamics and unfolded protein response.
CR and CR-mimetic agents can be one strategy to increase
mitochondria biogenesis. To investigate these various
aspects of mitochondrial function, we need more studies
of phenotypic tests both in vitro and in vivo. Therefore, we
hope to find an appealing therapeutic strategy for various of

diseases by modulating mitochondrial function.
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