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Abstract: Mitochondria are semiautonomous doubly membraned intracellular components of cells.
The organelle comprises of an external membrane, followed by coiled structures within the membrane
called cristae, which are further surrounded by the matrix spaces followed by the space between the
external and internal membrane of the organelle. A typical eukaryotic cell contains thousands of
mitochondria within it, which make up 25% of the cytoplasm present in the cell. The organelle acts as
a common point for the metabolism of glucose, lipids, and glutamine. Mitochondria chiefly regulate
oxidative phosphorylation-mediated aerobic respiration and the TCA cycle and generate energy in
the form of ATP to fulfil the cellular energy needs. The organelle possesses a unique supercoiled
doubly stranded mitochondrial DNA (mtDNA) which encodes several proteins, including rRNA and
tRNA crucial for the transport of electrons, oxidative phosphorylation, and initiating genetic repair
processors. Defects in the components of mitochondria act as the principal factor for several chronic
cellular diseases. The dysfunction of mitochondria can cause a malfunction in the TCA cycle and
cause the leakage of the electron respiratory chain, leading to an increase in reactive oxygen species
and the signaling of aberrant oncogenic and tumor suppressor proteins, which further alter the
pathways involved in metabolism, disrupt redox balance, and induce endurance towards apoptosis
and several treatments which play a major role in developing several chronic metabolic conditions.
The current review presents the knowledge on the aspects of mitochondrial dysfunction and its role
in cancer, diabetes mellitus, infections, and obesity.

Keywords: mitochondria dysfunction; cancer; diabetes mellitus; obesity; metabolic disorders; infection

1. Introduction

Mitochondria, also known as the power-generating organelle of the cell, are highly
responsible for metabolizing organic molecules and releasing energy for cellular activities
in the form of adenosine triphosphate (ATP) [1]. In mammals, most of the redox reactions
that take place for synthesizing ATP within mitochondria are in the form of nicotinamide
adenine dinucleotide (NADH), flavin adenine dinucleotide (FADH?2), and tricarboxylic acid
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(TCA) cycle-mediated decrease in the generation of coenzymes due to the acceptance of
electrons upon breakdown of organic substances [2]. The redox energy stored as NADH and
FADH?2 within the mitochondria is changed into chemical energy in the form of ATP by the
action of four protein complexes, which makes the electron transport chain (ETC) [3]. The
complexes I and II receive electrons donated from FADH2 and NADH and further oppress
complexes III and IV, finally donating oxygen molecules and releasing water. The shuffling
of electrons through complexes I, III, and IV with the help of electron carriers produces
the movement of protons from the inner matrix of mitochondria to the intermembrane
spaces, which produces a positive charge in the mitochondrial intermembrane space and
negative charge in the matrix of mitochondria. This electrochemical difference mainly
drives the production of ATP within the mitochondria [4]. The current article presents a
recent comprehensive review of the role of mitochondrial dysfunction in the onset of several
chronic life-altering disorders such as cancer, diabetes mellitus, obesity, and infections.
This article explains in brief the life cycle of mitochondria, including their processes of
fusion, fission, and autophagy. This article also highlights the role of mitochondria in the
metabolic processes of the body and concisely describes their validation and co-occurrence
with nuclear DNA. An extensive study of the recent literature was performed in the
preparation of this article to present the readers with the various roles of mitochondria
in the management of several chronic disorders elaborately discussed in a single review
paper, which brings novelty to this article.

1.1. The Mitochondrial Life Cycle: Fusion, Fission, and Autophagy

The pre-existing mitochondrion increases in volume, elongates in size, and eventually
forms two physically separate mitochondria organelles and therefore cannot be synthesized
de novo [5]. This process of mitochondria formation is known as mitochondrial fission.
The organelle also possesses the ability to fuse by joining membranes and compartments
to form a single bigger mitochondrion [6]. The process of mitochondrial fission and mi-
tochondrial fusion is a lifetime cycle, and the organelle stays in a dynamic flux between
the two processes at any given time point. The balance between the two processes leads to
diversity in the size and structure of mitochondria which can be observed visibly while
assessing the morphology of the organelle [7]. Several GTPase proteins, namely Mfn1,
Min2, OPA1, are also involved in the process of mitochondrial fusion. Mfnl and Mfn2
are known as mitofusins. The mitofusin proteins are located on the external membrane of
mitochondria and facilitate the fusion of the outer membrane, whereas the OPA1 is mainly
localized in the internal membrane and facilitates the fusion of the inner membrane of
the mitochondria. For the occurrence of fusion, both Mfnl and Mfn2 proteins must be
present on the membranes of both the mitochondria, whereas the presence of OPA1 on
the inner membrane of any one of the mitochondria is sufficient for internal membrane
fusion [8]. The inner and outer membranes of the mitochondria fuse concurrently while
they come together, preventing the mixing of the intermembrane space with the contents
of the matrix and hence preserving the functioning of the organelle [9]. Dynamin-related
protein (Drpl), a large GTPase, has been found to play an implicit role in the process of
mitochondrial fission by catalyzing membrane pinching and produces an action similar
to vesicle endocytosis and peroxisomal fission. The Drp1 protein is confined within the
cytosol, prompting the expression of a receptor bound to the mitochondrial membrane
for the recruitment of the protein. Mitochondrial fission proteins have been found to
evidently play a significant role as Drp1 receptors and induce their further recruitment. The
process of mitochondrial fission remains a hot topic of research because the involvement
of proteins in the processes and their further interaction at mitochondria—endoplasmic
reticulum contact sites is still to be elucidated. The mutation and deficiency of proteins
involved in the fusion and fission of mitochondria can play an eminent role in the patho-
physiology of several chronic diseases [10]. The process of mitochondrial fission crucially
maintains mitochondrial respiration, as apart from its role in division of mitochondria,
it is also employed in the waste disposal system of the mitochondria. A mitochondrion
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during its lifespan can store debris and experience damage in the form of excessive reactive
oxygen species and dysfunctional proteins, which causes the uncoupling of the electron
transport chain. The molecular damages and debris within mitochondria can be discarded
by segregation through the mitochondrial fission process followed by its employment in
autophagosome for mitophagy [11]. The mechanism for mitophagy in mammals is believed
to be a vital pathway for the prevention of metabolic disorders as defects in mitophagy have
been found to be linked to human pathophysiology, and it is also associated with DNA
repair, age, tissue injury, and metabolic processes. Autophagy plays a significant role in
the functioning of mitochondria. The average half-life of mitochondria in the mammalian
brain is approximately 10 to 25 days. The turnover of mitochondria during the condition of
starvation can be accelerated via autophagic processes explicitly known as mitophagy. The
depolarization of the membrane of mitochondria presents autophagy induction by depriv-
ing the hepatocytes of nutrients and the further co-localization of depolarized mitochondria
with autophagosomes. For the maintenance of mitochondrial homeostasis, the remodeling
of mitochondria via mitochondrial fission, mitochondrial fusion, and mitophagy is crucial.
Mitophagy aids in the clearance of damaged mitochondrial debris by attenuating necrosis
or apoptosis and further preventing the involuntary release of apoptosis inducing factor
(AIF), cytochrome C, and other apoptotic factors. Mitophagy is mainly regulated either in
combination with general macro autophagy or specifically through selective mitophagy
genes. The decreased concentration of intracellular ATP activates AMPK, which further
causes the phosphorylation of two Atgl homologs, namely ULK1 and ULK2. These acti-
vated phosphorylates further stimulate the processes of macro autophagy and mitophagy.
The hepatocytes deficient in ULK1 or AMPK present the accretion of p62, aggregated ubig-
uitin, and abnormal mitochondrial cells. Several proteins, such as PINK1, Bcl-2 adenovirus
E18 19-kDa interacting protein (BNIP), parkin, and Atg32, interact with mitochondrial
fusion and fission processes and selectively regulate mitophagy. Atg32, a yeast mitophagy
definite protein, is confined to the outer membrane of mitochondria where it positively
interacts with Atgl1, which further interrelates with Atg8 and combines mitochondria
to the autophagosome. The autophagy induced mainly by BNIP proteins prevents cell
death as it is independent of uncoupling proteins or the ratio of mitochondrial DNA or
nuclear DNA. Hence, an evident role of autophagy and mitophagy has been observed in
the functioning of mitochondria. Therefore, a suppression in mutations of mitochondrial
DNA can be achieved by the process of mitophagy. A brief description of mitochondrial
life cycle has been represented in Figure 1.
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Figure 1. The above figure briefly represents the stages in the life cycle of mitochondria. The figure
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begins from the left by explaining the process of mitochondrial fission, which involves the division
of a mitochondrion into two separate mitochondrial cells, followed by mitochondrial fusion in the
middle which involves the fusion of two separate mitochondria into one. On the right, autophagy,
which regulates the functioning of the mitochondria, is shown.
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1.2. Role of mtDNA in Maintenance of Metabolic Function

Mitochondria have existed within host mammalian cells for more than two billion
years, and the integration of elements of mtDNA into the nuclear genome seems to be
a continuous process. The organelle comprises of approximately 2 to 10 mtDNA on an
average, depending on their position in the mitochondprial fission—fusion cycle. Through
studies, it has been discovered that mutation-suppressing components such as intron se-
quences have been lacking in the human mtDNA, resulting in ten times higher chances of
mutations. The incidences of primary mutations also increase abundantly in the sequences
of mtDNA due to its small-sized molecules, which further results in a deficiency of the ETC
and impairs the functioning of mitochondria [12]. Hence, in lieu of a paramount role of
mtDNA in the regulation of metabolic processes, it is essential to maintain mitochondrial
health for the prevention of several diseases. The reactive oxygen species (ROS) generated
within the organelle pose a significant impact on mutations and damage the mtDNA. The
power-generating organelle does not possess any mechanisms of its own to protect its
DNA; however, it comprises several nuclear-encoded proteins which aid in the repair and
rejuvenation of the mtDNA [13]. The finest procedure characterized for the restoration of
mtDNA is the excision of base pairs in which the damaged or improperly paired base is
expunged accompanied with further filling of the gap and ligation of a new base to the ad-
dressed nucleotide. Upon mitochondrial dysfunction, the nuclear proteins involved in the
excision and repair of mtDNA localize, indicating their existence within the organelle [14].
The reactive oxygen species-mediated sugar damage further causes breakage in the single
and double strands of the mtDNA, releases torsional stress due to failure of topoisomerases,
and impacts transcription. The inability of mitochondria to repair their damaged DNA
leads to the segregation of the damaged mtDNA into a region which instantly reduces the
respiratory activity upon fission and is targeted for mitophagy. In a rare scenario, excessive
mutation and an inability to repair DNA can trigger apoptosis of the entire cell, indicating
a significant role of the maintenance of mtDNA in growth and mitochondrial fitness [15].

1.3. Nuclear DNA and Mitochondrial DNA Cooccurrence

Equating the DNA of mitochondria to nuclear DNA is crucial while selecting potential
donors for the treatment of several health problems in later life. The DNA which makes
the body’s blueprint is confined within our cells and is called nuclear DNA. Nuclear DNA
mainly presents all the characteristics exclusive to us as individuals and encodes all the
proteins which are required for the physiological processes in our body [16]. Every cell
contains energy-generating organelles called mitochondria, which are the chief powerhouse
source of the cell. The mitochondrial DNA codes a tiny amount of the mitochondria, makes
up 0.1% the entire genome of humans and is passed on through generations [17]. The
mutation rate of the mitochondrial DNA is much higher than that of the nuclear DNA, and
mutations within the genome of mitochondria occur frequently. The nuclear DNA shape
alterations in the mitochondrial DNA signify a subtle relationship between the nucleus
and the mitochondria of cells. The replacement of mitochondria is emerging as a new
treatment which enables mothers to prevent severe metabolic complications which arise
due to mutations in mitochondrial DNA in their children. This new treatment includes
matching the nuclear genome with the mitochondrial genome of the individual donor, a
process which is similar to organ transplantation. The nuclear and mitochondrial genome
are also linked with each other in several ways, such as genetic transfer, regulation of genetic
expression, and encoding together the composite proteins, meaning that the proteins are
encoded within the mitochondria and are a part of the nucleus. An example that comprises
both nuclear- and mitochondrial-encoded subunit proteins is cytochrome oxidase [18]. The
mitochondrial genome is categorized into three types: transfer RNA (tRNA), ribosomal
RNA (rRNA), and protein-encoding genes. Over 3—67 protein genes and 27 tRNA genes are
encoded by mitochondrial DNA. Genetic loss and diversity in a number of encoded genes
in mitochondria suggest the role of nuclear-encoded proteins and mtDNA transferred
into the genome of the nucleus. The characterized mitochondrial genomes comprise two
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chief ribosomal RNA genes which encode all the small and large subunits of the ribosome.
The extent of coding of tRNA by mtDNA fluctuates, and it was found that a few tRNA
genes are not encoded by mitochondria and are needed for the synthesis of proteins. The
mitochondria utilize nuclear-encoded tRNA for the mitochondria-mediated synthesis of
proteins, indicating the co-occurrence of nuclear and mitochondrial genomes in metabolic
functions of the body.

1.4. Functional Validation of Mitochondria

The disruption of the functioning of mitochondria is a clinical feature of early-stage
programmed cell death. This disturbance of mitochondria comprises altered membrane
potential and redox potential, which are the key features of healthy mitochondria. The inter-
nal membrane potential of mitochondria essentially uptakes and stores calcium, regulates
generation of ROS, is involved in detoxification, and is involved in ATP synthesis by oxida-
tive phosphorylation. Hence, the depolarization of the mitochondrial membrane is a great
indicator of its dysfunction and is chiefly associated with the toxicity of drugs. Alterations
in the potential of the membrane, including decreased ATP/ADP ratio, increased matrix
levels of calcium, oxidative stress, and secretion of cytochrome c into the cytosol, have
also been stated to be linked with the transitioned permeability of mitochondria leading
to ion and small molecular-mediated disrupted homeostasis. The altered functioning of
mitochondria can be observed with the use of fluorescence-based assays, including the
quantification of mitochondrial calcium, superoxide, and mitochondrial potential transition.
Multiparametric assays have always been found to be beneficial in identifying markers spe-
cific to caspase proteases. The assays can be performed by screening membrane potential
and metabolism, production of superoxide, calcium, and the transitioned permeability of
mitochondria with the help of different reagents, namely JC-1 dye, Rhod-2 AM reagent,
MitoSox red reagent, MitoSox green reagent, Mito tracker flow cytometry, and Mito tracker
imaging [19,20].

2. Pathophysiological Role of Mitochondrial Dysfunction in Cancer

Cancer is a multifaceted disease which involves several alterations in the genomic,
epigenomic, proteomic, transcriptomic, and metabolic levels. Otto Warburg in the year
1924 first described that cancer cells comprise reformed metabolism and metabolize glucose
anaerobically even in the presence of oxygen, with a subsequent increase in the production
of lactate for growth and survival [18]. The alteration of metabolism is marked as the chief
hallmark of tumorigenesis and regulates growth, migration, and invasion. The remodeling
of the metabolic profile is crucial for the existence of tumor cells in an unwelcoming
environment with curbed nutrients, low levels of oxygen, and immunological surveillance,
which further enhances the proliferation of tumor cells and accelerates their biological
activity. Besides the requirement for energy to sustain their replication, the cancer cells
also boost neosynthesized macromolecules to maintain a redox balance and improve their
capabilities. Several hypotheses state that tumorsnot only involve glucose-dependent
metabolism but also benefit from alternate oxidized substrates such as serine, glutamine,
fatty acids, etc. The cells located in the microenvironment of tumor growth can influence
the behavior of cancer cells and provide energy, thereby impacting the metabolic demand of
cancer cells. Hence, to encourage the growth of the tumor, it is essential to have functionally
active mitochondria, mostly due to their biosynthetic activity and not limited to pro-
energetic features. Mitochondria, at several stages, satisfy the metabolic needs of cancer
cells, significantly modify the synthesis of bioenergetics such as NADPH and ATP, and
convert the various available nutrients into central building blocks which are required for
the growth and functioning of the cells [19,21]. Hence, mitochondria within cancer cells
can be targeted for the management of this debilitating disease and can be highlighted as
its future treatment [20,22].
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2.1. Mitochondrial Reactive Oxygen Species and Cancer Metabolism

Mitochondria are the basis for the production of intracellular ROS because about 1
to 2% of the molecular oxygen which is utilized in the process of oxidative phosphoryla-
tion metabolizes into anion superoxide. Several mitochondria-linked enzymes, such as
pyruvate dehydrogenase (PDH) [23], acyl-coA dehydrogenase [24], a-ketoglutarate dehy-
drogenase [25], and glycerol 3 phosphate dehydrogenase [26], also stimulate the production
of ROS. The levels of mitochondrial ROS in healthy cells are controlled and exhibit a pivotal
role in various cellular processes incorporating autophagy, differentiation, and metabolic
acclimatization. The activation of oncogenes, hypoxia, loss of tumor suppressor proteins,
and cancer-producing mutations in the TCA cycle lead to the abnormal synthesis of mito-
chondrial ROS, which give further retrograde signals and sustain the life of cancer cells.
The mitochondrial ROS shape the entire process of oncogenesis, starting from the initiation
of the tumor, followed by its proliferation and metastasis due to the accretion of mutations
in mitochondrial or nuclear DNA which directly impact multiple biological processes
including resistance to apoptosis and reprogramming of metabolic functions. Moreover,
the mitochondrial ROS have a tendency to stimulate different potential oncogenic signal
pathways such as the Akt/NF-«B mitochondrial transcription factor B2-mediated signaling
pathway and epidermal growth factor receptor signaling pathway, which cause the cascade
signaling of different trigger factors, proliferation of cancer cells, and are also associated
with metastatic dissemination [27]. However, through several studies, it was established
that metastatic dissemination can be limited by oxidative stress in melanoma and lung can-
cers. Tumor cells prevent the accumulation of ROS by expressing high levels of antioxidant
proteins and push cancer cells in the direction of a proliferative state by simultaneously
dodging ROS-mediated mitochondrial permeability transition (MPT)-associated cellular
death. A healthy balance between the generation and scavenging of mitochondrial ROS
permits cancer cells to stay in their tumorigenic state with the desired levels of ROS [28]. A
transcriptional factor, namely nuclear factor 2 (derived from erythroid), is the master genetic
regulator which mitigates oxidative stress by binding to antioxidant response elements
present in the gene promoters. The exposure to mitochondrial ROS provokes the rapid
stimulation of the Nrf2 protein upon the deterioration of its allosteric inhibitor, namely
kelch-like ECH associated protein 1 (KEAP1). Nrf2 was initially believed to be a tumor
suppressor; however, following recent studies, it has been shown to possess pro-tumoral
activity which not only convenes resistance towards oxidative stress but also regulates
the production of ROS via NADPH oxidase and directly sets off metabolic processes as-
sociated with cancer. The production of mitochondrial ROS due to hypoxic conditions
leads to the activation of hypoxia-inducible factor 1 (HIF1). HIF1 advances to metabolic
swing from oxidative phosphorylation to glycolysis by enhancing the manifestation of
glycolytic enzymes and expediting metastasis and tumorigenesis. The connection between
mitochondrial ROS and HIF1 is highly complex as the over-synthesis of mitochondrial ROS
activates HIF1, whereas the oxidative stress is alleviated upon activation of the glycolytic
program in a reparation manner. In various forms of cancer, a decrease in the production of
mitochondrial ROS by HIF1 promotes the growth of tumors and facilitates the existence
of metastatic cells [29]. Overall, a functional role of mitochondrial ROS can be indicated
depending upon the stage and type of cancer, and it can be suggested that mitochondrial
ROS can preferentially initiate the signaling of various pro-tumoral proteins and lead to
metabolic reprogramming. Hence, the targeting of mitochondrial ROS and antioxidants
can be presented as a beneficial and novel therapy to manage cancer.

The oxidative stress induced by mitochondria is inversely related to longevity in
animal models, and defective bioenergetics in mitochondria have been implied in various
chronic diseases. The association between ATPase inhibitory factor 1 (IF1) and H+-ATP
synthase is dependent upon the mitochondrial matrix. The IF1 in a low pH environment
binds to «, 3, and 'y subunits of the H+-ATP synthase, blocks the hydrolysis of ATP, and
prevents the unusable wastage of energy. Substituting histidine 49 with lysine in the
sequence of IF1 produces a mutated IF1 (H49K) which is similar in actively inhibiting ATP
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hydrolase but is less sensitive to pH. The production of an antiparallel «-helical coil in the
C-terminal area stimulates and dimerizes IF1 and places the monomeric inhibitory regions
N-terminus on the dimeric opposite ends, which permits the binding of the two domains
of IF1-ATP synthase simultaneously and inversely monitors the ROS production mediated
by mitochondria.

2.2. Mitochondrial Metabolism Deregulation-Mediated Generation of Tumor-Related Proteins
and Oncometabolites

The accumulation of metabolites in response to catabolic and anabolic process dys-
function leads to alterations in mitochondria, which is a sign of pathophysiological modifi-
cations and involves abnormal signaling and the establishment of disease phenotype. The
deregulation of the metabolism of mitochondria can arise not only from mutations in so-
matic mitochondrial DNA but also through defects in the encoding of nuclear mitochondrial
enzymes. The mitochondrial enzymes whose mutations are reflected as pro-tumorigenic in
several types of cancer are either a component of oxidative phosphorylation or the TCA
cycle and also play a significant role in pathways of biosynthesis [30]. The respiratory
complex II, also named succinate hydrogenase (SDH), localized in the inner mitochondria
membrane, aids in the transformation of succinate to form fumarate. In the setting of
cancer, SDH is affected by loss of function (SDH LOF) mutations, which stimulate succinate
accumulation largely in the mitochondria and subsequent leaks within the cytoplasm [31].
Recently, the overexpression of the enzyme has been found in patients with prostate cancer.
Undeniably, fumarate produced upon the oxidation of succinate can withstand the impair-
ment in the metabolism of mitochondria via the rewiring of oxidative phosphorylation,
supporting the TCA cycle and stimulating the production of ATP. However, the mechanism
responsible for the activity is still to be elucidated. The mutations causing SDH LOF have
been associated with gastrointestinal stromal tumors, breast cancer, neuroblastoma, thyroid
tumors, renal carcinoma, and pheochromocytoma. Excessive levels of succinate inhibit
prolyl hydroxylase (PHD), an oxygen dependent enzyme that controls the expression of
HIF1 based on the homeostasis of oxygen and apparently stabilizes the initiation of HIF1
under normal conditions [32,33]. Defects in SDH can produce a state of pro-oncogenic
pseudohypoxia, and the accretion of succinate can alter the epigenetic expression by inhibit-
ing o-ketoglutarate («-KG) and DNA demethylation, thereby restoring the proliferation of
cancerous cells [34].

Another nuclear-encoded enzyme of the TCA cycle, namely fumarate hydratase (FH),
confined within the mitochondrial matrix, converts fumarate to malate. The SDH mutation
decreases the respiratory rate in response to the loss of functioning of the TCA cycle, and
increases the production of lactate, hence reinforcing the glycolytic metabolic switch [35,36].
The enzyme commonly mutates in the hereditary environments of leiomyomatosis renal
cell carcinoma. The oncogenic action of FH, just like SDH, mainly depends upon fumarate
accumulation, and leads to HIF-1« stabilization upon restraining the activity of PHD,
which mediates epigenetic mutations in response to the a-KG-mediated inhibition of
histone and DNA methylation. Both FH and SDH can be regarded as tumor suppressors,
as the deposition of succinate and fumarate promotes the proliferation of cells, usually
directed towards similar targets. Nonetheless, these oncometabolites mutate and exercise
definite functions in several types of cancer and can be employed as a successful therapy
for disease management. Several more enzymes in the TCA cycle, such as succinate
dehydrogenase [37], fumarate hydratase [38], isocitrate dehydrogenase [39], SIRT3 [40],
etc., also present alterations which directly support the proliferation and survival of tumor
cells and are being explored for their anti-cancerous effects [41].

2.3. Mitochondria as an Upcoming Target for Management of Cancer

The transposition of various processes in cancer cells exposes several vulnerable mech-
anisms which can be targeted to produce therapeutic strategies. However, the heterogeneity
of tumors, despite the presence of several pathways, is a limitation to the progress of these
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therapeutic interventions [42,43]. Metformin, taking bioenergetics into account, possesses
an ability to inhibit complex I of the ETC in mitochondria, which further represses the
production of ATP and disrupts the balance of NAD+/NADH and reduces the consump-
tion of oxygen. The process further induces the activation of AMPK in response to the
diminished activity of TCA and further leads to autophagy. The tumor cells can compensate
for several stress situations through a variety of mechanisms, including an increased uptake
of glucose and glycolysis and further switching to the utilization of glutamine [44]. Hence,
to overcome this effect, a combination of glycolytic inhibitor 2 deoxyglucose (2-DG) with
metformin was recommended for the management of cancer. The synergistic combination
successfully decreased the levels of ATP and further channeled the activation of prolif-
erative signaling processes, thereby suppressing the adverse effects associated with the
intake of a high-dose treatment with single drugs. The therapeutic potential of 2-DG can
be enhanced by combining it with effective radiotherapy and chemotherapy for better
management of cancer. The glucose analogue 2-DG competes with circulating glucose
to bind to hexokinases and elevates oxidative stress and apoptosis, induces autophagy,
and ultimately reduces the growth of cancer cells [45,46]. The ability of 2-DG to enhance
autophagy mainly acts as a limiting factor for its efficacy as an anti-cancer agent because
it sustains the survival of cancer cells, making it crucial to simultaneously target several
mitochondrial pathways. Several new complex I inhibitors, namely IACS-010759, BAY87-
2243, and mitochondrially targeted tamoxifen (Mito Tam), have also been proposed to
promote the death of cancer cells and reduce their multiplication. Vitamin E succinate (VES)
is another mitochondrion-targeting modified drug, which inhibits both complex I and
complex II, promotes the production of ROS, induces apoptosis by restoring Fas (CD95),
transforms growth factor beta-mediated signaling pathways, further activates the c-Jun
N-terminal kinase pathway, and is significantly being used for the management of breast
cancer [47]. Lonidamine, another complex II inhibitor, amends the TCA cycle, regulates the
metabolism of glutamine in cell lines of melanoma, and is employed in combination with
other chemotherapy drugs, thereby enhancing their overall efficacy and response towards
cancer management [48].

Further investigations are ongoing to understand the mechanism associated with the
regulation of mitochondria in altering the metabolism of cancer cells to build successful
promising therapies for the management of this debilitating disorder (Figures 2 and 3).

Mitochondrial-linked Enzymes
« PDH
D LGSR Mitochondrial ROS
* a-ketoglutarate —— ) .
Production
dehydrogenase
* Glycerol 3-phosphate DH

+ Stimulates Nrf2 protein

+ Activate oncogenes

* Hypoxia (HIF)

+ Loss of tumor suppressor
proteins

* Produce mutations in TCA cycle

Oncogenic Signaling Pathway

* Akt/NF-kb mitochondrial
— transcription factor B2

» Epidermal growth factor

\ 4

lAbnormal mROS Synthesis | —— IInitiate and Sustain Cancer |

Figure 2. The above figure highlights the role of reactive oxygen species in cancer. Several
mitochondria-linked enzymes, such as pyruvate dehydrogenase (PDH), acyl-coA dehydrogenase,
a-ketoglutarate dehydrogenase, and glycerol-3-phosphate dehydrogenase, initiate the production of
mitochondrial reactive oxygen species, which induce the signaling of oncogenic pathways and lead
to the abnormal synthesis of mitochondria, which further initiates and sustains cancer.
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Figure 3. The above figure highlights the different factors involved in the pathophysiology of cancer,
such as the dysfunction of the TCA cycle, increased oxidative stress, and mutations and dysfunction
in mitochondrial DNA and the mitochondrial respiratory chain.

3. Pathophysiological Role of Mitochondrial Dysfunction in Diabetes Mellitus

Hyperglycemic conditions and type 2 diabetes are directly related to an increase in
oxidative stress. An excessive production of reactive oxygen species and their further
subsequent alterations in the redox state and cellular homeostasis is a critical presentation
of type 2 diabetes. Mitochondria are the major site of the production of ATP and act as a
chief source of reactive oxygen species. The organelle increases the production of reactive
oxygen species when the levels of glucose are high and increases oxidative stress, which
leads to tissue damage. Mitochondrial impairment with age can cause insulin resistance
in the body in response to altered fatty acid oxidation and impaired glucose, protein, and
lipid metabolism, which act as hallmarks for the onset of the disease [49]. The biogenesis of
mitochondria modulates the energy balance and increases the production of reactive oxygen
species by the electron transport chain in response to conditions of hyperglycemia, which
further aggravates the pathological conditions and induces the associated complications,
such as nephropathy, neuropathy, and retinopathy, and microvascular complications such
as myocardial ischemia and stroke [50]. The mitochondria have been found to be major
regulators of the secretion of insulin, and mutations in mtDNA are directly involved in
the development of type 2 diabetes mellitus. ATP production significantly decreases upon
mutations, which leads to the impairment of biochemical characteristics and further alters
the synthesis of mitochondrial ATP synthase [51]. Insulin is mainly synthesized by islets
of 3-cells in the pancreas based on the circulating levels of glucose in the body. Higher
glucose concentrations produce oxidative phosphorylation in the 3-cells, which further
increases the ratio of ATP/ADP and prevents the depolarization of the plasma membrane
by inhibiting potassium channels and stimulating the release of calcium ions within the
cells, which triggers the secretion of insulin in the bloodstream. Therefore, the role of
mitochondria in modulating the secretion of insulin has evidently been documented [52].
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3.1. Insulin Resistance and Mitochondrial Dysfunction

The development of resistance to insulin is a common feature of type 2 diabetes mel-
litus and can also be attributed to the dysfunction of mitochondria. An increase in the
peroxidation of lipids and the inhibition of function has been determined in the skeletal
muscle of diabetic patients. Moreover, the suppression of genes involved in the biogen-
esis of mitochondria and oxidative phosphorylation has also been found in individuals
with type 2 diabetes mellitus. Recently, the suppression of the oxidative phosphorylation
pathways of mitochondria has also been documented globally in the obese population,
which is simultaneously linked to the concurrent downregulation of mtDNA, dependent
protein translation, and oxidative phosphorylation mechanisms [53].The repression of the
oxidation of fatty acids, the production and breakdown of ketone bodies, and the TCA
cycle were observed to be inversely linked to insulin resistance, adiposity, and an increase
in inflammatory cytokines [54]. Insulin sensitivity can be improved by regular exercise,
mitochondrial-targeted antioxidants, and counted caloric diet consumption, which can
further manage mitochondrial functioning and improve type 2 diabetes. The commonly
used antidiabetic drugs metformin and resveratrol have also been found to protect the
integrity of the mitochondria by inhibiting the activity of the DRP1 enzyme and preventing
the activation of NLR family pyrin domain containing 3 (NLRP3) inflammasomes (mediat-
ing activation of caspase-1 and proinflammatory cytokine secretion) via the suppression of
endoplasmic reticulum-originated stress and portrayed beneficial effects by protecting the
cellular functions under the state of hyperglycemia [55]. Several mitochondrial-targeted
antioxidants such as SS-31 have also displayed beneficial effects which successfully modu-
late the mitochondrial membrane potential and alterations in ATP. It further inhibits the
expression of NADPH oxidase-4 (Nox 4) and TGF-31 and prevents the activation of p38
mitogen-activated protein kinase (p38 MAPK) and NADPH oxidase activity in the mesan-
gial cells under hyperglycemic conditions. Several studies have also indicated that the
functioning of mitochondria and sensitivity towards insulin can be significantly improved
by regular exercise and consuming a calorie deficit diet [56]. The changes in mitochondrial
membrane potential are related to the induction of oxidative stress in the 3 cells of the pan-
creas. Alterations in {3 cells induce changes in mitochondrial dynamics, impair the secretion
of insulin mediated by glucose, and lead to the onset of type 2 diabetes. The processes
of mitochondrial fusion and mitochondrial fission are continuously reformed within the
B cells of patients with type 2 diabetes, as hyperglycemia and increased concentration of
palmitate inhibit the mitochondrial oxygen consumption and lower mitochondrial fusion.
PTEN-induced kinase 1, a mitochondrial serine/threonine protein encoded by the PINK1
gene, alleviated insulin resistance by lowering the production of ROS mediated by the
MAPK pathways. Diabetes is also linked to the condensed appearance of mitofusin-2 pro-
teins, which are closely associated with the functioning of the power-generating organelle
in skeletal muscles. Mitochondrial fusion was decreased and mitochondrial fission was in-
creased in the leukocytes of patients with type 2 diabetes, and both processes were stressed
in patients with inadequate glycemic control [57]. Leukocyte amplification, similarly to
HbA1lc values, affects the dynamics of mitochondria by inducing leukocyte—endothelial
interactions in diabetic patients, leading to lowered mitochondrial fusion and intensified
mitochondrial fission. It has been hypothesized that inadequate glycemic control during
diabetes modifies the mitochondrial dynamics, ultimately fosters the interaction between
leukocyte and endothelial cells, and could be the origin of cardiovascular diseases [58].
The endoplasmic reticulum membranes coupled to mitochondria reorganize under the
conditions of insulin dependence and reduce the consumption of oxygen, thereby elevating
oxidative stress.

A significant change in the size and shape of mitochondria has been observed in
patients with diabetes, as it was found that the organelle was of a smaller size in type
2 diabetic patients compared to healthy individuals. Hyperglycemic states also induce
fragmentation of mitochondria in the cells of organs such as the liver, heart, pancreas,
etc. The mitochondria were also found to be swollen and disrupted in the hepatocytes
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of patients with developed insulin resistance [59]. Elevated levels of glucose induce
the production of ROS and cause mitochondrial fragmentation, which can be prevented
by decreasing the circulating levels of ROS and recovering the activity of mitochondria.
During the conditions of very high levels of glucose, significant upstreaming of alterations
in the morphology of mitochondria occurs, which is the main contributing factor in the
synthesis of ROS and emphasizes the major role of mitochondrial dynamics in regulating
mitochondrial activity. It should be noted that abnormality in the homeostasis of glucose
must not always be considered the cause, but rather be looked upon as a consequence that
leads to disturbed mitochondrial dynamics. Type 2 diabetes is linked to the fragmentation
of the mitochondrial network in the myocardium and decreases the expression of the
mitofusin-1 gene [60]. Therefore, it has been established that the secretion of insulin upon
stimulation by glucose and the mitochondrial dynamics are clearly adapted to generate
precise levels of expression of the fission proteins.

3.2. Targeting of Mitochondrial Processes of Mitochondrial Fission and Mitochondrial Fusion to
Prevent Mitochondrial Dysfunction

Over time, an increased interest has been developed in synthesizing compounds di-
rected towards the mitochondrial processes of fusion, fission, and mitophagy, highlighting
the significance of these processes in the prevention of several diseases. For instance,
mitochondrial division inhibitor-1 (mdivi-1), inhibitor of GTPase activity of DRP1, is being
evaluated as a beneficial compound and potent inhibitor of mitochondrial fission alongside
dynasore, P110, and S3. Mdivi-1 inhibits apoptosis (where dynasore Mdivi-1 and P110 are
dynamin inhibitors, whereas S3 causes Mfn deubiquitination to foster mitochondrial fusion)
by obstructing the release of cytochrome c in HeLa cells and ameliorates renal injuries and
myocardial infarction under the conditions of ischemia. The impairment in mitochondria
and the production of ROS by palmitic acid can also be reversed by mdivi-1. Mdivi-1
improves sensitivity towards insulin and prevents the onset of insulin resistance [61,62]. It
reduces the fragmentation of mitochondria, oxidative stress, atherosclerosis, and inflam-
mation and improves the endothelial functioning in mice induced with diabetes mellitus,
suggesting that it could be a great therapeutic approach to managing the macrovascular
complications associated with the disease.

Long term treatment with mdivi-1, in scenarios where it is used for more than 24 h, has
demonstrated its ability to inhibit the functioning of mitochondria and reduce mitochon-
drial mass, induce apoptosis, and lower vascular cell bioenergetics and the proliferation of
cells during myogenic differentiation. Mdivi-1, in response to its cell division inhibitory
action, also provokes the death of cells in cancer cells, indicating its potential as an anti-
cancer compound [63]. Dynasore is another small-sized molecular compound, which
disrupts the activity of GTPase of dynamin and further obstructs the endocytic pathways
which depend upon it. Dynasore can also inhibit mitochondrial fission because DRP 1
is a dynamin-like protein and can prevent oxidative stress and further enhance the sur-
vival of cardiomyocytes under the conditions of ischemia and reperfusion. It maintains
the morphology and functioning of mitochondria, stores ATP concentrations even under
conditions of oxidative stress, and protects against cardiac lusitrophy and cell damage.
The cytosolic dynamin-related protein-1 (DRP1) requires connectors such as mitochondrial
fission factor (MFF) and mitochondprial fission 1 protein (FIS1) to harbor mitochondria
for mitochondrial fission. Hence, it becomes important to cultivate molecules that suc-
cessfully inhibit this interaction. P110 is another small peptide inhibitor which eases the
activity of the DRP1 enzyme and blocks the interactions between DRP1 and FIS1 enzymes
in the neurons, thereby presenting beneficial effects in mitochondrial functioning and
morphology. The peptide molecule has also been found to reduce the loss of neurons and
demonstrated its neuroprotective effects in the management of Parkinson’s disease. It has
also presented beneficial effects in animal models of brain damage induced by reperfu-
sion/ischemia by preventing the interaction between p53 and DRP1 enzymes, ultimately
diminishing mitochondria-mediated necrosis and brain infarction. Another compound,
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namely 15-oxospiramilactone (S3), a diterpenoid derivative, has been found to be beneficial
for mitochondrial dynamics, acts as a potent anticancer molecule, and inhibits signaling
of Wnt/ 3-catenin and induces BAX/BAK-independent apoptosis [64,65]. The molecule
also targets deubiquitinase USP30, an iso-peptidase in mitochondria, which controls the
mitochondrial morphology in response to the action of MFN1/2. 53 enables the restoration
of functioning of mitochondria by inducing fusion in MFN1 and MFEN2 knockout cells,
indicating its chief role in the management of diseases related to insulin resistance and
emerging as a potent therapeutic approach.

The exploration of several pathways and approaches has led to the development of
targets which can successfully be used in the management of diabetes mellitus through
alterations of mitochondrial metabolic and biogenesis processes [66] (Figure 4).

1 Generation
of ROS

Increased load on
Mitochondria

Increased level of
glucose

Mitochondrial

DNA mutations

[ Insulin resistance ]

[ Type 2 diabetes ]

Lipid
peroxidation

Figure 4. The above figure highlights the factors involved in the initiation of diabetes, which includes
the increased production of reactive oxygen species, mutations in mitochondrial DNA, and the
peroxidation of lipids, which increases the load on mitochondria and causes an increase in glucose
levels and insulin resistance.

4. Pathophysiological Role of Mitochondrial Dysfunction in Obesity

During the differentiation of adipocytes, the biogenesis of mitochondria increases dra-
matically, suggesting its implicated role in the induction of obesity. Moreover, defects in the
oxidation of fatty acids, adipokine secretion, and the altered homeostasis of glucose have
also been encountered due to the dysfunction of mitochondria in mature adipocytes [67-69].
The oxidative capacity of brown adipocytes decreases in diet-induced obese patients, which
causes the impairment of thermogenesis [70]. Several mitochondrial enzymes have been
found to be essential for the proficient metabolism of lipids because the organelle acts as the
chief site for the oxidation of fatty acids. A negative balance in energy classically enhances
lipolysis in the white adipose tissues (WAT), thereby offering nonesterified fatty acids
(NEFA) as a substrate for fatty acid oxidation (FAO), accompanied with a sensitization
towards insulin in the liver and skeletal muscles [71]. Excessive nutrition for prolonged
periods results in the accumulation of NEFA, dysfunction in the mitochondria, and resis-
tance towards insulin. Considering the significant role of mitochondria, disorders in the
organelle can disturb the fat-storing ability of the body and produce multiple symmetrical
lipomatosis [72]. The accumulation of triglycerides is increased, and the FAO-mediated up-
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take of glucose in pre-adipocytes is decreased when mitochondrial respiration is inhibited.
The uncoupling of mitochondria also reduces the expression of transcription factors which
are involved in the differentiation of adipocytes with a subsequent reduction in the accu-
mulation of triglycerides, suggesting the role of mitochondria in the lipid metabolism of
adipocytes at different levels [73]. The uncoupling of mitochondrial respiration can be per-
formed by regulating the exchange of protons across the inner mitochondrial membranes,
ultimately dissipating the gradient of protons to reduce the deleterious effects of ROS. The
family of uncoupling proteins (UCP) present in the inner mitochondrial membrane play a
significant role in the thermogenesis occurring in black adipose tissue (BAT), which helps in
the regulation of mitochondrial ROS disposal in other tissues [74,75]. The UCP1 disengages
mitochondrial respiration from the production of ATP by initiating proton leaks across the
inner mitochondrial membrane, leading to the dissipation of energy in the form of heat.
This process is heightened by NEFA and is impeded by purine nucleotides. The oxidative
phosphorylation-mediated generation of ROS causes the activation of UCPs, which causes
the dispersion of the proton gradient and leads to the removal of ROS [76]. Hence, this can
affect the generation of ROS and can delay or even reverse their deleterious effects.

4.1. Contribution of Mitochondrial Dysfunction in Consumption of Calories and ROS

The oxidative dysfunction of mitochondria is correlated with the resistance developed
towards insulin in skeletal muscles of diabetic and obese individuals and results in a
decrease in size and number of mitochondria and their altered enzymatic oxidative capacity.
A decrease in the expression of genes which mediate oxidative phosphorylation and the
diminished consumption of oxygen is clearly witnessed in patients with obesity [77,78].
The adipocytes react to metabolic changes by altering the number, structure, and circulation
of mitochondria within the cell, thereby modifying the content of metabolites, enzymes,
and mitochondrial DNA [79]. An increase in the intake of calories poses a substantial load
on mitochondria, which causes their dysfunction and leads to the effective dissipation of
proton gradients, which further elevates the production of reactive oxygen species and
produces cell damage, apoptosis, and mutations in mtDNA. The generation of ROS was
found to increase upon the consumption of a high-fat diet and hyperglycemic conditions
within adipocytes, leading to the abnormal production of adipokine. The consumption
of oxygen in adipocytes is decreased by ROS, which further blocks the oxidation of fatty
acids, resulting in the accumulation of lipids. The presence of mitochondrial antioxidants
or the overexpression of scavengers of mitochondrial ROS have a tendency to mitigate
insulin resistance [80,81]. Therefore, the presence of excessive energy substrates causes
an elevation in the synthesis of ROS and poses a noteworthy outcome on the function of
mitochondria and metabolism of its energy substrates.

4.2. Role of Mitochondria in Brown and White Adipose Tissues

Mammals possess two major types of adipose tissue, namely brown adipose tissue
(BAT), which releases energy in the form of heat, and white adipose tissue (WAT), which
mainly specializes in the storage of energy. The adipocyte cells are obtained from multi-
potent mesenchymal stem cells, which reside in the stromal vascular fraction of adipose
tissue [82]. Both WAT and BAT originate from distinct predecessor cells, and the differences
in their functions in the metabolism of energy are also due to differences in the physiology
of mitochondria. In scenarios where energy is demanded, WAT liberates NEFA as an energy
substrate into the circulation, whereas during excessive nutrient conditions, the lipogenic
enzymes that are present within WAT utilize the energy substrates to synthesize and store
triglycerides [83]. The biogenesis of mitochondria and the expression of UCP1 proteins
increases in WAT upon the stimulation of adrenergic pathways by exposure to cold. The
number of brown adipocytes cells within the WAT varies distinctly and is mainly impacted
by environmental factors. The adipocyte cells which are present in the BAT contain a Myf5-
positive precursor protein, which is common with myocytes. The brown adipocytes, which
are located in the WAT, are obtained from a distinct predecessor, namely Myf5 negative,
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which amplifies upon the stimulation of adrenergic receptors. The brown adipocytes evolve
upon the differentiation of brown pre-adipocytes or via white adipocyte precursors or their
further trans-differentiation. The BAT cells are thermogenic in nature and are dependent
upon the stimulation of lipolysis via adrenergic receptors and NEFA degradation via UCP1
and aid in balancing energy in mammals. The muscular mitochondria and BAT possess
similar metabolic profiles and have elevated oxidative capacity due to the increased density
of mitochondria and the expression of FAO enzymes [84]. Overexpressed UCP1 proteins in
the cells of WAT prevent weight gain by reducing the synthesis of fatty acids and increasing
the expenditure of energy [85]. The BAT is located in several areas in humans and is acti-
vated upon exposure to cold and inhibited by the consumption of beta-adrenergic blocker
drugs. The amount of BAT and its activity in humans is inversely proportional to age, levels
of glucose, body mass index, and percentage of body fat. The cells within these tissues
are the major contributors of thermogenesis in healthy adult humans. The predecessors of
BAT have also been recovered in the skeletal muscles and further differentiate into mature
brown adipocytes [86]. Hence, the BAT plays a crucial role in sensitivity towards obesity
and regulates the expenditure of energy in humans and the processes that are linked to the
functioning of mitochondria [87].

4.3. Transcription Factors in Adipocytes and Mitochondria

There is a growing interest in the exploration of the role of mitochondria in adipocyte
differentiation and their implications in the therapeutic management of obesity. There
are several transcription factors which participate in the process of adipogenesis, such as
peroxisome proliferator activated receptor (PPAR), gamma coactivator (PGC) family, PRD1-
BF-1-R1Z1 homologous domain comprising protein 16 (PRDM16), adipokines, and growth
factors. Transcriptional coactivators such as PGC-1a and PGC-1b play a significant role in
the expression of genes that are involved in the biogenesis of mitochondria, metabolism
of fatty acids, and accumulation and aggregation of lipids [88]. A decrease in the levels of
PGC-1 impairs the functioning of mitochondria and increases the accumulation of lipids,
which is a major characteristic of this metabolic disorder. PRDM16 is a transcriptional
coactivator of PGC-1« and PGC-13, which enhances the genetic expression of proteins that
are involved in the biogenesis of mitochondria, induces their uncoupling and oxidative
phosphorylation, and is exclusively found in brown adipocytes. The overexpression of
PRDML16 in adipocytes transgenically elevates the genetic expression of mitochondria in
BAT-like cells within the WAT and hence is stated to be a primary moderator of brown
adipogenesis by increasing the biogenesis of mitochondria, uncoupling, and energy expen-
diture. The human WAT plays a prominent role in the endocrine system as it aids in the
production of hormones and adipokines which regulate energy homeostasis and affect the
functioning of mitochondria [89,90]. Adiponectin majorly affects the metabolism of lipids
and glucose, alters insulin sensitivity, and stimulates FAO and the uptake of glucose into
skeletal muscle cells.

5. Pathophysiological Role of Mitochondrial Dysfunction in Infectious Diseases

The mitochondrial system plays a significant role in several physiological processes
of the human body. Loss of mitochondrial integrity leads to the stimulation of diverse
signaling pathways which control the cellular response to external infectious antigens. The
stimulation of search mitochondria-related cellular responses has implicated its role in
controlling signaling and recognition of the pathogen-mediated onset of infection. Inflam-
mation in the cells of the human body occurs as a complex response towards infection
and represents the extent of damage [91]. The occurrence of infection acts as a stimulus
for morphological changes that occur within mitochondria. For instance, upon infection
with Vibrio cholerae, the fragmentation of mitochondria is triggered due to the secretion
of VopE factor. Bacterial infection with Helicobacter pylori releases vacuolating cytotoxin
A, which stimulates the Drpl-mediated fragmentation of mitochondria [92]. The mecha-
nism of mitochondprial fission has been used by the above infection toxins, which causes
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the fragmentation of the mitochondrial network and leads to cell death. The bacterial
infections not only destroy the network of mitochondria but also induce the elongation
of the organelle, as presented in Chlamydia trachomatis infection, which downregulates
the levels of DRP1 protein by inducing host cell micro-RNA expression. The apoptotic
pathway of mitochondria displays its role in the signaling of cellular responses towards
cytosolic stress [93]. The antiviral response of mitochondria in response to the activation
of the mitochondrial membrane protein MAVS also presents the ability of the organelle to
transmit signals and downstream the release of proinflammatory cytokines and interferons.

5.1. Infection Dynamics and Structure of Mitochondria

An exclusive role of mitochondria in cell-autonomous immunity has been established.
Bacterial infections have shown fragmentation and fusion of mitochondria, whereas in viral
infections, hyperfusion and fragmentation have been described. Upon infection with severe
acute respiratory syndrome-related coronavirus (SARS-CoV2), or human immunovirus
(HIV), an increase in mitochondrial fusion has been reported, whereas Hepatitis B and C
and the influenza virus have shown mitochondrial fission. The fragmentation of mitochon-
dria has also been observed upon exposure to parasitic infections, such as with Toxoplasma
gondii. The morphological differences in the network of mitochondria affect the genera-
tion of energy and can serve as an additional marker for different types of cells [94,95].
Dendritic cells and inflammatory macrophages contain elongated mitochondria, whereas
proinflammatory macrophages or B cells contain a fragmented mitochondria network. The
role of mitochondria in relation to infectious diseases is highly complex and is being stud-
ied. The influenza virus has been reported to initiate the fragmentation of mitochondria
alongside the elongation of mitochondria by inhibiting the recruitment of Drp1 protein.
The pharmacological initiation of the fragmentation of mitochondria has been found to
reduce the viral burden, demonstrating the significance of the elongation of mitochondria
in the replication of a virus. Listeriolysin O, a pore-forming toxin found intracellularly
in Listeria monocytogenes, causes mitochondrial fragmentation and elevates the levels of
MICOS component Mic10 in secluded mitochondria. The fragmentation of mitochondria is
inhibited upon a deficiency in Mic10 due to Listeria infection, whereas its overexpression
causes the fragmentation of mitochondria independent of the status of infection [96].

5.2. Metabolism of Mitochondria during Infection

Cellular energy is gained through the fermentation of lactic acid, glycolysis, and the
respiration of mitochondria. The stimulation of lipopolysaccharides or other associated
macrophages during infectious conditions causes metabolic transformation of macrophages
by regulating the TCA cycle and glycolysis, which is mainly linked to the proinflamma-
tory and anti-inflammatory phenotypes of the macrophagic molecules. These cellular
and mitochondrial metabolic changes greatly impact the signaling pathways and present
significant effects on infections associated with individual pathogens [97]. The cells that
depend upon the respiration of mitochondria for the production of energy possess a limited
ability to recycle plasma membrane proteins and serve as receptors for pathogens. Under
high mitochondrial respiration conditions, the receptors gather intracellularly, causing an
alleviated level of receptors on the surface, reducing the invasion of viruses and bacteria
due to a lesser count of receptors [98]. Therefore, it can be concluded that the direct impact
of infection is linked to the energy produced due to the metabolism of mitochondria. Zika
virus infects astrocytes and the cells of the cerebral cortex and further replicates within the
endoplasmic reticulum, causing an imbalance in the production of reactive oxygen species,
the defective respiration of mitochondria, and an altered synthesis of ATP. The release
of calcium upon infection with Hepatitis C virus from the endoplasmic reticulum also
represents a signal for excessive ROS production by mitochondria, indicating the alterations
in the metabolism of mitochondria in response to infections. The altered metabolism of
mitochondria also affects inflammation in a non-cell-autonomous manner [99]. Considering
a direct relation between the metabolism of mitochondria and the secretion of inflammatory
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cytokines, the response to infection is probable to induce inflammation and immunity in
the affected cells.

The role of mitochondria in apoptosis has been well established. Bcl-2 proteins are
hosted by mitochondria in their external membrane, and further release intermembrane
space protein cytochrome c. In the cytosol, these proteins trigger caspases and cause
apoptosis. The association between mitochondria and pathogens is multifaceted. The
dysfunction in mitochondria alters immune processes in response to pathogens [100].
The various roles of mitochondria in the cells of mammals have been established and are
currently a topic of great interest due to their complex role in activating several autonomous
signaling pathways. Hence, understanding their significance in regulating immunity
against infectious diseases could further lead to the development of new treatments for the
management of infectious diseases.

6. Conclusions

Mitochondria are the main source of energy for the functioning of the cell and the
human body and are known as the metabolic hub of the cell. Impairment in this crucial
organelle can be witnessed at a broader systemic level. Several studies have established
that mitochondria, apart from generating power for the efficient functioning of the body,
are also involved in several other additional processes in the body, thereby posing a huge
influence on the functioning and dynamics of the various ongoing processes in the human
body. Therefore, advanced therapeutic mechanisms based on the physiological role of mi-
tochondria are being developed by identifying various predecessors of metabolic diseases
which can be targeted for the management of the diseases. The above review highlighted
the principal role of mitochondria in the pathological processes of the development of
chronic diseases, visualizing a new treatment approach for their management.
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Abbreviations

2-DG 2 deoxyglucose

ADP adenosine diphosphate
ATP adenosine triphosphate
BAT black adipose tissues

DNA deoxyribonucleic acid
DRP1 dynamin-related protein 1
ETC electron transport chain
FADH2 flavin adenine dinucleotide
FAO fatty acid oxidation

FH fumarate hydratase

FIS1 mitochondrial fission 1 protein

HbAlc hemoglobin Alc
HIF Hypoxia-inducible factor
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KEAP1 kelch-like ECH associated protein 1

LOF loss of function

MAPK mitogen activated protein kinase
Mdivi-1 mitochondrial division inhibitor-1
Min mitofusins

MPT mitochondrial permeability transition
mtDNA  mitochondrial deoxyribonucleic acid
Myf5 myogenic factor 5

NADH nicotinamide adenine dinucleotide
NEFA nonesterified fatty acids

NF-«B nuclear factor kappa B
NLRP3 NLR family pyrin domain containing 3
Nox 4 NADPH oxidase-4

Nrf2 nuclear factor erythroid 2-relaed factor 2
PDH pyruvate dehydrogenase

PGC PPAR gamma coactivator

PHD prolyl hydroxylase

PINK1 PTEN induced kinase 1

PPAR peroxisome proliferator activated receptor

PRDM16 PRD1-BF-1-R1Z1 homologous domain comprising protein 16
PTEN phosphatase and tensin homolog

ROS reactive oxygen species

rRNA ribosomal ribonucleic acid

SDH succinate hydrogenase

TCA tricarboxylic acid

TGF-p1 transforming growth factor beta 1
tRNA transfer ribonucleic acid

uUCP uncoupling proteins

VES vitamin E succinate

WAT white adipose tissues

«-KG alpha-ketoglutarate

References

1. Marchi, S.; Guilbaud, E.; Tait, S.W.G.; Yamazaki, T.; Galluzzi, L. Mitochondrial Control of Inflammation. Nat. Rev. Immunol. 2022,
23,159-173. [CrossRef] [PubMed]

2. Martinez-Reyes, I.; Diebold, L.P; Kong, H.; Schieber, M.; Huang, H.; Hensley, C.T.; Mehta, M.M.; Wang, T.; Santos, ].H.; Woychik,
R.; et al. TCA Cycle and Mitochondrial Membrane Potential Are Necessary for Diverse Biological Functions. Mol. Cell 2015, 61,
199-209. [CrossRef] [PubMed]

3.  Nolfi-Donegan, D.; Braganza, A.; Shiva, S. Mitochondrial Electron Transport Chain: Oxidative Phosphorylation, Oxidant
Production, and Methods of Measurement. Redox Biol. 2020, 37, 101674. [CrossRef] [PubMed]

4. Vella, E The cell. A Molecular Approach. Biochem. Educ. 1998, 26, 98-99. [CrossRef]

5. Xia, M,; Zhang, Y,; Jin, K; Lu, Z.; Zeng, Z.; Xiong, W. Communication between Mitochondria and Other Organelles: A Brand-New
Perspective on Mitochondria in Cancer. Cell Biosci. 2019, 9, 27. [CrossRef]

6. Chen, H.; Chan, D.C. Emerging Functions of Mammalian Mitochondrial Fusion and Fission. Hum. Mol. Genet. 2005, 14,
R283-R289. [CrossRef]

7. Jin, J.-Y.,; Wei, X.-X.; Zhi, X.-L.; Wang, X.-H.; Meng, D. Drp1-Dependent Mitochondrial Fission in Cardiovascular Disease. Acta
Pharmacol. Sin. 2020, 42, 655-664. [CrossRef]

8. Olichon, A.; Landes, T.; Arnauné-Pelloquin, L.; Emorine, L.].; Mils, V.; Guichet, A.; Delettre, C.; Hamel, C.; Amati-Bonneau, P;
Bonneau, D.; et al. Effects of OPA1 mutations on mitochondrial morphology and apoptosis: Relevance to ADOA pathogenesis.
J. Cell. Physiol. 2006, 211, 423-430. [CrossRef]

9. Quiles, ].M.; Gustafsson, B. The Role of Mitochondrial Fission in Cardiovascular Health and Disease. Nat. Rev. Cardiol. 2022, 19,
723-736. [CrossRef]

10. Kulkarni, P.G.; Mohire, V.M.; Bhaisa, PX.; Joshi, M.M.; Puranik, C.M.; Waghmare, P.P; Banerjee, T. Mitofusin-2: Functional Switch
between Mitochondrial Function and Neurodegeneration. Mitochondrion 2023, 69, 116-129. [CrossRef]

11.  Kim, S.-J.; Cheresh, P.; Jablonski, R.P.; Williams, D.B.; Kamp, D.W. The Role of Mitochondrial DNA in Mediating Alveolar
Epithelial Cell Apoptosis and Pulmonary Fibrosis. Int. . Mol. Sci. 2015, 16, 21486-21519. [CrossRef] [PubMed]

12.  Sabouny, R.; Shutt, T.E. Reciprocal Regulation of Mitochondrial Fission and Fusion. Trends Biochem. Sci. 2020, 45, 564-577.

[CrossRef] [PubMed]


https://doi.org/10.1038/s41577-022-00760-x
https://www.ncbi.nlm.nih.gov/pubmed/35879417
https://doi.org/10.1016/j.molcel.2015.12.002
https://www.ncbi.nlm.nih.gov/pubmed/26725009
https://doi.org/10.1016/j.redox.2020.101674
https://www.ncbi.nlm.nih.gov/pubmed/32811789
https://doi.org/10.1016/S0307-4412(98)00065-X
https://doi.org/10.1186/s13578-019-0289-8
https://doi.org/10.1093/hmg/ddi270
https://doi.org/10.1038/s41401-020-00518-y
https://doi.org/10.1002/jcp.20950
https://doi.org/10.1038/s41569-022-00703-y
https://doi.org/10.1016/j.mito.2023.02.001
https://doi.org/10.3390/ijms160921486
https://www.ncbi.nlm.nih.gov/pubmed/26370974
https://doi.org/10.1016/j.tibs.2020.03.009
https://www.ncbi.nlm.nih.gov/pubmed/32291139

J. Clin. Med. 2023, 12, 2882 18 of 21

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kamenisch, Y.; Fousteri, M.; Knoch, J.; Von Thaler, A.-K.; Fehrenbacher, B.; Kato, H.; Becker, T.; Dollé, M.E.; Kuiper, R,;
Majora, M.; et al. Proteins of Nucleotide and Base Excision Repair Pathways Interact in Mitochondpria to Protect From Loss of
Subcutaneous Fat, a Hallmark of Aging. J. Exp. Med. 2010, 207, 379-390. [CrossRef] [PubMed]

Valiente-Palleja, A.; Tortajada, J.; Bulduk, B.K.; Vilella, E.; Garrabou, G.; Muntané, G.; Martorell, L. Comprehensive Summary of
Mitochondrial DNA Alterations in the Postmortem Human Brain: A Systematic Review. Ebiomedicine 2022, 76, 103815. [CrossRef]
Toews, D.P.L.; Brelsford, A. The Biogeography of Mitochondrial and Nuclear Discordance in Animals. Mol. Ecol. 2012, 21,
3907-3930. [CrossRef]

Brischigliaro, M.; Fernandez-Vizarra, E.; Viscomi, C. Mitochondrial Neurodegeneration: Lessons from Drosophila melanogaster
Models. Biomolecules 2023, 13, 378. [CrossRef]

Shokolenko, I.; Alexeyev, M. Mitochondrial DNA: Consensuses and Controversies. DNA 2022, 2, 131-148. [CrossRef]

Zhang, H.-X,; Du, G.-H.; Zhang, J.-T. Assay of Mitochondrial Functions by Resazurin in Vitro. Acta Pharmacol. Sin. 2004, 25,
385-389.

Kumar, A; Raj, V,; Srivastava, A.; Ali, M.; Ghosh, A.K.; Rachamalla, M.; Kumar, D. Autophagy in Arsenic Exposed Population
and Cancer Patients. In Autophagy and Metabolism; Academic Press: Cambridge, MA, USA, 2022; pp. 141-161. [CrossRef]
Tuppen, H.A ; Blakely, E.L.; Turnbull, D.M.; Taylor, R.W. Mitochondrial DNA Mutations and Human Disease. Biochim. Biophys.
Acta (BBA)-Bioenerg. 2010, 1797, 113-128. [CrossRef]

Wei, W.; Tuna, S.; Keogh, M.].; Smith, G.; Aitman, TJ.; Beales, PL.; Bennett, D.L.; Gale, D.P,; Bitner-Glindzicz, M.A K,
Black, G.C,; et al. Germline selection shapes human mitochondrial DNA diversity. Science 2019, 364, 6520. [CrossRef]

Cannino, G.; Ciscato, F.; Masgras, I.; Martin, C.S.; Rasola, A. Metabolic Plasticity of Tumor Cell Mitochondria. Front. Oncol. 2018,
8, 333. [CrossRef] [PubMed]

Mailloux, R.].; Singh, R.; Brewer, G.; Auger, C.; Lemire, ].; Appanna, V.D. a-Ketoglutarate Dehydrogenase and Glutamate
Dehydrogenase Work in Tandem To Modulate the Antioxidant x-Ketoglutarate during Oxidative Stress in Pseudomonas fluorescens.
J. Bacteriol. 2009, 191, 3804-3810. [CrossRef] [PubMed]

Puttonen, K.A.; Lehtonen, S.; Raasmaja, A.; Minnistd, P.T. A Prolyl Oligopeptidase Inhibitor, Z-Pro-Prolinal, Inhibits
Glyceraldehyde-3-Phosphate Dehydrogenase Translocation and Production of Reactive Oxygen Species in CV1-P Cells Exposed
to 6-Hydroxydopamine. Toxicol. Vitr. 2006, 20, 1446-1454. [CrossRef]

Sabharwal, S.S.; Schumacker, P.T. Mitochondrial ROS in Cancer: Initiators, Amplifiers or an Achilles” Heel? Nat. Rev. Cancer 2014,
14,709-721. [CrossRef] [PubMed]

Panieri, E.; Santoro, M.M. ROS Homeostasis and Metabolism: A Dangerous Liason in Cancer Cells. Cell Death Dis. 2016, 7, 2253.
[CrossRef] [PubMed]

Vatrinet, R.; Leone, G.; De Luise, M.; Girolimetti, G.; Vidone, M.; Gasparre, G.; Porcelli, A.M. The x-Ketoglutarate Dehydrogenase
Complex in Cancer Metabolic Plasticity. Cancer Metab. 2017, 5, 3. [CrossRef]

Pecinova, A.; Alan, L.; Brazdova, A.; Vrbacky, M.; Pecina, P.; Drahota, Z.; Housték, J.; Mracek, T. Role of Mitochondrial
Glycerol-3-Phosphate Dehydrogenase in Metabolic Adaptations of Prostate Cancer. Cells 2020, 9, 1764. [CrossRef]

De Santis, M.C.; Porporato, P.E.; Martini, M.; Morandi, A. Signaling Pathways Regulating Redox Balance in Cancer Metabolism.
Front. Oncol. 2018, 8, 126. [CrossRef]

Wang, S.-F; Chen, S.; Tseng, L.-M.; Lee, H.-C. Role of the Mitochondrial Stress Response in Human Cancer Progression. Exp. Biol.
Med. 2020, 245, 861-878. [CrossRef]

Adam, ].; Hatipoglu, E.; O’Flaherty, L.; Ternette, N.; Sahgal, N.; Lockstone, H.; Baban, D.; Nye, E.; Stamp, G.W.; Wolhuter, K.; et al.
Renal Cyst Formation in Fh1l-Deficient Mice Is Independent of the Hif /Phd Pathway: Roles for Fumarate in KEAP1 Succination
and Nrf2 Signaling. Cancer Cell 2011, 20, 524-537. [CrossRef]

Sajnani, K.; Islam, F; Smith, R.A.; Gopalan, V.; Lam, A K.-Y. Genetic Alterations in Krebs Cycle and Its Impact on Cancer
Pathogenesis. Biochimie 2017, 135, 164-172. [CrossRef] [PubMed]

Boland, M.L.; Chourasia, A.H.; MacLeod, K.F. Mitochondrial Dysfunction in Cancer. Front. Oncol. 2013, 3, 292. [CrossRef]
[PubMed]

Chiu, H.Y,; Tay, E.X.Y,; Ong, D.S.T; Taneja, R. Mitochondrial Dysfunction at the Center of Cancer Therapy. Antioxid. Redox Signal.
2020, 32, 309-330. [CrossRef]

Chen, R;; Lai, U.H.; Zhu, L.; Singh, A.; Ahmed, M.; Forsyth, N.R. Reactive Oxygen Species Formation in the Brain at Different
Oxygen Levels: The Role of Hypoxia Inducible Factors. Front. Cell Dev. Biol. 2018, 6, 132. [CrossRef] [PubMed]

Alzahrani, A.S.; Alswailem, M.; Alghamdi, B.; Al-Hindi, H. Fumarate Hydratase Is a Novel Gene for Familial Non-Medullary
Thyroid Cancer. J. Clin. Endocrinol. Metab. 2022, 107, 2539-2544. [CrossRef]

Murugan, A.K,; Alzahrani, A.S. Isocitrate Dehydrogenase IDH1 and IDH2 Mutations in Human Cancer: Prognostic Implications
for Gliomas. Br. J. Biomed. Sci. 2022, 79, 10208. [CrossRef]

Jo, H.; Park, Y.; Kim, T.; Kim, J.; Lee, J.S.; Kim, S.Y.; Chung, J.I; Ko, H.Y.; Pyun, J.C.; Kim, K.S.; et al. Modulation of SIRT3
Expression through CDK4/6 Enhances the Anti-Cancer Effect of Sorafenib in Hepatocellular Carcinoma Cells. BMIC Cancer 2020,
20, 332. [CrossRef]

Missiroli, S.; Perrone, M.; Genovese, I; Pinton, P.; Giorgi, C. Cancer Metabolism and Mitochondria: Finding Novel Mechanisms to
Fight Tumours. Ebiomedicine 2020, 59, 102943. [CrossRef]


https://doi.org/10.1084/jem.20091834
https://www.ncbi.nlm.nih.gov/pubmed/20100872
https://doi.org/10.1016/j.ebiom.2022.103815
https://doi.org/10.1111/j.1365-294X.2012.05664.x
https://doi.org/10.3390/biom13020378
https://doi.org/10.3390/dna2020010
https://doi.org/10.1016/b978-0-323-99879-6.00010-9
https://doi.org/10.1016/j.bbabio.2009.09.005
https://doi.org/10.1126/science.aau6520
https://doi.org/10.3389/fonc.2018.00333
https://www.ncbi.nlm.nih.gov/pubmed/30197878
https://doi.org/10.1128/JB.00046-09
https://www.ncbi.nlm.nih.gov/pubmed/19376872
https://doi.org/10.1016/j.tiv.2006.07.001
https://doi.org/10.1038/nrc3803
https://www.ncbi.nlm.nih.gov/pubmed/25342630
https://doi.org/10.1038/cddis.2016.105
https://www.ncbi.nlm.nih.gov/pubmed/27277675
https://doi.org/10.1186/s40170-017-0165-0
https://doi.org/10.3390/cells9081764
https://doi.org/10.3389/fonc.2018.00126
https://doi.org/10.1177/1535370220920558
https://doi.org/10.1016/j.ccr.2011.09.006
https://doi.org/10.1016/j.biochi.2017.02.008
https://www.ncbi.nlm.nih.gov/pubmed/28219702
https://doi.org/10.3389/fonc.2013.00292
https://www.ncbi.nlm.nih.gov/pubmed/24350057
https://doi.org/10.1089/ars.2019.7898
https://doi.org/10.3389/fcell.2018.00132
https://www.ncbi.nlm.nih.gov/pubmed/30364203
https://doi.org/10.1210/clinem/dgac386
https://doi.org/10.3389/bjbs.2021.10208
https://doi.org/10.1186/s12885-020-06822-4
https://doi.org/10.1016/j.ebiom.2020.102943

J. Clin. Med. 2023, 12, 2882 19 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kim, Y.S,; Vallur, P.G.; Jones, V.M.; Worley, B.L.; Shimko, S.; Shin, D.-H.; Crawford, L.C.; Chen, C.-W.; Aird, KM.; Abraham, T.; et al.
Context-Dependent Activation of SIRT3 Is Necessary for Anchorage-Independent Survival and Metastasis of Ovarian Cancer
Cells. Oncogene 2019, 39, 1619-1633. [CrossRef]

Schmitt, S.; Zischka, H. Targeting Mitochondria for Cancer Therapy. Dtsch. Z. Fur Onkol. 2018, 50, 124-130. [CrossRef]

Liu, X.; Romero, I.L.; Litchfield, L.M.; Lengyel, E.; Locasale, ]. W. Metformin Targets Central Carbon Metabolism and Reveals
Mitochondrial Requirements in Human Cancers. Cell Metab. 2016, 24, 728-739. [CrossRef] [PubMed]

Wang, Y.; Woodgate, R.; McManus, T.P.; Mead, S.; McCormick, J.J.; Maher, V.M. Evidence That in Xeroderma Pigmentosum
Variant Cells, Which Lack DNA Polymerase 11, DNA Polymerase t Causes the Very High Frequency and Unique Spectrum of
UV-Induced Mutations. Cancer Res. 2007, 67, 3018-3026. [CrossRef] [PubMed]

Shi, J.; Ju, R,; Gao, H.; Huang, Y.; Guo, L.; Zhang, D. Targeting Glutamine Utilization to Block Metabolic Adaptation of Tumor
Cells under the Stress of Carboxyamidotriazole-Induced Nutrients Unavailability. Acta Pharm. Sin. B 2021, 12, 759-773. [CrossRef]
[PubMed]

Kwak, S.H.; Park, K.S.; Lee, K.-U.; Lee, H.K. Mitochondrial Metabolism and Diabetes. ]. Diabetes Investig. 2010, 1, 161-169.
[CrossRef]

Wang, C.-H.; Wei, Y.-H. Role of Mitochondrial Dysfunction and Dysregulation of Ca?* Homeostasis in the Pathophysiology of
Insulin Resistance and Type 2 Diabetes. |. Biomed. Sci. 2017, 24, 70. [CrossRef]

Dong, L.-F; Jameson, V]; Tilly, D.; Cerny, ].; Mahdavian, E.; Marin-Hernandez, A.; Hernandez-Esquivel, L.; Rodriguez-Enriquez, S.;
Stursa, J.; Witting, PK,; et al. Mitochondrial Targeting of Vitamin E Succinate Enhances Its Pro-apoptotic and Anti-cancer Activity
via Mitochondrial Complex II. J. Biol. Chem. 2011, 286, 3717-3728. [CrossRef]

Kim, J.; Wei, Y.; Sowers, ].R. Role of Mitochondrial Dysfunction in Insulin Resistance. Circ. Res. 2008, 102, 401-414. [CrossRef]
Zhang, Z.; Huang, Q.; Zhao, D.; Lian, F.; Li, X.; Qi, W. The Impact of Oxidative Stress-Induced Mitochondrial Dysfunction on
Diabetic Microvascular Complications. Front. Endocrinol. 2023, 14, 1112363. [CrossRef]

Pagel-Langenickel, I; Bao, J.; Pang, L.; Sack, M.N. The Role of Mitochondria in the Pathophysiology of Skeletal Muscle Insulin
Resistance. Endocr. Rev. 2009, 31, 25-51. [CrossRef]

Dabravolski, S.A.; Orekhova, V.A.; Baig, M.S.; Bezsonov, E.E.; Starodubova, A.V.; Popkova, T.V.; Orekhov, A.N. The Role of
Mitochondrial Mutations and Chronic Inflammation in Diabetes. Int. J. Mol. Sci. 2021, 22, 6733. [CrossRef]

Takano, C.; Ogawa, E.; Hayakawa, S. Insulin Resistance in Mitochondrial Diabetes. Biomolecules 2023, 13, 126. [CrossRef]
[PubMed]

Bauer, M.E; Hofmann, S.; Gerbitz, K.-D. Mitochondrial Dysfunction in Diabetes Mellitus. Adv. Cell Aging Gerontol. 2001, 7, 55-101.
[CrossRef]

Fletcher, ].A.; Deja, S.; Satapati, S.; Fu, X.; Burgess, S.C.; Browning, ].D. Impaired Ketogenesis and Increased Acetyl-CoA Oxidation
Promote Hyperglycemia in Human Fatty Liver. J. Clin. Investig. 2019, 4, e127737. [CrossRef] [PubMed]

Li, A.; Zhang, S.; Li, ].; Liu, K.; Huang, E; Liu, B. Metformin and Resveratrol Inhibit Drp1-Mediated Mitochondrial Fission and
Prevent ER Stress-Associated NLRP3 Inflammasome Activation in the Adipose Tissue of Diabetic Mice. Mol. Cell. Endocrinol.
2016, 434, 36—47. [CrossRef] [PubMed]

Ritz, P; Berrut, G. Mitochondrial Function, Energy Expenditure, Aging and Insulin Resistance. Diabetes Metab. 2005, 31, 5567-5S73.
[CrossRef]

Diniz, M.S.; Tocantins, C.; Grilo, L.E; Pereira, S.P. The Bitter Side of Sugar Consumption: A Mitochondrial Perspective on Diabetes
Development. Diabetology 2022, 3, 583-595. [CrossRef]

Kolac, U.K; Eken, M.K.; Uniibol, M; Yalcin, G.D.; Yalcin, A. The Effect of Gestational Diabetes on the Expression of Mitochondrial
Fusion Proteins in Placental Tissue. Placenta 2021, 115, 106-114. [CrossRef]

Pinti, M.V,; Fink, G.K.; Hathaway, Q.A.; Durr, A.J.; Kunovac, A.; Hollander, ].M. Mitochondrial Dysfunction in Type 2 Diabetes
Mellitus: An Organ-Based Analysis. Am. J. Physiol. Metab. 2019, 316, E268-E285. [CrossRef]

Dabravolski, S.A.; Sadykhov, N.K.; Kartuesov, A.G.; Borisov, E.E.; Sukhorukov, V.N.; Orekhov, A.N. The Role of Mitochondrial
Abnormalities in Diabetic Cardiomyopathy. Int. . Mol. Sci. 2022, 23, 7863. [CrossRef]

Hesselink, M.K.C.; Schrauwen-Hinderling, V.; Schrauwen, P. Skeletal Muscle Mitochondria as a Target to Prevent or Treat Type 2
Diabetes Mellitus. Nat. Rev. Endocrinol. 2016, 12, 633-645. [CrossRef]

Wada, J.; Nakatsuka, A. Mitochondrial Dynamics and Mitochondrial Dysfunction in Diabetes. Acta Med. Okayama 2016, 70,
151-158. [CrossRef] [PubMed]

Bournat, ].C.; Brown, C.W. Mitochondrial Dysfunction in Obesity. Curr. Opin. Endocrinol. Diabetes Obes. 2010, 17, 446. [CrossRef]
[PubMed]

Preta, G.; Cronin, J.G.; Sheldon, .M. Dynasore—Not Just a Dynamin Inhibitor. Cell Commun. Signal. 2015, 13, 24. [CrossRef]
[PubMed]

Ahmad, A.; Baig, A.A.; Hussain, M.; Saeed, M.U.; Bilal, M.; Ahmed, N.; Chopra, H.; Hassan, M.; Rachamalla, M,;
Putnala, S.K,; et al. Narrative on Hydrogen Therapy and Its Clinical Applications: Safety and Efficacy. Curr. Pharm. Des. 2022, 28,
2519-2537. [CrossRef]

Singh, R.; Braga, M.; Reddy, S.T.; Lee, S.-].; Parveen, M.; Grijalva, V.; Vergnes, L.; Pervin, S. Follistatin Targets Distinct Pathways To
Promote Brown Adipocyte Characteristics in Brown and White Adipose Tissues. Endocrinology 2017, 158, 1217-1230. [CrossRef]


https://doi.org/10.1038/s41388-019-1097-7
https://doi.org/10.1055/a-0657-4437
https://doi.org/10.1016/j.cmet.2016.09.005
https://www.ncbi.nlm.nih.gov/pubmed/27746051
https://doi.org/10.1158/0008-5472.CAN-06-3073
https://www.ncbi.nlm.nih.gov/pubmed/17409408
https://doi.org/10.1016/j.apsb.2021.07.008
https://www.ncbi.nlm.nih.gov/pubmed/35256945
https://doi.org/10.1111/j.2040-1124.2010.00047.x
https://doi.org/10.1186/s12929-017-0375-3
https://doi.org/10.1074/jbc.M110.186643
https://doi.org/10.1161/CIRCRESAHA.107.165472
https://doi.org/10.3389/fendo.2023.1112363
https://doi.org/10.1210/er.2009-0003
https://doi.org/10.3390/ijms22136733
https://doi.org/10.3390/biom13010126
https://www.ncbi.nlm.nih.gov/pubmed/36671511
https://doi.org/10.1016/s1566-3124(01)07016-x
https://doi.org/10.1172/jci.insight.127737
https://www.ncbi.nlm.nih.gov/pubmed/31012869
https://doi.org/10.1016/j.mce.2016.06.008
https://www.ncbi.nlm.nih.gov/pubmed/27276511
https://doi.org/10.1016/S1262-3636(05)73654-5
https://doi.org/10.3390/diabetology3040044
https://doi.org/10.1016/j.placenta.2021.09.015
https://doi.org/10.1152/ajpendo.00314.2018
https://doi.org/10.3390/ijms23147863
https://doi.org/10.1038/nrendo.2016.104
https://doi.org/10.18926/amo/54413
https://www.ncbi.nlm.nih.gov/pubmed/27339203
https://doi.org/10.1097/MED.0b013e32833c3026
https://www.ncbi.nlm.nih.gov/pubmed/20585248
https://doi.org/10.1186/s12964-015-0102-1
https://www.ncbi.nlm.nih.gov/pubmed/25889964
https://doi.org/10.2174/1381612828666220728104200
https://doi.org/10.1210/en.2016-1607

J. Clin. Med. 2023, 12, 2882 20 of 21

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.
90.

91.

92.

93.

94.

95.

96.

Richard, A.J.; White, U.; Elks, C.M.; Stephens, ]. M. Adipose Tissue: Physiology to Metabolic Dysfunction. In Endotext [Internet];
MDText.com, Inc.: South Dartmouth, MA, USA, 2020.

Das, M.; Sauceda, C.; Webster, N.J.G. Mitochondrial Dysfunction in Obesity and Reproduction. Endocrinology 2020, 162, bqaal58.
[CrossRef]

Bhatraju, N.K.; Agrawal, A. Mitochondrial Dysfunction Linking Obesity and Asthma. Ann. Am. Thorac. Soc. 2017, 14, S368-S373.
[CrossRef]

Yin, X.; Lanza, LR.; Swain, ].M.; Sarr, M.G.; Nair, K.S.; Jensen, M.D. Adipocyte Mitochondrial Function Is Reduced in Human
Obesity Independent of Fat Cell Size. J. Clin. Endocrinol. Metab. 2014, 99, E209-E216. [CrossRef]

Kusminski, C.M.; Scherer, P.E. Mitochondrial dysfunction in white adipose tissue. Trends Endocrinol. Metab. 2012, 23, 435-443.
[CrossRef]

Medina-Gémez, G. Mitochondria and Endocrine Function of Adipose Tissue. Best Pract. Res. Clin. Endocrinol. Metab. 2012, 26,
791-804. [CrossRef]

Wang, C.; Wang, C.; Huang, H.; Wei, Y. Mitochondrial Dysfunction Leads to Impairment of Insulin Sensitivity and Adiponectin
Secretion in Adipocytes. FEBS ]. 2012, 280, 1039-1050. [CrossRef] [PubMed]

Boudina, S.; Graham, T.E. Mitochondrial Function/Dysfunction in White Adipose Tissue. Exp. Physiol. 2014, 99, 1168-1178.
[CrossRef] [PubMed]

Demine, S.; Renard, P.; Arnould, T. Mitochondrial Uncoupling: A Key Controller of Biological Processes in Physiology and
Diseases. Cells 2019, 8, 795. [CrossRef] [PubMed]

Ma, W.; Yuan, L.; Yu, H.; Xi, Y.; Xiao, R. Mitochondrial Dysfunction and Oxidative Damage in the Brain of Diet-Induced Obese
Rats But Not in Diet-Resistant Rats. Life Sci. 2014, 110, 53-60. [CrossRef] [PubMed]

Armeni, T.; Principato, G.; Quiles, J.L.; Pieri, C.; Bompadre, S.; Battino, M. Mitochondrial Dysfunctions during Aging: Vitamin E
Deficiency or Caloric Restriction-Two Different Ways of Modulating Stress. . Bioenerg. Biomembr. 2003, 35, 181-191. [CrossRef]
Cedikova, M.; Kripnerovd, M.; Dvorakova, J.; Pitule, P.; Grundmanova, M.; Babuska, V.; Mullerova, D.; Kuncova, ]. Mitochondria
in White, Brown, and Beige Adipocytes. Stem Cells Int. 2016, 2016, 6067349. [CrossRef]

Saely, C.H.; Geiger, K.; Drexel, H. Brown versus White Adipose Tissue: A Mini-Review. Gerontology 2012, 58, 15-23. [CrossRef]
Cinti, S. The Role of Brown Adipose Tissue in Human Obesity. Nutr. Metab. Cardiovasc. Dis. 2006, 16, 569-574. [CrossRef]
Masschelin, PM.; Cox, A.R.; Chernis, N.; Hartig, S.M. The Impact of Oxidative Stress on Adipose Tissue Energy Balance. Front.
Physiol. 2020, 10, 1638. [CrossRef]

Sidossis, L.; Kajimura, S. Brown and Beige Fat in Humans: Thermogenic Adipocytes That Control Energy and Glucose Homeosta-
sis. J. Clin. Investig. 2015, 125, 478-486. [CrossRef]

Shinde, A.B.; Song, A.; Wang, Q.A. Brown Adipose Tissue Heterogeneity, Energy Metabolism, and Beyond. Front. Endocrinol.
2021, 12, 651763. [CrossRef] [PubMed]

Jung, S.M.; Sanchez-Gurmaches, J.; Guertin, D.A. Brown Adipose Tissue Development and Metabolism. In Handbook of Experimen-
tal Pharmacology; Springer: Cham, Switzerland, 2019; Volume 251.

Becerril, S.; Gobmez-Ambrosi, J.; Martin, M.; Moncada, R.; Sesma, P.; Burrell, M.A.; Frithbeck, G. Role of PRDM16 in the Activation
of Brown fat Programming. Relevance to the Development of Obesity. Histol. Histopathol. 2013, 28, 1411-1425. [PubMed]
Kawano, J.; Arora, R. The Role of Adiponectin in Obesity, Diabetes, and Cardiovascular Disease. |. CardioMetabolic Syndr. 2009, 4,
44-49. [CrossRef] [PubMed]

Lee, ].H.; Park, A,; Oh, K.-J,; Lee, S.C.; Kim, WK.; Bae, K.-H. The Role of Adipose Tissue Mitochondria: Regulation of
Mitochondrial Function for the Treatment of Metabolic Diseases. Int. . Mol. Sci. 2019, 20, 4924. [CrossRef]

Sun, C.; Mao, S.; Chen, S.; Zhang, W.; Liu, C. PPARs-Orchestrated Metabolic Homeostasis in the Adipose Tissue. Int. J. Mol. Sci.
2021, 22, 8974. [CrossRef]

Elesela, S.; Lukacs, N. Role of Mitochondria in Viral Infections. Life 2021, 11, 232. [CrossRef]

Jiang, N.; Yang, M.; Han, Y.; Zhao, H.; Sun, L. PRDM16 Regulating Adipocyte Transformation and Thermogenesis: A Promising
Therapeutic Target for Obesity and Diabetes. Front. Pharmacol. 2022, 13, 870250. [CrossRef]

Khan, M.; Syed, G.H.; Kim, S.-].; Siddiqui, A. Mitochondrial Dynamics and Viral Infections: A Close Nexus. Biochim. et Biophys.
Acta (BBA)-Mol. Cell Res. 2015, 1853, 2822-2833. [CrossRef]

Ren, Z.; Zhang, X.; Ding, T.; Zhong, Z.; Hu, H.; Xu, Z.; Deng, ]. Mitochondrial Dynamics Imbalance: A Strategy for Promoting
Viral Infection. Front. Microbiol. 2020, 11, 1992. [CrossRef]

Lartigue, L.; Faustin, B. Mitochondria: Metabolic Regulators of Innate Inmune Responses to Pathogens and Cell Stress. Int. J.
Biochem. Cell Biol. 2013, 45, 2052-2056. [CrossRef]

Reshi, L.; Wang, H.-V.; Hong, J.-R. Modulation of Mitochondria During Viral Infections. In Mitochondrial Diseases; IntechOpen:
London, UK, 2018. [CrossRef]

Ana, Y,; Marquez, J.R,; Fozzatti, L.; Baigorri, R.; Marin, C.; Maletto, B.; Cerban, F,; Radi, R.; Piacenza, L.; Stempin, C. An
Exacerbated Metabolism and Mitochondrial Reactive Oxygen Species Contribute to Mitochondrial Alterations and Apoptosis in
CD4 T Cells during the Acute Phase of Trypanosoma Cruzi Infection. Free Radic. Biol. Med. 2020, 163, 268-280, Corrigendum in
Free Radic. Biol. Med. 2021, 166, 358-359. [CrossRef] [PubMed]

Escoll, P; Platon, L.; Buchrieser, C. Roles of Mitochondrial Respiratory Complexes during Infection. Immunometabolism 2019,
1, e€190011. [CrossRef]


https://doi.org/10.1210/endocr/bqaa158
https://doi.org/10.1513/AnnalsATS.201701-042AW
https://doi.org/10.1210/jc.2013-3042
https://doi.org/10.1016/j.tem.2012.06.004
https://doi.org/10.1016/j.beem.2012.06.002
https://doi.org/10.1111/febs.12096
https://www.ncbi.nlm.nih.gov/pubmed/23253816
https://doi.org/10.1113/expphysiol.2014.081414
https://www.ncbi.nlm.nih.gov/pubmed/25128326
https://doi.org/10.3390/cells8080795
https://www.ncbi.nlm.nih.gov/pubmed/31366145
https://doi.org/10.1016/j.lfs.2014.07.018
https://www.ncbi.nlm.nih.gov/pubmed/25058918
https://doi.org/10.1023/A:1023754305218
https://doi.org/10.1155/2016/6067349
https://doi.org/10.1159/000321319
https://doi.org/10.1016/j.numecd.2006.07.009
https://doi.org/10.3389/fphys.2019.01638
https://doi.org/10.1172/JCI78362
https://doi.org/10.3389/fendo.2021.651763
https://www.ncbi.nlm.nih.gov/pubmed/33953697
https://www.ncbi.nlm.nih.gov/pubmed/23771475
https://doi.org/10.1111/j.1559-4572.2008.00030.x
https://www.ncbi.nlm.nih.gov/pubmed/19245516
https://doi.org/10.3390/ijms20194924
https://doi.org/10.3390/ijms22168974
https://doi.org/10.3390/life11030232
https://doi.org/10.3389/fphar.2022.870250
https://doi.org/10.1016/j.bbamcr.2014.12.040
https://doi.org/10.3389/fmicb.2020.01992
https://doi.org/10.1016/j.biocel.2013.06.014
https://doi.org/10.5772/intechopen.73036
https://doi.org/10.1016/j.freeradbiomed.2020.12.009
https://www.ncbi.nlm.nih.gov/pubmed/33359261
https://doi.org/10.20900/immunometab20190011

J. Clin. Med. 2023, 12, 2882 21 of 21

97. Soto-Heredero, G.; de las Heras, M.M.G.; Gabandé-Rodriguez, E.; Oller, ]J.; Mittelbrunn, M. Glycolysis—A Key Player in the
Inflammatory Response. FEBS J. 2020, 287, 3350-3369. [CrossRef] [PubMed]

98. Spier, A.; Connor, M.G; Steiner, T.; Carvalho, E; Cossart, P; Eisenreich, W.; Wai, T.; Stavru, F. Mitochondrial Respiration Restricts
Listeria Monocytogenes infection by Slowing Down Host Cell Receptor Recycling. Cell Rep. 2021, 37, 109989. [CrossRef]

99. Ledur, PF,; Karmirian, K.; Pedrosa, C.D.S.G.; Souza, L.R.Q.; Assis-de-Lemos, G.; Martins, T.M.; Ferreira, ].D.C.C.G.; Reis, G.ED.A.;
Silva, E.S,; Silva, D.; et al. Zika Virus Infection Leads to Mitochondprial Failure, Oxidative Stress and DNA Damage in Human
iPSC-Derived Astrocytes. Sci. Rep. 2020, 10, 1218. [CrossRef]

100. Hardwick, ].M.; Soane, L. Multiple Functions of BCL-2 Family Proteins. Cold Spring Harb. Perspect. Biol. 2013, 5, a008722.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1111/febs.15327
https://www.ncbi.nlm.nih.gov/pubmed/32255251
https://doi.org/10.1016/j.celrep.2021.109989
https://doi.org/10.1038/s41598-020-57914-x
https://doi.org/10.1101/cshperspect.a008722

	Introduction 
	The Mitochondrial Life Cycle: Fusion, Fission, and Autophagy 
	Role of mtDNA in Maintenance of Metabolic Function 
	Nuclear DNA and Mitochondrial DNA Cooccurrence 
	Functional Validation of Mitochondria 

	Pathophysiological Role of Mitochondrial Dysfunction in Cancer 
	Mitochondrial Reactive Oxygen Species and Cancer Metabolism 
	Mitochondrial Metabolism Deregulation-Mediated Generation of Tumor-Related Proteins and Oncometabolites 
	Mitochondria as an Upcoming Target for Management of Cancer 

	Pathophysiological Role of Mitochondrial Dysfunction in Diabetes Mellitus 
	Insulin Resistance and Mitochondrial Dysfunction 
	Targeting of Mitochondrial Processes of Mitochondrial Fission and Mitochondrial Fusion to Prevent Mitochondrial Dysfunction 

	Pathophysiological Role of Mitochondrial Dysfunction in Obesity 
	Contribution of Mitochondrial Dysfunction in Consumption of Calories and ROS 
	Role of Mitochondria in Brown and White Adipose Tissues 
	Transcription Factors in Adipocytes and Mitochondria 

	Pathophysiological Role of Mitochondrial Dysfunction in Infectious Diseases 
	Infection Dynamics and Structure of Mitochondria 
	Metabolism of Mitochondria during Infection 

	Conclusions 
	References

