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Preface

The cell has a dynamic and complex architecture; therefore, it is not in equilibrium with its
environment. The environment constantly disrupts this dynamic and complex harmony. For
cell maintenance, cells must absorb different types of energy from their environment and
convert this energy into usable chemical forms. The mitochondrion plays a major role in
supporting cellular homeostasis and formalizes the physiology of a cell as the most signifi‐
cant energy producer in aerobes. It also participates in cell death mechanisms. Therefore,
mitochondrial dysfunction is implicated in the mode of action of many harmful factors for
cells such as drugs and environmental contaminants, dysfunction of the oxygen transport
system, malnutrition, intense exercise, and genetic variations.

Multicellular organisms need oxygen to execute chemical transformations for ATP utiliza‐
tion and production as an energy transducer, and they need a pump for oxygen transport to
the cells in hypoxic environments of their bodies. Heart function depends on continuous en‐
ergy supply, and therefore a complex mitochondrial network. Any factor affecting the mito‐
chondrial network will produce heart-related diseases and heart failure. Dr Stoll et al. tried
to explain the role and the mechanism of mitochondria in the development of heart disease,
and the progress in clinical diagnosis and treatments on a mitochondrial basis in recent
studies. They proposed that further studies are required to confirm the effectiveness and
toxicity of metabolic-modulating drugs and mitochondria-targeting antioxidants. As ex‐
plained in this chapter, changes in substrate utilization mechanisms should be solved for
further understanding in developing effective treatment strategies against heart failure. Drs
Bruns and Walker focused on the mechanism of right ventricular failure, which is less com‐
mon than the left ventricle failure. Both are mitochondria-related pathologies. A detailed ex‐
planation of the embryological, physiological, and pathophysiological differences between
left and right ventricles is presented in their chapter in the view of recent studies. They re‐
ported that there is no right ventricle failure-targeted therapy and the current approach is
extrapolating the therapeutic interventions for the left ventricular failure to the right one.
However, there are some recent considerations to develop an effective therapy for right ven‐
tricle failure with further evaluations. Mitochondria accumulate the damaged and/or modi‐
fied proteins and mitochondrial DNA (mtDNA) during their life cycles. Mitophagy is an
important physiological component for mitochondrial turnover to eliminate damaged or
dysfunctional mitochondria to prevent further risk to the cell, especially to avoid unregulat‐
ed reactive oxygen formation. The healthy heart needs a fine balance between mitophagy
and mitochondriogenesis; however, accumulation of damaged proteins and altered proteo‐
stasis in mitochondria is an important factor in age-related diseases of the heart. Dr Tatarko‐
va et al. have detailed the current knowledge on the physiological and biochemical changes
in the mitochondrial functioning of the aging heart. They proposed that the development of
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restoration strategies against changed protein machinery should be beneficial against age-
related disorders, especially heart-related disorders.

Mitochondrial dysfunction can also be seen in many pathophysiological situations, for exam‐
ple, tumor progression. Therefore, there are recent studies to control cancer cells via mito‐
chondrial component targeting. Drs Paranagama and Kita presented their recent study that
defines the complex II of electron transport chain targeted therapy against cancer cells. Ac‐
cording to their results, Atpenin A5, a complex II Q site inhibitor, elevates the reactive oxygen
formation at this site in cancer cells while there is no effect in healthy cells. They hypothesized
that there is a difference at this site via post-translational modification between healthy and
cancer cells. Although cancer is known to be a genetic disorder, it has recently and predomi‐
nantly been accepted as a metabolic disease. Moreover, Dr Uchiumi et al. have explained can‐
cer as a transcriptional disease. They described the general scheme of mitochondrial
dysfunction and the characteristic properties of the genes that have a role in this process. The
relationship between the metabolic status, specially designated as NAD+/NADH ratio, and
the transcriptional profile of these genes has been explained in detail in the progression of
cancer and aging. Finally, a list of possible genes to be targeted to improve mitochondrial
functions and then to convert the cancer cells into the normal ones is provided.

Because of its ancestral bacterial origin, damage-associated molecular patterns are seques‐
tered within the mitochondrion, and their releases trigger the sterile innate immune re‐
sponses. This type of pathology is significant especially in age-related neurodegenerative
disorders such as Alzheimer’s and Parkinson’s diseases. Dr Esteves et al. described innate
immune responses observed in these neurodegenerative diseases and the interplay between
innate immunity and mitochondria. They concluded that a better understanding of the con‐
tribution of mitochondria in neuroinflammatory processes and the exploration of markers
would be useful to prevent and treat these disorders.

A mitochondrion contains different components in a delicate balance to produce energy
from substrates and to decide the fate of a cell. While most of the proteins of the mitochond‐
rion are encoded in the nuclear DNA, mtDNA encodes 13 genes participating in the electron
transfer chain (ETC). The ETC is localized in the inner membrane, while inner and outer
mitochondrial membranes contain many proteins to transport ATP, substrates, Ca2+, reactive
oxygen, etc. from the other parts of a cell. The proper functioning of ETC and trafficking
proteins is vital and their deficiency or failure causes inadequate energy production, abnor‐
mal production of reactive oxygen, and then cell death. Dr Nowak reported that 354 mito‐
chondrial proteins are phosphoproteins, and their phosphorylation leads to the progression
of mitochondrial damage depending on their phosphorylation site and the kinase as a cata‐
lyzer in the context of ischemia/reperfusion injury. She carefully reviewed and grouped the
phosphoproteins according to their function in a mitochondrion. Therefore, mitochondrial-
related kinases may be a potential therapeutic target for the treatment of ischemic injury.
There is a dynamic relationship between the cytoskeleton and mitochondrial proteins for
effective energy production, and compensating the damaged parts of mitochondrial struc‐
tures, they reunite, which is named fusion. On the other hand, denser mitochondrial dam‐
age causes the splitting of mitochondria called fission. In all these situations, the
mitochondrial morphology is changed. Pathophysiological conditions such as cardiovascu‐
lar, neurodegenerative, metabolic, tumor progression, etc. cause the change in mitochondri‐
al dynamics and therefore morphology. Dr Sripathi et al. presented their recent work on the
pathophysiologic dynamics of mitochondria in age-related macular degeneration via inter‐
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action mapping of mitochondrial trafficking proteins. They proposed that the adequate de‐
scription of the modulation of the mitochondrial network will be useful to develop effective
strategies against neurodegenerative diseases. However, this explanation will also be used
for the treatment of all the mitochondrial-related diseases. In the other two chapters of the
book, authors focused on the mitochondrial transport proteins and their roles in the patho‐
genesis of mitochondrial diseases. Dr Rosenberg et al. defined the role of the 18 kDa translo‐
cator protein (TSPO) in mitochondrial pathologies exemplified by the traumatic brain injury
model. Nuclear-encoded proteins located on/in the inner and outer mitochondrial mem‐
branes have an interactive role in the proper functioning of the mitochondrion to balance the
required amounts of intermediates between two sides of the mitochondrial membranes.
Their interaction can also be useful to determine the fate of a cell. Therefore, their contribu‐
tion in mitochondrial physiology and pathophysiology is discussed in the chapter by Dr
Vaskova et al. They concluded that the definition of mitochondrial transport mechanisms
could contribute to better diagnosis and treatment of metabolic disorders. In another chap‐
ter, Dr Kaya et al. focused on the iron-sulfur cluster assembly proteins that have a role in the
assembly of some of the inner membrane localized ETC and some of the cytosolic and matri‐
cial proteins. Their inheritance is carried out by nuclear DNA, and some recessive inheri‐
tance modes are inhibited with multiple mitochondrial dysfunctions syndrome
characterized by various symptoms. Authors listed the case studies related to the inheri‐
tance of iron-sulfur clustering assembly proteins.

The mitochondrion is also a key player in the mode of action of drugs and environmental
toxicants. These chemicals interfere with the mitochondrial function via interaction with mi‐
tochondrial structures that play a role in different layers of mitochondrial homeostasis. Dr
Guven et al. discussed the adverse effects of pyrethroids on mitochondrial mechanism as an
example of environmental toxicants and doxorubicin as an example of therapeutic agents.
They concluded that the most pronounced effects of these agents on mitochondria are the
excessive production of reactive oxygen and the disruption of calcium homeostasis via di‐
rect and/or indirect pathways. Dr Twaroski et al. introduced their recent studies related to
the role of the neurodegenerative potential of ketamine in developing neurons derived from
human embryonic stem cells. Ketamine can induce the neuroapoptosis and can alter the mi‐
tochondrial ultrastructure through the dysregulated intracellular calcium/microRNA path‐
way. Collectively, their results put forward the safety of anesthesia, especially in pediatric
patients. Dr Busanello et al. presented a well-defined scheme about the toxicity of statins,
which are the most prevalent cholesterol-lowering agents. After the presentation of mito‐
chondrial toxicity of these agents, they proposed the coadministration of antioxidants specif‐
ically the coenzyme Q10 against the statins’ toxicity. As a widespread legal drug, ethanol
also targets mitochondrial function and the general mechanism of ethanol toxicity where the
mitochondrion is the central mediator is discussed with different consumption scenarios in
the chapter by Dr Tapia-Rojas et al. They concluded that the neuronal sites related to the
ethanol dependence, learning, and memory are particularly vulnerable toward ethanol tox‐
icity; therefore, knowing all the events that induce mitochondrial dysfunction leads to the
development of effective strategies against the toxicity observed in different patterns of
ethanol consumption.

An entirely different role of mitochondria can be seen in virus infections. Because the fate of
a cell is generally imposed by mitochondrial events, viruses target the mitochondria to in‐
crease their survival in their host cells. Interestingly, inheritance materials of these patho‐
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Guven et al. discussed the adverse effects of pyrethroids on mitochondrial mechanism as an
example of environmental toxicants and doxorubicin as an example of therapeutic agents.
They concluded that the most pronounced effects of these agents on mitochondria are the
excessive production of reactive oxygen and the disruption of calcium homeostasis via di‐
rect and/or indirect pathways. Dr Twaroski et al. introduced their recent studies related to
the role of the neurodegenerative potential of ketamine in developing neurons derived from
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way. Collectively, their results put forward the safety of anesthesia, especially in pediatric
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a cell is generally imposed by mitochondrial events, viruses target the mitochondria to in‐
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gens encode different mitochondrion-resident proteins to control the cell functions.
However, some viral proteins act as pro-apoptotic depending on the cellular environment
according to Dr Reshi et al. The most vulnerable parameter in a virus infection is the loss of
mitochondrial membrane potential, for which the exact mechanism is not currently under‐
stood. They concluded that more information on the virus-host cell interaction is needed to
treat challenging virus infections.

Dr Mooga et al. discussed the role of estrogen‑a pleiotropic hormone‑and its receptors in
inflammation, cardiovascular diseases, neurodegeneration, aging, and cancer in the view of
mitochondrial regulation. Gender-specific differences and age-related challenges in females
are well-explained in this chapter. Several cytoprotective mechanisms of estrogen and its
receptors support mitochondrial function such as mitochondrial respiration and ATP pro‐
duction, attenuation of reactive oxygen formation, and inhibition of mitochondrial cell death
pathways essential in the normal physiological and pathophysiological conditions. On the
contrary, these events are also crucial in the estrogen-related promotion of normal and neo‐
plastic breast cancer cells.

Collectively, as the powerhouse of a cell, the mitochondrion is one of the targets of thera‐
peutic interventions because of its role in normal physiologic and pathophysiologic condi‐
tions. Different layers of mitochondrial mechanisms become an essential part of a specific
pathophysiologic condition. However, reactive oxygen formation, altered calcium homeo‐
stasis, and mitochondrial morphology are the most common indicators of mitochondrial
dysfunction. There are still many unknowns in inner mitochondrial mechanisms and their
interplay and dependence with other components of the cell such as endoplasmic reticulum,
cytosol, plasma membrane, and nuclear DNA. Therefore, research on mitochondrial diseas‐
es, determination of specific markers, and development of effective treatments will be a
competing area in the medical and biological fields.
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Abstract

Heart failure (HF) is a clinically complex and heterogenous disease characterized by an 
inability of the heart to pump sufficient blood to the periphery. As such, it has historically 
been thought of and studied as a disease of the left ventricle (LV). While LV failure is the 
most common form of HF, it is the ability of the right heart to function that predicts sur-
vival in many clinical settings. Extrapolation of mechanisms of left HF to the right ven-
tricle (RV) has yet to prove fruitful in identification of therapeutic approaches, in large 
part due to a lack of basic mechanistic understanding of the RV which is embryologically, 
anatomically, and physiologically distinct from the LV. The failing LV is characterized 
by mitochondrial dysfunction and a metabolic switch, both of which contribute to an 
energetically starved heart with poor contractile ability. These mechanisms, however, are 
far less described in the failing RV. The purpose of this chapter is to present the current 
literature examining the role of mitochondria and metabolism in the healthy right heart, 
treatments to target deficits in the failing RV, and to identify knowledge gaps for future 
research in this clinically important area.

Keywords: heart failure, right ventricle, mitochondria, metabolism, ventricular dysfunction, 
pulmonary hypertension

1. Introduction

Cardiovascular disease is the leading cause of death worldwide, of which heart failure (HF) 
constitutes a growing public health concern. In the United States alone, close to 6 million 
individuals currently suffer from HF, accounting for nearly one of out every nine deaths [1]. 
Morbidity and mortality from HF are high, with 50% mortality within the first 5 years of diag-
nosis. HF is also a financial burden on the healthcare system, with direct costs estimated at 
$32 billion per year in the United States [2], roughly 2–3% of total global healthcare spending.
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While HF constitutes a complex syndrome of diseases, it generally refers to the inability of the 
heart to pump sufficient blood to the periphery. As such, historically HF has been studied as a 
disease of the left ventricle (LV), and most treatments for HF are designed to improve function 
of the failing LV. Hallmarks of current HF therapies include neurohormonal targets, vasodila-
tors, and/or reducing heart rate- all of which should reduce myocardial oxygen consumption 
and workload and rebalance energy supply and demand in the heart. However, these thera-
peutic approaches are largely based on symptom management and have not significantly 
changed the clinical course of the disease, as the staggering HF morbidity and mortality sta-
tistics have remained largely the same over the past 15 years [3]. These data suggest new 
therapeutic strategies are needed for successful HF therapy, and targeting the bioenergetic 
deficit through restoration of mitochondrial abnormalities has recently emerged as a promis-
ing strategy [4].

While LV-centered pathology constitutes the largest number of HF cases, it is ability of the 
right ventricle (RV) to function that predicts survival in many cardiovascular disease contexts 
including pulmonary hypertension [5], (which will be reviewed in much greater detail below), 
heart failure with preserved ejection fraction [6], and dilated cardiomyopathy [7]. However, 
no RV-directed therapies exist, and far less is known about the pathophysiology of the failing 
right heart than the LV. So, while considerable progress has been made to elucidate the meta-
bolic and mitochondrial derangements that underlie LV failure, basic understanding of mito-
chondrial and metabolic derangements in RV dysfunction continues to be ill-defined. Here, 
we will present what is known about RV failure and the role of mitochondria and metabolism 
in models of experimental RV failure and in human populations with right HF. We believe 
successful HF therapies must target the failing RV for significant improvement in clinical and 
therapeutic outcomes.

2. The healthy right and left ventricles

Although many similarities exist between the ventricles, and they work in concerted effort to 
efficiently contract and relax for sufficient blood delivery, important embryological, physi-
ological, and pathophysiological differences exist between the right and left ventricles [8]. 
We will briefly discuss a few of these differences, with a specific focus on mitochondria and 
metabolism.

2.1. Embryology, anatomy, and physiology

The RV and LV have different embryological origins and diverge early in development. The 
RV derives from the anterior (secondary) heart field, while the LV derives from the early heart 
tube (primary heart field) [9]. This early divergence is transcriptionally regulated, and several 
transcription factors have been identified which are responsible for the chamber-specific devel-
opment including Hand2 and Tbx20 [10]. During gestation, the RV functions as the systemic 
pump. After birth, the RV becomes coupled to the low-pressure pulmonary circulation. As the 
ductus arteriosus and foramen ovale close, peripheral vascular resistance (PVR) decreases, 
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leading to an increase in RV compliance, regression of muscle mass, and shifting of the inter-
ventricular septum toward the RV, resulting in a concave shape of the ventricle in adulthood. 
Consequently, right sided pressures are significantly lower than the systemically-coupled left 
sided pressures. Due to its coupling to a low-pressure circuit, the RV is approximately 1/3 
the thickness of the LV. As a result of lower pressures and wall stress, the RV has a lower O2 
requirement both at rest and during exercise. Consistent with a lower workload, coronary 
blood flow and O2 delivery to the RV are comparatively lower than the LV [11]. At rest, the LV 
extracts 75% of O2 and the RV ~50% of the available coronary O2. These basal differences in 
oxygen uptake are important under periods of physiological or pathological stress, particu-
larly those in which oxygen availability changes. Further, the ventricles can adapt to changes 
in oxygen availability through different mechanisms, with the RV meeting O2 demands by 
either increasing coronary flow or by increased O2 extraction [12], whereas the LV primarily 
increases coronary flow to match demand [13]. These data are consistent with the response of 
the ventricles to pathological insult, which will be discussed in greater detail below.

2.2. Mitochondrial function and metabolism in the healthy heart

2.2.1. Cardiac metabolism

In healthy states, the heart derives energy from multiple sources to match the demand of con-
tractile function, and can serve as an energetic omnivore based on substrate availability. When 
given a choice, however, the heart prefers lipid, based on significantly higher ATP produc-
tion per carbon molecule compared to glycolysis. The first report of the heart's preference for 
lipid was published in 1953 [14], with subsequent studies confirming that fatty acids constitute 
60–90% of cardiac ATP sources with carbohydrates supplying the remaining 10–40% [15]. Fatty 
acids are transported into cardiomyocytes through fatty acid transporters and subsequently 
into the mitochondria by carnitine palmitoyltransferase-1 into the matrix where they undergo 
β-oxidation. The successive oxidation of fatty acid chains provides acetyl CoA that enters the 
Kreb's Cycle to produce energy to supply the demand of contraction. Glucose is transported 
into cardiomyocytes by facilitated diffusion mediated by glucose transporters GLUT1 and 
GLUT4 (insulin-dependent). Once inside the cell, glucose is phosphorylated by hexokinase 
as the first step in glycolysis. Nine steps later, pyruvate is either decarboxylated by pyruvate 
dehydrogenase (PDH) to form acetyl CoA to be transported into the mitochondria to begin 
Kreb's Cycle, or reduced to form lactate and subsequent anaerobic metabolism.

Assuming similar metabolism and mechanisms of control of these pathways between the 
ventricles might be overly simplistic. As discussed above, the RV is thinner and has a different 
shape than the LV, which contributes to differential responses to pathological load (discussed 
below). Transcriptional profiles, including those which regulate metabolism, differ between 
ventricles, as a comparative gene expression of mRNA and microRNA between control RV 
and LV samples identified numerous genes with differential expression between the ven-
tricles [16]. These genes spanned a wide variety of biological processes including metabolism, 
with carbohydrate metabolism (three differentially expressed genes), lipid, fatty acid and ste-
roid metabolism (11 genes), nucleic acid (30 genes) and protein metabolism (22 genes), as well 
as other metabolic genes (11 genes) significantly varying between ventricles [16].
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2.2.2. Mitochondrial content, dynamics, and function

The heart is an extremely energetically active organ. Despite accounting for less than 1% of 
body weight, it consumes roughly 8% of total ATP [4]. The process of energy production and 
consumption is incredibly dynamic, as the heart only stores enough energy to supply a few 
beats and turns over the entire metabolite pool every 10 seconds [17]. To meet this costly energy 
demand, the heart is the most mitochondrially-dense tissue, with mitochondria comprising 
25–30% of cardiac myocyte cell volume [18]. Mitochondria are responsible for the majority of 
ATP production in the healthy heart, with some estimates suggesting that close to 95% of cardiac 
ATP production occurs through mitochondrial oxidative phosphorylation [19]. Mitochondria 
are double membrane-bound organelles which are tightly regulated within the myocardium to 
facilitate efficient energy production. ATP is produced through oxidation of metabolic fuel to 
provide reducing equivalents (NADH and FADH2) that are coordinately used to generate a pro-
ton motive force across the inner mitochondrial membrane to drive ATP synthesis. Successive 
electron transfer through complexes I through IV of the electron transport chain culminates in 
ATP synthesis through complex V (ATP Synthase) in an oxygen-dependent manner.

It has been recognized for quite some time that mitochondria exist in a dynamic reticulum 
and not as isolate organelles [20]. This network not only allows for efficient ATP production, 
but also facilitates mitochondrial quality control. The maintenance of this network occurs 
through continuous mitochondrial fusion and fission, a process mediated by both inner and 
outer mitochondrial membrane proteins. Fusion, the elongation of the mitochondrial network, 
increases mitochondrial mass and is regulated mainly by mitofusin-1 and mitofusin-2 (Mfn1 
and Mfn2) of the outer mitochondrial membrane and optic atrophy-1 (Opa1) of the inner 
membrane. Fission, the fragmentation of the mitochondrial network, results in a greater num-
ber of smaller mitochondria, and is mediated in part by dynamin-related protein-1 (DRP-1) 
and fission protein 1 homolog (Fis1) [21]. Fusion and fission are critically necessary for car-
diac development as loss of any of these proteins is embryonically lethal [22–24]. Substantial 
evidence suggests they are also important in the adult heart, as genetic manipulation of these 
proteins has profound impact on cardiac function.

In addition to regulating mitochondrial shape and size, mitochondrial fission and fusion pro-
teins also regulate mitochondrial quality control through mediating mitophagy, the cellular 
process of removing damaged mitochondria through autophagy [25]. Autophagy, a highly con-
served lysosomal-dependent process of removing damaged cargo and recycling long-lived pro-
teins and organelles, plays a pivotal role in a number of disease states, including cardiovascular 
diseases [26]. Though the exact mechanisms of mitophagy are far from resolved, it is generally 
believed that too much mitophagy results in cardiomyocyte death and can contribute to cardiac 
dysfunction [27] while too little may impair the removal of damaged mitochondria, causing the 
accumulation of damaged mitochondria which lose mitochondrial membrane potential, pro-
duce excess reactive oxygen species, and impart cellular damage [28]. Microtubule associated 
protein light chain 3 (LC3) is often used as a marker of autophagy; LC3-I (the cytosolic isoform) 
is converted to LC3-II during the formation of autophagosomes. Additional mitochondrial spe-
cific regulators of this process include PINK1 and Parkin [28]. In addition to these protein mark-
ers of mitophagy, the process can also be visualized by electron microscopy (EM).
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In addition to dynamically undergoing fission and fusion to regulate the mitochondrial net-
work, mitochondrial turnover or biogenesis, creates new mitochondria. Mitochondria have 
their own DNA (mtDNA) and genetic code that is distinct from nuclear genetics. The bio-
genesis of mitochondria is a cooperative effort between mitochondrial and nuclear-encoded 
genes to synthesize all proteins which comprise the five electron transport chain complexes. 
Biogenesis is transcriptionally regulated by peroxisome proliferator-activated receptor-gamma 
coactivator 1-α (PGC-1α), the “master regulator” of biogenesis [29], transcription factor of mito-
chondria (TFAM), and nuclear respiratory factor 1 (NRF1) [30]. Biogenesis of mitochondria 
also requires the synthesis of cardiolipin, a mitochondrial-specific phospholipid located on the 
inner mitochondrial membrane which regulates respiratory enzyme super complex assembly 
[31]. The transcriptional assessments of TFAM, PGC-1α and NRF1 or markers of mitochondrial 
content are often used as surrogates of biogenesis, a cumulative process which is truly repre-
sented by net synthesis of mitochondrial proteins and/or lipids into functioning organelles [32].

Mitochondrial biology and physiology are further complicated when we consider the arrange-
ment of mitochondrial populations within the adult heart. Three distinct cardiac populations 
have been identified: the subsarcolemmal mitochondria (SSM), located along the perimeter 
of the cell, interfibrillar mitochondria (IFM), located between the myofibrils [33], and peri-
nuclear mitochondria which are arranged in clusters surrounding nuclei and are presumably 
involved with transcriptional activity. Although never directly tested, SSM are hypothesized 
to provide ATP for basic cell functions, whereas IFM provide energy for the contractile appa-
ratus. The original description of IFM and SSM populations identified differences in biochem-
ical and respiratory properties, as well as ultrastructural differences [33]. Following years of 
debate as to whether these two populations were different and discrepancy over the causal 
role of isolation procedures in obscuring differences, consensus seems to have been reached 
regarding important physiological differences in IFM and SSM. It should be noted that these 
differences have only been identified in LV mitochondria, and to our knowledge, subpopula-
tions of SSM and IFM have never been described in the RV.

Indeed, most of what we know about mitochondrial structure and function in the healthy heart 
derives from studies of the LV, and only a few studies have compared healthy right and left ven-
tricles. However, a small report suggests differential expression of autophagy and mitophagy 
regulators in the RV compared to LV [34]. A proteomic analysis of healthy rabbit and porcine LV 
and RV free walls demonstrated similar cellular aerobic capacity, mitochondrial volume, mito-
chondrial electron transport chain content (complexes I, III, IV, and V), as well as mitochondrial 
enzyme activity [35]. Our group assessed mitochondrial content and electron transport chain 
activity, as well as protein markers of mitochondrial dynamics in the RV and LV from healthy 
2-week old cows (Figure 1). While we generally found similar mitochondrial profiles between 
the ventricles, there were some subtle differences including higher relative copy number of COXI 
(mt/nDNA) and higher expression of Mfn1 in the RV compared to the LV. Together, the few 
published papers comparing the LV and RV and the data from our group suggest that though 
small or subtle, differences exist in mitochondrial physiology in the RV and LV, consistent with 
the different energetic and functional capacities of the ventricles. A more careful description of 
interventricular differences will aid in understanding pathological adaptations that occur within 
these organelles, and the contribution they play in development of cardiac disease.
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and not as isolate organelles [20]. This network not only allows for efficient ATP production, 
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believed that too much mitophagy results in cardiomyocyte death and can contribute to cardiac 
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ers of mitophagy, the process can also be visualized by electron microscopy (EM).
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In addition to dynamically undergoing fission and fusion to regulate the mitochondrial net-
work, mitochondrial turnover or biogenesis, creates new mitochondria. Mitochondria have 
their own DNA (mtDNA) and genetic code that is distinct from nuclear genetics. The bio-
genesis of mitochondria is a cooperative effort between mitochondrial and nuclear-encoded 
genes to synthesize all proteins which comprise the five electron transport chain complexes. 
Biogenesis is transcriptionally regulated by peroxisome proliferator-activated receptor-gamma 
coactivator 1-α (PGC-1α), the “master regulator” of biogenesis [29], transcription factor of mito-
chondria (TFAM), and nuclear respiratory factor 1 (NRF1) [30]. Biogenesis of mitochondria 
also requires the synthesis of cardiolipin, a mitochondrial-specific phospholipid located on the 
inner mitochondrial membrane which regulates respiratory enzyme super complex assembly 
[31]. The transcriptional assessments of TFAM, PGC-1α and NRF1 or markers of mitochondrial 
content are often used as surrogates of biogenesis, a cumulative process which is truly repre-
sented by net synthesis of mitochondrial proteins and/or lipids into functioning organelles [32].

Mitochondrial biology and physiology are further complicated when we consider the arrange-
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of the cell, interfibrillar mitochondria (IFM), located between the myofibrils [33], and peri-
nuclear mitochondria which are arranged in clusters surrounding nuclei and are presumably 
involved with transcriptional activity. Although never directly tested, SSM are hypothesized 
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ratus. The original description of IFM and SSM populations identified differences in biochem-
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debate as to whether these two populations were different and discrepancy over the causal 
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differences have only been identified in LV mitochondria, and to our knowledge, subpopula-
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Indeed, most of what we know about mitochondrial structure and function in the healthy heart 
derives from studies of the LV, and only a few studies have compared healthy right and left ven-
tricles. However, a small report suggests differential expression of autophagy and mitophagy 
regulators in the RV compared to LV [34]. A proteomic analysis of healthy rabbit and porcine LV 
and RV free walls demonstrated similar cellular aerobic capacity, mitochondrial volume, mito-
chondrial electron transport chain content (complexes I, III, IV, and V), as well as mitochondrial 
enzyme activity [35]. Our group assessed mitochondrial content and electron transport chain 
activity, as well as protein markers of mitochondrial dynamics in the RV and LV from healthy 
2-week old cows (Figure 1). While we generally found similar mitochondrial profiles between 
the ventricles, there were some subtle differences including higher relative copy number of COXI 
(mt/nDNA) and higher expression of Mfn1 in the RV compared to the LV. Together, the few 
published papers comparing the LV and RV and the data from our group suggest that though 
small or subtle, differences exist in mitochondrial physiology in the RV and LV, consistent with 
the different energetic and functional capacities of the ventricles. A more careful description of 
interventricular differences will aid in understanding pathological adaptations that occur within 
these organelles, and the contribution they play in development of cardiac disease.
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2.2.3. Non-energy producing roles for mitochondria in the healthy heart

Mitochondria are a major source of cardiac reactive oxygen species (ROS), and the largest pro-
ducer of ROS within the cell [36]. Several labs have identified superoxide (O2

•−) as the primary 
mitochondrial source of ROS. Superoxide formation occurs on the outer mitochondrial mem-
brane, in the matrix, and on both sides of the inner membrane. The relative contribution of 
each site to total O2

•− varies from tissue to tissue and depends on respiration state of the mito-
chondria. In heart mitochondria, complex III appears to be most responsible for O2

•− forma-
tion [37]. When mitochondria are functioning normally, ROS production is low. Although a 
physiological amount of ROS are produced for oxidant-sensitive cell signaling, these ROS are 
balanced by both mitochondrial and cytosolic scavenging systems to prevent oxidative dam-
age. The matrix contains a specific form of superoxide dismutase (SOD) with manganese in 
the active site (MnSOD, or SOD2) [38]. SOD2 dismutates O2

•− into hydrogen peroxide (H2O2), 
which is catalyzed to water and molecular oxygen by catalase, a major detoxifying enzyme 
present in heart mitochondria [39]. In addition to these enzymes, other enzymes including 
glutathione peroxidases, as well as non-enzymatic molecules like vitamins C and E, help to 
attenuate excess ROS production. However, if ROS production exceeds the ability to remove 
them, oxidant damage occurs in the form of lipid peroxidation (including oxidation of both 
inner and outer membranes, and cardiolipin), mitochondrial protein oxidation, and oxidant 
damage to mtDNA.

Figure 1. Mitochondrial content, dynamics, and activity in healthy right ventricle (RV) and left ventricle (LV) from 
neonatal cows. (A) Representative electron micrographs of the mid-RV and LV of control cows. (B) Expression of 
electron transport chain complexes does not differ in the healthy ventricles. OXPHOS complex expression was assessed 
by immunoblotting using an antibody against one subunit of each complex. (C) Representative image. (D) Mitochondrial 
content, as assessed by mt/nDNA copy number, is slightly different between ventricles, as COX1 copy number is higher 
in the RV than the LV. (E) Mitofusin-1 (Mfn1) expression is significantly higher in the RV than the LV, with no differences 
in other mitochondrial dynamics markers. (F) Complex I and V activity do not differ between healthy RV and LV, 
as assessed by spectrophotometric assay. All comparisons were assessed by Student’s t-test. *p < 0.05, n = 10 in each 
ventricle. White bars: RV; black bars: LV. Adapted from Bruns, DR et al. AJP-lung, 2014.
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In addition to damaging macromolecules, excess ROS can trigger apoptosis. The observation 
that mitochondria trigger cardiomyocyte apoptosis was first described in 1999 [40]. This study 
demonstrated that when cardiomyocytes are exposed to hydrogen peroxide, Bad, a pro-apop-
totic family member of Bcl-2 family, translocates to the mitochondria, resulting in the release of 
cytochrome c into cytoplasm which leads to the activation of caspase 3 and programmed cell 
death. Furthermore, both pro-apoptotic proteins Bax and Bak co-localize with Mfn2 on the outer 
mitochondrial membrane [41]. Drp1 is also recruited by Bax in response to apoptotic stimuli, and 
colocalizes with Bax at the outer mitochondrial membrane [41]. Conversely, OPA1 is strongly 
anti-apoptotic by preventing cytochrome c release independent from modulation of fusion [42]. 
Taken together, these findings suggest that in addition to their roles as primary energy produc-
ers, the mitochondria are key contributors to redox homeostasis and regulation of programmed 
cell death, both of which contribute to healthy and pathological cardiac function.

While little is known regarding basal differences in ROS production, antioxidant defenses, and 
apoptotic signaling between the healthy LV and RV, two recent studies suggest differences may 
exist between the ventricles in healthy hearts and in response to cardiac stress. Schreckenberg and 
colleagues [43] used a model of systemic nitric oxide (NO) depletion in rats by administration of 
the pharmacological nitric oxide synthase inhibitor L-NAME. They evaluated cardiac antioxi-
dant capacity in response to L-NAME and in a control (untreated) group. Chronic NO deficiency 
is associated with oxidant stress, however it appears to do so in a ventricle-specific manner. 
Dihydroethidium staining, used to detect ROS, showed elevated free radical load in untreated 
RV control samples compared with the LV, as well as elevated peroxynitrite, both of which were 
further increased during L-NAME treatment. To identify mechanisms underlying the differential 
formation of ROS in the LV and RV, the authors examined expression of antioxidant enzymes 
and found that L-NAME treatment induced SOD2 expression in the LV by 51%, but depressed 
SOD2 by 30% in the RV. The authors concluded that while the LV increases SOD2 to compensate 
for increased oxidant load with NO deficiency, the RV does not. Importantly, these biochemical 
differences in redox status were correlated with changes in RV geometry and function indicative 
of cardiac dysfunction. A second small study of ischemia–reperfusion injury in a bi-ventricular 
isolated working heart preparation suggests that mechanisms of myocardial apoptosis also differ 
between the ventricles. While both ventricles saw similar upregulation of apoptosis in response to 
ischemia as assessed by cleaved caspase-3 expression, the RV downregulated anti-apoptotic regu-
lator Bcl, while the LV did not [34]. Though this study was small, and performed no follow-up of 
additional apoptotic regulators or ROS signaling in the healthy heart, it does suggest that differ-
ent mechanisms may underlie the ability of the two ventricles to regulate ROS production, anti-
oxidant defenses, and apoptosis. Together, this work suggests that inherent differences between 
the ventricles with respect to these signaling pathways may be especially relevant in response to 
stresses which promote redox dys-homeostasis including ischemia, reperfusion, and hypoxia.

3. Cardiac remodeling and heart failure

In response to pathological stress, the heart remodels, resulting in changes in structure, 
shape, or physiology of the heart and its cellular components. While remodeling can occur 
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electron transport chain complexes does not differ in the healthy ventricles. OXPHOS complex expression was assessed 
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content, as assessed by mt/nDNA copy number, is slightly different between ventricles, as COX1 copy number is higher 
in the RV than the LV. (E) Mitofusin-1 (Mfn1) expression is significantly higher in the RV than the LV, with no differences 
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ventricle. White bars: RV; black bars: LV. Adapted from Bruns, DR et al. AJP-lung, 2014.
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In addition to damaging macromolecules, excess ROS can trigger apoptosis. The observation 
that mitochondria trigger cardiomyocyte apoptosis was first described in 1999 [40]. This study 
demonstrated that when cardiomyocytes are exposed to hydrogen peroxide, Bad, a pro-apop-
totic family member of Bcl-2 family, translocates to the mitochondria, resulting in the release of 
cytochrome c into cytoplasm which leads to the activation of caspase 3 and programmed cell 
death. Furthermore, both pro-apoptotic proteins Bax and Bak co-localize with Mfn2 on the outer 
mitochondrial membrane [41]. Drp1 is also recruited by Bax in response to apoptotic stimuli, and 
colocalizes with Bax at the outer mitochondrial membrane [41]. Conversely, OPA1 is strongly 
anti-apoptotic by preventing cytochrome c release independent from modulation of fusion [42]. 
Taken together, these findings suggest that in addition to their roles as primary energy produc-
ers, the mitochondria are key contributors to redox homeostasis and regulation of programmed 
cell death, both of which contribute to healthy and pathological cardiac function.

While little is known regarding basal differences in ROS production, antioxidant defenses, and 
apoptotic signaling between the healthy LV and RV, two recent studies suggest differences may 
exist between the ventricles in healthy hearts and in response to cardiac stress. Schreckenberg and 
colleagues [43] used a model of systemic nitric oxide (NO) depletion in rats by administration of 
the pharmacological nitric oxide synthase inhibitor L-NAME. They evaluated cardiac antioxi-
dant capacity in response to L-NAME and in a control (untreated) group. Chronic NO deficiency 
is associated with oxidant stress, however it appears to do so in a ventricle-specific manner. 
Dihydroethidium staining, used to detect ROS, showed elevated free radical load in untreated 
RV control samples compared with the LV, as well as elevated peroxynitrite, both of which were 
further increased during L-NAME treatment. To identify mechanisms underlying the differential 
formation of ROS in the LV and RV, the authors examined expression of antioxidant enzymes 
and found that L-NAME treatment induced SOD2 expression in the LV by 51%, but depressed 
SOD2 by 30% in the RV. The authors concluded that while the LV increases SOD2 to compensate 
for increased oxidant load with NO deficiency, the RV does not. Importantly, these biochemical 
differences in redox status were correlated with changes in RV geometry and function indicative 
of cardiac dysfunction. A second small study of ischemia–reperfusion injury in a bi-ventricular 
isolated working heart preparation suggests that mechanisms of myocardial apoptosis also differ 
between the ventricles. While both ventricles saw similar upregulation of apoptosis in response to 
ischemia as assessed by cleaved caspase-3 expression, the RV downregulated anti-apoptotic regu-
lator Bcl, while the LV did not [34]. Though this study was small, and performed no follow-up of 
additional apoptotic regulators or ROS signaling in the healthy heart, it does suggest that differ-
ent mechanisms may underlie the ability of the two ventricles to regulate ROS production, anti-
oxidant defenses, and apoptosis. Together, this work suggests that inherent differences between 
the ventricles with respect to these signaling pathways may be especially relevant in response to 
stresses which promote redox dys-homeostasis including ischemia, reperfusion, and hypoxia.

3. Cardiac remodeling and heart failure

In response to pathological stress, the heart remodels, resulting in changes in structure, 
shape, or physiology of the heart and its cellular components. While remodeling can occur 
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 physiologically such as in response to exercise or pregnancy, pathophysiologic remodeling is 
a maladaptive process that occurs with stress such as myocardial infarction or hypertension 
(chronic pressure overload). Adaptations evidenced at the organ level can occur at the level 
of myocyte, as well as within other cardiac cell types including fibroblasts and endothelial 
cells. Typically, remodeling is not an acute event, but rather occurs as a continuum of changes 
both adaptive and maladaptive, first evidenced by ventricular hypertrophy, dysfunction and 
abnormalities in filling and contraction. In the continued face of stress and/or adverse signal-
ing modalities the heart continues to remodel resulting in overt failure - the inability of the 
heart to supply sufficient circulation for the needs of the body. The response of the RV or LV to 
pathological stress is complex and is likely a cumulation of the nature, severity, and chronic-
ity (acute versus chronic) of the insult. In addition, the timing of the insult (newborn, juvenile, 
adult, or aged) likely has a large impact on cardiac remodeling. Insults that are initiated early 
in life tend to be better tolerated than those in adulthood [44]. Though cardiac aging research 
and RV aging are understudied, the aged heart has been suggested to perform even poorer in 
response to pathological stress, an area which warrants future research efforts.

It should come as no surprise given the physiological differences between ventricles, that the 
ability to adapt to pathological load greatly varies between the left and right heart. While it is 
generally accepted that the RV is able to tolerate volume overload well [45], it poorly tolerates 
pressure overload (afterload). Experimentally, an increase in pulmonary artery pressure of 
20 mmHg compared to a similar increase in systolic afterload resulted in a 30% decline in RV 
stroke volume, compared to only a 10% reduction in LV stroke volume [46]. Mechanistically, 
the thin wall of the RV along with reduced elastance is thought to reflect this poor tolerance 
for increases in afterload. This observation is clinically highly relevant, as patients with sys-
temic hypertension compensate for the increased load for many years before diagnosis or 
treatment of cardiac disease, but patients with pulmonary hypertension (PH, which will be 
discussed in greater detail below), often rapidly progress to right heart failure.

3.1. Right heart failure

Right heart failure (RHF) is a syndrome reflecting the inability of the RV to fill or eject prop-
erly. Clinically, it manifests as fluid retention (peripheral edema) and decreased systolic 
reserve or cardiac output, which often presents as exercise intolerance [47]. In the case of RV 
geometry, the ventricle becomes more concentric, and the interventricular septum flattens. 
In humans, right heart failure is diagnosed through a combination of clinical findings, labo-
ratory tests and imaging. Similarly, in larger animal models of RV failure (below), it can be 
measured by echocardiography, whereas in mouse models it is generally demonstrated by 
morphometric changes including RV/LV ratios and myocyte size.

3.2. Models of right heart failure

Understanding RV failure requires the use of animal models that are primarily or predomi-
nantly right-sided. Therefore, although the most common cause of RV failure in humans is 
left-sided heart failure, it is more helpful to study the RV in diseases and models in which 
it is primary. For reasons including methodological constraints, clinical relevance, and the 
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 sensitivity of the RV to increased afterload (compared to the insensitivity of the RV to volume 
overload), most groups use models of RV pressure overload. However, we should mention 
that other causes of RV failure include valvular insufficiency, congenital disease including 
tetralogy of fallot, pulmonary atresia, truncus arteriosus, and hypoplastic left heart syn-
drome, RV ischemia/infarct, and amyloid and sarcoid [44]. Below, we'll briefly overview 
common animal models of RV failure and how they recapitulate human disease, which are 
summarized in Table 1.

Pulmonary artery banding (PAB) involves surgical constriction of the pulmonary artery, in 
a manner equivalent to the commonly used transaortic constriction (TAC) model of LV pres-
sure overload. Administration of a band around the pulmonary artery results in pulmonary 
constriction, increased afterload, RV hypertrophy, and eventually failure. While similar meth-
odologically and conceptually to TAC, an RNA-seq experiment comparing the RV and LV in 
isolated TAC or PAB suggests that the two ventricles do not respond in an entirely similar 
manner [48]. Of the nearly 3600 genes identified, only 192 were commonly expressed in both 
ventricles, 565 were unique to the RV, and 327 were unique to the LV. Canonical pathway 
enrichment only revealed oxidative phosphorylation as similar between the two ventricles 
[48]. Therefore, despite being methodologically and conceptually equivalent models of iso-
lated pressure overload, TAC and PAB do not elicit identical molecular signatures, again sug-
gesting that important differences between the ventricles may explain disease trajectory and 
prognosis.

A more clinically relevant model of RV afterload is pulmonary hypertension (PH). The World 
Health Organization classifies five distinct groups of PH based on etiology, prognosis, and ther-
apy. However, they're all linked by an increase in mean pulmonary artery pressure of >25 mmHg 
at rest [49]. The increased pulmonary pressures cause pressure overload in the RV, isolated RV 

Human RHF Experimental RHF

LV failure Pulmonary artery banding (PAB)

Pulmonary hypertension Pulmonary hypertension: chronic hypoxia, MCT, 
SuHx, BMP2R

Congenital disease: hypoplastic left heart syndrome, tetralogy of 
fallot, pulmonary atresia

Not available

Amyloid sarcoid Microbial infection, genetic knockout

RV Ischemia/infarct Right coronary ligation (sheep)

Valvular disease Not available

Legend: LV failure is the most common cause of RHF in humans. Pulmonary hypertension is a heterogenous disease, 
classified into five groups by the World Health Organization, but generally refers to an increase in pulmonary arterial 
pressure, causing increased RV afterload. Congenital diseases, amyloid, sarcoid, RV ischemia and infarct, and valvular 
disease (tricuspid, pulmonic) also contribute to RHF. In experimental RHF, pulmonary artery banding/constriction 
causes an isolated increased RV afterload, similar to transaortic banding in left heart failure. Animal models of PH (rats, 
mice, cows) are also frequently used to cause predominant RHF. MCT: monocrotaline, SuHx: Sugen hypoxia, BMP2R: 
bone morphogenetic peptide receptor models (BMP2R plays a critical role in the pathogenesis of familiar idiopathic PH).

Table 1. Selected causes of clinical right heart failure (RHF) and the corresponding experimental model.
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hypertrophy, dysfunction, and eventual failure. PH can be modeled in animals by different 
approaches including chronic exposure to hypoxia, pharmaceuticals which accelerate pulmo-
nary dysfunction, or their combination. Here, we will briefly discuss the most common labora-
tory approaches to PH, but refer readers to an extensive review of animal models of PH [50].

Exposure to chronic hypoxia while causing systemic reduction in oxygen supply, selectively 
induces pressure overload on the RV. Animal models of chronic hypoxia are often driven 
by normobaric hypoxia, accomplished by nitrogen replacement to reduce partial pressure 
of oxygen, or by hypobaric hypoxia (simulated ~14,000–17,000 feet), reducing overall atmo-
spheric pressure and thus reducing oxygen partial pressure in the inhaled air. Animal models 
of hypoxia-driven PH have been used at least since the early 1960s [51] and can be used to 
elicit predictable and reproducible PH within many animal strains. However, there are some 
unique differences between species worth noting. Bovine models produce robust responses 
to simulated altitude and hypoxia, and were among the most common model used in early 
research [52]. Neonatal calves exposed to chronic hypobaric hypoxia develop severe PH with 
striking remodeling of the pulmonary vasculature [52]. Rodent models of hypoxia are also 
common in the literature, with certain strains of rats developing more severe PH, and mice 
developing the least severe perivascular remodeling [50].

In addition to hypoxia exposure, other models of PH include monocrotaline (MCT) injection, 
a pyrrolizidine alkaloid oxidized in the liver to a bioactive molecule which selectively injures 
the lung vascular endothelium, causing PH [53]. MCT as a model of PH has been in use for 
almost 50 years, and can be produced by a single subcutaneous or intraperitoneal injection of 
the drug. Within hours of injection, pulmonary damage occurs, by 2 weeks PVR has increased, 
and by 3 weeks, increased RV mass is often reported [54]. Some reports also describe liver and 
kidney damage [55], as well as myocarditis of both the RV and LV [56], limiting the use of 
MCT to study isolated RV hypertrophy and failure. A relatively recent model to the PH litera-
ture is a model of severe PH that combines chronic hypoxia plus a pharmaceutical vascular 
endothelial growth factor (VEGF) receptor inhibitor. This model, coined the Sugen hypoxia 
(SuHx) model after the VEGF receptor inhibitor Sugen 5416, has been modified for both mice 
and rats, and is characterized by persistent pulmonary vasculature disease and right heart 
failure [57]. Alternative animal models of PH worth mentioning include bleomycin injury and 
single gene mutations. Bleomycin, an antibiotic, is a common model for pulmonary fibrosis in 
mice. A single intratracheal dose results in PH after 2–5 weeks, a doubling of right ventricular 
systolic pressure, and a drop in cardiac output [58]. Lastly, several human mutations have 
been linked to elevated pulmonary pressures and PH, with the bulk of experimental PH stud-
ies using models with mutations of bone morphogenetic protein receptor type II [59].

4. Molecular mechanisms of left heart failure

All cell types within the heart respond to stress, including in response to chronic pressure over-
load [60]. However, the majority of research has focused on changes within the myocytes as they 
are the primary cell type responsible for contraction and heart failure is a disease of impaired 
cardiac function. The hallmark molecular change of myocyte remodeling is hypertrophy. In 
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response to pathological load such as pressure overload, myocyte size increases via synthesis 
of new sarcomeres. Myocytes also reactivate a fetal program of gene expression, now often 
referred to as the hypertrophic gene program [61]. While initially characterized in the failing 
left heart, the fetal (hypertrophic) gene program has now been shown to also occur in RV failure 
[62]. While believed to be compensatory at first, over time this is maladaptive, and likely contrib-
utes to the energy deficit of the failing heart.

4.1. Metabolic remodeling and mitochondrial dysfunction in left heart failure

Mitochondrial and metabolic abnormalities are well-established in left-sided HF. Since this 
topic will be more extensively covered elsewhere, we will just briefly discuss mitochondrial 
dysfunction and the metabolic switch in the failing left heart. Considerable evidence exists for 
an energetic deficit in HF, both in pre-clinical animal models of disease, and in studies from 
explanted human hearts (reviewed in [4]). One of the hallmarks of the hypertrophied or fail-
ing heart is a metabolic switch [63]. As the heart remodels, it undergoes a switch from fatty 
acid oxidation (FAO) to glycolytic carbohydrate metabolism. Although it is still a matter of 
debate whether this switch is causal, associative or compensatory, it is clear that the energy 
starved heart no longer produces the majority of its ATP from lipid sources. It has been sug-
gested that this switch is designed to allow more efficient energy production with respect 
to oxygen since under states of low oxygen availability carbohydrate metabolism produces 
more ATP per mole of oxygen [64].

Due to their primary role as ATP generators, mitochondrial dysfunction has been mechanisti-
cally linked to the energy starved failing heart. Mitochondrial dysfunction is well described 
in the failing LV across many different pre-clinical models including guinea pigs [65], rats 
[66], rabbits [67], and dogs [68] with dilated, ischemic, and diabetic heart failure. Similarly, 
decreased respiration and respiratory control ratios, associated with an overall loss of oxida-
tive capacity [69], have been observed in human explanted hearts from patients with ischemic 
and dilated cardiomyopathy. In addition to depressed oxidative phosphorylation, mitochon-
drial biogenic signaling is depressed in HF, with PGC-1α downregulated in different models 
of HF [70, 71]. Together, substantial data links mitochondrial respiratory deficits with the fail-
ing LV and suggests interventions aimed at preservation of mitochondrial function may have 
therapeutic potential. Observations of changes in the shape of mitochondria in HF spurred 
the idea that the major proteins regulating mitochondrial dynamic could be causally involved 
in development of the disease [72–74].

As discussed above, ROS production in the healthy heart is countered by enzymatic and non-
enzymatic scavenging of ROS to prevent cellular damage. However, increased ROS and oxi-
dant stress have been reported in many types have cardiovascular disease, including early in 
the development of pressure overload-induced left HF [75]. In addition to damaging cellular 
macromolecules, increased ROS can activate several cell-signaling processes including apop-
tosis and opening of the mitochondrial transition pore (mPTP) which are known to correlate 
with adverse health outcomes. Opening of this pore is associated with oxidant stress and 
mitochondrial dysfunction, and increased opening is observed in HF [75]. Although apopto-
sis of cardiomyocytes is rare in the healthy heart, it is well-established that apoptosis increases 
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hypertrophy, dysfunction, and eventual failure. PH can be modeled in animals by different 
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to simulated altitude and hypoxia, and were among the most common model used in early 
research [52]. Neonatal calves exposed to chronic hypobaric hypoxia develop severe PH with 
striking remodeling of the pulmonary vasculature [52]. Rodent models of hypoxia are also 
common in the literature, with certain strains of rats developing more severe PH, and mice 
developing the least severe perivascular remodeling [50].

In addition to hypoxia exposure, other models of PH include monocrotaline (MCT) injection, 
a pyrrolizidine alkaloid oxidized in the liver to a bioactive molecule which selectively injures 
the lung vascular endothelium, causing PH [53]. MCT as a model of PH has been in use for 
almost 50 years, and can be produced by a single subcutaneous or intraperitoneal injection of 
the drug. Within hours of injection, pulmonary damage occurs, by 2 weeks PVR has increased, 
and by 3 weeks, increased RV mass is often reported [54]. Some reports also describe liver and 
kidney damage [55], as well as myocarditis of both the RV and LV [56], limiting the use of 
MCT to study isolated RV hypertrophy and failure. A relatively recent model to the PH litera-
ture is a model of severe PH that combines chronic hypoxia plus a pharmaceutical vascular 
endothelial growth factor (VEGF) receptor inhibitor. This model, coined the Sugen hypoxia 
(SuHx) model after the VEGF receptor inhibitor Sugen 5416, has been modified for both mice 
and rats, and is characterized by persistent pulmonary vasculature disease and right heart 
failure [57]. Alternative animal models of PH worth mentioning include bleomycin injury and 
single gene mutations. Bleomycin, an antibiotic, is a common model for pulmonary fibrosis in 
mice. A single intratracheal dose results in PH after 2–5 weeks, a doubling of right ventricular 
systolic pressure, and a drop in cardiac output [58]. Lastly, several human mutations have 
been linked to elevated pulmonary pressures and PH, with the bulk of experimental PH stud-
ies using models with mutations of bone morphogenetic protein receptor type II [59].

4. Molecular mechanisms of left heart failure

All cell types within the heart respond to stress, including in response to chronic pressure over-
load [60]. However, the majority of research has focused on changes within the myocytes as they 
are the primary cell type responsible for contraction and heart failure is a disease of impaired 
cardiac function. The hallmark molecular change of myocyte remodeling is hypertrophy. In 
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response to pathological load such as pressure overload, myocyte size increases via synthesis 
of new sarcomeres. Myocytes also reactivate a fetal program of gene expression, now often 
referred to as the hypertrophic gene program [61]. While initially characterized in the failing 
left heart, the fetal (hypertrophic) gene program has now been shown to also occur in RV failure 
[62]. While believed to be compensatory at first, over time this is maladaptive, and likely contrib-
utes to the energy deficit of the failing heart.

4.1. Metabolic remodeling and mitochondrial dysfunction in left heart failure

Mitochondrial and metabolic abnormalities are well-established in left-sided HF. Since this 
topic will be more extensively covered elsewhere, we will just briefly discuss mitochondrial 
dysfunction and the metabolic switch in the failing left heart. Considerable evidence exists for 
an energetic deficit in HF, both in pre-clinical animal models of disease, and in studies from 
explanted human hearts (reviewed in [4]). One of the hallmarks of the hypertrophied or fail-
ing heart is a metabolic switch [63]. As the heart remodels, it undergoes a switch from fatty 
acid oxidation (FAO) to glycolytic carbohydrate metabolism. Although it is still a matter of 
debate whether this switch is causal, associative or compensatory, it is clear that the energy 
starved heart no longer produces the majority of its ATP from lipid sources. It has been sug-
gested that this switch is designed to allow more efficient energy production with respect 
to oxygen since under states of low oxygen availability carbohydrate metabolism produces 
more ATP per mole of oxygen [64].

Due to their primary role as ATP generators, mitochondrial dysfunction has been mechanisti-
cally linked to the energy starved failing heart. Mitochondrial dysfunction is well described 
in the failing LV across many different pre-clinical models including guinea pigs [65], rats 
[66], rabbits [67], and dogs [68] with dilated, ischemic, and diabetic heart failure. Similarly, 
decreased respiration and respiratory control ratios, associated with an overall loss of oxida-
tive capacity [69], have been observed in human explanted hearts from patients with ischemic 
and dilated cardiomyopathy. In addition to depressed oxidative phosphorylation, mitochon-
drial biogenic signaling is depressed in HF, with PGC-1α downregulated in different models 
of HF [70, 71]. Together, substantial data links mitochondrial respiratory deficits with the fail-
ing LV and suggests interventions aimed at preservation of mitochondrial function may have 
therapeutic potential. Observations of changes in the shape of mitochondria in HF spurred 
the idea that the major proteins regulating mitochondrial dynamic could be causally involved 
in development of the disease [72–74].

As discussed above, ROS production in the healthy heart is countered by enzymatic and non-
enzymatic scavenging of ROS to prevent cellular damage. However, increased ROS and oxi-
dant stress have been reported in many types have cardiovascular disease, including early in 
the development of pressure overload-induced left HF [75]. In addition to damaging cellular 
macromolecules, increased ROS can activate several cell-signaling processes including apop-
tosis and opening of the mitochondrial transition pore (mPTP) which are known to correlate 
with adverse health outcomes. Opening of this pore is associated with oxidant stress and 
mitochondrial dysfunction, and increased opening is observed in HF [75]. Although apopto-
sis of cardiomyocytes is rare in the healthy heart, it is well-established that apoptosis increases 
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in human HF [76]. As adult cardiac myocytes have limited regenerative capacity, the loss of 
these cells is often counteracted by replacement with non-myocytes, promoting fibrosis and 
cardiac dysfunction.

5. Molecular mechanisms of right heart failure

The bulk of the research thus far in the field of RV failure and mitochondrial function has 
focused on PH-associated changes within the pulmonary vasculature (pulmonary artery 
smooth muscle cells, endothelial cells, and fibroblasts [77]) and metabolic changes that under-
lie activated inflammatory cells (reviewed in [78, 79]). In addition, a systemic metabolic and 
mitochondrial hypothesis has been put forward, based on similar changes in mitochondrial 
function observed in skeletal muscle in models of PH [80]. However, a few RV-specific inves-
tigations of changes in metabolism and mitochondrial function exist, and we'll review this 
evidence below.

5.1. Metabolic remodeling in right heart failure

Although the data are less extensive than in the LV, the metabolic switch that occurs during 
LV hypertrophy and dysfunction also occurs in models of RV dysfunction [81, 82]. Several 
groups have reported upregulated glycolysis with suppression of FAO, and associated global 
changes in gene expression favoring glucose oxidation and downregulation of PPARα tar-
get genes [62]. Mechanistically, pyruvate dehydrogenase kinase (PDK) has been linked to 
the metabolic switch. PDK, an inhibitor of pyruvate dehydrogenase, is upregulated in RV 
hypertrophy. This PDK-mediated metabolic switch is associated with decreased RV myocyte 
contractility and cardiac output [81]. The shift to aerobic glycolysis has several consequences 
for the heart. First, greater amounts of lactate are produced, shifting redox status and other 
homeostatic outcomes, and second, fewer ATP molecules/glucose molecule are produced (32 
during glucose oxidation, and 2 during glycolysis). To compensate for increased glycolysis, 
glucose uptake is accelerated, and can be assessed by positron emission tomography, both 
in experimental PH and RV dysfunction [83, 84], and in patients with pulmonary arterial 
hypertension [85].

As in left heart failure, researchers have attempted to explain the metabolic switch based on 
energy production relative to oxygen availability. The pressure overloaded RV is oxygen 
deprived. In the setting of an oxygen limited hypertrophic RV, energy production which favors 
a high ATP/O2 ratio would benefit the working heart, and FAO uses 12% more oxygen than 
glucose oxidation to generate the same amount of ATP [86]. Some experimental data support 
this hypothesis, with reports of systolic perfusion gradients limiting coronary artery flow [87], 
coupled with increased metabolic demands in the hypertrophied heart, which result in a local-
ized RV ischemia. However, the question of oxygen supply in RV hypertrophy is insufficiently 
answered. While it may be true that angiogenic potential in the failing RV is attenuated, result-
ing in ischemia [88], methodological difficulties have precluded accurate assessment of RV 
oxygen supply. Further, other groups have argued that reliance on carbohydrate metabolism 
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predisposes the hypertrophied myocardium to contractile dysfunction, and maintaining the 
inherent metabolic profile of fatty acid fuel preference may be a more beneficial approach [89].

5.2. Mitochondrial dysfunction in right heart failure

Similar to the LV, mitochondrial dysfunction is also implicated in RHF, albeit with less litera-
ture supporting the mechanistic link, and more conflicting reports depending on the model. 
MCT and SuHx models of RHF tend to demonstrate more severe mitochondrial dysfunction 
and depression of mitochondrial biogenesis. Decreased PGC-1α expression and a net loss of 
mitochondrial protein and oxidative capacity have been reported in SuHx rats, alongside abnor-
mal mitochondrial shape and size by electron microscopy [90]. On the other hand, changes in 
mitochondrial function in chronic hypoxia models have been particularly discordant and war-
rant further discussion. Chronic hypoxia decreased ATP synthesis and measurements of mito-
chondrial number in a rat model of chronic hypoxia in both ventricles, however, the effect was 
slightly delayed in the right compared to LV [91]. Data from our lab in the neonatal calf model 
of PH-induced RV dysfunction also demonstrated similar changes to mitochondrial function in 
both ventricles, with no additional impact of pressure overload on the RV [92]. In these models 
of PH and RV dysfunction, the hypoxic stimulus is administered systemically using a hypobaric 
chamber. Thus, the LV experiences similar degrees of hypoxia as the RV, yet does not show 
signs of contractile or relaxation deficits until much later in disease progression. It's possible 
that interventricular differences in oxygen supply and demand explain the similar findings in 
both ventricles, and support the need for better mechanistic understanding of the similarities 
and differences in oxygen delivery and metabolism in the RV exposed to pathological load.

Mitochondrial dynamics are not well-described in the failing right heart. However, in a study 
by Marsboom et al., administration of the Drp1 inhibitor Mdivi-1 regressed PH in rodents by 
arresting proliferation of pulmonary artery smooth muscle cells, resulting in improved exercise 
capacity and RV function. Therefore, while not described in the RV, modulation of mitochon-
drial dynamics may be therapeutically viable for right heart failure [93]. Even less has been 
described on the role of mitophagy in the setting of right heart failure. However, one group 
has attempted to elucidate the impact of autophagy on remodeling following PAB. p62 and 
LC3 II/I were both increased in the hypertrophied RV [94]. These data support similar findings 
in MCT-induced RV dysfunction, with increased autophagy signaling and autophagosome 
formation by EM [95]. Expression of these markers temporally increased post MCT injection, 
which the authors suggest indicates a causal role for autophagy during the progression from 
hypertrophy to failure. Future work is needed to elucidate the changes that occur with mito-
chondrial dynamics and mitophagy in the failing right heart, and future investigations should 
test myocyte-specific deletion of Mfn1, Mfn2, and Drp1 in experimental RV failure.

Our understanding of mitochondrial abnormalities in human RV failure is equally as under-
studied. Although availability of human samples is methodologically limiting, the use of pedi-
atric congenital heart explants has shed some light on changes which underlie human RHF. One 
study of RV samples obtained from 31 pediatric patients undergoing cardiac surgery for con-
genital heart disease classified patients based on compensated RV function or failure based on 
echocardiography, right heart catheterization and MRI. Citrate synthase activity was maintained 
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in human HF [76]. As adult cardiac myocytes have limited regenerative capacity, the loss of 
these cells is often counteracted by replacement with non-myocytes, promoting fibrosis and 
cardiac dysfunction.

5. Molecular mechanisms of right heart failure

The bulk of the research thus far in the field of RV failure and mitochondrial function has 
focused on PH-associated changes within the pulmonary vasculature (pulmonary artery 
smooth muscle cells, endothelial cells, and fibroblasts [77]) and metabolic changes that under-
lie activated inflammatory cells (reviewed in [78, 79]). In addition, a systemic metabolic and 
mitochondrial hypothesis has been put forward, based on similar changes in mitochondrial 
function observed in skeletal muscle in models of PH [80]. However, a few RV-specific inves-
tigations of changes in metabolism and mitochondrial function exist, and we'll review this 
evidence below.

5.1. Metabolic remodeling in right heart failure

Although the data are less extensive than in the LV, the metabolic switch that occurs during 
LV hypertrophy and dysfunction also occurs in models of RV dysfunction [81, 82]. Several 
groups have reported upregulated glycolysis with suppression of FAO, and associated global 
changes in gene expression favoring glucose oxidation and downregulation of PPARα tar-
get genes [62]. Mechanistically, pyruvate dehydrogenase kinase (PDK) has been linked to 
the metabolic switch. PDK, an inhibitor of pyruvate dehydrogenase, is upregulated in RV 
hypertrophy. This PDK-mediated metabolic switch is associated with decreased RV myocyte 
contractility and cardiac output [81]. The shift to aerobic glycolysis has several consequences 
for the heart. First, greater amounts of lactate are produced, shifting redox status and other 
homeostatic outcomes, and second, fewer ATP molecules/glucose molecule are produced (32 
during glucose oxidation, and 2 during glycolysis). To compensate for increased glycolysis, 
glucose uptake is accelerated, and can be assessed by positron emission tomography, both 
in experimental PH and RV dysfunction [83, 84], and in patients with pulmonary arterial 
hypertension [85].

As in left heart failure, researchers have attempted to explain the metabolic switch based on 
energy production relative to oxygen availability. The pressure overloaded RV is oxygen 
deprived. In the setting of an oxygen limited hypertrophic RV, energy production which favors 
a high ATP/O2 ratio would benefit the working heart, and FAO uses 12% more oxygen than 
glucose oxidation to generate the same amount of ATP [86]. Some experimental data support 
this hypothesis, with reports of systolic perfusion gradients limiting coronary artery flow [87], 
coupled with increased metabolic demands in the hypertrophied heart, which result in a local-
ized RV ischemia. However, the question of oxygen supply in RV hypertrophy is insufficiently 
answered. While it may be true that angiogenic potential in the failing RV is attenuated, result-
ing in ischemia [88], methodological difficulties have precluded accurate assessment of RV 
oxygen supply. Further, other groups have argued that reliance on carbohydrate metabolism 
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predisposes the hypertrophied myocardium to contractile dysfunction, and maintaining the 
inherent metabolic profile of fatty acid fuel preference may be a more beneficial approach [89].

5.2. Mitochondrial dysfunction in right heart failure

Similar to the LV, mitochondrial dysfunction is also implicated in RHF, albeit with less litera-
ture supporting the mechanistic link, and more conflicting reports depending on the model. 
MCT and SuHx models of RHF tend to demonstrate more severe mitochondrial dysfunction 
and depression of mitochondrial biogenesis. Decreased PGC-1α expression and a net loss of 
mitochondrial protein and oxidative capacity have been reported in SuHx rats, alongside abnor-
mal mitochondrial shape and size by electron microscopy [90]. On the other hand, changes in 
mitochondrial function in chronic hypoxia models have been particularly discordant and war-
rant further discussion. Chronic hypoxia decreased ATP synthesis and measurements of mito-
chondrial number in a rat model of chronic hypoxia in both ventricles, however, the effect was 
slightly delayed in the right compared to LV [91]. Data from our lab in the neonatal calf model 
of PH-induced RV dysfunction also demonstrated similar changes to mitochondrial function in 
both ventricles, with no additional impact of pressure overload on the RV [92]. In these models 
of PH and RV dysfunction, the hypoxic stimulus is administered systemically using a hypobaric 
chamber. Thus, the LV experiences similar degrees of hypoxia as the RV, yet does not show 
signs of contractile or relaxation deficits until much later in disease progression. It's possible 
that interventricular differences in oxygen supply and demand explain the similar findings in 
both ventricles, and support the need for better mechanistic understanding of the similarities 
and differences in oxygen delivery and metabolism in the RV exposed to pathological load.

Mitochondrial dynamics are not well-described in the failing right heart. However, in a study 
by Marsboom et al., administration of the Drp1 inhibitor Mdivi-1 regressed PH in rodents by 
arresting proliferation of pulmonary artery smooth muscle cells, resulting in improved exercise 
capacity and RV function. Therefore, while not described in the RV, modulation of mitochon-
drial dynamics may be therapeutically viable for right heart failure [93]. Even less has been 
described on the role of mitophagy in the setting of right heart failure. However, one group 
has attempted to elucidate the impact of autophagy on remodeling following PAB. p62 and 
LC3 II/I were both increased in the hypertrophied RV [94]. These data support similar findings 
in MCT-induced RV dysfunction, with increased autophagy signaling and autophagosome 
formation by EM [95]. Expression of these markers temporally increased post MCT injection, 
which the authors suggest indicates a causal role for autophagy during the progression from 
hypertrophy to failure. Future work is needed to elucidate the changes that occur with mito-
chondrial dynamics and mitophagy in the failing right heart, and future investigations should 
test myocyte-specific deletion of Mfn1, Mfn2, and Drp1 in experimental RV failure.

Our understanding of mitochondrial abnormalities in human RV failure is equally as under-
studied. Although availability of human samples is methodologically limiting, the use of pedi-
atric congenital heart explants has shed some light on changes which underlie human RHF. One 
study of RV samples obtained from 31 pediatric patients undergoing cardiac surgery for con-
genital heart disease classified patients based on compensated RV function or failure based on 
echocardiography, right heart catheterization and MRI. Citrate synthase activity was maintained 
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during hypertrophy, but decreased at failure, while mtDNA content progressively decreased 
with worsening clinical disease [96]. In addition, adult RV samples of various etiologies demon-
strate increased mitochondrial membrane potential which positively correlates with the degree 
of hypertrophy [97]. A complete understanding of mitochondrial function in human right heart 
failure is limited by methodological constraints of assessing comprehensive ETC function.

5.3. Non-energy producing mitochondrial mechanisms of right heart failure

Studies of non-energy producing roles of mitochondria are in their infancy in the RV. However, 
some evidence supports a causative role of ROS, as increased lipid peroxidation is observed 
in the RV 6 weeks following MCT injection [98]. NADPH oxidase is significant source of ROS 
in LV hypertrophy, and its expression increases during MCT-induced RV hypertrophy along-
side decreased SOD1 and SOD2 expression [99]. Increased expression of pro-apoptotic pro-
teins Bax and capase-3 have also been noted in the RV after PAB, with concomitant increased 
RV myocyte cell death [100]. Together, the limited investigations of the metabolic and non-
metabolic roles of mitochondria in right heart failure highlight the need for additional work 
to elucidate similarly and differentially regulated pathways in left and right HF.

6. Therapeutic intervention

To date, no RV-directed therapies exist. Right-sided heart failure is typically treated with the 
goal of improving LV function or lowering pulmonary pressures. Extrapolation of LV patho-
physiology and pharmacology to the failing RV has not yet proven fruitful, and in some cases, 
has accelerated disease progression [101]. Interestingly, lowering of pulmonary pressures 
(either by pharmaceutical approaches or by lung transplant) does not consistently improve 
RV function [102], suggesting a cardiac-specific irreversible effect of long-term pressure over-
load, or contribution of circulating systemic factors. Whatever the reason for insufficient 
return of RV function despite reduction in afterload, we and others believe that identification 
of new, or repurposing of old therapies requires an RV-centric approach.

6.1. Metabolic therapeutic interventions

Enhancing glucose oxidation at the expense of FAO as emerged as a therapeutic strategy in RV 
dysfunction, based on the reciprocal relationship between these two energy sources. In large 
part, enhancing glucose oxidation has gained attention as a strategy because of the higher 
ATP production per oxygen molecule provided by carbohydrate compared to lipid sources. 
Partial inhibitors of FAO are approved for a few human cardiovascular indications includ-
ing refractory ischemia [103]. These drugs (trimetazidine) have also been experimentally 
tested in RV dysfunction [86]. Rats with PAB-induced RV dysfunction treated with partial 
FAO inhibitors had elevated RV glucose oxidation alongside increased exercise capacity and 
cardiac output. The beneficial effect of this drug has also been demonstrated in  MCT-induced 
RV dysfunction, where trimetazidine enhanced cardiac mitochondrial function and increased 
oxygen consumption while reducing ROS formation [104].
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The metabolic switch that occurs in the hypertrophied RV is suggested to be mediated in part 
through PDK4 [81]. Dichloroacetate (DCA), a small molecule inhibitor of pyruvate dehydro-
genase, improves glucose oxidation and has reported improvements in RV stroke volume, 
cardiac output, and exercise capacity [81, 105]. It is also associated with restoration of RV mito-
chondrial function and mitochondrial-dependent apoptosis [106]. Though a Phase I clinical 
trial has been completed in subjects with advanced PH (Clinical Trial Identifier NCT01083524), 
study results have not been published, and the therapeutic potential of DCA in human RV 
failure remains unknown. As discussed above, the therapeutic strategy of FAO and improved 
glucose oxidation lacks consensus [89], and in part is predicated on the balance between ATP 
production and oxygen availability. While continued efforts to test metabolic mediators in 
RHF are warranted, a mechanistic understanding of energy production, relative RV ischemia, 
and the molecular regulators of these processes are necessary for development of targeted 
metabolic therapy.

6.2. Mitochondrial therapeutic interventions

The causal role of ROS in cardiac dysfunction led to the early belief that antioxidants would 
attenuate cardiovascular disease. In experimental models, treatments with antioxidants have 
somewhat inconsistently tended to improve cardiac function [107]. However, clinical trials 
have largely failed to show benefit of antioxidants in treatment of chronic disease [108]. In light 
of these disappointing results, many groups have taken fundamentally different approaches 
to improving redox status. Induction of endogenous antioxidants by a phytochemical supple-
ment preserved RV function and prevented RV fibrosis and capillary loss [109], suggesting 
activation of cytoprotective transcription factors may more robustly attenuate oxidant stress 
than traditional vitamin supplements. Other groups use mitochondrially-directed peptides 
to scavenge free radicals. One such peptide, SS31, accumulates more than 1000-fold in mito-
chondria [110]. This peptide prevented LV hypertrophy, fibrosis, and diastolic dysfunction 
[111], and reduced mitochondrial oxidant damage [112]. To date, however, targeted mito-
chondrial peptides have not been tested in models of RV failure.

Interventions which boost mitochondrial function and/or biogenesis have large therapeutic 
potential in many types of cardiovascular disease, including RV failure. Phytochemical com-
pounds which elicit mitochondrial biogenic properties have received attention lately, such 
as resveratrol. Resveratrol, the primary polyphenol in red wine, stimulates mitochondrial 
content, ATP production, and FAO, while inhibiting mitochondrial ROS production in several 
tissue types and disease contexts [113, 114]. In addition, it is currently in testing as a therapy 
for chronic obstructive pulmonary disorder (NCT02245932) and non-ischemic heart failure 
(NCT01914081). Identification of other plant-based or pharmaceutical approaches which 
stimulate the synthesis of new mitochondria to increase energy production while decreasing 
oxidant damage may have profound impact on the failing right heart.

6.3. Exercise as right heart therapy

Exercise-induced cardiac hypertrophy has been known to be cardioprotective for decades [115], 
though the exact mechanisms underlying physiological hypertrophy have remained somewhat 
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during hypertrophy, but decreased at failure, while mtDNA content progressively decreased 
with worsening clinical disease [96]. In addition, adult RV samples of various etiologies demon-
strate increased mitochondrial membrane potential which positively correlates with the degree 
of hypertrophy [97]. A complete understanding of mitochondrial function in human right heart 
failure is limited by methodological constraints of assessing comprehensive ETC function.

5.3. Non-energy producing mitochondrial mechanisms of right heart failure

Studies of non-energy producing roles of mitochondria are in their infancy in the RV. However, 
some evidence supports a causative role of ROS, as increased lipid peroxidation is observed 
in the RV 6 weeks following MCT injection [98]. NADPH oxidase is significant source of ROS 
in LV hypertrophy, and its expression increases during MCT-induced RV hypertrophy along-
side decreased SOD1 and SOD2 expression [99]. Increased expression of pro-apoptotic pro-
teins Bax and capase-3 have also been noted in the RV after PAB, with concomitant increased 
RV myocyte cell death [100]. Together, the limited investigations of the metabolic and non-
metabolic roles of mitochondria in right heart failure highlight the need for additional work 
to elucidate similarly and differentially regulated pathways in left and right HF.

6. Therapeutic intervention

To date, no RV-directed therapies exist. Right-sided heart failure is typically treated with the 
goal of improving LV function or lowering pulmonary pressures. Extrapolation of LV patho-
physiology and pharmacology to the failing RV has not yet proven fruitful, and in some cases, 
has accelerated disease progression [101]. Interestingly, lowering of pulmonary pressures 
(either by pharmaceutical approaches or by lung transplant) does not consistently improve 
RV function [102], suggesting a cardiac-specific irreversible effect of long-term pressure over-
load, or contribution of circulating systemic factors. Whatever the reason for insufficient 
return of RV function despite reduction in afterload, we and others believe that identification 
of new, or repurposing of old therapies requires an RV-centric approach.

6.1. Metabolic therapeutic interventions

Enhancing glucose oxidation at the expense of FAO as emerged as a therapeutic strategy in RV 
dysfunction, based on the reciprocal relationship between these two energy sources. In large 
part, enhancing glucose oxidation has gained attention as a strategy because of the higher 
ATP production per oxygen molecule provided by carbohydrate compared to lipid sources. 
Partial inhibitors of FAO are approved for a few human cardiovascular indications includ-
ing refractory ischemia [103]. These drugs (trimetazidine) have also been experimentally 
tested in RV dysfunction [86]. Rats with PAB-induced RV dysfunction treated with partial 
FAO inhibitors had elevated RV glucose oxidation alongside increased exercise capacity and 
cardiac output. The beneficial effect of this drug has also been demonstrated in  MCT-induced 
RV dysfunction, where trimetazidine enhanced cardiac mitochondrial function and increased 
oxygen consumption while reducing ROS formation [104].
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The metabolic switch that occurs in the hypertrophied RV is suggested to be mediated in part 
through PDK4 [81]. Dichloroacetate (DCA), a small molecule inhibitor of pyruvate dehydro-
genase, improves glucose oxidation and has reported improvements in RV stroke volume, 
cardiac output, and exercise capacity [81, 105]. It is also associated with restoration of RV mito-
chondrial function and mitochondrial-dependent apoptosis [106]. Though a Phase I clinical 
trial has been completed in subjects with advanced PH (Clinical Trial Identifier NCT01083524), 
study results have not been published, and the therapeutic potential of DCA in human RV 
failure remains unknown. As discussed above, the therapeutic strategy of FAO and improved 
glucose oxidation lacks consensus [89], and in part is predicated on the balance between ATP 
production and oxygen availability. While continued efforts to test metabolic mediators in 
RHF are warranted, a mechanistic understanding of energy production, relative RV ischemia, 
and the molecular regulators of these processes are necessary for development of targeted 
metabolic therapy.

6.2. Mitochondrial therapeutic interventions

The causal role of ROS in cardiac dysfunction led to the early belief that antioxidants would 
attenuate cardiovascular disease. In experimental models, treatments with antioxidants have 
somewhat inconsistently tended to improve cardiac function [107]. However, clinical trials 
have largely failed to show benefit of antioxidants in treatment of chronic disease [108]. In light 
of these disappointing results, many groups have taken fundamentally different approaches 
to improving redox status. Induction of endogenous antioxidants by a phytochemical supple-
ment preserved RV function and prevented RV fibrosis and capillary loss [109], suggesting 
activation of cytoprotective transcription factors may more robustly attenuate oxidant stress 
than traditional vitamin supplements. Other groups use mitochondrially-directed peptides 
to scavenge free radicals. One such peptide, SS31, accumulates more than 1000-fold in mito-
chondria [110]. This peptide prevented LV hypertrophy, fibrosis, and diastolic dysfunction 
[111], and reduced mitochondrial oxidant damage [112]. To date, however, targeted mito-
chondrial peptides have not been tested in models of RV failure.

Interventions which boost mitochondrial function and/or biogenesis have large therapeutic 
potential in many types of cardiovascular disease, including RV failure. Phytochemical com-
pounds which elicit mitochondrial biogenic properties have received attention lately, such 
as resveratrol. Resveratrol, the primary polyphenol in red wine, stimulates mitochondrial 
content, ATP production, and FAO, while inhibiting mitochondrial ROS production in several 
tissue types and disease contexts [113, 114]. In addition, it is currently in testing as a therapy 
for chronic obstructive pulmonary disorder (NCT02245932) and non-ischemic heart failure 
(NCT01914081). Identification of other plant-based or pharmaceutical approaches which 
stimulate the synthesis of new mitochondria to increase energy production while decreasing 
oxidant damage may have profound impact on the failing right heart.

6.3. Exercise as right heart therapy

Exercise-induced cardiac hypertrophy has been known to be cardioprotective for decades [115], 
though the exact mechanisms underlying physiological hypertrophy have remained somewhat 
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elusive. RV-specific adaptations to exercise, however, have lagged, in large part due to clinical con-
cerns. Even in healthy individuals with normal pulmonary vascular function, the hemodynamic 
load on the RV increases with a relatively greater proportion during exercise than LV hemody-
namic load. This disproportionate increase in load is accentuated in patients with PH. Exercise-
induced increases in pulmonary artery pressures may exceed RV contractile reserve, resulting 
in attenuated cardiac output and exercise intolerance. Thus only recently have clinical and pre-
clinical studies begun looking at the cardioprotective role of exercise specifically on the RV.

The primary goal of most of the recent studies of exercise in PH patients was to evaluate 
safety of low-level exercise training and changes in systolic pulmonary artery pressure. A 
recent meta-analysis assessing safety outcomes in low intensity aerobic exercise in the form 
of walking, cycling, and light resistance training found improvement of non-invasive mea-
surements of cardiac performance and exercise capacity, as well as improvement of PH func-
tional class and quality of life [116]. Preclinical studies in rodents with MCT-induced PH 
also support the benefit of aerobic exercise training. Several animal studies show improve-
ment of mean pulmonary arterial pressure, measured by right heart catheterization following 
3–5 weeks of exercise training consisting of 30–60 min of 50–60% maximal aerobic capacity 
[117]. Subsequent work to investigate the timing of exercise for therapeutic benefit in experi-
mental PH induced by MCT found that exercise initiated early, before MCT injection, was 
markedly more successful at improving disease outcomes such as survival, diastolic RV func-
tion, cardiac output and exercise tolerance, although some benefit was also observed in the 
cohort who began exercise training 2 weeks after MCT injection [118].

Though exercise stimulates a multitude of cardioprotective mechanisms, endurance exercise is a 
well-known stimulator of mitochondrial biogenesis, first reported by measuring mitochondrial 
mass in the myocardium in 1967 [119]. Subsequent mechanistic studies have shown lower mPTP 
opening rates and apoptosis resistance in endurance trained animals [120], decreased mitochon-
drial ROS production in exercise trained rats [121], and increased oxidative capacity and mito-
chondrial volume [122], and increased mitochondrial biogenesis [123]. To our knowledge, no 
groups have investigated these mechanisms in RV failure and exercise, and virtually nothing is 
known about the molecular adaptations within the RV that occur in response to exercise therapy.

7. Conclusions and future investigations

Understanding of RV metabolism and mitochondrial function has lagged that of the left heart, 
and arguably even less is known about how RV mitochondria adapt to pathological stress. 
What little is known about the role of mitochondrial function and metabolism in the dysfunc-
tional or failing RV (summarized in Table 2) has largely been extrapolated from studies of LV 
dysfunction, and there is a large need for more mechanistic studies of the failing RV to more 
successfully target therapies. In addition to a need for both pre-clinical and clinical investiga-
tions of the right heart, a reductionist approach may be needed to make significant strides in 
RV therapy. The heart (and the RV) is comprised of multiple different cell types. Due to the 
fact that cardiac myocytes are the work horses of the heart, heart failure studies have histori-
cally been myocyte-centric. However, emerging data from our group and others suggests that 
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other cell types within the heart and within the dysfunctional RV may be causally involved in 
disease progression. Specifically, the cardiac fibroblast is emerging as a vital cell type in regu-
lating cardiac function and pathophysiology [124]. Not only do these cells primarily regulate 
the extracellular matrix (and thus fibrosis, electrical remodeling, and inflammation), but it is 
becoming increasingly apparent that they communicate with other cell types such as myo-
cytes to regulate cardiac function. Virtually nothing is known about RV fibroblast mitochon-
drial metabolism or biology, or how these cell types respond to cardiac stress. In conclusion, 
the RV is not a thinner, lower pressure LV. Significant physiological and pathophysiological 
differences separate the two ventricles, and RV-centric approaches are necessary for the iden-
tification, repurposing, or development of therapies for RHF.
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Mitochondrial phenotype Regulators/assessment LV failure RV failure

Content: % of cell occupied by 
mitochondria

mt/nDNA, EM, citrate synthase activity ↓ [68, 71, 77] ↓ [98, 99, 104]

Function: electron transport chain 
activity

Complex I-V activity respiration 
(Ouroboros, Seahorse)

↓ [68–75] NC [98–100, 112]

Fusion: elongation of 
mitochondrial network

Mfn1, Mfn2, OPA1 mitochondrial 
volume

↓ [21, 68] NC [99, 100]

Fission: fragmentation of 
mitochondrial network

Fis1, Drp1 mitochondrial size ↑ [21, 79] ↑ [99–101]

Biogenesis: turnover and synthesis 
of new mitochondria

PGC-1α, NRF1, TFAM mitochondrial 
protein synthesis

↓ [76, 77] NC [98, 104]

Mitophagy: removal of damaged 
mitochondria

LC3 II/I, Pink/Parkin, EM NC [28, 80, 81] NC [102, 103]

Apoptosis Pro: Bax, caspase 3 Anti: Bcl-2 ↑ [34, 69, 70, 84] ↑ [34, 108, 114]

ROS and oxidant damage Protein, lipid, DNA oxidation, ROS 
production (O2

•−, H2O2)
↑ [68–70, 74, 82] ↑ [106, 107]

Antioxidant defenses Antioxidant enzyme expression 
(SOD2, catalase) and non-enzymatic 
antioxidants

↓ [68] ↓ [43, 106, 117]

Legend: Mitochondrial alterations in left and right heart failure. Assessment of mitochondrial content, function, 
dynamics, biogenesis, quality control, and non-energy production roles of mitochondria and changes in HF are 
summarized. Arrows indicate directional change with heart failure. NC: no consensus.

Table 2. Mitochondrial changes in left and right HF.
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elusive. RV-specific adaptations to exercise, however, have lagged, in large part due to clinical con-
cerns. Even in healthy individuals with normal pulmonary vascular function, the hemodynamic 
load on the RV increases with a relatively greater proportion during exercise than LV hemody-
namic load. This disproportionate increase in load is accentuated in patients with PH. Exercise-
induced increases in pulmonary artery pressures may exceed RV contractile reserve, resulting 
in attenuated cardiac output and exercise intolerance. Thus only recently have clinical and pre-
clinical studies begun looking at the cardioprotective role of exercise specifically on the RV.

The primary goal of most of the recent studies of exercise in PH patients was to evaluate 
safety of low-level exercise training and changes in systolic pulmonary artery pressure. A 
recent meta-analysis assessing safety outcomes in low intensity aerobic exercise in the form 
of walking, cycling, and light resistance training found improvement of non-invasive mea-
surements of cardiac performance and exercise capacity, as well as improvement of PH func-
tional class and quality of life [116]. Preclinical studies in rodents with MCT-induced PH 
also support the benefit of aerobic exercise training. Several animal studies show improve-
ment of mean pulmonary arterial pressure, measured by right heart catheterization following 
3–5 weeks of exercise training consisting of 30–60 min of 50–60% maximal aerobic capacity 
[117]. Subsequent work to investigate the timing of exercise for therapeutic benefit in experi-
mental PH induced by MCT found that exercise initiated early, before MCT injection, was 
markedly more successful at improving disease outcomes such as survival, diastolic RV func-
tion, cardiac output and exercise tolerance, although some benefit was also observed in the 
cohort who began exercise training 2 weeks after MCT injection [118].

Though exercise stimulates a multitude of cardioprotective mechanisms, endurance exercise is a 
well-known stimulator of mitochondrial biogenesis, first reported by measuring mitochondrial 
mass in the myocardium in 1967 [119]. Subsequent mechanistic studies have shown lower mPTP 
opening rates and apoptosis resistance in endurance trained animals [120], decreased mitochon-
drial ROS production in exercise trained rats [121], and increased oxidative capacity and mito-
chondrial volume [122], and increased mitochondrial biogenesis [123]. To our knowledge, no 
groups have investigated these mechanisms in RV failure and exercise, and virtually nothing is 
known about the molecular adaptations within the RV that occur in response to exercise therapy.

7. Conclusions and future investigations

Understanding of RV metabolism and mitochondrial function has lagged that of the left heart, 
and arguably even less is known about how RV mitochondria adapt to pathological stress. 
What little is known about the role of mitochondrial function and metabolism in the dysfunc-
tional or failing RV (summarized in Table 2) has largely been extrapolated from studies of LV 
dysfunction, and there is a large need for more mechanistic studies of the failing RV to more 
successfully target therapies. In addition to a need for both pre-clinical and clinical investiga-
tions of the right heart, a reductionist approach may be needed to make significant strides in 
RV therapy. The heart (and the RV) is comprised of multiple different cell types. Due to the 
fact that cardiac myocytes are the work horses of the heart, heart failure studies have histori-
cally been myocyte-centric. However, emerging data from our group and others suggests that 
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other cell types within the heart and within the dysfunctional RV may be causally involved in 
disease progression. Specifically, the cardiac fibroblast is emerging as a vital cell type in regu-
lating cardiac function and pathophysiology [124]. Not only do these cells primarily regulate 
the extracellular matrix (and thus fibrosis, electrical remodeling, and inflammation), but it is 
becoming increasingly apparent that they communicate with other cell types such as myo-
cytes to regulate cardiac function. Virtually nothing is known about RV fibroblast mitochon-
drial metabolism or biology, or how these cell types respond to cardiac stress. In conclusion, 
the RV is not a thinner, lower pressure LV. Significant physiological and pathophysiological 
differences separate the two ventricles, and RV-centric approaches are necessary for the iden-
tification, repurposing, or development of therapies for RHF.
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Abstract

Mitochondria play a key role in the normal functioning of the heart and in the pathogen-
esis and development of various types of heart disease. In addition, specific mitochon-
drial cardiomyopathies due to mutations in mitochondrial DNA have been identified. 
Increasing studies demonstrate that mitochondrial function has emerged as a therapeutic 
target in heart disease. This chapter addresses the recent studies of the role and the mech-
anism of mitochondria in the development of heart disease, and the progress in clinical 
diagnosis and treatments on a mitochondrial basis. Consequently, the aim of this chapter 
is to outline current knowledge about mitochondria in the heart disease.

Keywords: mitochondria, heart, heart failure, cardiac hypertrophy, heart disease

1. Introduction

The heart is the most metabolically active organ in the body and highly depends on oxida-
tive energy generation in mitochondria to supply the large amount of adenosine triphos-
phate (ATP) required for its continuous contractile activity. In addition, cardiac mitochondria 
also serve other cellular functions such as generating and regulating reactive oxygen species 
(ROS), buffering cytosolic calcium ions (Ca2+), and regulating cellular apoptosis through the 
mitochondrial permeability transition pore (mPTP).

Heart disease is the leading cause of mortality worldwide. Although the study of mitochon-
drial function in the human heart faces many obstacles, the role of mitochondria in cardiac 
diseases has been elucidated from the studies with animal models. Increasing evidences have 
shown that abnormalities in the mitochondrial structure and function are tightly associated 
with development of various cardiovascular diseases, which prompted new therapies to treat 
and prevent heart disease by aiming at metabolic modulation.
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Mitochondrial abnormalities include impaired mitochondrial electron transport chain (ETC) 
activity, increased formation of ROS, shifted metabolic substrate utilization, aberrant mito-
chondrial dynamics, and altered ion homeostasis. Some of the mitochondrial abnormalities 
may have a genetic basis due to the changes of mitochondrial DNA (mtDNA) or the muta-
tion of specific nuclear DNA (nDNA), while other abnormalities are due to environmental 
cardiotoxic insult or uncharacterized reasons. Although many specific mitochondrial targets 
have proven to be promising therapeutic strategies in experimental studies, most of them 
are pending for validation through clinical trials. Better understanding the molecular mecha-
nism of mitochondria in cardiac pathology is important to provide diagnosis and treatment 
of mitochondrial-based cardiac diseases.

In order to better understand the role that the mitochondrion plays in the heart, we provide in 
this chapter a brief background describing the regulation and function of mitochondria dur-
ing normal cardiac development and aging as well as the pathological mechanisms involved 
in cardiac diseases. We also address the mitochondrial abnormalities–based diagnosis and 
therapeutic options available in heart disease.

2. The role of mitochondria in the normal heart

Mitochondria have long been described as the powerhouses of the cell. They are responsible for 
the generation of ATP, the main energy currency of the cell, while playing important roles in intra-
cellular signaling, activation of apoptosis, and other mechanisms. Little information is currently 
available on mitochondrial function in the normal human heart as most of the studies on the role 
of mitochondria have relied on animal models, which may not be representative of the human. 
However, the development of new methods to study mitochondrial function provides an oppor-
tunity to use the small amount of tissue available from surgeries to understand mitochondrial 
function. In the near future, we expect more studies to be developed utilizing these techniques.

2.1. Basis of the regulation of cardiac mitochondrial function

2.1.1. Cardiac energy production and metabolism

The heart relies mainly on mitochondrial metabolism to provide most of its energy. The heart 
has the largest demand for energy among all organs, since it beats continuously from its for-
mation in the fetus until death, and thus cardiomyocytes contain the highest concentration of 
mitochondria in the body in order to meet its energy requirements [1]. Several interacting bio-
energetic pathways contribute to energy metabolism of cardiac muscle including pyruvate oxi-
dation, the tricarboxylic acid (TCA) cycle, the mitochondrial fatty acids oxidation (FAO), and 
oxidative phosphorylation (OXPHOS), which generates 80–90% of cellular ATP [2]. While the 
oxidation of pyruvate takes place in the cytosol, the other procedures occur in the mitochondria.

In the normal heart tissue, the supply of ATP from glycolytic mechanism is limited [2]. Fatty 
acids are the primary energy substrates used to produce ATP in cardiac muscle by OXPHOS, 
utilizing the carnitine shuttle to transport the fatty acids into the mitochondria. The heart also 
maintains stored high-energy phosphates, such as creatine phosphate (CP), that are produced 
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from creatine by mitochondrial creatine kinase (mitoCK) using ATP from the closely associ-
ated adenine nucleotide translocase (ANT) and mitochondrial ATP synthase [2].

Additionally, the heart is a well vascularized organ, allowing for delivery of freshly oxygen-
ated blood and quick removal of the waste products of metabolism. This constant supply of 
oxygen is important for OXPHOS to take place, as oxygen serves as the final electron acceptor 
in the ETC. Understanding the factors involved in the development and function of mito-
chondrial energy production pathways is increasingly important due to the many diseases 
associated with defects in this machinery.

Energy production within the cardiomyocytes of the heart is influenced by genetic factors as 
well as environmental factors. nDNA and mtDNA affect the enzymes and their cofactors as 
well as the availability of substrates to the mitochondria from their surroundings, which fur-
ther influence OXPHOS. Cardiac tissue has specific gene regulations to meet its physiological 
and developmental needs. For example, the ATP synthase β-subunit is expressed at higher 
levels in cardiomyocyte-differentiated cells compared to control cells [3], and some isoforms 
of enzymes, e.g., cardiac specific isoforms of cytochrome c oxidase subunits VIa, VIIa, and 
VIII, are differentially expressed across tissues [4].

Besides the expression and function of the main proteins associated with the OXPHOS, the 
component of the ETC complexes I-IV and ATP synthase (complex V), many other molecules 
have been found to be involved in the regulation of the mitochondrial energy production 
through posttranslational modification. For example, proteins within the mitochondrial com-
plexes can be nitrosylated (the addition of an NO group) or O-GlcNAcylated (the addition of 
O-linked β-N-acetylglucosamine (O-GlcNAc)) [5, 6]. These protein modifications modulate 
the activity of the complexes and hence change the efficiency of the mitochondria to meet 
the physiological function of the heart. In addition, our recent studies have also found a spe-
cific cell survival-promoting signaling that plays an important regulatory role in promoting 
ETC efficiency in cardiomyocytes, remarkably under the cardiac stress [7–9]. In particular, we 
found that this signaling pathway, which includes the heat shock protein 22(Hsp22), AKT, 
and valosin-containing protein (VCP), promotes ETC efficiency in cardiomyocyte through the 
increase of mitochondrial inducible nitric oxide synthase (iNOS) [7–9].

2.1.2. Modulation of calcium signaling

Ca2+ concentration is highly regulated in the myocardium and is responsible for the induction 
and intensity of contraction in the myocytes [10]. Mitochondria are able to modulate the Ca2+ 
concentration in the cardiomyocyte, which plays an important role in the cardiac function [11].

Mitochondria can directly decrease the Ca2+ concentration in the cytosol of the cell by import-
ing Ca2+ via the mitochondrial Ca2+ uniporter. Reciprocally, they can also increase the Ca2+ 
concentration in the cytosol by expelling calcium stored within the mitochondria through 
Na+/Ca2+ or H+/Ca2+ exchangers [12]. This elaborate system of channels and transporters allows 
for physiological responses to cytosolic calcium signals and the loading of Ca2+ in the mito-
chondrial matrix. Mitochondria partake in the cardiac excitation-contraction coupling (ECC) 
by storing Ca2+, responding to cytosolic calcium signals and generating the ATP required for 
cardiac contraction. Ca2+ influx via L-type Ca2+ channels triggers further release of Ca2+ from 
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available on mitochondrial function in the normal human heart as most of the studies on the role 
of mitochondria have relied on animal models, which may not be representative of the human. 
However, the development of new methods to study mitochondrial function provides an oppor-
tunity to use the small amount of tissue available from surgeries to understand mitochondrial 
function. In the near future, we expect more studies to be developed utilizing these techniques.

2.1. Basis of the regulation of cardiac mitochondrial function

2.1.1. Cardiac energy production and metabolism

The heart relies mainly on mitochondrial metabolism to provide most of its energy. The heart 
has the largest demand for energy among all organs, since it beats continuously from its for-
mation in the fetus until death, and thus cardiomyocytes contain the highest concentration of 
mitochondria in the body in order to meet its energy requirements [1]. Several interacting bio-
energetic pathways contribute to energy metabolism of cardiac muscle including pyruvate oxi-
dation, the tricarboxylic acid (TCA) cycle, the mitochondrial fatty acids oxidation (FAO), and 
oxidative phosphorylation (OXPHOS), which generates 80–90% of cellular ATP [2]. While the 
oxidation of pyruvate takes place in the cytosol, the other procedures occur in the mitochondria.

In the normal heart tissue, the supply of ATP from glycolytic mechanism is limited [2]. Fatty 
acids are the primary energy substrates used to produce ATP in cardiac muscle by OXPHOS, 
utilizing the carnitine shuttle to transport the fatty acids into the mitochondria. The heart also 
maintains stored high-energy phosphates, such as creatine phosphate (CP), that are produced 
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from creatine by mitochondrial creatine kinase (mitoCK) using ATP from the closely associ-
ated adenine nucleotide translocase (ANT) and mitochondrial ATP synthase [2].

Additionally, the heart is a well vascularized organ, allowing for delivery of freshly oxygen-
ated blood and quick removal of the waste products of metabolism. This constant supply of 
oxygen is important for OXPHOS to take place, as oxygen serves as the final electron acceptor 
in the ETC. Understanding the factors involved in the development and function of mito-
chondrial energy production pathways is increasingly important due to the many diseases 
associated with defects in this machinery.

Energy production within the cardiomyocytes of the heart is influenced by genetic factors as 
well as environmental factors. nDNA and mtDNA affect the enzymes and their cofactors as 
well as the availability of substrates to the mitochondria from their surroundings, which fur-
ther influence OXPHOS. Cardiac tissue has specific gene regulations to meet its physiological 
and developmental needs. For example, the ATP synthase β-subunit is expressed at higher 
levels in cardiomyocyte-differentiated cells compared to control cells [3], and some isoforms 
of enzymes, e.g., cardiac specific isoforms of cytochrome c oxidase subunits VIa, VIIa, and 
VIII, are differentially expressed across tissues [4].

Besides the expression and function of the main proteins associated with the OXPHOS, the 
component of the ETC complexes I-IV and ATP synthase (complex V), many other molecules 
have been found to be involved in the regulation of the mitochondrial energy production 
through posttranslational modification. For example, proteins within the mitochondrial com-
plexes can be nitrosylated (the addition of an NO group) or O-GlcNAcylated (the addition of 
O-linked β-N-acetylglucosamine (O-GlcNAc)) [5, 6]. These protein modifications modulate 
the activity of the complexes and hence change the efficiency of the mitochondria to meet 
the physiological function of the heart. In addition, our recent studies have also found a spe-
cific cell survival-promoting signaling that plays an important regulatory role in promoting 
ETC efficiency in cardiomyocytes, remarkably under the cardiac stress [7–9]. In particular, we 
found that this signaling pathway, which includes the heat shock protein 22(Hsp22), AKT, 
and valosin-containing protein (VCP), promotes ETC efficiency in cardiomyocyte through the 
increase of mitochondrial inducible nitric oxide synthase (iNOS) [7–9].

2.1.2. Modulation of calcium signaling

Ca2+ concentration is highly regulated in the myocardium and is responsible for the induction 
and intensity of contraction in the myocytes [10]. Mitochondria are able to modulate the Ca2+ 
concentration in the cardiomyocyte, which plays an important role in the cardiac function [11].

Mitochondria can directly decrease the Ca2+ concentration in the cytosol of the cell by import-
ing Ca2+ via the mitochondrial Ca2+ uniporter. Reciprocally, they can also increase the Ca2+ 
concentration in the cytosol by expelling calcium stored within the mitochondria through 
Na+/Ca2+ or H+/Ca2+ exchangers [12]. This elaborate system of channels and transporters allows 
for physiological responses to cytosolic calcium signals and the loading of Ca2+ in the mito-
chondrial matrix. Mitochondria partake in the cardiac excitation-contraction coupling (ECC) 
by storing Ca2+, responding to cytosolic calcium signals and generating the ATP required for 
cardiac contraction. Ca2+ influx via L-type Ca2+ channels triggers further release of Ca2+ from 
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the sarcoplasmic reticulum (SR), which binds to troponin C, and allows for the myosin and 
actin filaments to interact [10]. During diastole, the Ca2+ either goes back into the SR or is 
exported out of the cell via the Na+/Ca2+ exchanger [13]. An increase in workload, as triggered 
by β-adrenergic stimulation, increases the number of Ca2+ transients as well as the size of 
the transients, leading to stronger cardiac contractions [14]. Additionally, mitochondria can 
also indirectly contribute to Ca2+ regulation by inducing changes in the concentration of ATP, 
NAD(P)H, pyruvate, and ROS, which in turn regulate other Ca2+ signaling machinery com-
ponents [15]. This associated Ca2+ signaling is involved in the Ca2+ buffering, the Ca2+ release 
from internal stores and the influx from the extracellular solution, the Ca2+ uptake into cellular 
organelles, and the extrusion by plasma membrane Ca2+ pumps [16].

Calcium signaling in the mitochondria also contributes to the regulation of cellular energy metab-
olism. ATP is hydrolyzed to ADP in order to power energy-requiring processes and is shuttled 
into the mitochondria to be reconverted into ATP as a final step in respiration. This enhances the 
electron flux within the ETC, resulting in the oxidation of NADH to NAD+. Concurrently, Ca2+ 
is transferred into the mitochondria through the mitochondrial Ca2+ uniporter (MCU), activat-
ing the enzymes of the Krebs cycle to adjust NADH regeneration to match its oxidation [14]. In 
addition, excessive mitochondrial Ca2+ uptake and Ca2+ accumulation, irreversible ΔΨ collapse, 
ATP depletion, and oxidative stress contribute to the opening of the mPTP [17].

Type 2 ryanodine receptors (RyR2s) and type 2 inositol 1,4,5-trisphosphate receptors (IP3R2s) 
are Ca2+ release channels found on cardiac SR. Recent studies have demonstrated that leaky 
RyR2 channels, but not IP3R2, contribute to mitochondrial Ca2+ overload and dysfunction in 
heart failure (HF) [11]. NO signaling and its downstream effectors such as S-nitrosylation 
have also been shown to be key processes in regulating calcium signaling. The neuronal 
nitric oxide synthase (nNOS or NOS1) has been linked to the reduction of calcium influx 
through the L-type Ca2+ channel [5, 18]. This decrease in Ca2+ influx may be responsible for 
the cardioprotection induced by NO. Furthermore, decreased S-nitrosylation of key SR Ca2+ 
handling proteins such as the RyR2s due to impaired NOS1 can result in increased Ca2+-
mediated ventricular arrhythmia in the setting of elevated myocardia [Ca2+]i [19]. Inhibition of 
S-nitrosylation of the SR Ca2+ ATPase (SERCA) has been associated with lower Ca2+ uptake in 
the SR and impaired myocardial relaxation [20].

While substantial efforts were undertaken to characterize the kinetic properties of mitochon-
drial calcium cycling, the experimental approaches and techniques have not been able to 
reach explicit conclusions on cardiac mitochondrial responses to cytosolic Ca2+ oscillations 
during each heartbeat. However, it is widely accepted that Ca2+ is a second messenger for the 
regulation of mitochondrial tasks and represents a crucial link for the role of mitochondria for 
excitation-metabolism and excitation-contraction coupling in the heart.

2.1.3. Generation of ROS

Mitochondria are also a large cellular source of ROS. ROS includes the superoxide anion radi-
cal (O2

·−) and hydroxyl radical (·OH), as well as nonradical oxidants, such as hydrogen per-
oxide (H2O2) and singlet oxygen (1O2) [21]. They can be converted from one to the other by 
enzymatic and nonenzymatic mechanisms. The most abundant form of ROS in the body is O2

·−, 
which is enzymatically or spontaneously dismutated to H2O2. In the human body, there are 
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three superoxide dismutase (SOD) isoforms with precise subcellular compartmentalization: 
the Cu,Zn-dependent isoform (Cu,Zn SOD, SOD1) is found in the cytosol; the Mn-dependent 
isoform (Mn SOD, SOD2) is located in the mitochondrial matrix; and Cu,Zn SOD is located 
in the extracellular space (ecSOD, SOD3) [22]. Mitochondrial ROS have emerged as an impor-
tant mechanism of disease and redox signaling in the cardiovascular system.

O2
·− is the proximal mitochondrial ROS and is produced by the one-electron reduction of oxygen 

[23]. Mitochondrial O2
·− production takes place at redox-active prosthetic groups within pro-

teins where the kinetic factors are key to the production of O2
·− formation [23]. Under physiolog-

ical conditions, the balance between ROS generation and ROS scavenging is highly controlled. 
ROS generation can initiate diverse cellular responses, which include triggering signaling 
pathways involved in cell protection, initiating coordinated activation of mitochondrial fission 
and autophagy to optimize removal of abnormal mitochondria and cells, and ensuring that the 
damage does not spread to neighboring mitochondria and cells [21]. Both high levels of ROS 
(oxidative stress) and excessively low levels of ROS (reductive stress) are harmful and may play 
causative roles in the pathologies related to the dramatic change of redox environment [21]. 
Excess ROS production in the heart under pathophysiological conditions leads to mitochondrial 
dysfunction and bioenergetic decline and contributes to a number of cell pathologies in the 
heart. For example, ROS is favored by high membrane potential, low ATP formation, and ham-
pering the flow of electrons through the complexes in cardiomyocytes. In addition, ROS forma-
tion is the result of the uncoupling of respiration as seen during the opening of the mPTP [21]. 
Although many studies have detected O2

·− produced in isolated mitochondria, there are few 
reliable methods that can be used to measure the mitochondrial ROS production in vivo [24].

The molecular mechanisms of ROS generation in the cardiac mitochondrion remain unclear. 
It has been showed that complex I (NADH-ubiquinone oxidoreductase) is the main source of 
ROS in the mitochondrion. However, the ROS production at complex I is high under patho-
logical conditions, not physiological condition [21]. Further mechanistic studies suggest that 
the major site of ROS production in complex I is either upstream of a rotenone-binding site or 
tightly coupled to the increased level of NAD(P)H after rotenone supplementation [21]. ROS 
production at complex II is low at physiological concentrations of succinate, suggesting that 
complex II is not a key contributor to the mitochondrial ROS. ROS production at complex III 
only occurs after the binding of antimycin A, suggesting that conformational changes that 
occur on antimycin A binding may be responsible for the production of ROS [21].

2.1.4. mPTP opening

Mitochondria can mediate cell death through the opening or activation of the mPTP [25]. The 
mPTP is a high conductance channel that generates a sudden increase in inner mitochondrial 
membrane (IMM) permeability to ions and small solutes when opened [26, 27]. The pore is 
regulated by the concentration of Ca2+, ADP, NADH, and ROS. Regulation of the mPTP open-
ing is a key essential mechanism for cardiomyocyte survival and function.

Intense research efforts have been focused on elucidating the molecular components of the 
mPTP. The original mPTP model hypothesized that the channel comprised these principal 
proteins: cyclophilin D (CyPD), located in the mitochondrial matrix; the ANT, found in the 
inner membrane; the voltage-dependent anion channel (VDAC) in the outer membrane [28]; 
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the sarcoplasmic reticulum (SR), which binds to troponin C, and allows for the myosin and 
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also indirectly contribute to Ca2+ regulation by inducing changes in the concentration of ATP, 
NAD(P)H, pyruvate, and ROS, which in turn regulate other Ca2+ signaling machinery com-
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heart failure (HF) [11]. NO signaling and its downstream effectors such as S-nitrosylation 
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through the L-type Ca2+ channel [5, 18]. This decrease in Ca2+ influx may be responsible for 
the cardioprotection induced by NO. Furthermore, decreased S-nitrosylation of key SR Ca2+ 
handling proteins such as the RyR2s due to impaired NOS1 can result in increased Ca2+-
mediated ventricular arrhythmia in the setting of elevated myocardia [Ca2+]i [19]. Inhibition of 
S-nitrosylation of the SR Ca2+ ATPase (SERCA) has been associated with lower Ca2+ uptake in 
the SR and impaired myocardial relaxation [20].

While substantial efforts were undertaken to characterize the kinetic properties of mitochon-
drial calcium cycling, the experimental approaches and techniques have not been able to 
reach explicit conclusions on cardiac mitochondrial responses to cytosolic Ca2+ oscillations 
during each heartbeat. However, it is widely accepted that Ca2+ is a second messenger for the 
regulation of mitochondrial tasks and represents a crucial link for the role of mitochondria for 
excitation-metabolism and excitation-contraction coupling in the heart.

2.1.3. Generation of ROS

Mitochondria are also a large cellular source of ROS. ROS includes the superoxide anion radi-
cal (O2

·−) and hydroxyl radical (·OH), as well as nonradical oxidants, such as hydrogen per-
oxide (H2O2) and singlet oxygen (1O2) [21]. They can be converted from one to the other by 
enzymatic and nonenzymatic mechanisms. The most abundant form of ROS in the body is O2

·−, 
which is enzymatically or spontaneously dismutated to H2O2. In the human body, there are 
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three superoxide dismutase (SOD) isoforms with precise subcellular compartmentalization: 
the Cu,Zn-dependent isoform (Cu,Zn SOD, SOD1) is found in the cytosol; the Mn-dependent 
isoform (Mn SOD, SOD2) is located in the mitochondrial matrix; and Cu,Zn SOD is located 
in the extracellular space (ecSOD, SOD3) [22]. Mitochondrial ROS have emerged as an impor-
tant mechanism of disease and redox signaling in the cardiovascular system.
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and autophagy to optimize removal of abnormal mitochondria and cells, and ensuring that the 
damage does not spread to neighboring mitochondria and cells [21]. Both high levels of ROS 
(oxidative stress) and excessively low levels of ROS (reductive stress) are harmful and may play 
causative roles in the pathologies related to the dramatic change of redox environment [21]. 
Excess ROS production in the heart under pathophysiological conditions leads to mitochondrial 
dysfunction and bioenergetic decline and contributes to a number of cell pathologies in the 
heart. For example, ROS is favored by high membrane potential, low ATP formation, and ham-
pering the flow of electrons through the complexes in cardiomyocytes. In addition, ROS forma-
tion is the result of the uncoupling of respiration as seen during the opening of the mPTP [21]. 
Although many studies have detected O2

·− produced in isolated mitochondria, there are few 
reliable methods that can be used to measure the mitochondrial ROS production in vivo [24].

The molecular mechanisms of ROS generation in the cardiac mitochondrion remain unclear. 
It has been showed that complex I (NADH-ubiquinone oxidoreductase) is the main source of 
ROS in the mitochondrion. However, the ROS production at complex I is high under patho-
logical conditions, not physiological condition [21]. Further mechanistic studies suggest that 
the major site of ROS production in complex I is either upstream of a rotenone-binding site or 
tightly coupled to the increased level of NAD(P)H after rotenone supplementation [21]. ROS 
production at complex II is low at physiological concentrations of succinate, suggesting that 
complex II is not a key contributor to the mitochondrial ROS. ROS production at complex III 
only occurs after the binding of antimycin A, suggesting that conformational changes that 
occur on antimycin A binding may be responsible for the production of ROS [21].

2.1.4. mPTP opening

Mitochondria can mediate cell death through the opening or activation of the mPTP [25]. The 
mPTP is a high conductance channel that generates a sudden increase in inner mitochondrial 
membrane (IMM) permeability to ions and small solutes when opened [26, 27]. The pore is 
regulated by the concentration of Ca2+, ADP, NADH, and ROS. Regulation of the mPTP open-
ing is a key essential mechanism for cardiomyocyte survival and function.

Intense research efforts have been focused on elucidating the molecular components of the 
mPTP. The original mPTP model hypothesized that the channel comprised these principal 
proteins: cyclophilin D (CyPD), located in the mitochondrial matrix; the ANT, found in the 
inner membrane; the voltage-dependent anion channel (VDAC) in the outer membrane [28]; 
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and other interacting mitochondrial molecules such as the phosphate carrier, BH3 proteins, 
and p53 [29]. However, genetic ablation of the proposed components revealed that only the 
deletion of the CyPD gene resulted in impaired opening of the mPTP, suggesting that the 
other proposed components are not a necessary part of the pore [30, 31].

Recent studies indicated that the ATP synthase is a major component of the mPTP [32]. There are 
two working proposals about the mechanism for ATP synthase in the mPTP formation. The first 
one suggests that the pore forms at the interface of two dimers of ATP synthase [33]. It has been 
showed that the current that was observed from reconstituted lipid bilayers with purified dimers 
of the ATP synthase was electrophysiologically equivalent to that of the mPTP. Additionally, 
genetic ablation of two specific subunits of the F0 subcomplex that are necessary for dimeriza-
tion did not result in opening of the pore, which further underscores the importance of dimeriza-
tion for the formation of the mPTP [34]. The second hypothesis focuses on the c-subunit ring of 
the F0 subcomplex [35]. In purified ATP synthase extracts in yeast, the ring structure produced 
by the c-subunits exhibited a current that was equivalent to that of the mPTP [34], and the cur-
rents were inhibited by regulators of the mPTP, suggesting that the ring and the mPTP are the 
same. While debate continues about the precise components and mechanism of the mPTP, its 
importance in physiology and pathology is clear and its regulation is paramount to cell survival.

While a short-term opening of the mPTP appears to act as a normal calcium-release mecha-
nism that is required for proper metabolic regulation [29, 36–38], irreversible formation and 
consequent opening of the mPTP are key factors in mitochondrial dysfunction and mitochon-
dria-driven cell death [32, 39, 40]. When the mitochondria are exposed to high concentrations 
of calcium, they undergo a massive and permanent swelling that leads to an abrupt increase 
in permeability to small solutes of the IMM, abolishing the chemiosmotic gradient across the 
IMM [29], which subsequently uncouples OXPHOS, leading to a decrease in ATP production 
and an increase in ROS formation [25]. Further rupture of the outer mitochondrial membrane 
results in the extrusion of cytochrome c, a key step in the initiation of apoptosis [41]. The 
mPTP may also play a role in the regulation of energy production due to the dual role of the 
ATP synthase in both ATP production and mPTP formation [25].

Interestingly, small increases in O-GlcNAcylation were correlated with improved ability of 
cardiac mitochondria to sequester Ca2+ as well as resistance to mPTP opening. Key regulatory 
proteins in the mPTP, the VDAC and ANT, were also found to be able to be O-GlcNAcylated. 
The ATP synthase, the key molecule that forms the mPTP, has also been shown to be able 
to be O-GlcNAcylated [6]. Since mPTP opening is influenced by the loss of the mitochon-
drial potential as well as calcium overload, any change in mitochondrial potential or calcium 
dynamics may have adverse effects in the mitochondria. Key calcium signaling participants 
of mPTP regulation include the pore of the outer membrane, VDAC, the pore of the IMM cal-
cium uniporter, and a key regulator of the mPTP, cyclophilin D [42]. Our most recent study 
also showed that overexpression of VCP protects against stress-induced mPTP opening in 
cardiomyocyte through an iNOS-dependent mechanism [9].

2.2. Cardiac mitochondrial changes during cardiac development

There are significant differences in mitochondrial metabolism and function during the cardiac 
development through the fetus, neonatal, and adult heart.
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One of the major changes during the cardiac development is the use of energy fuels to generate 
ATP in cardiomyocyte. In the fetal heart, glucose and lactate are the predominant substrates 
used in the generation of ATP [43, 44]. The fetal heart boasts of a large endogenous glycogen 
supply, which is a significant source of the glucose on which the heart relies. Glycogenolysis 
is also particularly important in conditions of oxygen deprivation, allowing the fetal heart to 
resist the effects of hypoxia and ischemia better than the adult heart [43]. Fetal hearts have less 
mitochondria and therefore lower levels of respiratory and TCA cycle activities [2]. Notably, 
circulating levels of fatty acids are low, reducing the role of FAO in the generation of ATP. FAO 
is further inhibited by the high lactate levels present in the fetal heart [2]. Postnatally, an 
important switch occurs as fatty acids replace glucose and lactate as the primary energy sub-
strates in the developing heart [43]. Consequently, the activity of the proteins of the carnitine 
shuttle, particularly the M isoform of the mitochondrial carnitine palmitoyltransferase I (CPT 
I) and mitochondrial carnitine palmitoyltransferase II (CPT II), is markedly increased during 
the early postnatal period [45]. Other key proteins that have been associated with the uptake 
of fatty acids into cardiac muscle cells also exhibit increased mRNA expression during matu-
ration of the heart, reflecting increased fatty acid uptake and metabolism [46].

In addition, there is a change in the transfer and use of the energy currency in the mitochon-
dria during the cardiac development. MitoCK is responsible for the production of high-energy 
phosphates in adult heart. In the fetal heart, mitoCK levels are undetectable, with its expression 
starting between weeks 1 and 2 in the Wistar rat pup and rising to adult levels after 6 weeks 
[47]. MitoCK expression was associated with creatine-activated respiration and the affinity of 
OXPHOS to ADP. Importantly, there is a change in the organization of the cardiac mitochon-
dria from a random arrangement from day 1 in a rat to a fine network of myofibrils by week 3, 
as mitoCK allows maximal activation of the processes of OXPHOS [47].

2.3. Cardiac mitochondria during aging

Aging is a major risk factor for cardiovascular diseases. During aging, mitochondrial oxida-
tive stress responses, mitochondrial damage, and biogenesis as well as the cross-talk between 
mitochondria and cellular signaling are changed.

Aging may induce changes to the shape and size of mitochondria in the heart [48]. In aged 
mice, mitochondria appeared more rounded and less spherical [49]. It was further noted that 
aged mitochondria exhibit a lower total area of inner membrane per mitochondria, suggesting 
a reduced capacity for OXPHOS [50]. Reciprocally, increased levels of large-scale deletions 
and point mutations in cardiac mtDNA, as well as reduced levels of mitochondrial enzymatic 
activities, may occur with aging.

Additionally, the multiple metabolic changes that occur in cardiac muscle with advancing age 
include increasing levels of saturated fatty acids and reduced levels of polyunsaturated fatty 
acids and cardiolipin [51]. Cardiolipin is a key cellular phospholipid and an important con-
stituent of the mitochondrial inner membrane. Reduced cardiolipin influences cardiac mito-
chondrial membrane transport function, fluidity, and stability of the membrane and facilitates 
optimal energy generation [51]. Significant reduction in carnitine and acetyl carnitine levels 
has also been reported in older subjects, suggesting lowered ability to transfer fatty acids into 
the mitochondria to be metabolized [52]. In addition, the effect of aging on cardiac OXPHOS 
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and other interacting mitochondrial molecules such as the phosphate carrier, BH3 proteins, 
and p53 [29]. However, genetic ablation of the proposed components revealed that only the 
deletion of the CyPD gene resulted in impaired opening of the mPTP, suggesting that the 
other proposed components are not a necessary part of the pore [30, 31].

Recent studies indicated that the ATP synthase is a major component of the mPTP [32]. There are 
two working proposals about the mechanism for ATP synthase in the mPTP formation. The first 
one suggests that the pore forms at the interface of two dimers of ATP synthase [33]. It has been 
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by the c-subunits exhibited a current that was equivalent to that of the mPTP [34], and the cur-
rents were inhibited by regulators of the mPTP, suggesting that the ring and the mPTP are the 
same. While debate continues about the precise components and mechanism of the mPTP, its 
importance in physiology and pathology is clear and its regulation is paramount to cell survival.

While a short-term opening of the mPTP appears to act as a normal calcium-release mecha-
nism that is required for proper metabolic regulation [29, 36–38], irreversible formation and 
consequent opening of the mPTP are key factors in mitochondrial dysfunction and mitochon-
dria-driven cell death [32, 39, 40]. When the mitochondria are exposed to high concentrations 
of calcium, they undergo a massive and permanent swelling that leads to an abrupt increase 
in permeability to small solutes of the IMM, abolishing the chemiosmotic gradient across the 
IMM [29], which subsequently uncouples OXPHOS, leading to a decrease in ATP production 
and an increase in ROS formation [25]. Further rupture of the outer mitochondrial membrane 
results in the extrusion of cytochrome c, a key step in the initiation of apoptosis [41]. The 
mPTP may also play a role in the regulation of energy production due to the dual role of the 
ATP synthase in both ATP production and mPTP formation [25].

Interestingly, small increases in O-GlcNAcylation were correlated with improved ability of 
cardiac mitochondria to sequester Ca2+ as well as resistance to mPTP opening. Key regulatory 
proteins in the mPTP, the VDAC and ANT, were also found to be able to be O-GlcNAcylated. 
The ATP synthase, the key molecule that forms the mPTP, has also been shown to be able 
to be O-GlcNAcylated [6]. Since mPTP opening is influenced by the loss of the mitochon-
drial potential as well as calcium overload, any change in mitochondrial potential or calcium 
dynamics may have adverse effects in the mitochondria. Key calcium signaling participants 
of mPTP regulation include the pore of the outer membrane, VDAC, the pore of the IMM cal-
cium uniporter, and a key regulator of the mPTP, cyclophilin D [42]. Our most recent study 
also showed that overexpression of VCP protects against stress-induced mPTP opening in 
cardiomyocyte through an iNOS-dependent mechanism [9].

2.2. Cardiac mitochondrial changes during cardiac development

There are significant differences in mitochondrial metabolism and function during the cardiac 
development through the fetus, neonatal, and adult heart.
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of fatty acids into cardiac muscle cells also exhibit increased mRNA expression during matu-
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In addition, there is a change in the transfer and use of the energy currency in the mitochon-
dria during the cardiac development. MitoCK is responsible for the production of high-energy 
phosphates in adult heart. In the fetal heart, mitoCK levels are undetectable, with its expression 
starting between weeks 1 and 2 in the Wistar rat pup and rising to adult levels after 6 weeks 
[47]. MitoCK expression was associated with creatine-activated respiration and the affinity of 
OXPHOS to ADP. Importantly, there is a change in the organization of the cardiac mitochon-
dria from a random arrangement from day 1 in a rat to a fine network of myofibrils by week 3, 
as mitoCK allows maximal activation of the processes of OXPHOS [47].

2.3. Cardiac mitochondria during aging

Aging is a major risk factor for cardiovascular diseases. During aging, mitochondrial oxida-
tive stress responses, mitochondrial damage, and biogenesis as well as the cross-talk between 
mitochondria and cellular signaling are changed.

Aging may induce changes to the shape and size of mitochondria in the heart [48]. In aged 
mice, mitochondria appeared more rounded and less spherical [49]. It was further noted that 
aged mitochondria exhibit a lower total area of inner membrane per mitochondria, suggesting 
a reduced capacity for OXPHOS [50]. Reciprocally, increased levels of large-scale deletions 
and point mutations in cardiac mtDNA, as well as reduced levels of mitochondrial enzymatic 
activities, may occur with aging.

Additionally, the multiple metabolic changes that occur in cardiac muscle with advancing age 
include increasing levels of saturated fatty acids and reduced levels of polyunsaturated fatty 
acids and cardiolipin [51]. Cardiolipin is a key cellular phospholipid and an important con-
stituent of the mitochondrial inner membrane. Reduced cardiolipin influences cardiac mito-
chondrial membrane transport function, fluidity, and stability of the membrane and facilitates 
optimal energy generation [51]. Significant reduction in carnitine and acetyl carnitine levels 
has also been reported in older subjects, suggesting lowered ability to transfer fatty acids into 
the mitochondria to be metabolized [52]. In addition, the effect of aging on cardiac OXPHOS 
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enzymatic function has been reported. Within cardiomyocytes, the interfibrillar mitochondria 
consume less oxygen and show a decrease in the ETC enzyme activity, particularly complexes 
III and IV during aging [53, 54]. This decrease in enzyme activity may lead to the lowered abil-
ity to meet the energy demands of the heart as aging ensues.

Furthermore, mitochondrial abnormalities have been proposed due to the increased mito-
chondrial production of ROS during aging. The rate of oxidative phosphorylation decreases 
with aging, allowing for increased leakage of electrons [48], these electrons are then able to 
interact with oxygen, generating superoxide anions and other forms of ROS. Excessive ROS 
formation has harmful consequences, including cellular dysfunction and cell death [48]. This 
high level of ROS is also able to oxidize mtDNA. Moreover, opening of the mPTP has been 
found to be changed in the heart during aging [55]. Increased opening of the mPTP may be 
linked to higher ROS levels and thus may be facilitating the aging process.

3. Mitochondria in heart diseases

Although the pathophysiology of heart diseases is divergent, mitochondrial dysfunction 
appears to be a common mechanism that determines cardiac survival and function. Cardiac 
mitochondrial abnormalities include shifted metabolic substrate utilization, impaired mito-
chondrial ETC activity, increased formation of ROS, altered calcium homeostasis, and 
increased mPTP opening. Defects in mitochondrial structure and function have been found 
in association with cardiovascular diseases such as dilated and hypertrophic cardiomyopathy 
(DCM and HCM, respectively), cardiac conduction defects and sudden death, ischemic and 
alcoholic cardiomyopathy, and myocarditis. This section focuses on the changes of mitochon-
drial bioenergetics that are associated with cardiac survival and growth in heart diseases, 
including heart failure (HF), ischemia/reperfusion (I/R), pressure overload–induced cardiac 
hypertrophy and the cardiomyopathies in diabetes, and genetic mitochondrial diseases (MD).

3.1. Mitochondrial dysfunction in HF

HF is an end stage of many heart disorders and a complex chronic clinical syndrome. Although 
the causes of HF are variable, HF is viewed as an energy-mismatched disease [1, 56]. The first 
link between HF and mitochondrial dysfunction was described in 1962 in a guinea pig model 
with HF induced by an aortic restriction [57]. Since this observation, there has been growing 
interest in the investigation of mitochondrial function in failing hearts [58], and emerging evi-
dence supports the concept that dysregulation of myocardial energetics is tightly associated 
with the development and progression of HF [1, 56, 59, 60].

The heart requires large amounts of energy to facilitate its continuous contraction and relax-
ation cycles. HF occurs when the energy demand outweighs the energy supply. Any contribu-
tor that leads to HF is accompanied with a gradual but progressive decline in the activity of 
mitochondrial respiration, leading to diminished capacity for ATP production and subsequent 
progression of the heart to fail. Reciprocally, a failed heart reduces the blood and oxygen sup-
ply to the peripheral tissues and to the heart itself, further exacerbating the decline in cardiac 
energy production. On the other hand, the amount of ATP required from the mitochondria is 
increased to meet the abnormally enlarged myocardium size and failing function, augmenting  
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the imbalance between the requirement and supplement of oxygen in the cardiac muscle dur-
ing the contraction and relaxation cycle. Consequently, the bioenergetic requirements of the 
heart are beyond what the mitochondria can cope with, and the heart begins to progress to 
HF. Thus, energy deficiency can be a cause and effect of HF. There are considerable evidences 
of links between HF and impairment of the energetics of myocardial mitochondria, such as 
declined mitochondrial synthesis/resynthesis of ATP, shifted fuel selection, impaired mito-
chondrial biogenesis, and abnormal calcium transport.

3.1.1. Reduction of ATP synthesis

Like all the other cells, there are three energy systems that contribute to the production of ATP 
in cardiac muscles: phosphagen system (ATP-creatine phosphate cycling; high power, short 
duration), glycolysis (moderate power/short duration), and FAO (low power/long duration). 
Three energy systems can be selectively recruited, depending on the amount of oxygen avail-
able, as part of the cellular respiration process to generate the ATP for the cardiac muscles. 
Since the heart has a limited capacity for substrate storage, energy is required to rebuild or 
resynthesize it. The energy released from any of these three series of reactions is coupled with 
the energy requirements of the reaction that resynthesizes ATP.

ATP-CP system is the quickest way to resynthesize ATP. CP, like ATP, is stored in cardiac 
muscle cells and serves as the main energy store in myocardium. If oxygen is unavailable, 
the ATP-CP system does not use oxygen and does not produce lactic acid. This is the primary 
system behind the very short, powerful movements of the cardiac contraction and relaxation 
cycle. When CP is broken down, a large amount of energy is released. This energy released is 
coupled to the energy requirement necessary for the resynthesis of ATP. CP can easily diffuse 
through the inner mitochondrial membrane to the cytosol to generate ATP from ADP cata-
lyzed by the cytosolic CK (cytoCK). Normal beating cardiomyocytes, even under variations of 
workload, maintain a constant level of ATP and CP in the cytosolic and mitochondrial com-
partments [58]. The CP/ATP ratio of 1.7–2.1 reflects normal mitochondrial ATP production and 
CK efficiency. This ratio has become a powerful index of the bioenergetics of the heart and its 
decrease has been reported in both the human and animal models of HF [61–65]. In HF patients 
and animal models, the total CK, as well as both the cytoCK and mitoCK, positively correlates 
with ejection fraction and can decrease as much as 50% [66–68]. It is observed that the decrease 
in CK activity, rather than the level of hypertrophy itself, is a hallmark of the transition from 
severe hypertrophy to HF [62, 69]. Interestingly, healthy myocardial cell size, myofibrillar and 
cytoskeletal organization, and positioning of the mitochondria near the SR allow for the ATP 
production in both mitochondrial and cytosolic regions and work concurrently to meet the 
energy demand [69]. However, in the failing hearts, the increase in myocardial cell size, the 
shrinkage of mitochondrial content, the alterations in microtubules, and the disorganization 
of cytoskeletal protein and their reduced expression contribute to decrease the efficiency of 
mitoCK and cytoCK for the energy transfer between the mitochondria and the cytosol [70–73].

The glycolysis system is the second-fastest way to resynthesize ATP. In the normal heart, pyru-
vate is converted into a metabolic intermediary molecule called acetyl coenzyme A (acetyl-
CoA), which enters the mitochondria for oxidation and the production of more ATP. In the 
failing heart, the conversion to lactate occurs due to the greater demand for oxygen than the 
available supply. Although the catabolism of sugar supplies the necessary energy from which 
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enzymatic function has been reported. Within cardiomyocytes, the interfibrillar mitochondria 
consume less oxygen and show a decrease in the ETC enzyme activity, particularly complexes 
III and IV during aging [53, 54]. This decrease in enzyme activity may lead to the lowered abil-
ity to meet the energy demands of the heart as aging ensues.

Furthermore, mitochondrial abnormalities have been proposed due to the increased mito-
chondrial production of ROS during aging. The rate of oxidative phosphorylation decreases 
with aging, allowing for increased leakage of electrons [48], these electrons are then able to 
interact with oxygen, generating superoxide anions and other forms of ROS. Excessive ROS 
formation has harmful consequences, including cellular dysfunction and cell death [48]. This 
high level of ROS is also able to oxidize mtDNA. Moreover, opening of the mPTP has been 
found to be changed in the heart during aging [55]. Increased opening of the mPTP may be 
linked to higher ROS levels and thus may be facilitating the aging process.

3. Mitochondria in heart diseases

Although the pathophysiology of heart diseases is divergent, mitochondrial dysfunction 
appears to be a common mechanism that determines cardiac survival and function. Cardiac 
mitochondrial abnormalities include shifted metabolic substrate utilization, impaired mito-
chondrial ETC activity, increased formation of ROS, altered calcium homeostasis, and 
increased mPTP opening. Defects in mitochondrial structure and function have been found 
in association with cardiovascular diseases such as dilated and hypertrophic cardiomyopathy 
(DCM and HCM, respectively), cardiac conduction defects and sudden death, ischemic and 
alcoholic cardiomyopathy, and myocarditis. This section focuses on the changes of mitochon-
drial bioenergetics that are associated with cardiac survival and growth in heart diseases, 
including heart failure (HF), ischemia/reperfusion (I/R), pressure overload–induced cardiac 
hypertrophy and the cardiomyopathies in diabetes, and genetic mitochondrial diseases (MD).

3.1. Mitochondrial dysfunction in HF

HF is an end stage of many heart disorders and a complex chronic clinical syndrome. Although 
the causes of HF are variable, HF is viewed as an energy-mismatched disease [1, 56]. The first 
link between HF and mitochondrial dysfunction was described in 1962 in a guinea pig model 
with HF induced by an aortic restriction [57]. Since this observation, there has been growing 
interest in the investigation of mitochondrial function in failing hearts [58], and emerging evi-
dence supports the concept that dysregulation of myocardial energetics is tightly associated 
with the development and progression of HF [1, 56, 59, 60].

The heart requires large amounts of energy to facilitate its continuous contraction and relax-
ation cycles. HF occurs when the energy demand outweighs the energy supply. Any contribu-
tor that leads to HF is accompanied with a gradual but progressive decline in the activity of 
mitochondrial respiration, leading to diminished capacity for ATP production and subsequent 
progression of the heart to fail. Reciprocally, a failed heart reduces the blood and oxygen sup-
ply to the peripheral tissues and to the heart itself, further exacerbating the decline in cardiac 
energy production. On the other hand, the amount of ATP required from the mitochondria is 
increased to meet the abnormally enlarged myocardium size and failing function, augmenting  
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the imbalance between the requirement and supplement of oxygen in the cardiac muscle dur-
ing the contraction and relaxation cycle. Consequently, the bioenergetic requirements of the 
heart are beyond what the mitochondria can cope with, and the heart begins to progress to 
HF. Thus, energy deficiency can be a cause and effect of HF. There are considerable evidences 
of links between HF and impairment of the energetics of myocardial mitochondria, such as 
declined mitochondrial synthesis/resynthesis of ATP, shifted fuel selection, impaired mito-
chondrial biogenesis, and abnormal calcium transport.

3.1.1. Reduction of ATP synthesis

Like all the other cells, there are three energy systems that contribute to the production of ATP 
in cardiac muscles: phosphagen system (ATP-creatine phosphate cycling; high power, short 
duration), glycolysis (moderate power/short duration), and FAO (low power/long duration). 
Three energy systems can be selectively recruited, depending on the amount of oxygen avail-
able, as part of the cellular respiration process to generate the ATP for the cardiac muscles. 
Since the heart has a limited capacity for substrate storage, energy is required to rebuild or 
resynthesize it. The energy released from any of these three series of reactions is coupled with 
the energy requirements of the reaction that resynthesizes ATP.

ATP-CP system is the quickest way to resynthesize ATP. CP, like ATP, is stored in cardiac 
muscle cells and serves as the main energy store in myocardium. If oxygen is unavailable, 
the ATP-CP system does not use oxygen and does not produce lactic acid. This is the primary 
system behind the very short, powerful movements of the cardiac contraction and relaxation 
cycle. When CP is broken down, a large amount of energy is released. This energy released is 
coupled to the energy requirement necessary for the resynthesis of ATP. CP can easily diffuse 
through the inner mitochondrial membrane to the cytosol to generate ATP from ADP cata-
lyzed by the cytosolic CK (cytoCK). Normal beating cardiomyocytes, even under variations of 
workload, maintain a constant level of ATP and CP in the cytosolic and mitochondrial com-
partments [58]. The CP/ATP ratio of 1.7–2.1 reflects normal mitochondrial ATP production and 
CK efficiency. This ratio has become a powerful index of the bioenergetics of the heart and its 
decrease has been reported in both the human and animal models of HF [61–65]. In HF patients 
and animal models, the total CK, as well as both the cytoCK and mitoCK, positively correlates 
with ejection fraction and can decrease as much as 50% [66–68]. It is observed that the decrease 
in CK activity, rather than the level of hypertrophy itself, is a hallmark of the transition from 
severe hypertrophy to HF [62, 69]. Interestingly, healthy myocardial cell size, myofibrillar and 
cytoskeletal organization, and positioning of the mitochondria near the SR allow for the ATP 
production in both mitochondrial and cytosolic regions and work concurrently to meet the 
energy demand [69]. However, in the failing hearts, the increase in myocardial cell size, the 
shrinkage of mitochondrial content, the alterations in microtubules, and the disorganization 
of cytoskeletal protein and their reduced expression contribute to decrease the efficiency of 
mitoCK and cytoCK for the energy transfer between the mitochondria and the cytosol [70–73].

The glycolysis system is the second-fastest way to resynthesize ATP. In the normal heart, pyru-
vate is converted into a metabolic intermediary molecule called acetyl coenzyme A (acetyl-
CoA), which enters the mitochondria for oxidation and the production of more ATP. In the 
failing heart, the conversion to lactate occurs due to the greater demand for oxygen than the 
available supply. Although the catabolism of sugar supplies the necessary energy from which 
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ATP is manufactured, it is only partially broken down when sugar is metabolized anaerobi-
cally. Only a few moles of ATP can be resynthesized from the breakdown of sugar as compared 
to the yield possible when oxygen is present. In addition, there is an increase in hydrogen ions 
due to the formation of lactic acid, causing the muscle pH to decrease. This leads to acidosis 
and the accumulation of other metabolites such as ADP, Pi, and potassium ions that may fur-
ther induce the inhibition of specific enzymes involved in metabolism and muscle contraction.

The aerobic system includes the Krebs cycle and the ETC. Mitochondria are crucial for the 
working of the cardiomyocytes as these powerhouses provide the aerobic metabolism for 
the cardiomyocyte function. Reduced mitochondrial oxidative capacity has been observed in 
rodent HF models. The onset of HF is not an overnight process but a progression of continual 
abnormalities in the bioenergetics due to the disruption of metabolic regulatory signaling 
pathway or the lack of oxygen supply, which leads to failure in mitochondrial dysfunction 
and decline in ATP production.

3.1.2. The shift of fuel selection of mitochondrial bioenergetics

Numerous studies have demonstrated that cardiac substrate preference is altered in the failing 
heart. Fatty acids are the preferential energy substrates of the heart and contribute to 60–90% 
of cardiac ATP production [74]. At the early phase of HF, there is a decline in FAO. An adap-
tive mechanism is to switch from fatty acid to glucose via the glycolytic pathway. The decrease 
in the capacity for the mitochondria to oxidize fatty acids is linked to the reduced expres-
sion of the master regulator of energy metabolism in mitochondria, PGC-1α (transcriptional 
co-activator peroxisome proliferator–activated receptor-γ coactivator-1α) [75–77]. In mouse 
model, PGC-1α is shown to be crucial for the functional efficiency of mitochondrial FAO, lipid 
regulation, and ATP synthesis, particularly in instances of increased cardiac demand [78]. The 
overexpression of PGC-1α in transgenic mice induces enhancement of mitochondrial respira-
tion and an increase in mitochondrial numbers [79]. The downregulation of PGC-1α leads to 
reduction of its downstream targets, e.g., nuclear respiratory factor (NRFs), estrogen recep-
tor–related receptor (ERRα/γ), peroxisome proliferator–activated receptors (PPARs), and sub-
sequently regulates FAO, glucose utilization, and mitochondrial biogenesis [1, 69]. PPARα, 
as a transcription factor that enables fatty acids to be transported into the mitochondria and 
peroxisomes, is downregulated in failing hearts of animals and humans [80, 81]. In human HF 
patients (both ischemic and idiopathic DCM), ERRα and its target genes were downregulated, 
which may contribute to the reduction of mitochondrial metabolic capacity [81].

It is yet unclear whether the myocardial substrate shifts serve as adaptive functions or cause 
deleterious effects on the failing heart, but the evidences from reports in animal models and in 
rare genetic human diseases provide some light. In mice studies, the rapid decline in the cardiac 
mitochondrial FAO capacity induces cardio-lipotoxic effects due to the accumulation of lipids 
[82, 83]. Furthermore, when FAO enzymes such as the very-long-chain acyl-CoA dehydrogenase 
(VLCAD) or the long-chain acyl-CoA dehydrogenase (LCAD) are disrupted in mice, cardio-
myopathic profiles similar to human cases are observed [84, 85]. Likewise, with cardiac-specific 
deletion of the PPARβ gene, which is involved in the oxidation of the FA, the mice developed car-
diomyopathy with cardiomyocyte apoptosis and death [86]. Moreover, in human cases, reports 
of deficiencies in children of enzymes that are part of the mitochondrial long-chain FAO have 
caused a stress-induced cardiomyopathy due to accumulation of myocardial lipids [87]. Despite 
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these evidences of the cardiac pathologies that come from reduced mitochondrial FAO, the shift 
from FAO to glucose in the hypertrophied heart may be beneficial and adaptive for the short 
term. PPARα-null mice, for example, have reduced FAO efficiency, but the hearts showed no 
ventricular dysfunction. However, in a rat pressure overload model, when FAO was reactivated, 
the hearts developed ventricular dysfunction [88]. In addition, the degree and duration of the 
pathophysiological stimulus as well as the systemic metabolic state (e.g., levels of circulating lip-
ids) may contribute to the consequence of alterations of FAO capacity in the pathogenesis of HF.

3.1.3. Dysregulation of Ca2+ homeostasis

The reduction of energy production rate in dysfunctional mitochondria is also attributed by 
the dysregulation of Ca2+ homeostasis within the cardiomyocyte. Mitochondria act as a cal-
cium sensor detecting the increase and decrease of the cytosolic Ca2+ to meet the needs of 
the cardiomyocyte. Ca2+ is transported into the mitochondria via MCU and out of the mito-
chondria via the sodium-calcium exchanger (NCX). Both the MCU and mitochondrial NCX 
are localized to the IMM. In normal physiological conditions, in the event of increased work-
load, the cytosolic Ca2+ is increased, triggering the opening of the MCU to transport Ca2+ into 
the mitochondrial matrix. The influx of the mitochondrial Ca2+ in the matrix increases the 
ATP synthase and the dehydrogenase activity of the citric acid cycle to generate more ATP 
[58]. Another transporter of Ca2+ into the mitochondria is the mPTP, which requires oxidative 
stress, elevated phosphate, and adenine nucleotide depletion to be opened. Increased uptake 
of Ca2+ into the mitochondria has been linked to cellular dysfunction and energy reduction [89, 
90]. Also, the accumulation of Ca2+ in the mitochondria induces activation of the apoptotic and 
necrotic pathways [91]. In addition, in postmyocardial infarction HF mouse model, diastolic 
SR Ca2+ leak induces mitochondrial Ca2+ overload and dysfunction [92]. In HF, Ca/calmodu-
lin-dependent protein kinase II (CamKII) has been involved in increasing mitochondrial Ca2+ 
uptake through the MCU and promotes mPTP opening and myocardial cell death [93].

3.1.4. Impaired mitochondrial biogenesis

Efficient mitochondrial capacity to meet the heart’s workload also involves maintaining and 
protecting its biogenesis. It has been shown that the mitochondrial biogenesis was declined 
in failing heart, which is associated with the downregulation of the transcription factors such 
as NRF and ERRα [94].

3.1.5. Excess generation of ROS

The respiratory chain regularly generates ROS in the form of O2
·−, which can initiate the for-

mation of other ROS such as OH, peroxynitrite, and H2O2. These O2
·− are not able to easily 

permeate outside the mitochondria and become trapped within. Since mtDNA has no protec-
tive histones and a poor DNA repair system, mtDNA is more susceptible to damage and has 
a high mutation rate [58]. Presence of ROS generates oxidative stress and damage not only to 
DNA, but also to proteins of the cell, which include those in signaling of the mechanical and 
structural roles. In a canine model of HF and HF patient blood samples, O2

·− production by 
the mitochondria is increased [95, 96]. The reduction of PGC-1α in HF has also been found to 
promote oxidative stress and mitochondrial damage [97]. Another source of ROS is one of the 
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ATP is manufactured, it is only partially broken down when sugar is metabolized anaerobi-
cally. Only a few moles of ATP can be resynthesized from the breakdown of sugar as compared 
to the yield possible when oxygen is present. In addition, there is an increase in hydrogen ions 
due to the formation of lactic acid, causing the muscle pH to decrease. This leads to acidosis 
and the accumulation of other metabolites such as ADP, Pi, and potassium ions that may fur-
ther induce the inhibition of specific enzymes involved in metabolism and muscle contraction.

The aerobic system includes the Krebs cycle and the ETC. Mitochondria are crucial for the 
working of the cardiomyocytes as these powerhouses provide the aerobic metabolism for 
the cardiomyocyte function. Reduced mitochondrial oxidative capacity has been observed in 
rodent HF models. The onset of HF is not an overnight process but a progression of continual 
abnormalities in the bioenergetics due to the disruption of metabolic regulatory signaling 
pathway or the lack of oxygen supply, which leads to failure in mitochondrial dysfunction 
and decline in ATP production.

3.1.2. The shift of fuel selection of mitochondrial bioenergetics

Numerous studies have demonstrated that cardiac substrate preference is altered in the failing 
heart. Fatty acids are the preferential energy substrates of the heart and contribute to 60–90% 
of cardiac ATP production [74]. At the early phase of HF, there is a decline in FAO. An adap-
tive mechanism is to switch from fatty acid to glucose via the glycolytic pathway. The decrease 
in the capacity for the mitochondria to oxidize fatty acids is linked to the reduced expres-
sion of the master regulator of energy metabolism in mitochondria, PGC-1α (transcriptional 
co-activator peroxisome proliferator–activated receptor-γ coactivator-1α) [75–77]. In mouse 
model, PGC-1α is shown to be crucial for the functional efficiency of mitochondrial FAO, lipid 
regulation, and ATP synthesis, particularly in instances of increased cardiac demand [78]. The 
overexpression of PGC-1α in transgenic mice induces enhancement of mitochondrial respira-
tion and an increase in mitochondrial numbers [79]. The downregulation of PGC-1α leads to 
reduction of its downstream targets, e.g., nuclear respiratory factor (NRFs), estrogen recep-
tor–related receptor (ERRα/γ), peroxisome proliferator–activated receptors (PPARs), and sub-
sequently regulates FAO, glucose utilization, and mitochondrial biogenesis [1, 69]. PPARα, 
as a transcription factor that enables fatty acids to be transported into the mitochondria and 
peroxisomes, is downregulated in failing hearts of animals and humans [80, 81]. In human HF 
patients (both ischemic and idiopathic DCM), ERRα and its target genes were downregulated, 
which may contribute to the reduction of mitochondrial metabolic capacity [81].

It is yet unclear whether the myocardial substrate shifts serve as adaptive functions or cause 
deleterious effects on the failing heart, but the evidences from reports in animal models and in 
rare genetic human diseases provide some light. In mice studies, the rapid decline in the cardiac 
mitochondrial FAO capacity induces cardio-lipotoxic effects due to the accumulation of lipids 
[82, 83]. Furthermore, when FAO enzymes such as the very-long-chain acyl-CoA dehydrogenase 
(VLCAD) or the long-chain acyl-CoA dehydrogenase (LCAD) are disrupted in mice, cardio-
myopathic profiles similar to human cases are observed [84, 85]. Likewise, with cardiac-specific 
deletion of the PPARβ gene, which is involved in the oxidation of the FA, the mice developed car-
diomyopathy with cardiomyocyte apoptosis and death [86]. Moreover, in human cases, reports 
of deficiencies in children of enzymes that are part of the mitochondrial long-chain FAO have 
caused a stress-induced cardiomyopathy due to accumulation of myocardial lipids [87]. Despite 
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these evidences of the cardiac pathologies that come from reduced mitochondrial FAO, the shift 
from FAO to glucose in the hypertrophied heart may be beneficial and adaptive for the short 
term. PPARα-null mice, for example, have reduced FAO efficiency, but the hearts showed no 
ventricular dysfunction. However, in a rat pressure overload model, when FAO was reactivated, 
the hearts developed ventricular dysfunction [88]. In addition, the degree and duration of the 
pathophysiological stimulus as well as the systemic metabolic state (e.g., levels of circulating lip-
ids) may contribute to the consequence of alterations of FAO capacity in the pathogenesis of HF.

3.1.3. Dysregulation of Ca2+ homeostasis

The reduction of energy production rate in dysfunctional mitochondria is also attributed by 
the dysregulation of Ca2+ homeostasis within the cardiomyocyte. Mitochondria act as a cal-
cium sensor detecting the increase and decrease of the cytosolic Ca2+ to meet the needs of 
the cardiomyocyte. Ca2+ is transported into the mitochondria via MCU and out of the mito-
chondria via the sodium-calcium exchanger (NCX). Both the MCU and mitochondrial NCX 
are localized to the IMM. In normal physiological conditions, in the event of increased work-
load, the cytosolic Ca2+ is increased, triggering the opening of the MCU to transport Ca2+ into 
the mitochondrial matrix. The influx of the mitochondrial Ca2+ in the matrix increases the 
ATP synthase and the dehydrogenase activity of the citric acid cycle to generate more ATP 
[58]. Another transporter of Ca2+ into the mitochondria is the mPTP, which requires oxidative 
stress, elevated phosphate, and adenine nucleotide depletion to be opened. Increased uptake 
of Ca2+ into the mitochondria has been linked to cellular dysfunction and energy reduction [89, 
90]. Also, the accumulation of Ca2+ in the mitochondria induces activation of the apoptotic and 
necrotic pathways [91]. In addition, in postmyocardial infarction HF mouse model, diastolic 
SR Ca2+ leak induces mitochondrial Ca2+ overload and dysfunction [92]. In HF, Ca/calmodu-
lin-dependent protein kinase II (CamKII) has been involved in increasing mitochondrial Ca2+ 
uptake through the MCU and promotes mPTP opening and myocardial cell death [93].

3.1.4. Impaired mitochondrial biogenesis

Efficient mitochondrial capacity to meet the heart’s workload also involves maintaining and 
protecting its biogenesis. It has been shown that the mitochondrial biogenesis was declined 
in failing heart, which is associated with the downregulation of the transcription factors such 
as NRF and ERRα [94].

3.1.5. Excess generation of ROS

The respiratory chain regularly generates ROS in the form of O2
·−, which can initiate the for-

mation of other ROS such as OH, peroxynitrite, and H2O2. These O2
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tive histones and a poor DNA repair system, mtDNA is more susceptible to damage and has 
a high mutation rate [58]. Presence of ROS generates oxidative stress and damage not only to 
DNA, but also to proteins of the cell, which include those in signaling of the mechanical and 
structural roles. In a canine model of HF and HF patient blood samples, O2

·− production by 
the mitochondria is increased [95, 96]. The reduction of PGC-1α in HF has also been found to 
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isoforms of NADP oxidase (Nox). Nox 4 is abundant in cardiomyocytes and is localized pri-
marily in the mitochondria. Nox 4 has been reported to enhance ROS production in aging and 
in pressure overload–HF models [98–100] and also is highly active in failing human hearts 
[101]. Moreover, ROS plays a part in regulating cardiac hypertrophic pathways: Ras, protein 
kinase C, Jun N-terminal kinase, and mitogen-activated protein kinase [94, 102].

In summary, HF is characterized by bioenergetic imbalance between the energy production 
from mitochondria and demands from the myocardial performance. There are many complex 
simultaneous interplays between: the maintenance of ratio of CP/ATP, the level of total CK 
as a catalyst, the cycling of Ca2+ between the cytosol and the mitochondrial matrix, the major 
regulatory role of PGC-1α for mitochondrial biogenesis, FAO and glucose metabolism, and 
even the volume of cardiomyocyte in affecting mitochondria positioning that influences effi-
ciency of ATP production in cardiac mitochondria.

3.2. Mitochondria and ischemia/reperfusion (I/R)

The normal function of the mitochondria maintains the endurance of the cardiomyocyte in 
the events of stress and increased workload. However, as soon as the series of biochemical 
alterations and damage in the mitochondria occur, the cell viability declines and regresses 
to cell death. Mitochondrial dysfunction contributes to cell damage during I/R. Myocardial 
ischemia is the result of the narrowing or blockage of the coronary artery, thereby depriving 
the cardiomyocytes from oxygen leading to hypoxia and damage to the heart region and dis-
abling the heart to efficiently pump. The effects of hypoxia induce sudden biochemical and 
metabolic changes in the cardiomyocytes. These alterations induce mitochondrial membrane 
depolarization, reduction of ATP synthesis, and damage to the contractile function. With the 
cardiomyocytes being devoid of O2, the cell metabolism changes to anaerobic respiration, 
inducing lactate accumulation and pH reduction. The increase in proton drives the Na+-H+ 
ion exchanger to expel H+ from the cell in exchange for entry of Na+ ions [103]. Furthermore, 
due to the lack of ATP, 3Na+-2 K+ATPase fail to function causing more accumulation of Na+ 
and inducing the reverse function of the NCX pump to extrude Na+ and accumulate Ca2+ ions, 
promoting Ca2+ overload [104]. However, with prolonged ischemia, the increase in mitochon-
drial Ca2+, ROS, and decline of ATP level, the mPTP is triggered to be opened. These changes 
further result in mPTP opening, mediating both the necrotic and apoptotic cell death.

Although reperfusion restores the region of ischemia with new influx of O2, and the necessary 
substrates for aerobic ATP synthesis are delivered and extracellular pH has been restored, 
reperfusion has been proven to deliver damage at the same time. As blood flow reintroduces 
molecular oxygen to the damaged areas, ROS is generated. While the mitochondria gener-
ate ROS in normal physiology, the reperfusion of the ischemic region induces bursts of ROS 
production that overwhelms the ability of the cells to normally scavenge the reactive species 
[105]. It has been reported that upon reperfusion, while O2 supply is suddenly restored, the 
rapid normalization of the pH and the existing Ca2+ overload and oxidative stress triggers the 
mPTP to be opened [106, 107]. If the duration of the ischemia is relatively short, the biochemi-
cal changes would not be as severe, mPTP remains closed, and the cell will recover [58]. The 
activation of mPTP occurs in two stages [107]. In the first stage, during ischemia, due to the 
accumulation of fatty acids, loss of cytochrome c and antioxidants, the dissipation of the elec-
trical potential across the membrane establishes the ‘priming’ formation of the mPTP. When 
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reperfusion is introduced, the opening of the mPTP is triggered by multiple factors such as 
Ca2+ overload, increased free phosphate, ROS, and acidosis [107]. In addition, as the mito-
chondrial membrane potential continues to decline, mitochondrial and cytosolic Ca2+ levels 
continue to increase, leading to cell necrosis and apoptosis.

3.3. Mitochondria and pressure overload–induced cardiac remodeling

Under physiological or pathological cardiac workload, the heart adapts through structural 
remodeling to meet the requirements. Remodeling at the cellular level induces alterations 
in organelle structure, intercellular protein, and gene expression [108]. At the early stages of 
cardiac hypertrophy, there are enhancement and preservation of the mitochondrial oxidative 
capacity, but as hypertrophy progresses to HF, mitochondrial function is gradually impaired 
[109]. Mitochondrial alterations and dysfunction have been linked to cardiac remodeling 
including morphology, FAO, ATP synthesis, biogenesis, ROS, and mitophagy.

It has been widely accepted that pressure overload–induced cardiac remodeling alters the mito-
chondrial morphology in size, volume, and numbers. For example, the mitochondria were found 
to be swollen, with degraded mtDNA and altered cristae structures in HCM model in pigs [110]. 
There were distorted cristae and reduced mitochondrial density and volume in a pressure over-
load–induced cardiac hypertrophic mouse model without difference in mitochondrial numbers 
between the hypertrophic hearts and the sham control [111]. Despite these evidence from animal 
models, observations from electron microscopy show remarkable variabilities in HF patients of 
cardiomyopathy in terms of the mitochondrial numbers, size, and matrix density [112].

In addition, in the pressure overloaded heart, the fuel that drives mitochondria to synthesize 
ATP switches from FA to glucose, which causes lesser ATP production and depletion in cel-
lular energy. In normal physiology, the uptake of FAs involves the conjugation of FA to acetyl 
CoA (FA-CoA). FA-CoA enters the mitochondrial matrix and is metabolized by the beta oxi-
dation process through the carnitine shuttle, CPT-1 and CPT-2 [113]. In the pressure overload 
heart, FAO rate is reduced, along with the decrease in mRNA expression of CPT-1 [114–116]; 
however, some report it to be unchanged [113]. The variable data might be due to the varying 
degrees of hypertrophy in different animals [113].

Furthermore, pressure overload–induced cardiac remodeling also affects mitochondrial 
biogenesis. In response to metabolic status of the cell, the mitochondria undergo controlled 
cycles of biogenesis with fusion and fission. The processes of the fusion and fission are well 
regulated by PGC-1α, which then regulates ERRα to act on the group of guanosine triphos-
phatases (GTPases). Fusion involves mitofusin proteins (MFN 1 and 2) in the outer mito-
chondrial membrane and optical atrophy protein 1 (OPA1) in the IMM. The fusion process is 
switched on to balance the mitochondrial membrane potential and allows for the exchange 
of matrix components, as well as damaged mtDNA [117]. Fission, on the other hand, allows 
for more mitochondria to be distributed further to release cytochrome c during apoptosis 
and mitochondrial degradation by mitophagy. Fission occurs through dynamin-1-like pro-
tein (DRP1), mitochondrial fission factor (MFF), and adapter protein mitochondrial fission 1 
(FIS1). In physiological hypertrophy, PGC-1α activates biogenesis to meet the demands of the 
heart [77]. At early stages of pathological hypertrophy, mitochondrial biogenesis increases, 
and mitochondrial numbers increase, but as hypertrophy worsens to HF, PGC-1α expression 
is downregulated and biogenesis activity is impaired [79, 118]. In addition, as hypertrophy 
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isoforms of NADP oxidase (Nox). Nox 4 is abundant in cardiomyocytes and is localized pri-
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the events of stress and increased workload. However, as soon as the series of biochemical 
alterations and damage in the mitochondria occur, the cell viability declines and regresses 
to cell death. Mitochondrial dysfunction contributes to cell damage during I/R. Myocardial 
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due to the lack of ATP, 3Na+-2 K+ATPase fail to function causing more accumulation of Na+ 
and inducing the reverse function of the NCX pump to extrude Na+ and accumulate Ca2+ ions, 
promoting Ca2+ overload [104]. However, with prolonged ischemia, the increase in mitochon-
drial Ca2+, ROS, and decline of ATP level, the mPTP is triggered to be opened. These changes 
further result in mPTP opening, mediating both the necrotic and apoptotic cell death.

Although reperfusion restores the region of ischemia with new influx of O2, and the necessary 
substrates for aerobic ATP synthesis are delivered and extracellular pH has been restored, 
reperfusion has been proven to deliver damage at the same time. As blood flow reintroduces 
molecular oxygen to the damaged areas, ROS is generated. While the mitochondria gener-
ate ROS in normal physiology, the reperfusion of the ischemic region induces bursts of ROS 
production that overwhelms the ability of the cells to normally scavenge the reactive species 
[105]. It has been reported that upon reperfusion, while O2 supply is suddenly restored, the 
rapid normalization of the pH and the existing Ca2+ overload and oxidative stress triggers the 
mPTP to be opened [106, 107]. If the duration of the ischemia is relatively short, the biochemi-
cal changes would not be as severe, mPTP remains closed, and the cell will recover [58]. The 
activation of mPTP occurs in two stages [107]. In the first stage, during ischemia, due to the 
accumulation of fatty acids, loss of cytochrome c and antioxidants, the dissipation of the elec-
trical potential across the membrane establishes the ‘priming’ formation of the mPTP. When 
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reperfusion is introduced, the opening of the mPTP is triggered by multiple factors such as 
Ca2+ overload, increased free phosphate, ROS, and acidosis [107]. In addition, as the mito-
chondrial membrane potential continues to decline, mitochondrial and cytosolic Ca2+ levels 
continue to increase, leading to cell necrosis and apoptosis.

3.3. Mitochondria and pressure overload–induced cardiac remodeling

Under physiological or pathological cardiac workload, the heart adapts through structural 
remodeling to meet the requirements. Remodeling at the cellular level induces alterations 
in organelle structure, intercellular protein, and gene expression [108]. At the early stages of 
cardiac hypertrophy, there are enhancement and preservation of the mitochondrial oxidative 
capacity, but as hypertrophy progresses to HF, mitochondrial function is gradually impaired 
[109]. Mitochondrial alterations and dysfunction have been linked to cardiac remodeling 
including morphology, FAO, ATP synthesis, biogenesis, ROS, and mitophagy.

It has been widely accepted that pressure overload–induced cardiac remodeling alters the mito-
chondrial morphology in size, volume, and numbers. For example, the mitochondria were found 
to be swollen, with degraded mtDNA and altered cristae structures in HCM model in pigs [110]. 
There were distorted cristae and reduced mitochondrial density and volume in a pressure over-
load–induced cardiac hypertrophic mouse model without difference in mitochondrial numbers 
between the hypertrophic hearts and the sham control [111]. Despite these evidence from animal 
models, observations from electron microscopy show remarkable variabilities in HF patients of 
cardiomyopathy in terms of the mitochondrial numbers, size, and matrix density [112].

In addition, in the pressure overloaded heart, the fuel that drives mitochondria to synthesize 
ATP switches from FA to glucose, which causes lesser ATP production and depletion in cel-
lular energy. In normal physiology, the uptake of FAs involves the conjugation of FA to acetyl 
CoA (FA-CoA). FA-CoA enters the mitochondrial matrix and is metabolized by the beta oxi-
dation process through the carnitine shuttle, CPT-1 and CPT-2 [113]. In the pressure overload 
heart, FAO rate is reduced, along with the decrease in mRNA expression of CPT-1 [114–116]; 
however, some report it to be unchanged [113]. The variable data might be due to the varying 
degrees of hypertrophy in different animals [113].

Furthermore, pressure overload–induced cardiac remodeling also affects mitochondrial 
biogenesis. In response to metabolic status of the cell, the mitochondria undergo controlled 
cycles of biogenesis with fusion and fission. The processes of the fusion and fission are well 
regulated by PGC-1α, which then regulates ERRα to act on the group of guanosine triphos-
phatases (GTPases). Fusion involves mitofusin proteins (MFN 1 and 2) in the outer mito-
chondrial membrane and optical atrophy protein 1 (OPA1) in the IMM. The fusion process is 
switched on to balance the mitochondrial membrane potential and allows for the exchange 
of matrix components, as well as damaged mtDNA [117]. Fission, on the other hand, allows 
for more mitochondria to be distributed further to release cytochrome c during apoptosis 
and mitochondrial degradation by mitophagy. Fission occurs through dynamin-1-like pro-
tein (DRP1), mitochondrial fission factor (MFF), and adapter protein mitochondrial fission 1 
(FIS1). In physiological hypertrophy, PGC-1α activates biogenesis to meet the demands of the 
heart [77]. At early stages of pathological hypertrophy, mitochondrial biogenesis increases, 
and mitochondrial numbers increase, but as hypertrophy worsens to HF, PGC-1α expression 
is downregulated and biogenesis activity is impaired [79, 118]. In addition, as hypertrophy 
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transits to HF, the expression of OPA1 is reduced and mitochondria become small and frag-
mented. Furthermore, in decompensated hypertrophy and HF, the mitochondrial biogenesis 
also declines due to depletion of ATP synthesis, which then halts the increase in new mito-
chondria in the cardiomyocyte [109].

Moreover, cardiac hypertrophy also affects the energetic cross-talk between mitochondria 
and other organelles to transfer ATP. There is direct communication between the mitochon-
dria and the ATPases of the myofibrils and the SR [119]. Muscle mitochondria in its ordered 
bundled organization around the myofibrils and the SR are highly clustered at regions of 
high-energy demand where there is a tightly regulated ATP/ADP ratio [69]. In the pressure 
overload–induced hypertrophic heart, the direct channeling of ATP within the high-energy 
demand sites becomes weakened due to the decrease in mitochondrial content and num-
bers [69, 119]. In addition, mitophagy is activated in pressure overloaded cardiomyocytes 
due to the increased cellular damage from mitochondrial dysfunction. The causative factors 
of autophagy in cardiac hypertrophy are complex. Although low baseline autophagy allows 
the cardiomyocytes to adapt to hypertrophic demands, exacerbation of autophagy promotes 
hypertrophic contractile dysfunction [120].

In summary, pressure overload causes cardiac remodeling through disruption of the cell 
signaling pathway, altering the mitochondrial morphology in size, volume, and numbers, 
regulating the mitochondrial biogenesis and affecting the energetic cross-talk between mito-
chondria and other organelles to transfer ATP for utilization by the cardiomyocyte or mitoph-
agy. These changes further lead to the failing of the myocardium.

3.4. Mitochondria and diabetic cardiomyopathy

Although coronary artery disease remains as the top cause of mortality and morbidity in west-
ern countries, the link between HF and diabetes is growing with the rising incidence of dia-
betes and prediabetes [121]. Based on epidemiological studies, diabetic individuals are likely 
to develop HF compared to those who have no diabetic history [122]. This link describes the 
term diabetic cardiomyopathy, which is due to the myocardium of chronic diabetes patients 
showing diastolic dysfunction and left ventricular hypertrophy, followed by later onset sys-
tolic dysfunction that regresses to decompensated HF [123]. Approximately 60% of type 2 dia-
betic patients have diabetic cardiomyopathy [124]. The causes of diabetic cardiomyopathy are 
multifactorial and complex. Cardiac mitochondrial abnormalities were found in both diabetic 
mouse models and human diabetic hearts. Diabetic cardiomyopathy has been linked to the 
increased myocardial oxygen consumption and increased oxidative stress. Mouse models of 
type 2 diabetes (db/db and ob/ob) showed dysfunctional mitochondrial state 3 respiration and 
decline in ATP production [125, 126]. In right atrial myofibers of diabetic patients, defects in 
respiratory complex were observed with the reduction of state 3 respiration on impairment in 
complex I alone [127]. Another respiration deficiency was detected in myofibers from diabetic 
patients that showed deficiency in respiration with substrate palmitoyl-L-carnitine [127].

Interestingly, opposite to the reduction of FAO in failing heart, diabetic hearts had more FAO and 
a reduction in glucose oxidation. The increase in FAO is attributed to the increased expression of 
PPARα, which increases the genes that are involved with cardiac FA utilization [128]. Additionally, 
in type 2 diabetes, reduction of cardiac efficiency is also caused by an increase in mitochondrial 

Mitochondrial Diseases44

uncoupling that in turn increases O2 consumption. The series of events begins with the increased 
availability and delivery of FA that forces the mitochondria to increase FA uptake. This stimulates 
the increase in ROS production [129]. ROS generation activates the uncoupling proteins (UCs) 
and promotes proton leak via ANT. The increase in mitochondrial uncoupling propagates the 
increase of mitochondrial O2 consumption, which promotes the activation of FAO. As mitochon-
drial uncoupling causes the rise in O2 consumption, the ATP production will not be increased. 
This reduces the cardiac efficiency of the cell in the generation and usage of energy, which sub-
sequently reduces the provision of ATP for the cell and leads to contractile dysfunction. Thus, 
this is the link between the type 2 diabetes mechanism merging with contractile dysfunction and 
development of muscle pathology, with diastolic dysfunction and left ventricular hypertrophy.

3.5. Genetic mitochondrial heart disease

Genetic MD can be caused by a mutation in either the mtDNA or the nDNA [130, 131]. MDs 
arising from mtDNA are more prevalent in adults, whereas diseases arising from nDNA tend 
to be more prevalent in infants and children [132]. MDs can also be classified by the function 
of the proteins involved in the disease. For example, MDs have been found to be associated 
with the mutations in genes that encode subunits of the ETC complexes [130] and ATP syn-
thase [133, 134], ancillary proteins that participate in the assembly, transport, and function of 
the ETC complexes, or the regulatory proteins that control activities of the mitochondria [130, 
131]. In addition, mutations have been described in gene-encoding proteins that synthesize 
cardiolipin, an integral part of the inner mitochondrial membrane [135, 136]. The most fre-
quently identified biochemical abnormalities are deficiencies in NADH-coenzyme Q (CoQ) 
reductase (complex I) and cytochrome-c oxidase (complex IV) [135, 136].

The mitochondrion is a unique organelle as it possesses its own DNA system. While mutated  
DNA can affect any organ, the presence of the mtDNA mutations in highly metabolic tissues, 
such as brain, heart, skeletal muscle, and eyes, exhibits a more severe and progressive prognosis. 
Patients with the known mitochondrial mutation of m.3243A > G develop early death, whereas if 
this mutation has a cardiac cause, sudden deaths would occur [137]. A healthy individual may pos-
sess mutated DNA, but the onset of the disease will not be obvious until a certain mutation thresh-
old of ~60–90% is present [138]. Inheritance of mtDNA occurs only through the maternal line with 
single, large-scale deletions being rare and the point mutations frequently transmitted [139].

Cross-sectional studies have shown that specific mitochondrial mutations have been pre-
sented with a certain cardiac phenotype, and cardiac disorders could inherit different mtDNA 
mutations [140]. For example, there are inherited familial cardiomyopathies (in both children 
and adult) linked to mutations in the mtDNA [139, 141]. Mutation m.1555A > G mt-rRNA has 
only been associated with restrictive cardiomyopathy [142]. Conversely, up to 40% of MD 
patients have HCM [143]; atrioventricular (AV) block is one of the manifestations of Kearns-
Sayre syndrome (KSS) that is due to the large-scale deletions in the mtDNA [143]. The symp-
toms of HCM patients who have sarcomeric protein gene mutations differ from the those of 
MD patients who developed HCM. Generally, these MD patients who develop HCM have left 
ventricular dysfunction but no left ventricular outflow tract obstruction [144, 145]. Another 
cardiomyopathy-presenting phenotype that is less common in the MD patients is DCM. The 
echocardiographic findings showed slow progression of disease [146, 147].
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transits to HF, the expression of OPA1 is reduced and mitochondria become small and frag-
mented. Furthermore, in decompensated hypertrophy and HF, the mitochondrial biogenesis 
also declines due to depletion of ATP synthesis, which then halts the increase in new mito-
chondria in the cardiomyocyte [109].

Moreover, cardiac hypertrophy also affects the energetic cross-talk between mitochondria 
and other organelles to transfer ATP. There is direct communication between the mitochon-
dria and the ATPases of the myofibrils and the SR [119]. Muscle mitochondria in its ordered 
bundled organization around the myofibrils and the SR are highly clustered at regions of 
high-energy demand where there is a tightly regulated ATP/ADP ratio [69]. In the pressure 
overload–induced hypertrophic heart, the direct channeling of ATP within the high-energy 
demand sites becomes weakened due to the decrease in mitochondrial content and num-
bers [69, 119]. In addition, mitophagy is activated in pressure overloaded cardiomyocytes 
due to the increased cellular damage from mitochondrial dysfunction. The causative factors 
of autophagy in cardiac hypertrophy are complex. Although low baseline autophagy allows 
the cardiomyocytes to adapt to hypertrophic demands, exacerbation of autophagy promotes 
hypertrophic contractile dysfunction [120].

In summary, pressure overload causes cardiac remodeling through disruption of the cell 
signaling pathway, altering the mitochondrial morphology in size, volume, and numbers, 
regulating the mitochondrial biogenesis and affecting the energetic cross-talk between mito-
chondria and other organelles to transfer ATP for utilization by the cardiomyocyte or mitoph-
agy. These changes further lead to the failing of the myocardium.

3.4. Mitochondria and diabetic cardiomyopathy

Although coronary artery disease remains as the top cause of mortality and morbidity in west-
ern countries, the link between HF and diabetes is growing with the rising incidence of dia-
betes and prediabetes [121]. Based on epidemiological studies, diabetic individuals are likely 
to develop HF compared to those who have no diabetic history [122]. This link describes the 
term diabetic cardiomyopathy, which is due to the myocardium of chronic diabetes patients 
showing diastolic dysfunction and left ventricular hypertrophy, followed by later onset sys-
tolic dysfunction that regresses to decompensated HF [123]. Approximately 60% of type 2 dia-
betic patients have diabetic cardiomyopathy [124]. The causes of diabetic cardiomyopathy are 
multifactorial and complex. Cardiac mitochondrial abnormalities were found in both diabetic 
mouse models and human diabetic hearts. Diabetic cardiomyopathy has been linked to the 
increased myocardial oxygen consumption and increased oxidative stress. Mouse models of 
type 2 diabetes (db/db and ob/ob) showed dysfunctional mitochondrial state 3 respiration and 
decline in ATP production [125, 126]. In right atrial myofibers of diabetic patients, defects in 
respiratory complex were observed with the reduction of state 3 respiration on impairment in 
complex I alone [127]. Another respiration deficiency was detected in myofibers from diabetic 
patients that showed deficiency in respiration with substrate palmitoyl-L-carnitine [127].

Interestingly, opposite to the reduction of FAO in failing heart, diabetic hearts had more FAO and 
a reduction in glucose oxidation. The increase in FAO is attributed to the increased expression of 
PPARα, which increases the genes that are involved with cardiac FA utilization [128]. Additionally, 
in type 2 diabetes, reduction of cardiac efficiency is also caused by an increase in mitochondrial 
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uncoupling that in turn increases O2 consumption. The series of events begins with the increased 
availability and delivery of FA that forces the mitochondria to increase FA uptake. This stimulates 
the increase in ROS production [129]. ROS generation activates the uncoupling proteins (UCs) 
and promotes proton leak via ANT. The increase in mitochondrial uncoupling propagates the 
increase of mitochondrial O2 consumption, which promotes the activation of FAO. As mitochon-
drial uncoupling causes the rise in O2 consumption, the ATP production will not be increased. 
This reduces the cardiac efficiency of the cell in the generation and usage of energy, which sub-
sequently reduces the provision of ATP for the cell and leads to contractile dysfunction. Thus, 
this is the link between the type 2 diabetes mechanism merging with contractile dysfunction and 
development of muscle pathology, with diastolic dysfunction and left ventricular hypertrophy.

3.5. Genetic mitochondrial heart disease

Genetic MD can be caused by a mutation in either the mtDNA or the nDNA [130, 131]. MDs 
arising from mtDNA are more prevalent in adults, whereas diseases arising from nDNA tend 
to be more prevalent in infants and children [132]. MDs can also be classified by the function 
of the proteins involved in the disease. For example, MDs have been found to be associated 
with the mutations in genes that encode subunits of the ETC complexes [130] and ATP syn-
thase [133, 134], ancillary proteins that participate in the assembly, transport, and function of 
the ETC complexes, or the regulatory proteins that control activities of the mitochondria [130, 
131]. In addition, mutations have been described in gene-encoding proteins that synthesize 
cardiolipin, an integral part of the inner mitochondrial membrane [135, 136]. The most fre-
quently identified biochemical abnormalities are deficiencies in NADH-coenzyme Q (CoQ) 
reductase (complex I) and cytochrome-c oxidase (complex IV) [135, 136].

The mitochondrion is a unique organelle as it possesses its own DNA system. While mutated  
DNA can affect any organ, the presence of the mtDNA mutations in highly metabolic tissues, 
such as brain, heart, skeletal muscle, and eyes, exhibits a more severe and progressive prognosis. 
Patients with the known mitochondrial mutation of m.3243A > G develop early death, whereas if 
this mutation has a cardiac cause, sudden deaths would occur [137]. A healthy individual may pos-
sess mutated DNA, but the onset of the disease will not be obvious until a certain mutation thresh-
old of ~60–90% is present [138]. Inheritance of mtDNA occurs only through the maternal line with 
single, large-scale deletions being rare and the point mutations frequently transmitted [139].

Cross-sectional studies have shown that specific mitochondrial mutations have been pre-
sented with a certain cardiac phenotype, and cardiac disorders could inherit different mtDNA 
mutations [140]. For example, there are inherited familial cardiomyopathies (in both children 
and adult) linked to mutations in the mtDNA [139, 141]. Mutation m.1555A > G mt-rRNA has 
only been associated with restrictive cardiomyopathy [142]. Conversely, up to 40% of MD 
patients have HCM [143]; atrioventricular (AV) block is one of the manifestations of Kearns-
Sayre syndrome (KSS) that is due to the large-scale deletions in the mtDNA [143]. The symp-
toms of HCM patients who have sarcomeric protein gene mutations differ from the those of 
MD patients who developed HCM. Generally, these MD patients who develop HCM have left 
ventricular dysfunction but no left ventricular outflow tract obstruction [144, 145]. Another 
cardiomyopathy-presenting phenotype that is less common in the MD patients is DCM. The 
echocardiographic findings showed slow progression of disease [146, 147].
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Cardiac phenotype association with genetic MD is more common than realized; however, the 
mechanism of association of some mutations with specific cardiac phenotypes is not clearly 
understood. Since myocardial cells depend heavily upon mitochondria for its energy require-
ments, it is no wonder that specific MD involves specific cardiac pathology phenotype.

4. Clinical applications

4.1. Diagnosis of mitochondrial dysfunction in heart disease

Although it has been widely accepted that mitochondria play a key role in cardiac pathological 
conditions, effectively diagnosing mitochondrial dysfunction in the clinical setting has been chal-
lenging. MDs often affect multiple organ systems in the body and clinical presentation varies; 
however, there are a few “tell-tale” signs and combinations that may enable clinicians to better 
identify MDs [148]. For example, patients with KSS, which is typically associated with single 
deletion mutations, may present with ptosis, retinal pigmentary abnormalities, ataxia, and car-
diac conduction abnormalities [148]. In patients with myoclonic epilepsy with ragged-red fibers 
(MERRF), myoclonus, cerebellar ataxia, and elevated blood lactate are key symptoms in their pre-
sentations [149]. A high suspicion is important when considering a diagnosis of MD. Cardiologists 
who evaluate patients for hypertrophy, conduction abnormalities, and DCM should be aware of 
the spectrum of MD so that they can collaborate with MD specialists to make accurate diagnoses.

Since there are variabilities in the MD symptom presentations, in addition to the clinical diag-
nosis, a multiple-parametric approach that involves histological, biochemical, and genetic 
testing is required to identify abnormalities of blood, urine, or cerebrospinal fluid (CSF) ana-
lyte values, microscopic irregularities, biochemical deviations on polarographic assays, or a 
diagnostic genetic finding [150].

4.1.1. Genetic tests

It is crucial to understand that not all persons with mtDNA mutations will manifest the symp-
toms. Nuclear DNA and mtDNA mutation screening can be performed in the consented fam-
ily, but the challenge remains that only a small proportion of these nDNA mutations have 
been identified. The presence of family history of maternal inheritance or multisystemic dis-
eases will be important to note. Furthermore, mitochondrial genome screening can also be 
performed on the muscle sample [132].

4.1.2. Laboratory tests

Muscle biopsy in conjunction with molecular genetic testing is required for effective diagnosis 
of MD [151]. A major feature of the histological result of the biopsy using the Gomori Trichrome 
stain shows >2% ragged red fibers that come from the sub-sarcolemmal mitochondrial accu-
mulation. However, these ragged red fibers are present only in the late stage of the disease and 
commonly absent in children [132]. The key diagnostic feature is the presence of fibers that are 
deficient for cytochrome c oxidase (COX) activity [with >2% of COX negative fibers], reflect-
ing low activity of complex IV of the respiratory chain, in patients less than 50 years [148, 151]. 
COX activity may be decreased in healthy older patients, so its use in diagnosis is limited to 
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younger patients. Laboratory tests for the levels of creatine phosphokinase, pyruvate, albumin, 
lactate, transaminases, and blood count are also recommended [152]. An elevated postprandial 
lactate:pyruvate ratio (>20) is commonly found in MD patients; however, some MD patients 
may show normal ratio and thus other tests are required to confirm the disease [146]. Next-
generation sequencing is also proposed for screening of the multiple mutations associated with 
MDs [152]. Additionally, fibroblast growth factor-21 (FGF-21) has been recently identified as a 
serum biomarker of MDs associated with both mtDNA and nDNA mutations [148], potentially 
simplifying the clinical diagnosis of MD.

4.1.3. Cardiac imaging

The cardiac presentation of MD patients varies; however, progressive cardiac conduction defects 
may develop into a complete heart block in KSS, while Wolff-Parkinson-White (WPW) syndrome 
can develop in patients with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 
episodes (MELAS) syndrome owing to the m.3243A > G mutation [153, 154]. There is no char-
acteristic manifestation of cardiomyopathy that differentiates MD, although HCM is common 
[150]. Cardiac imaging using cardiovascular magnetic resonance (CMR) with late gadolinium 
enhancement (LGE) can be used to effectively evaluate the heterogeneous presentation of HCM, 
offering a more reliable measurement of all segments of the heart than echocardiography [155].

4.1.4. Electrocardiogram

In the early stage of the diagnosis process of MD, 12-lead electrocardiogram results are useful 
to add to the diagnostic criteria [146]. ECG results will be variable depending on the kinds of 
syndrome the mitochondrial myopathy is associated with [156]. Ocular myopathy patients 
may in general show normal ECG profile, but two out of the six patients were presented with 
ST depression and inverted T wave [156]. Patients with MELAS/MERRF may show atrial or 
ventricular premature contraction (APC or VPC) with T-wave abnormalities such as inverted T 
wave, as well as ST depression [156]. These abnormalities can be present even without the pre-
sentation of left ventricular hypertrophy [146]. A profile of short PR, or WPW, was also found 
for a MELAS patient [146, 156]. Patients with KSS presented cardiac conduction abnormalities 
with a variation of ECG profile of AV blocks, complete right bundle branch block with inverted 
T, or left axis deviation (LAD) and prolonged His ventricular (HV) interval [156]. Though some 
patients may show normal ECG profile at diagnosis, performing another ECG every 1–3 years 
may be important to detect uprise of cardiac abnormalities or complications [151].

4.2. Mitochondria as a drug target in heart disease

Most standard-of-care pharmacological approaches to HF, such as β-blockers, ivabradine, a 
cyclic nucleotide-gated channel blocker, and antagonism of the renin-angiotensin-aldosterone 
system, focus on the reduction of the energy requirements of cardiac muscle, including modu-
lation of neurohormonal abnormalities, unloading the heart (vasodilatation), and/or reducing 
the heart rate, which subsequently reduces myocardial oxygen consumption. Although these 
therapies have improved survival in patients over the past 2–3 decades, death and poor quality 
of life continue to adversely affect this ever-increasing patient population [94]. The search for 
more effective and complementary therapy for these patients must be focused on improving 
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Cardiac phenotype association with genetic MD is more common than realized; however, the 
mechanism of association of some mutations with specific cardiac phenotypes is not clearly 
understood. Since myocardial cells depend heavily upon mitochondria for its energy require-
ments, it is no wonder that specific MD involves specific cardiac pathology phenotype.

4. Clinical applications

4.1. Diagnosis of mitochondrial dysfunction in heart disease

Although it has been widely accepted that mitochondria play a key role in cardiac pathological 
conditions, effectively diagnosing mitochondrial dysfunction in the clinical setting has been chal-
lenging. MDs often affect multiple organ systems in the body and clinical presentation varies; 
however, there are a few “tell-tale” signs and combinations that may enable clinicians to better 
identify MDs [148]. For example, patients with KSS, which is typically associated with single 
deletion mutations, may present with ptosis, retinal pigmentary abnormalities, ataxia, and car-
diac conduction abnormalities [148]. In patients with myoclonic epilepsy with ragged-red fibers 
(MERRF), myoclonus, cerebellar ataxia, and elevated blood lactate are key symptoms in their pre-
sentations [149]. A high suspicion is important when considering a diagnosis of MD. Cardiologists 
who evaluate patients for hypertrophy, conduction abnormalities, and DCM should be aware of 
the spectrum of MD so that they can collaborate with MD specialists to make accurate diagnoses.

Since there are variabilities in the MD symptom presentations, in addition to the clinical diag-
nosis, a multiple-parametric approach that involves histological, biochemical, and genetic 
testing is required to identify abnormalities of blood, urine, or cerebrospinal fluid (CSF) ana-
lyte values, microscopic irregularities, biochemical deviations on polarographic assays, or a 
diagnostic genetic finding [150].

4.1.1. Genetic tests

It is crucial to understand that not all persons with mtDNA mutations will manifest the symp-
toms. Nuclear DNA and mtDNA mutation screening can be performed in the consented fam-
ily, but the challenge remains that only a small proportion of these nDNA mutations have 
been identified. The presence of family history of maternal inheritance or multisystemic dis-
eases will be important to note. Furthermore, mitochondrial genome screening can also be 
performed on the muscle sample [132].

4.1.2. Laboratory tests

Muscle biopsy in conjunction with molecular genetic testing is required for effective diagnosis 
of MD [151]. A major feature of the histological result of the biopsy using the Gomori Trichrome 
stain shows >2% ragged red fibers that come from the sub-sarcolemmal mitochondrial accu-
mulation. However, these ragged red fibers are present only in the late stage of the disease and 
commonly absent in children [132]. The key diagnostic feature is the presence of fibers that are 
deficient for cytochrome c oxidase (COX) activity [with >2% of COX negative fibers], reflect-
ing low activity of complex IV of the respiratory chain, in patients less than 50 years [148, 151]. 
COX activity may be decreased in healthy older patients, so its use in diagnosis is limited to 
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younger patients. Laboratory tests for the levels of creatine phosphokinase, pyruvate, albumin, 
lactate, transaminases, and blood count are also recommended [152]. An elevated postprandial 
lactate:pyruvate ratio (>20) is commonly found in MD patients; however, some MD patients 
may show normal ratio and thus other tests are required to confirm the disease [146]. Next-
generation sequencing is also proposed for screening of the multiple mutations associated with 
MDs [152]. Additionally, fibroblast growth factor-21 (FGF-21) has been recently identified as a 
serum biomarker of MDs associated with both mtDNA and nDNA mutations [148], potentially 
simplifying the clinical diagnosis of MD.

4.1.3. Cardiac imaging

The cardiac presentation of MD patients varies; however, progressive cardiac conduction defects 
may develop into a complete heart block in KSS, while Wolff-Parkinson-White (WPW) syndrome 
can develop in patients with mitochondrial encephalomyopathy, lactic acidosis, and stroke-like 
episodes (MELAS) syndrome owing to the m.3243A > G mutation [153, 154]. There is no char-
acteristic manifestation of cardiomyopathy that differentiates MD, although HCM is common 
[150]. Cardiac imaging using cardiovascular magnetic resonance (CMR) with late gadolinium 
enhancement (LGE) can be used to effectively evaluate the heterogeneous presentation of HCM, 
offering a more reliable measurement of all segments of the heart than echocardiography [155].

4.1.4. Electrocardiogram

In the early stage of the diagnosis process of MD, 12-lead electrocardiogram results are useful 
to add to the diagnostic criteria [146]. ECG results will be variable depending on the kinds of 
syndrome the mitochondrial myopathy is associated with [156]. Ocular myopathy patients 
may in general show normal ECG profile, but two out of the six patients were presented with 
ST depression and inverted T wave [156]. Patients with MELAS/MERRF may show atrial or 
ventricular premature contraction (APC or VPC) with T-wave abnormalities such as inverted T 
wave, as well as ST depression [156]. These abnormalities can be present even without the pre-
sentation of left ventricular hypertrophy [146]. A profile of short PR, or WPW, was also found 
for a MELAS patient [146, 156]. Patients with KSS presented cardiac conduction abnormalities 
with a variation of ECG profile of AV blocks, complete right bundle branch block with inverted 
T, or left axis deviation (LAD) and prolonged His ventricular (HV) interval [156]. Though some 
patients may show normal ECG profile at diagnosis, performing another ECG every 1–3 years 
may be important to detect uprise of cardiac abnormalities or complications [151].

4.2. Mitochondria as a drug target in heart disease

Most standard-of-care pharmacological approaches to HF, such as β-blockers, ivabradine, a 
cyclic nucleotide-gated channel blocker, and antagonism of the renin-angiotensin-aldosterone 
system, focus on the reduction of the energy requirements of cardiac muscle, including modu-
lation of neurohormonal abnormalities, unloading the heart (vasodilatation), and/or reducing 
the heart rate, which subsequently reduces myocardial oxygen consumption. Although these 
therapies have improved survival in patients over the past 2–3 decades, death and poor quality 
of life continue to adversely affect this ever-increasing patient population [94]. The search for 
more effective and complementary therapy for these patients must be focused on improving 
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the intrinsic function of the cardiomyocytes [157, 158], such as finding ways to increase/restore 
the energy supply, in addition to reducing the energy demand of the heart [1].

Since disruption of metabolic signaling pathways such as in FAO, glucose utilization, or ATP 
generation contributes to the development of heart dysfunction, proteins in these metabolic 
pathways have become attractive targets of novel therapeutic strategies for the prevention or 
early treatment of HF [159]. Selective agonists for each of the PPARs have been established and 
are currently used to treat hyperlipidemia (fibrates) and diabetes (thiazolidinediones). It must be 
noted that stimulation of the PPAR pathway in the heart or extra cardiac tissues, e.g., adipose or 
hepatic tissue, potentially diminishes cardiac lipotoxicity by reducing lipid delivery or increas-
ing mitochondrial oxidation. However, chronic activation of PPARα could lead to deleterious 
effects, particularly in the context of diabetes, hyperlipidemic states, or the ischemic heart [159].

Additionally, although the molecular mechanisms responsible for mitochondria-mediated dis-
ease processes are not yet clear, oxidative stress seems to play an important role. Accordingly, 
strategies for the targeted delivery of antioxidants to mitochondria are being developed. 
A typical “mitochondrial cocktail,” which may include coenzyme Q10 (CoQ10), creatine, 
L-carnitine, thiamine, riboflavin, folate, as well as other antioxidants such as vitamins C and E, 
has been reported to partially improve clinical manifestations, though others have disputed its 
effectiveness [160]. Although, L-carnitine supplementation may be highly effective in patients 
diagnosed with DCM secondary to primary systemic carnitine deficiency, supplementation 
has little effect on other types of mitochondrial cardiomyopathy [132]. Recent developments in 
mitochondrial-targeted antioxidants that concentrate on the matrix-facing surface of the IMM 
protect against mitochondrial oxidative damage and hold therapeutic potential for future 
treatment of cardiovascular diseases (CVDs) [161].

Because a cure for mitochondrial genetic defects is still not available, the management of 
genetic MD with presentation of cardiac pathology, β-blockers, ACE inhibitors, or angioten-
sin receptor blockers should be administered [146]. Providing rudimentary nutritional educa-
tion along with nutritional assessment and exercise will be important for the patients to take 
preventative measures from further lifestyle disease complications [146, 162]. Should there 
be advanced second- and third-degree AV block coupled with neuromuscular disorders, a 
permanent pacemaker is highly recommended [163]. Depending on the severity of the mito-
chondrial cardiomyopathy, cardiac transplantation could be recommended depending on the 
presence of neuromuscular weakness as it can complicate anesthesia administration [164].

5. Future direction

Because diagnosing MD can be challenging for clinicians, research is needed to better under-
stand the complex bioenergetic arrangements and redox networks of the mitochondrion in car-
diac cell. Improved understanding of mitochondrial mechanism in the pathophysiology in the 
heart will help the discovery of novel biomarkers and clinical diagnostic standards for the heart 
disease. In addition, current pharmacologic strategies are incompletely effective, and large ran-
domized controlled trials are warranted to direct future therapy. Since HF is recognized as a state 
of myocyte energy starvation, greater evidence, in the form of large randomized, controlled tri-
als, is required to confirm the role of metabolic-modulating drugs in the treatment of HF, which 
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will be expected to be an area of great advances in the future. Additionally, more preclinical and 
clinical studies are necessary to evaluate the effectiveness and toxicity of mitochondrial-targeted 
antioxidants. Furthermore, the identification of the mechanisms by which alterations in sub-
strate utilization cause cardiomyopathy is also a necessary area of intense research.
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Since disruption of metabolic signaling pathways such as in FAO, glucose utilization, or ATP 
generation contributes to the development of heart dysfunction, proteins in these metabolic 
pathways have become attractive targets of novel therapeutic strategies for the prevention or 
early treatment of HF [159]. Selective agonists for each of the PPARs have been established and 
are currently used to treat hyperlipidemia (fibrates) and diabetes (thiazolidinediones). It must be 
noted that stimulation of the PPAR pathway in the heart or extra cardiac tissues, e.g., adipose or 
hepatic tissue, potentially diminishes cardiac lipotoxicity by reducing lipid delivery or increas-
ing mitochondrial oxidation. However, chronic activation of PPARα could lead to deleterious 
effects, particularly in the context of diabetes, hyperlipidemic states, or the ischemic heart [159].

Additionally, although the molecular mechanisms responsible for mitochondria-mediated dis-
ease processes are not yet clear, oxidative stress seems to play an important role. Accordingly, 
strategies for the targeted delivery of antioxidants to mitochondria are being developed. 
A typical “mitochondrial cocktail,” which may include coenzyme Q10 (CoQ10), creatine, 
L-carnitine, thiamine, riboflavin, folate, as well as other antioxidants such as vitamins C and E, 
has been reported to partially improve clinical manifestations, though others have disputed its 
effectiveness [160]. Although, L-carnitine supplementation may be highly effective in patients 
diagnosed with DCM secondary to primary systemic carnitine deficiency, supplementation 
has little effect on other types of mitochondrial cardiomyopathy [132]. Recent developments in 
mitochondrial-targeted antioxidants that concentrate on the matrix-facing surface of the IMM 
protect against mitochondrial oxidative damage and hold therapeutic potential for future 
treatment of cardiovascular diseases (CVDs) [161].

Because a cure for mitochondrial genetic defects is still not available, the management of 
genetic MD with presentation of cardiac pathology, β-blockers, ACE inhibitors, or angioten-
sin receptor blockers should be administered [146]. Providing rudimentary nutritional educa-
tion along with nutritional assessment and exercise will be important for the patients to take 
preventative measures from further lifestyle disease complications [146, 162]. Should there 
be advanced second- and third-degree AV block coupled with neuromuscular disorders, a 
permanent pacemaker is highly recommended [163]. Depending on the severity of the mito-
chondrial cardiomyopathy, cardiac transplantation could be recommended depending on the 
presence of neuromuscular weakness as it can complicate anesthesia administration [164].

5. Future direction

Because diagnosing MD can be challenging for clinicians, research is needed to better under-
stand the complex bioenergetic arrangements and redox networks of the mitochondrion in car-
diac cell. Improved understanding of mitochondrial mechanism in the pathophysiology in the 
heart will help the discovery of novel biomarkers and clinical diagnostic standards for the heart 
disease. In addition, current pharmacologic strategies are incompletely effective, and large ran-
domized controlled trials are warranted to direct future therapy. Since HF is recognized as a state 
of myocyte energy starvation, greater evidence, in the form of large randomized, controlled tri-
als, is required to confirm the role of metabolic-modulating drugs in the treatment of HF, which 
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will be expected to be an area of great advances in the future. Additionally, more preclinical and 
clinical studies are necessary to evaluate the effectiveness and toxicity of mitochondrial-targeted 
antioxidants. Furthermore, the identification of the mechanisms by which alterations in sub-
strate utilization cause cardiomyopathy is also a necessary area of intense research.
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Abstract

Normal functioning of mitochondria is crucial for cardiac performance. Mitochondria 
undergo mitophagy (mitochondrial autophagy) and biogenesis, and mitochondrial 
proteins are subject to extensive post-translational modifications (PTMs). The state of 
mitochondrial homeostasis reflects overall cellular fitness and longevity. Perturbed mito-
chondria produce less adenosine triphosphate (ATP), release greater amounts of reac-
tive molecules, and are more prone to apoptosis. Therefore mitochondrial turnover is 
an integral aspect of quality control in which dysfunctional mitochondria are selectively 
eliminated through mitophagy. Currently, the progressive deterioration of physiological 
functions is seen as accumulation of modified/damaged proteins with limiting regen-
erative ability throughout aging in myocardial cells. Mitochondrial stress response to 
reactive species was evaluated as electron transport chain (ETC) complexes, redox-active 
molecules, and their possible communication. Protein-protein interactions revealed a 
strong linkage between age and ETC protein subunits. Redox state was strongly affected 
in senescent mitochondria with shift in favor of more pro-oxidizing condition within car-
diomyocytes. Assume all together, dysfunctional proteostasis can play a causative role in 
aging and restoration of protein homeostasis machinery is protective against aging and 
possibly age-related disorders.

Keywords: aging, heart, mitochondria, protein-protein interactions, redox homeostasis

1. Introduction

The world population ages rapidly, mostly because of increasing longevity and declining 
fertility [1]. The average lifespan of the human populations is increasing worldwide and it 
is predicted that in 2035, nearly every fourth individual will be 65 years or older [2]. Aging 
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is a complex phenomenon with a large impact on society. Aging is recently an emerging 
topic since the life expectancy is rising and because aging itself is the basis for the develop-
ment of age-related diseases such as cardiovascular disease (CVD), cancer, neurodegenera-
tive diseases and degenerative metabolic diseases (e.g. diabetes mellitus type 2) [3]. Since 
age is the largest risk factor for CVD, the prevalence of these ailments increases dramati-
cally with increasing age. Over 80% of all cases of coronary artery disease and more than 
75% of those of congestive heart failure are observed in elderly patients [4]. In order to 
improve prevention and care for patients, it is important to analyze processes linked with 
cardiac aging. Prevalence of high blood pressure, obesity and metabolic syndrome corre-
late with age, and all these conditions facilitate the development of cardiomyopathies that 
are the major cause of chronic disability, morbidity and mortality in the elderly. Although 
the long-term exposure to cardiovascular risk factors plays a major role in the etiopatho-
genesis of CVD and neurodegeneration, intrinsic alterations in the heart and the vascu-
lar system occur during lifespan and render the cardiovascular system more vulnerable 
during senescence. The possible link between aging and senescence was first described 
in 1961 [5] and it based on the inability of telomeres to sustain their lengths. In addition 
to this, other events and signals were identified including non-telomeric/genotoxic stress 
generated by various signals, such as mitochondrial deterioration, oxidative stress, DNA-
replication “stress” or activated oncogenes [6]. Several lines of evidence indicate mito-
chondrial dysfunction to be a major contributor to cardiovascular senescence. Damaged 
mitochondria are bioenergetically less efficient and they are producing excessive amounts 
of reactive oxygen species (ROS) with detrimental structural and functional consequences 
[7]. The ROS impair excitation-contraction coupling, cause arrhythmias, and contribute 
to cardiac remodeling by inducing cardiac hypertrophy, apoptosis, necrosis, and fibrosis 
[8]. However, antioxidant interventions in patients with CVD yielded only disappointing 
results so far [9].

The accumulation of abnormal/dysfunctional mitochondria is usually a consequence of 
impaired clearance of damaged organelles by autophagy and inadequate replenishment of 
the cellular mitochondrial pool by mitochondriogenesis [7]. Autophagic flux is generally 
decreased in aging hearts. Murine loss-of-function models for autophagy develop exacer-
bated cardiac dysfunction that is accompanied by accumulation of misfolded proteins and 
dysfunctional organelles. On the other hand, stimulation of autophagy in mouse models 
improves cardiac function and enables to study a protein aggregation by removing accumu-
lated misfolded proteins, dysfunctional mitochondria, and damaged DNA, thereby alleviat-
ing aging-associated pathology in the heart. Multiple lines of evidence suggest that autophagy 
is required for many mechanisms that mediate lifespan extension, such as caloric restriction. 
These results are pointing out the possibility that autophagy may play an important role in 
combating the adverse effects of aging in the heart [10]. At the molecular level, the aging pro-
cess is associated with accumulation of damaged proteins and organelles, partially due to 
defects in protein quality control systems. Since most cellular functions are performed by 
proteins, aging may be, in part, the consequence of a deregulation or malfunction of the cel-
lular proteome [11]. Modern techniques enabled the investigation of the internal structure 
and morphology of mitochondria and revealed a highly complex compartmentalization [12] 
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with the challenge to dissect the communication and maintenance of the individual compart-
ments. Part of this is to ensure proteostasis (folding, unfolding and degradation) to generate 
a homeostasis of the functional proteome and to clear mistargeted/damaged proteins. It is not 
easy, because every submitochondrial compartment needs to control its redox milieu, which is 
interestingly highly different, e.g. the inner membrane separates the reducing matrix from the 
more oxidizing intermembrane space [13]. The complexity of the proteome supersedes that 
of the genome due to alternative splicing events and post-translational modifications (PTMs). 
Specific position has the mitochondrial intermembrane space (MIMS) with its role in protein 
and lipid transport, regulation and assembly of the respiratory transport system, regulation 
of redox processes, coordination of apoptosis and metal ion homeostasis [14]. One of the big 
challenges of future research will be to investigate how the mitochondrion communicates 
with the cytosol and the nucleus. The MIMS exhibits specific redox environment and con-
trolled porine-facilitated leakiness through the outer membrane allowing the free diffusion of 
small molecules (less than 5 kDa) that might harbor candidates mediating the communication 
from signaling pathways occurring inside the mitochondria toward other organelles [15].

Mitochondrial homeostasis is associated with overall cellular fitness and cellular longevity. 
Therefore, it determines also normal physiology of organ systems and performance of the 
body. Recent studies suggest that restoration of mitochondrial dynamics and mitophagy 
could delay organ senescence and prevent age-associated cardiac diseases. Here, we discuss 
the current understanding of mitochondria with particular focus on the heart, specifically the 
close relationship between mitochondrial dynamics or mitophagy suggesting a possible link 
to the regulation of redox metabolism, and intercellular protein communication.

2. Cellular senescence and mitochondria

Cells undergo widespread changes and develop specific characteristics during senescence 
that are considered as senescence markers. However, no individual marker has been so far 
identified as entirely selective parameter for cellular senescence. Nevertheless, a combination 
of several markers might be evaluated and can help to define the current stage of senescence. 
Phenotypically, the increase in size and protein content was reported in senescent cells [16, 
17] which is in agreement with our results. The data in Table 1 show that the total protein 
concentration was elevated in senescent (27 months old) rat mitochondria by 40% (p < 0.01). 

Protein concentration (mg/ml) Age (months)

6 14 27

Homogenate 20.87 ± 2.50 23.96 ± 1.46 19.19 ± 2.96

Mitochondria 5.69 ± 0.61 5.38 ± 0.49 9.56 ± 0.05**

Values are expressed as Mean ± SEM of 5 individual experiments, **p<0.01; significantly different in comparison to 6 
months old rats.

Table 1. Protein concentration in homogenate and mitochondria during aging in heart (yet unpublished data).
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concentration was elevated in senescent (27 months old) rat mitochondria by 40% (p < 0.01). 

Protein concentration (mg/ml) Age (months)

6 14 27

Homogenate 20.87 ± 2.50 23.96 ± 1.46 19.19 ± 2.96

Mitochondria 5.69 ± 0.61 5.38 ± 0.49 9.56 ± 0.05**

Values are expressed as Mean ± SEM of 5 individual experiments, **p<0.01; significantly different in comparison to 6 
months old rats.

Table 1. Protein concentration in homogenate and mitochondria during aging in heart (yet unpublished data).
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However, the protein content in homogenates as well as in isolated mitochondrial fraction 
was maintained during overall aging process comparing the samples from old (14 months 
old) and adult (6 months old) rat hearts.

Further, senescent cells exhibit enlarged nuclei and lysosomes, which possess elevated senes-
cence-associated β-galactosidase activity (SA-β-Gal), the most widely used marker [17]. They 
also enter a proliferative arrest state, detected by cell cycle inhibitor levels such as p53/p21, 
tumor suppressor p16INK4a [18, 19] and markers of proliferation like Ki-67 and 5-bromodeoxy-
uridine [20]. Other factors secreted during senescence are cytokines, chemokines, growth fac-
tors, proteases, fibronectin as well as ROS and reactive nitrogen species (RNS). Additionally, 
proteostatic changes during senescence accompanied by an increase in modified proteins, 
accumulation of protein aggregates and reduced functionality of the proteasomal and 
autophagy systems [3] will be discussed in following chapters. Only two parameters cur-
rently correlate with species longevity in the right sense: the mitochondrial rate of ROS pro-
duction and the degree of fatty acid unsaturation of tissue membranes. Their basal level is in 
both cases low in long-lived animals. In addition, the best-known manipulation that extends 
longevity, dietary restriction, also decreases the rate of mitochondrial ROS production and 
oxidative damage to mtDNA [21]. The available information supports a mitochondrial free 
radical theory of aging focused on low generation of endogenous damage and low sensitivity 
of membranes to oxidation in long-lived animals.

2.1. Mitochondrion – organelle with two faces

According to mitochondrial theory of aging, mitochondria are both the main source and tar-
gets of detrimental reactions initiated in association with age-dependent deterioration of the 
cellular functions. Reactions leading to increased ROS generation, mtDNA mutations, oxida-
tion of mitochondrial proteins and lipids result in subsequent induction of apoptotic events, 
impaired oxidative phosphorylation capacity, mitochondrial dynamics, and autophagy [22]. 
In addition, mitochondrial function may be affected by subject parameters like physical activ-
ity history [23], caloric restriction [21], drugs [24] and various comorbidities including obesity 
[25], insulin resistance and hypertension [26]. The primary function of mitochondria is to 
produce adenosine triphosphate (ATP) by the process of oxidative phosphorylation. In fact, 
about 90–95% of cellular oxygen is used up in oxidative phosphorylation and 3% from that 
pool can be converted to superoxide anion radical (O2

•−). This is a very strong argument to 
mitochondria as a main source of this oxygen radical [27]. Among the most relevant ROS 
sources in heart belong NADPH oxidases (NOX) and mitochondria [28]. Recent studies dem-
onstrate that mitochondrial ROS play a critical role in mediating the cellular effects of angio-
tensin II in the cardiovascular system [29]. Angiotensin II binds to angiotensin receptor 1, 
thereby activating NOX isoform 2 and 4 leading to increased mitochondrial ROS production 
in vascular endothelial cells as well as in cardiac myocytes [30].

Two principal scenarios can be envisioned that favor increased mitochondrial ROS-formation: 
increased formation of O2

•− at the electron transport chain (ETC) and decreased elimination 
of O2

•− or hydrogen peroxide (H2O2) in the mitochondrial matrix. In heart failure, the first 
scenario occurs when modifications of ETC complexes like disturbed stoichiometry and 
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PTMs hamper electron flux along the ETC to provoke excessive O2
•− formation [31] mostly 

by NADH dehydrogenase (complex I) and Cytochrome c reductase (complex III) causing 
functional uncoupling of the respiratory chain. The extent and way of individual ETC com-
plexes inhibition is different. According to Figure 1, the decline in activity of complex I and 
cytochrome c oxidase (complex IV) was more obvious during aging when compared to the 
succinate dehydrogenase (complex II) and complex III activities. Literature data are incon-
sistent among the studies, mainly due to differences in the experimental age groups and ani-
mal models, isolation/purity of mitochondria or enzyme substrate/inhibitor used for study. 
Complex I is considered to be the most important player in the game of ROS production and/
or proton-motive cascade. Loss of its activity has been attributed to the mutations in mito-
chondrial DNA (mtDNA) in aging animals and recently was linked to the apoptotic cell death 
pathway [32].

Reduced complex I activity was seen in the rat heart [33], brain synaptic mitochondria [34] 
as well as continual decrease in the frontal cortex of Parkinson disease patients [35]. It is 
important to note that the activity and stability of this respiratory complex are determined by 
its abundance, PTMs and/or specific protein–protein interactions. In contrary, other studies 
have reported no age-related decrease in complex I activity [36]. Most of the inconsistencies 
are related to the complexes II, III and IV, where activities of respiratory complexes have 
been also shown to decline [37], remain unchanged or increased during aging [38]. Our data 
show age-dependent decrease in all ETC enzyme activities, although the extent of inhibi-
tion is different (Figure 1). Among them, complex IV was most affected throughout aging 
and reached 63.4% of adult respiring mitochondria. While complexes I, II and III maintained 
activities in 14 months old rat mitochondria, cytochrome c oxidase showed deprivation by 

Figure 1. Activities of ETC complexes in heart mitochondria during aging (yet unpublished data). Values are expressed 
as Mean ± SEM of 5 individual experiments, **p < 0.01, ***p < 0.001; significantly different in comparison to 6 months old 
rats.
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mitochondria as a main source of this oxygen radical [27]. Among the most relevant ROS 
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onstrate that mitochondrial ROS play a critical role in mediating the cellular effects of angio-
tensin II in the cardiovascular system [29]. Angiotensin II binds to angiotensin receptor 1, 
thereby activating NOX isoform 2 and 4 leading to increased mitochondrial ROS production 
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Two principal scenarios can be envisioned that favor increased mitochondrial ROS-formation: 
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plexes inhibition is different. According to Figure 1, the decline in activity of complex I and 
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Complex I is considered to be the most important player in the game of ROS production and/
or proton-motive cascade. Loss of its activity has been attributed to the mutations in mito-
chondrial DNA (mtDNA) in aging animals and recently was linked to the apoptotic cell death 
pathway [32].

Reduced complex I activity was seen in the rat heart [33], brain synaptic mitochondria [34] 
as well as continual decrease in the frontal cortex of Parkinson disease patients [35]. It is 
important to note that the activity and stability of this respiratory complex are determined by 
its abundance, PTMs and/or specific protein–protein interactions. In contrary, other studies 
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been also shown to decline [37], remain unchanged or increased during aging [38]. Our data 
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tion is different (Figure 1). Among them, complex IV was most affected throughout aging 
and reached 63.4% of adult respiring mitochondria. While complexes I, II and III maintained 
activities in 14 months old rat mitochondria, cytochrome c oxidase showed deprivation by 
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as Mean ± SEM of 5 individual experiments, **p < 0.01, ***p < 0.001; significantly different in comparison to 6 months old 
rats.
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21.6% (p < 0.01) when compared to the adults. Unique role in both, Krebs cycle and ETC, has 
in inner mitochondrial membrane (IMM) embedded complex II. Its function is cardiolipin-
independent and is not taking part in respiratory supercomplexes but has been identified as 
an isolated entity in mildly solubilized mitochondrial membranes [39]. This confirms the least 
damage by 13.6% in senescent mitochondria when compared to the other respiratory com-
plexes. Interestingly, recent works described the direct connection of the O2

•− formation and 
respiratory chain complex II [40] when lack of succinate was present. At saturated succinate 
concentration and high membrane potential complex II is tightly bound with reverse transfer 
of electrons to O2

•− -producing complex I [41].

Several factors have impact on ETC with specific role of mtDNA. ETC complexes are composed 
of both nuclear DNA-encoded (more than 80 proteins subunits) and 13 mtDNA-encoded sub-
units proteins. Respiratory chain and F1F0-ATPase deficits are adverse effects on a variety of 
cellular and tissue functions, causing a wide range of complex clinical phenotypes. The inci-
dence of inherited mitochondrial diseases is estimated to be about 1 in 5000 but a much larger 
population may be affected when somatic genetic defects, such as mtDNA mutation and dele-
tions accompanying normal aging, are considered. The frequency of the common 4977-bp 
mtDNA deletion, a typical consequence of oxidative stress [42], increases with age in the 
human heart and is estimated to be 5- to 15-fold higher in people over 40 years of age relative 
to younger individuals [43]. This deletion affects genes encoding 7 polypeptide components 
of the mitochondrial ETC. Bioenergetic consequences of 4977-bp deletions will be reflected 
when the proportion of deleted mtDNA exceeds 50–55% of total mtDNA. The involvement 
of mtDNA mutations in cardiac aging is supported by findings in mice that express a proof 
reading deficient version of mtDNA polymerase (PolG) [44]. A high load of mtDNA muta-
tions and deletions accumulate in the heart of these mice, in conjunction with the early onset 
of several age-associated changes including cardiac enlargement, fibrosis, impairment of sys-
tolic and diastolic function [30], and reduced activity of ETC complexes [44].

To maintain proton-motive force and electron transfer through ETC, reduced equivalents are 
required. In mitochondria, the Krebs cycle generates NADH, which delivers electrons to the 
ETC inducing translocation of protons across the inner mitochondrial membrane. This estab-
lishes a membrane potential that fuels the F1F0-ATPase to generate ATP. At the ETC, electrons 
can leak to produce O2

• which is dismutated to H2O2 by Mn-dependent superoxide dismutase 
(Mn-SOD) and, in turn, is detoxified by enzymes that require NADPH. Accordingly, equilib-
rium exists between reduced and oxidized forms of equivalents NADH/NAD+ and NADPH/
NADP+ [45].

In experiments, citrate synthase is frequently used as basal mitochondrial activity marker 
to avoid possible effects of different yield of mitochondria. Increase in its activity shown in 
Figure 2 led to more pronounced activity changes in ETC complexes with age. Starting from 
citrate synthase, some of the Krebs cycle enzymes play inevitable role in reduced equivalents 
machinery, such as NAD(P)+-isocitrate dehydrogenase (ICDH) and α-ketoglutarate dehydro-
genase (KGDH). Both of the enzymes share some common features as NADH production and 
they are regulated by calcium (Ca2+). Calcium uptake dynamically controls the redox state of 
NAD(P)H in working cardiac myocytes [28] and availability of NADPH together with reduced 
glutathione is required for H2O2 removal by glutathione peroxidase/glutathione reductase 
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cycling. Therefore regeneration of NADPH is very important and depends on Krebs cycle 
enzymes, especially ICDH [46]. Interestingly, the activity of ICDH was affected only in senes-
cent mitochondria but by a significant 42.5% decrease (from 246.52 ± 1.90 to 144.04 ± 5.58) μmol/
min/mg protein. Almost equivalent to ICDH activity in senescent hearts was drop in KGDH 
activity but this enzyme has shown gradual decline during whole aging process (Figure 2). 
In heart failure, elevated intracellular Na+ promotes ROS-formation by reducing mitochon-
drial Ca2+ uptake. Therefore, mitochondrial Ca2+ uptake critically regulates mitochondrial ROS 
production/removal [28] in cooperation with Krebs cycle enzymes and other ions to main-
tain mitochondrial homeostasis. Activation of ion channels in the IMM such as mitochondrial 
permeability transition pore (MPTP), the inner membrane anion channel (IMAC) and ATP-
dependent K+-channel causes depolarization of IMM. This is accompanied by an increase in 
electron flux required to maintain ATP production. Opening of these channels might promote 
ROS production, but interestingly they can be activated by ROS themselves. Moreover, O2

•− 
can be released from mitochondria via MPTP and IMAC. ROS in such a situation trigger oscil-
lations of membrane potential leading to higher incidence of arrhythmias during reperfusion 
in the heart [47]. It seems that oxidative stress is one of the key events in myocardial senescence 
progression and development; however, during evolution cells were equipped with antioxi-
dant defense mechanisms that can prevent/recover cells from an oxidative to a reductive state.

3. Redox homeostasis in mitochondria

Mitochondria play important role in generation of ROS and RNS but they are themselves 
players in different signaling pathways, in which the mitochondrial oxidative defense system 

Figure 2. Activities of Krebs cycle enzymes in heart mitochondria during aging (yet unpublished data). Values are 
expressed as Mean ± SEM of 5 individual experiments, **p < 0.01, ***p < 0.001; significantly different in comparison to 
6 months old rats.
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contributes to maintain redox homeostasis. Cellular redox state is determined by the reduc-
tion potentials and reducing capacities of the redox couples, such as GSH/GSSG, NAD(P)
H/NAD(P)+, thioredoxin (reduced/oxidized), glutaredoxin (reduced/oxidized) and cysteine/
cystine, From these the GSH/GSSG system is considered to be the most abundant among 
endogenous antioxidants with 2 to 4-fold higher abundance than other redox systems.

3.1. Thiol–disulfide redox state of mitochondria

Reduced form of GSH (γ-L-glutamyl-L-cysteinyl glycine) is two electron donating molecule 
and in humans is almost uniquely present in a quite high concentration (1–10 mmol/L). 
This allows GSH to scavenge ROS either directly or indirectly. As an antioxidant, it reacts 
with reactive forms and radicals produced in association with electron transport, xenobiotic 
metabolism and inflammatory responses [48]. GSH homeostasis is not only regulated by its 
de novo synthesis, but also by other factors such as utilization, recycling and cellular export. 
Cooperation with other antioxidant, redox-related enzymes is important for recycling and 
maintenance of the optimal redox environment. It was reported that GSH level decreases 
over time in heart mitochondria [49] and several brain regions [50]. This phenomenon was 
confirmed by GSH measurement in three age groups (Table 2). Rapid decline of GSH level 
was accompanied by increase in oxidized GSSG form in senescent rat hearts. Interestingly, 
14 months old hearts were able to maintain basal concentrations of that present in adult 
ones. The relative GSH/GSSG ratio indicates a decrease in GSH levels leading to more oxi-
dized environment in senescent cardiomyocytes and experimentally dilated cardiomyopathy 
in mice [51]. The total content of thiol-containing compounds (R-SH), in contrary to GSH, 
decreases very slowly (by 19.2% in senescent) during aging process.

(μmol/g of tissue) Age (months)

6 14 27

R-SH content 8.66 ± 0.46 7.12 ± 0.26 7.00 ± 0.09*

GSH content 3.00 ± 0.25 3.74 ± 0.39 1.68 ± 0.19**

GSSG content 1.77 ± 0.21 1.61 ± 0.25 3.81 ± 0.31**

GSH/GSSG ratio 1.64 2.10 0.51

Enzyme activity (μmol/min/mg protein)

GPx activity 9.033 ± 0.860 8.239 ± 0.081*** 6.489 ± 0.112***

GR activity 4.790 ± 0.093 4.194 ± 0.306** 3.960 ± 0.124***

TrxR activity 0.085 ± 0.018 0.050 ± 0.008** 0.052 ± 0.013**

Values are expressed as means ± SEM of 5 individual experiments. *p < 0.05, **p < 0.01, ***p < 0.001; significantly different 
in comparison to 6 months old rats.

Table 2. The content and activities of GSH cycle-related molecules in heart during aging (yet unpublished data).
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Aerobic respiration may result in an increase of H2O2, which is metabolized by glutathione 
peroxidase (GPx), while GSH is recycled by the action of glutathione reductase (GR). Since 
both of the enzymes were affected in old as well as senescent rat hearts, overproduction of 
H2O2 or lack of reduced NADPH was present. Moreover, peroxidase-mediated elimination 
of H2O2 will also augment the level of GSSG. This in turn, may not only lower the gluta-
thione redox potential, but also increase in amount of protein mixed disulfides. Addition 
of GSH to protein cysteine residues results to post-translational modification known as 
S-glutathionylation. It is a reversible process with potential to activate or inactivate protein 
function by modulating different cellular pathways. It is able to influence gene expression 
by affecting  different transcription factors such as Nrf2 (nuclear factor erythroid 2-related 
factor 2) or NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) [52]. 
The Nrf2-Keap1 (Kelch-like ECH-associated protein 1) pathway is the major regulator 
of cytoprotective responses to oxidative and electrophilic stress. In the presence of ROS, 
critical cysteine residues in Keap1 become oxidized leading to a conformational change, 
which prevents its binding to Nrf2. As a consequence, Nrf2 degradation is stopped and its 
nuclear translocation promoted [53]. Recently was shown that S-glutathionylation of endo-
thelial NO synthase (eNOS) at Cys689 and Cys908 leads to eNOS uncoupling, diminished NO 
production and enhanced oxidative stress linked with superoxide overproduction [54]. 
S-glutathionylation as well as GSH alone interacts with earlier mentioned nuclear factor 
Nrf2. This factor is key transcription factor of 4-hydroxy-2-nonenal (HNE). HNE is highly 
reactive aldehyde product of lipid peroxidation with potential to modulate function of 
proteins and lipids. The Nrf2 under stress conditions activates HNE-mediated antioxidant 
protection, when at a sub-lethal concentration 5 μmol/l HNE stimulates biosynthesis of 
GSH in cardiomyocytes. In contrary, glutathione after oxidation to the glutathione radi-
cal (GS•) has deleterious effects. It is able to take H+ from lipid side chains and polyun-
saturated fatty acids or to induce lipid peroxidation [55]. Altogether, S-glutathionylation 
may be a double-edged sword in the sense that it promotes antioxidant or pro-oxidant 
responses.

Peroxidase activity is found in GPx and in the thiol-specific proteins called peroxiredox-
ins (Prx). They react with H2O2 at a very high rate and their activity depends on cysteine 
residue in the active site. Peroxiredoxins can also reduce and detoxify peroxynitrite anion 
and a wide range of organic hydroperoxides. The highest reaction rate and abundance 
has Prx2 which traps almost all H2O2 in vivo [56]. The level of this powerful thiol-specific 
protein was maintained until the age of 14 months, but senescent mitochondria lost 35.1% 
of Prx2 amount (Figure 3). Oxidized cysteine residues of Prx are specifically reduced by 
Trx. Oxidized Trx as well as other oxidized cellular proteins can be reversibly reduced by 
TrxR in a NADPH-dependent manner. The Trx/TrxR system appears to have a protective 
function against oxidative stress, e.g. supports the activity of ribonucleotide reductase and 
inhibits apoptosis signal-regulated kinase-1 [57]. Thioredoxin reductase has been severely 
affected during aging process by 41.9% in group of 14 months old hearts with an extension 
until the age of 27 months (Table 2). The same scenario was observed in Trx protein level 
where the amount of protein has decreased to 62.4% in 14 months old as well as 27 months 
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contributes to maintain redox homeostasis. Cellular redox state is determined by the reduc-
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with reactive forms and radicals produced in association with electron transport, xenobiotic 
metabolism and inflammatory responses [48]. GSH homeostasis is not only regulated by its 
de novo synthesis, but also by other factors such as utilization, recycling and cellular export. 
Cooperation with other antioxidant, redox-related enzymes is important for recycling and 
maintenance of the optimal redox environment. It was reported that GSH level decreases 
over time in heart mitochondria [49] and several brain regions [50]. This phenomenon was 
confirmed by GSH measurement in three age groups (Table 2). Rapid decline of GSH level 
was accompanied by increase in oxidized GSSG form in senescent rat hearts. Interestingly, 
14 months old hearts were able to maintain basal concentrations of that present in adult 
ones. The relative GSH/GSSG ratio indicates a decrease in GSH levels leading to more oxi-
dized environment in senescent cardiomyocytes and experimentally dilated cardiomyopathy 
in mice [51]. The total content of thiol-containing compounds (R-SH), in contrary to GSH, 
decreases very slowly (by 19.2% in senescent) during aging process.
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GPx activity 9.033 ± 0.860 8.239 ± 0.081*** 6.489 ± 0.112***

GR activity 4.790 ± 0.093 4.194 ± 0.306** 3.960 ± 0.124***

TrxR activity 0.085 ± 0.018 0.050 ± 0.008** 0.052 ± 0.013**

Values are expressed as means ± SEM of 5 individual experiments. *p < 0.05, **p < 0.01, ***p < 0.001; significantly different 
in comparison to 6 months old rats.

Table 2. The content and activities of GSH cycle-related molecules in heart during aging (yet unpublished data).
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Aerobic respiration may result in an increase of H2O2, which is metabolized by glutathione 
peroxidase (GPx), while GSH is recycled by the action of glutathione reductase (GR). Since 
both of the enzymes were affected in old as well as senescent rat hearts, overproduction of 
H2O2 or lack of reduced NADPH was present. Moreover, peroxidase-mediated elimination 
of H2O2 will also augment the level of GSSG. This in turn, may not only lower the gluta-
thione redox potential, but also increase in amount of protein mixed disulfides. Addition 
of GSH to protein cysteine residues results to post-translational modification known as 
S-glutathionylation. It is a reversible process with potential to activate or inactivate protein 
function by modulating different cellular pathways. It is able to influence gene expression 
by affecting  different transcription factors such as Nrf2 (nuclear factor erythroid 2-related 
factor 2) or NF-κB (nuclear factor kappa-light-chain-enhancer of activated B cells) [52]. 
The Nrf2-Keap1 (Kelch-like ECH-associated protein 1) pathway is the major regulator 
of cytoprotective responses to oxidative and electrophilic stress. In the presence of ROS, 
critical cysteine residues in Keap1 become oxidized leading to a conformational change, 
which prevents its binding to Nrf2. As a consequence, Nrf2 degradation is stopped and its 
nuclear translocation promoted [53]. Recently was shown that S-glutathionylation of endo-
thelial NO synthase (eNOS) at Cys689 and Cys908 leads to eNOS uncoupling, diminished NO 
production and enhanced oxidative stress linked with superoxide overproduction [54]. 
S-glutathionylation as well as GSH alone interacts with earlier mentioned nuclear factor 
Nrf2. This factor is key transcription factor of 4-hydroxy-2-nonenal (HNE). HNE is highly 
reactive aldehyde product of lipid peroxidation with potential to modulate function of 
proteins and lipids. The Nrf2 under stress conditions activates HNE-mediated antioxidant 
protection, when at a sub-lethal concentration 5 μmol/l HNE stimulates biosynthesis of 
GSH in cardiomyocytes. In contrary, glutathione after oxidation to the glutathione radi-
cal (GS•) has deleterious effects. It is able to take H+ from lipid side chains and polyun-
saturated fatty acids or to induce lipid peroxidation [55]. Altogether, S-glutathionylation 
may be a double-edged sword in the sense that it promotes antioxidant or pro-oxidant 
responses.

Peroxidase activity is found in GPx and in the thiol-specific proteins called peroxiredox-
ins (Prx). They react with H2O2 at a very high rate and their activity depends on cysteine 
residue in the active site. Peroxiredoxins can also reduce and detoxify peroxynitrite anion 
and a wide range of organic hydroperoxides. The highest reaction rate and abundance 
has Prx2 which traps almost all H2O2 in vivo [56]. The level of this powerful thiol-specific 
protein was maintained until the age of 14 months, but senescent mitochondria lost 35.1% 
of Prx2 amount (Figure 3). Oxidized cysteine residues of Prx are specifically reduced by 
Trx. Oxidized Trx as well as other oxidized cellular proteins can be reversibly reduced by 
TrxR in a NADPH-dependent manner. The Trx/TrxR system appears to have a protective 
function against oxidative stress, e.g. supports the activity of ribonucleotide reductase and 
inhibits apoptosis signal-regulated kinase-1 [57]. Thioredoxin reductase has been severely 
affected during aging process by 41.9% in group of 14 months old hearts with an extension 
until the age of 27 months (Table 2). The same scenario was observed in Trx protein level 
where the amount of protein has decreased to 62.4% in 14 months old as well as 27 months 
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old rat hearts (Figure 3). Low Trx level is probably result of TrxR malfunctioning due to 
lack of NADPH, overproduction of ROS and/or RNS. Thioredoxin also plays a role in the 
reversible S-nitrosylation of cysteine residues in target proteins, and thereby contributes to 
the response of intracellular nitric oxide (NO). In addition, Trx is able to block caspase-3 
activity through nitrosylation of the active cysteine site in response to NO. Therefore, Trx 
protein deficiency may contribute to the stimulation of caspase-dependent apoptosis. The 
most studied enzyme in the process of protein S-glutathionylation is glutaredoxin (Grx). 
The high specificity of Grx to S-glutathionylated proteins is used as a tool for studying and 
identifying them. In general, it is stated that the main task of Grx is to remove GSH from 
S-glutathionylated proteins. Thus, reduced thiol-containing protein is restored, which was 
confirmed in experiments with siRNA (small interfering RNA). The suppression of Grx 
genes with siRNA is an approach to study not only the “antioxidant” properties of Grx but 
also the role of protein S-glutathionylation [58]. Grx2 catalyzes S-glutathionylation of IMM 
proteins in a relatively reduced GSH/GSSG ratio equal to 6. The fact that thiol-disulfide oxi-
doreductases can catalyze both oxidizing and reducing reactions is not exclusive to Grx. 
Thioredoxin can act as an oxidant in oxidizing environment. Currently, the biggest challenge 
of researchers is to identify which enzymes are responsible for (de)glutathionylation, and if 
it is spontaneous process or catalyzed by enzymes. Existing information suggests that the 

Figure 3. Scheme of (A) Thiol-disulfide network and (B) protein level for Prx2, Trx (yet unpublished data). GSH-reduced 
glutathione, GSSG-oxidized glutathione, GPx-Glutathione peroxidase, GR-Glutathione reductase, Grx-Glutaredoxin, 
Prx-Peroxiredoxin, Trx-Thioredoxin, TrxR-Thioredoxin reductase, SH-reduced and SS-oxidized form of Protein, ICDH-
isocitrate dehydrogenase.

Mitochondrial Diseases70

mechanisms involved in resistance to various types of stress together with maintenance of 
bioenergetic capacity and redox homeostasis may be critical in the evolution of longevity.

3.2. Mitochondrial protein-protein network

One of the major goals of gerontology is to understand the comprehensive mechanisms 
involved in aging at different levels and hopefully to help understand age-related diseases. 
The complexity of the proteome supersedes that of the genome, due to alternative splicing 
events and PTMs of proteins. Proteomes are expected to be two to three orders of magnitude 
more complex than would be predicted from numbers of protein-encoding genes present in 
the respective genomes [59]. It is widely recognized that cellular aging causes changes in the 
proteome. However, the nature and targets of these changes and their consequences have not 
yet been completely identified. In recent years, mass spectrometry (MS) has been recognized 
as a golden standard tool for the identification and analysis of individual proteins. For further 
understanding of the molecular changes during heart aging, we have identified several pro-
teins and compared the differences in the mitochondrial protein expression profiles among 
two age groups.

Precipitated proteins from mitochondria of 6 and 27 months old rat hearts were sepa-
rated with two-dimensional electrophoresis (2-DE) to provide a protein profile (Figure 4). 
Interestingly, the change in protein level was statistically significant (1.5-fold change, 95% 
confidence interval) in only 12 proteins (marked with red circles) from the total protein 
pool of mitochondria. All the proteins were down-regulated in senescent mitochondria 
in comparison to the adult ones. Despite the small number of quantitatively modified 
proteins, these create an interesting protein-protein network. The strength of data sup-
port represents line thickness of protein-protein interaction network generated by String 

Figure 4. Representative 2-DE analysis of mitochondrial proteins in aging rat heart (yet unpublished data).
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mechanisms involved in resistance to various types of stress together with maintenance of 
bioenergetic capacity and redox homeostasis may be critical in the evolution of longevity.

3.2. Mitochondrial protein-protein network

One of the major goals of gerontology is to understand the comprehensive mechanisms 
involved in aging at different levels and hopefully to help understand age-related diseases. 
The complexity of the proteome supersedes that of the genome, due to alternative splicing 
events and PTMs of proteins. Proteomes are expected to be two to three orders of magnitude 
more complex than would be predicted from numbers of protein-encoding genes present in 
the respective genomes [59]. It is widely recognized that cellular aging causes changes in the 
proteome. However, the nature and targets of these changes and their consequences have not 
yet been completely identified. In recent years, mass spectrometry (MS) has been recognized 
as a golden standard tool for the identification and analysis of individual proteins. For further 
understanding of the molecular changes during heart aging, we have identified several pro-
teins and compared the differences in the mitochondrial protein expression profiles among 
two age groups.

Precipitated proteins from mitochondria of 6 and 27 months old rat hearts were sepa-
rated with two-dimensional electrophoresis (2-DE) to provide a protein profile (Figure 4). 
Interestingly, the change in protein level was statistically significant (1.5-fold change, 95% 
confidence interval) in only 12 proteins (marked with red circles) from the total protein 
pool of mitochondria. All the proteins were down-regulated in senescent mitochondria 
in comparison to the adult ones. Despite the small number of quantitatively modified 
proteins, these create an interesting protein-protein network. The strength of data sup-
port represents line thickness of protein-protein interaction network generated by String 

Figure 4. Representative 2-DE analysis of mitochondrial proteins in aging rat heart (yet unpublished data).
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 software and using gene IDs (Figure 5). Two proteins, methylmalonate-semialdehyde dehy-
drogenase [acylating] (Gene ID: Aldh6a1) and carnitine O-palmitoyltransferase 2 (Cpt2) 
did not fit to the protein-protein interaction map. However, their role in fatty acid metabo-
lism is very important in connection to the heart muscle work and energy production. 
The rest of the proteins participate in various metabolic pathways of mitochondria. Three 
take part in Krebs cycle – malate dehydrogenase (Mdh1), dihydrolipoyl dehydrogenase 
(Dld) and aconitate hydratase (Aco2). Post-translational cysteine-related modification of 
aconitase was reported to be a key in linkage between Krebs cycle, redox signaling and 
metabolism of ROS [60]. Next five  down-regulated proteins were directly connected with 
cardiac muscle contraction and the risk of developing age-related neuronal disorders - 
Huntington, Parkinson and Alzheimer disease. All of them are subunits of ETC, thus regu-
late production of energy in mitochondria: NADH dehydrogenase 1 alpha subcomplex 
subunit 5 (Ndufa5), cytochrome bc1 complex subunit 1 (Uqcrc1) and cytochrome bc1 com-
plex subunit Rieske (Uqcrsf2), cytochrome c oxidase subunit 5B (Cox5b), electron transfer 
flavoprotein subunit beta (Etfb). Combined defects in oxidative phosphorylation and fatty 
acid beta oxidation were detected in mitochondrial diseases [61]. Creatine kinase M-type 
(Ckm) was only one cytoplasmic enzyme interacting with mitochondria through transfer of 
phosphate and the last one is voltage-dependent anion-selective channel protein 1 (Vdac1), 

Figure 5. Functional protein-protein interactions during aging in rat mitochondria (yet unpublished data).
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which plays a role in outer mitochondrial membrane permeabilization and cellular death. 
This outer mitochondrial membrane protein is tightly bound with Alzheimer disease, 
where mediates amyloid β toxicity and represents a potential target for Alzheimer disease 
therapy [62].

Currently available evidence indicates that the steady-state amounts of structural damage 
to proteins accumulated during life are relatively small, and are often present only in trace 
amounts. On the other hand, the pro-oxidizing changes in the redox state reflected by the 
decline in redox potential, increases in production of H2O2 and level of protein modifica-
tions are significant and ubiquitous. However, the oxidative PTMs are relevant only if these 
are connected to functional consequences. It is important to consider that a slight modifica-
tion in low abundance proteins may be of physiological importance. Distinguishing between 
inconsequential modifications and functionally significant ones requires careful biochemical/
biophysical analysis of target proteins [63]. Thus, proteomic approaches represent powerful 
tools to address these questions by identifying the targeted proteins and the extent of their 
modifications.

3.3. Post-translational modifications of proteins during aging

The detailed examination of enzyme molecules by mass spectrometry and other techniques 
continues to identify hundreds of distinct PTMs. Global analyses of enzymes using pro-
teomics revealed widespread distribution of PTMs on many key enzymes located in all 
cellular compartments. Multiple PTMs within a single enzyme molecule and their mutual 
interplays are critical for the regulation of catalytic activity. Enzymatic PTMs can be detected 
in ever increasing amounts and they appear to be critical for folding and assembly (e.g. gly-
cosylation), function as key regulators of catalytic activity of enzymes (e.g. binding of pros-
thetic groups, phosphorylation), or mark enzyme molecules for targeted destruction (e.g. 
ubiquitylation). In parallel with these processes there are non-enzymatic PTMs caused by 
ROS and RNS continuously interacting with individual enzyme molecules. These PTMs 
contribute to molecular aging and may also be involved in regulation of enzymes’ cata-
lytic activity [64]. There are two groups of PTMs observed during oxidative stress mediated 
aging, reversible and irreversible. The major types of irreversible PTMs are carbonylation and 
3-nitrotyrosilation.

• Carbonylation is covalent adduction of lipid aldehyde to the side chains of lysine, histidine 
or cysteine residues. Extensive amount of information about this modification can be found 
in the recently published book [65].

• 3-nitrotyrosilation, frequently called tyrosine nitration is formed between RNS (peroxyni-
trite anion) and a tyrosine residue of target protein. Extensive research was done during 
last years in failing human [66] and rat hearts [67].

Second group of reversible PTMs which are related to the aging process are sulfur-mediated 
S-Sulfenylation, S-nitrosylation, S-glutathionylation and lipid peroxidation pathway-related 
HNE modification.
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which plays a role in outer mitochondrial membrane permeabilization and cellular death. 
This outer mitochondrial membrane protein is tightly bound with Alzheimer disease, 
where mediates amyloid β toxicity and represents a potential target for Alzheimer disease 
therapy [62].

Currently available evidence indicates that the steady-state amounts of structural damage 
to proteins accumulated during life are relatively small, and are often present only in trace 
amounts. On the other hand, the pro-oxidizing changes in the redox state reflected by the 
decline in redox potential, increases in production of H2O2 and level of protein modifica-
tions are significant and ubiquitous. However, the oxidative PTMs are relevant only if these 
are connected to functional consequences. It is important to consider that a slight modifica-
tion in low abundance proteins may be of physiological importance. Distinguishing between 
inconsequential modifications and functionally significant ones requires careful biochemical/
biophysical analysis of target proteins [63]. Thus, proteomic approaches represent powerful 
tools to address these questions by identifying the targeted proteins and the extent of their 
modifications.

3.3. Post-translational modifications of proteins during aging

The detailed examination of enzyme molecules by mass spectrometry and other techniques 
continues to identify hundreds of distinct PTMs. Global analyses of enzymes using pro-
teomics revealed widespread distribution of PTMs on many key enzymes located in all 
cellular compartments. Multiple PTMs within a single enzyme molecule and their mutual 
interplays are critical for the regulation of catalytic activity. Enzymatic PTMs can be detected 
in ever increasing amounts and they appear to be critical for folding and assembly (e.g. gly-
cosylation), function as key regulators of catalytic activity of enzymes (e.g. binding of pros-
thetic groups, phosphorylation), or mark enzyme molecules for targeted destruction (e.g. 
ubiquitylation). In parallel with these processes there are non-enzymatic PTMs caused by 
ROS and RNS continuously interacting with individual enzyme molecules. These PTMs 
contribute to molecular aging and may also be involved in regulation of enzymes’ cata-
lytic activity [64]. There are two groups of PTMs observed during oxidative stress mediated 
aging, reversible and irreversible. The major types of irreversible PTMs are carbonylation and 
3-nitrotyrosilation.

• Carbonylation is covalent adduction of lipid aldehyde to the side chains of lysine, histidine 
or cysteine residues. Extensive amount of information about this modification can be found 
in the recently published book [65].

• 3-nitrotyrosilation, frequently called tyrosine nitration is formed between RNS (peroxyni-
trite anion) and a tyrosine residue of target protein. Extensive research was done during 
last years in failing human [66] and rat hearts [67].

Second group of reversible PTMs which are related to the aging process are sulfur-mediated 
S-Sulfenylation, S-nitrosylation, S-glutathionylation and lipid peroxidation pathway-related 
HNE modification.
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• Protein S-Sulfenylation leads to the production of sulfur-hydroxylation product (P-SOH), 
disulfide bond and sulfenyl-amide bond formation. It may be a precursor to the process 
of S-sulfinylation and S-sulfonylation. This type of modification is believed to be a fleeting 
molecular switch that regulates non-enzymatic oxidative folding [68].

• S-nitrosylation occurs when NO is covalently incorporated into the Cysteine thiol group 
forming S-nitrosothiol (SNO). It plays important role in redox metabolism through GSH 
interaction in failing heart in rats [67] and human heart disease [69]. This PTM has been 
progressively implicated in virtually every NO-regulated process within the cardiovascu-
lar system. The current, widely-held paradigm is that S-nitrosylation plays an equivalent 
role as phosphorylation, providing a stable and controllable PTM [70].

• S-glutathionylation is covalent attachment of GSH to protein thiol groups. The function of 
protein S-glutathionylation reactions in metabolism is a rapid and reversible redox signal-
ing mechanism that involves the conjugation and removal of glutathione from cysteine 
switches. Several observations have shown that unlike other redox modifications S-gluta-
thionylation reactions fulfill the requisite criteria to serve as an effective PTM that controls 
protein function, links energy metabolism to redox signaling in mitochondria. Because of 
its role in modulation of ROS production in myocardial mitochondria, currently the usage 
of mitochondria penetrating antioxidants is discussed in context of the heart disease treat-
ment [71].

• During last decade HNE modification was under extensive research because of its dual role 
as pro- and anti-oxidant. This most abundant reactive aldehyde attacks predominantly ni-
trogen of histidine, lysine (less commonly arginine) or cysteine, and it is related to wide 
range of metabolic diseases [72].

Above mentioned PTMs occur the most frequently during oxidative stress-related aging pro-
cess. However, there are virtually hundreds of additional PTMs that may occur in enzymes. 
To support results from protein profiling of mitochondria is important to focus on deep pro-
tein analyzes of individual selected proteins, their interactions within the individual com-
partments, between different organelles or the intercellular communication. For this purpose, 
proteomics is now integrated with molecular genetics, transcriptomics, and other areas lead-
ing to systems biology strategies.

3.4. Turnover of mitochondrial proteins - role of mitophagy in cardiomyocytes

Proper functioning of mitochondria is crucial for cardiac function. Damaged mitochondria 
produce less ATP, release greater amounts of ROS, and have a lower threshold for cyto-
chrome c release resulting in apoptosis, undergo mitochondrial permeability transition 
pore opening resulting in necrosis or may release mitochondrial components into cytosol 
where are recognized by receptors for removal. Mitochondrial turnover is therefore an inte-
gral aspect of quality control in which dysfunctional mitochondria are selectively elimi-
nated through autophagy or mitochondrial autophagy (mitophagy) and replaced through 
expansion of preexisting mitochondria (biogenesis). In the heart mitochondria turnover is 
with a half life of 14 days. Rat cardiomyocytes have roughly 1000 mitochondria per cell, 
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suggesting that under basal resting conditions, one mitochondrion per cell is replaced every 
40 minutes [73]. In order to facilitate and initiate mitophagy, mitochondrial fusion and fis-
sion play a critical role in mitochondrial turnover. Fission of mitochondria into smaller 
fragments is a crucial requirement for mitophagy to occur. The key regulator of this pro-
cess is dynamin-related protein 1 (Drp1), which in concert with proteins fission 1 (Fis1), 
mitochondrial fission factor (Mff), mitochondrial dynamics proteins of 49 kDa (MiD49) 
and 51 kDa (MiD51) is responsible for mitochondrial fragmentation. The role of last three 
proteins appears essential. Mff assists in the assembly of Drp1. MiD49 and MiD51 may 
play a regulatory role by recruiting Drp1 and maintaining it in inactive state until fission is 
required [74]. Proteins that promote outer mitochondrial membrane (OMM) fusion such as 
Mitofusin 1 and 2 (Mfn1 and 2) are ubiquitinated and eliminated by the ubiquitin protea-
some system. E3 ubiquitin ligase Parkin (also known as Park2) and PTEN-induced putative 
kinase 1 (PINK1) have been shown to play an important role in mitophagy. PINK1 targets 
to the mitochondria but is normally degraded by presenilin associated rhomboid-like pro-
tease (PARL). In response to loss of mitochondrial membrane potential, PARL is inactivated; 
PINK1 is stabilized and recruits Parkin. Parkin ubiquitinates several mitochondrial associ-
ated proteins and they are then recognized by p62 and bring mitochondria to the autopha-
gosomes. Thus mitochondria with membrane potential loss can be selectively degraded. 
Parkin substrates include e.g. voltage-dependent anion-selective channel protein (VDAC), 
translocase of the outer membrane (TOM), mitochondrial fission 1 (FIS1), hexokinase, mito-
chondrial Rho-GTPase (MIRO) 1 and 2, although whether ubiquitination of these proteins is 
required or sufficient for mitophagy is unclear and highly dependent on the specific cellular 
context [75].

The importance of mitophagy for the preservation of cardiovascular homeostasis, the car-
diomyocyte-specific deletion of Parkin and the expression of a mutant Mfn2 (mitofusin 2) at 
birth prevented the switch from fetal to adult mitochondria in the mice heart [76]. Another 
example, mice bearing a heart-specific deletion of Mfn2 prematurely succumbed to a progres-
sive cardiomyopathy characterized by impaired contractile function [77]. Such a detrimental 
phenotype could be reversed, at least partially by Mfn2 to prevent the targeted mitochondria 
from rejoining the mitochondrial network through fusion. Under basal conditions Mfn2 func-
tions in mitochondrial fusion events and links endoplasmic reticulum to mitochondria. Also 
acts as Parkin receptor during mitophagy following phosphorylation by PINK1 and recruit-
ing Parkin to the mitochondria. So even in case of Parkin-dependent mitophagy, some outer 
mitochondrial membrane proteins are recycled through transfer to the endoplasmic reticu-
lum. Most studies have relied on the systemic modulation of autophagy with nutritional or 
pharmacological interventions or the homozygous/heterozygous deletion of a relevant gene. 
Nutritional and pharmacological interventions commonly used to modulate autophagy in 
the cardiovascular system in vivo, including caloric restriction or caloric restriction mimet-
ics, rapamycin, 3-methyladenine, and lysosomal inhibitors, are rather nonspecific. Genetic 
interventions offer increased specificity, but are not devoid of potential problems that should 
be kept under attentive consideration. Linking mitophagy with cardiomyocytes is the field 
of interest in many publications [78]. While mitophagy is responsible for bulk degradation 
of mitochondria, turnover of individual components may proceed at asynchronous rates 
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• Protein S-Sulfenylation leads to the production of sulfur-hydroxylation product (P-SOH), 
disulfide bond and sulfenyl-amide bond formation. It may be a precursor to the process 
of S-sulfinylation and S-sulfonylation. This type of modification is believed to be a fleeting 
molecular switch that regulates non-enzymatic oxidative folding [68].

• S-nitrosylation occurs when NO is covalently incorporated into the Cysteine thiol group 
forming S-nitrosothiol (SNO). It plays important role in redox metabolism through GSH 
interaction in failing heart in rats [67] and human heart disease [69]. This PTM has been 
progressively implicated in virtually every NO-regulated process within the cardiovascu-
lar system. The current, widely-held paradigm is that S-nitrosylation plays an equivalent 
role as phosphorylation, providing a stable and controllable PTM [70].

• S-glutathionylation is covalent attachment of GSH to protein thiol groups. The function of 
protein S-glutathionylation reactions in metabolism is a rapid and reversible redox signal-
ing mechanism that involves the conjugation and removal of glutathione from cysteine 
switches. Several observations have shown that unlike other redox modifications S-gluta-
thionylation reactions fulfill the requisite criteria to serve as an effective PTM that controls 
protein function, links energy metabolism to redox signaling in mitochondria. Because of 
its role in modulation of ROS production in myocardial mitochondria, currently the usage 
of mitochondria penetrating antioxidants is discussed in context of the heart disease treat-
ment [71].

• During last decade HNE modification was under extensive research because of its dual role 
as pro- and anti-oxidant. This most abundant reactive aldehyde attacks predominantly ni-
trogen of histidine, lysine (less commonly arginine) or cysteine, and it is related to wide 
range of metabolic diseases [72].

Above mentioned PTMs occur the most frequently during oxidative stress-related aging pro-
cess. However, there are virtually hundreds of additional PTMs that may occur in enzymes. 
To support results from protein profiling of mitochondria is important to focus on deep pro-
tein analyzes of individual selected proteins, their interactions within the individual com-
partments, between different organelles or the intercellular communication. For this purpose, 
proteomics is now integrated with molecular genetics, transcriptomics, and other areas lead-
ing to systems biology strategies.

3.4. Turnover of mitochondrial proteins - role of mitophagy in cardiomyocytes

Proper functioning of mitochondria is crucial for cardiac function. Damaged mitochondria 
produce less ATP, release greater amounts of ROS, and have a lower threshold for cyto-
chrome c release resulting in apoptosis, undergo mitochondrial permeability transition 
pore opening resulting in necrosis or may release mitochondrial components into cytosol 
where are recognized by receptors for removal. Mitochondrial turnover is therefore an inte-
gral aspect of quality control in which dysfunctional mitochondria are selectively elimi-
nated through autophagy or mitochondrial autophagy (mitophagy) and replaced through 
expansion of preexisting mitochondria (biogenesis). In the heart mitochondria turnover is 
with a half life of 14 days. Rat cardiomyocytes have roughly 1000 mitochondria per cell, 
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cess is dynamin-related protein 1 (Drp1), which in concert with proteins fission 1 (Fis1), 
mitochondrial fission factor (Mff), mitochondrial dynamics proteins of 49 kDa (MiD49) 
and 51 kDa (MiD51) is responsible for mitochondrial fragmentation. The role of last three 
proteins appears essential. Mff assists in the assembly of Drp1. MiD49 and MiD51 may 
play a regulatory role by recruiting Drp1 and maintaining it in inactive state until fission is 
required [74]. Proteins that promote outer mitochondrial membrane (OMM) fusion such as 
Mitofusin 1 and 2 (Mfn1 and 2) are ubiquitinated and eliminated by the ubiquitin protea-
some system. E3 ubiquitin ligase Parkin (also known as Park2) and PTEN-induced putative 
kinase 1 (PINK1) have been shown to play an important role in mitophagy. PINK1 targets 
to the mitochondria but is normally degraded by presenilin associated rhomboid-like pro-
tease (PARL). In response to loss of mitochondrial membrane potential, PARL is inactivated; 
PINK1 is stabilized and recruits Parkin. Parkin ubiquitinates several mitochondrial associ-
ated proteins and they are then recognized by p62 and bring mitochondria to the autopha-
gosomes. Thus mitochondria with membrane potential loss can be selectively degraded. 
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chondrial Rho-GTPase (MIRO) 1 and 2, although whether ubiquitination of these proteins is 
required or sufficient for mitophagy is unclear and highly dependent on the specific cellular 
context [75].
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diomyocyte-specific deletion of Parkin and the expression of a mutant Mfn2 (mitofusin 2) at 
birth prevented the switch from fetal to adult mitochondria in the mice heart [76]. Another 
example, mice bearing a heart-specific deletion of Mfn2 prematurely succumbed to a progres-
sive cardiomyopathy characterized by impaired contractile function [77]. Such a detrimental 
phenotype could be reversed, at least partially by Mfn2 to prevent the targeted mitochondria 
from rejoining the mitochondrial network through fusion. Under basal conditions Mfn2 func-
tions in mitochondrial fusion events and links endoplasmic reticulum to mitochondria. Also 
acts as Parkin receptor during mitophagy following phosphorylation by PINK1 and recruit-
ing Parkin to the mitochondria. So even in case of Parkin-dependent mitophagy, some outer 
mitochondrial membrane proteins are recycled through transfer to the endoplasmic reticu-
lum. Most studies have relied on the systemic modulation of autophagy with nutritional or 
pharmacological interventions or the homozygous/heterozygous deletion of a relevant gene. 
Nutritional and pharmacological interventions commonly used to modulate autophagy in 
the cardiovascular system in vivo, including caloric restriction or caloric restriction mimet-
ics, rapamycin, 3-methyladenine, and lysosomal inhibitors, are rather nonspecific. Genetic 
interventions offer increased specificity, but are not devoid of potential problems that should 
be kept under attentive consideration. Linking mitophagy with cardiomyocytes is the field 
of interest in many publications [78]. While mitophagy is responsible for bulk degradation 
of mitochondria, turnover of individual components may proceed at asynchronous rates 
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through redistribution of components via fusion events, selective degradation of proteins by 
mitochondrial proteases, and proteasomal elimination of some outer mitochondrial mem-
brane proteins. Some studies suggest that inner mitochondrial membrane proteins, especially 
oxidative phosphorylation constituents, may be primarily cleared via mitophagy. There is 
more to discuss, especially communication between intracellular organelles (mitochondria 
and endoplasmic reticulum) and oxidative phosphorylation events in mitochondria in rela-
tion to redox network, apoptosis/necrosis or mitophagy. These appear to be key players in 
cardiomyocytes survival during aging.

4. Conclusions

Maintenance of mitochondrial function and energy/redox homeostasis requires both genera-
tion of newly synthesized and elimination of dysfunctional mitochondria. Taken together, 
age-dependent decline of mitophagy inhibits removal of dysfunctional or redundant mito-
chondria as well as impairs mitochondrial biogenesis. It results to progressive mitochondrial 
accretion and consequently, deterioration of cardiomyocytes function. At present it is pointed 
out that the steady-state amounts of structural damage accumulated during life are rela-
tively small. However, changes in the redox state reflected by the decline in redox potential, 
increases in production of H2O2 and level of protein modifications are significant and ubiqui-
tous. Activities of ETC complexes revealed that the most affected throughout aging was com-
plex IV, in contrast to relatively small age-related changes in complex II. These non-uniform 
changes in ETC enzyme complexes may lead to altered electron transfer through the chain, 
leading to impairment of ATP synthesis and overall functionality of cardiomyocytes during 
aging. The ability of the main regulatory Krebs cycle enzymes to supplement NADH to ETC 
was altered in senescent mitochondria. ICDH and KGDH had only half activity in senescent 
mitochondria; however ICDH was not affected in group of 14 months old. This might sup-
port promotion of H2O2 in senescent cardiac myocytes where peroxiredoxin 2 ability to trap 
H2O2 was also significantly affected. Decrease in GSH levels indicates low GSH/GSSG ratio 
leading to more oxidized environment in senescent cardiomyocytes but 14-month old hearts 
were able to maintain basal levels of adult mitochondria. Despite the variations in enzyme 
activities, the overall proteomic analyses revealed only 12 significantly affected proteins dur-
ing aging. All these were more or less deprived but question is what is responsible for such 
a changes. Are these proteins really relevant? Is change in protein amount important? These 
and other questions are waiting for us and other researchers to be answered.

Specific marker of senescence was yet not identified, but evaluating a series of markers can 
help to define the senescent state. Senescent cells have greater proportion of protein content, 
which might be modulated by several PTMs. If these protein modifications are connected to 
functional consequences and protein-protein interactions are revealed, link may lead to the 
solution. Unfortunately, the proteome is much more complicated than the genome. To fit all 
the proteins together with their different characteristics in various pathways and cellular com-
partments is almost infeasible. At present, various nutritional, pharmacological and genetic 
interventions have higher or lower specificity, but are not devoid of potential  problems that 
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should be kept under attentive consideration. Collectively, these studies suggest that dys-
functional proteostasis has a causative role in aging and that restoration of protein homeo-
stasis is protective against age-related diseases. New window is opened and hopefully with 
help of bioinformatics collecting huge amounts of data from proteomics, genomics and other 
scientific approaches will lead to personalized therapeutic procedures for individual patient 
and age-related disorder(s).
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Abstract

Human mitochondrial complex II is an intriguing enzyme, which has been the focus of 
medical research during the past few decades since it contributes to pathogenesis of mito-
chondrial diseases as well as a target for chemotherapy. Reactive oxygen species (ROS) pro-
duced by this enzyme has been implicated in both these conditions. While ROS produced 
from mutated mitochondrial complex II has been implicated in pathogenesis of mitochon-
drial diseases, ROS produced from pharmacologically inhibited mitochondrial complex II 
has been implicated in cancer cell death. In this chapter, we show that inhibition of mito-
chondrial complex II in human cancer cells with atpenin A5 produces detectable levels of 
ROS while normal cells do not. Thus, this enzyme may be used as a potential target for 
developing new anticancer drugs to trigger ROS-mediated selective death of cancer cells.

Keywords: mitochondrion complex II, ROS, anticancer agents, atpenin A5

1. Introduction

Human mitochondrial complex II (succinate:ubiquinone oxidoreductase; succinate dehydro-
genase (SDH)) is an intriguing enzyme, which has been the focus of medical research during 
the past few decades since it contributes to pathogenesis of mitochondrial diseases (for recent 
reviews, see [1, 2]) and also a target for chemotherapy [3–5].

1.1. Structure of mitochondrial complex II

Mitochondrial complex II is a heterotetrameric protein embedded in the inner mitochondrial 
membrane. Its four subunits are referred as flavoprotein subunit (Fp), iron-sulfur subunit 
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Abstract

Human mitochondrial complex II is an intriguing enzyme, which has been the focus of 
medical research during the past few decades since it contributes to pathogenesis of mito-
chondrial diseases as well as a target for chemotherapy. Reactive oxygen species (ROS) pro-
duced by this enzyme has been implicated in both these conditions. While ROS produced 
from mutated mitochondrial complex II has been implicated in pathogenesis of mitochon-
drial diseases, ROS produced from pharmacologically inhibited mitochondrial complex II 
has been implicated in cancer cell death. In this chapter, we show that inhibition of mito-
chondrial complex II in human cancer cells with atpenin A5 produces detectable levels of 
ROS while normal cells do not. Thus, this enzyme may be used as a potential target for 
developing new anticancer drugs to trigger ROS-mediated selective death of cancer cells.
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1. Introduction

Human mitochondrial complex II (succinate:ubiquinone oxidoreductase; succinate dehydro-
genase (SDH)) is an intriguing enzyme, which has been the focus of medical research during 
the past few decades since it contributes to pathogenesis of mitochondrial diseases (for recent 
reviews, see [1, 2]) and also a target for chemotherapy [3–5].

1.1. Structure of mitochondrial complex II

Mitochondrial complex II is a heterotetrameric protein embedded in the inner mitochondrial 
membrane. Its four subunits are referred as flavoprotein subunit (Fp), iron-sulfur subunit 
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(Ip), cytochrome b large subunit (CybL), and cytochrome b small subunit (CybS). The Fp and 
Ip subunits comprise the catalytic domain of the enzyme. The Fp subunit has a flavin adenine 
dinucleotide (FAD) as a prosthetic group and contains the dicarboxylate-binding site, which 
serves as the binding site for succinate and fumarate. The Ip subunit generally contains three 
iron-sulfur clusters [2Fe-2S]2+,1+, [4Fe-4S]2+,1+, and [3Fe-4S]1+,0 as prosthetic groups. Subunits 
CybL and CybS, with heme b as the prosthetic group, form the anchor domain of the enzyme. 
This anchors the catalytic domain to the inner mitochondrial membrane and also forms the 
quinone (Q)-binding site, together with the Ip subunit [6, 7] (Figure 1).

In 2003, our laboratory revealed that human mitochondrial complex II exists in two isoforms, 
which differ in the Fp subunit. These two human Fp subunits, which are referred as Fp I and 
Fp II, differ only in two amino acids in the C-terminal of the protein-Tyr629Phe and Val657Ile 
[8, 9]. The majority of human tissues have shown expression of both isoforms of complex II 
with predominant expression of type I Fp. However, some cancer cell lines and fetal tissues 
have shown predominant expression of type II Fp also [4]. Furthermore, type II Fp expres-
sion has been found to increase in cultured cells under ischemic conditions [10]. Moreover, 
our laboratory has revealed that Fp subunit of human complex II undergoes posttranslational 
modifications by phosphorylation of its tyrosine, threonine, and serine residues under tumor 
mimicking microenvironments (hypoxic and hypoglycemic conditions), which affects its 
enzymatic activity [11].

Figure 1. Schematic representation of the mitochondrial complex II. The four subunits of the complex II, namely the 
flavoprotein subunit, iron sulfur subunit, cytochrome b large subunit, and cytochrome b small subunit are labeled as Fp, 
Ip, CybL, and CybS, respectively. The prosthetic groups that participate in the electron transfer are the flavin adenine 
dinucleotide (FAD), three iron sulfur clusters 2Fe-2S, 3Fe-4S, 4Fe-4S, and heme b. Dicarboxylate-binding site in the Fp 
subunit serves as the catalytic site for succinate oxidation/fumarate reduction. Quinone-binding site comprised of Ip, 
CybL, and CybS subunits serves as the catalytic site for quinone reduction/quinol oxidation.
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1.2. Function of mitochondrial complex II

In human cells, this enzyme plays dual roles as an indispensable enzyme in the TCA cycle 
as well as in the aerobic respiratory chain (Figure 2). It oxidizes succinate to fumarate in the 
TCA cycle and reduces quinone to quinol in the aerobic respiratory chain [6, 12]. This is in 
contrast to the function of the mitochondrial complex II of the anaerobic organisms such as 
Ascaris suum, which oxidizes quinol into quinone that is coupled with reduction of fumarate 
to succinate (Figure 3) [13]. However, our laboratory has revealed distinct fumarate reductase 
(FRD) activity in the human cancer cells, which have significantly increased upon exposure 
to hypoxia and hypoglycemia. In these cells, mitochondrial complex II is reported to acquire 
FRD activity through phosphorylation of its Fp subunit [11]. This finding is further supported 

Figure 2. Schematic representation of the function of the mitochondrial complex II in the aerobic respiratory chain 
and the TCA cycle. Functioning as a component of the TCA cycle, mitochondrial complex II catalyzes the oxidation of 
succinate to fumarate with transfer of electrons to FAD. Functioning as a component of the aerobic respiratory chain, 
the electrons on FAD are transferred through Fe-S clusters and heme b to reduce the ubiquinone. For simplicity of the 
representation, the subunit composition of the respiratory chain complexes I, III, IV, and V is not shown.
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by recent metabolic profiling studies also on gastric and colon carcinomas [14]. In addition to 
its role in energy metabolism, mitochondrial complex II has been identified to have a novel 
function as a tumor suppressor in certain tissues. Mutations in its subunits are reported to 
cause cancers such as pheochromocytoma (tumors of the chromaffin cells in the adrenal 
medulla) and paraganglioma (extra adrenal tumors of sympathetic or parasympathetic ori-
gin). Moreover, breast, thyroid, and renal carcinomas are also known to be associated with 
complex II mutations. More recently, mutations in the complex II assembly factors, succinate 
dehydrogenase assembly factor 1 (SDHAF1) and succinate dehydrogenase assembly factor 2 
(SDHAF2), are also reported to be linked with infantile leukoencephalopathy and paragan-
glioma (for a recent review, see [2]).

Figure 3. A schematic representation of the function of the mitochondrial complex II in the anaerobic respiratory chain. 
Electrons originating from NADH oxidation in complex I reduce the rhodoquinone (RQ) to rhodoquinol (RQH2) at its Q 
site. Rhodoquinol is subsequently oxidized to rhodoquinone at the Q site of the complex II. The resulting electrons are 
transferred via the Fe-S clusters and FAD to reduce fumarate to succinate. Fumarate is the terminal electron acceptor of 
the anaerobic respiratory chain.
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1.3. ROS production from mitochondrial complex II

Reactive oxygen species (ROS) are inevitable byproducts of the aerobic respiratory chain. 
Major ROS produced by the respiratory chain is superoxide (O2

−). It is subsequently dis-
mutated into hydrogen peroxide (H2O2) by superoxide dismutase (Figure 4). Both O2

− and 
H2O2 are known to contribute to physiological and pathological redox signaling [15, 16].

However, conventionally, mitochondrial complex II is not identified as a significant source 
of ROS. But, two potential ROS-producing sites can be identified in mitochondrial complex 
II when its sequence of electron transport is considered together with the spatial arrange-
ment of its redox centers. When one molecule of succinate is oxidized by complex II, FAD is 
reduced with two electrons, but subsequent transfer of electrons through Fe-S clusters occurs 
one at a time. Hence, when one electron is delivered to the proximal Fe-S cluster from FAD, 
a flavin radical is formed until the second electron is delivered. Similarly, after sequential 
transfer of single electrons through Fe-S clusters, quinone is reduced with two electrons. 
Hence, when one electron arrives at the Q site, until another electron arrives from Fe-S clus-
ters, a quinone radical is formed. These two radicals have the potential to generate ROS, if 
there is accessibility to oxygen (Figure 5).

During the past two decades, complex II has emerged as an important source of ROS. On 
the one hand, ROS produced from mutated complex II has been proposed to be the under-
lying cause of complex II–associated human diseases. Thus, numerous studies have been 
conducted to understand ROS production from human complex II. Most of these studies 
have been conducted on model organisms such as Escherichia coli, Saccharomyces cerevisiae, 
and Caenorhabditis elegans [17–20]. A hallmark in these studies is the finding that the mev-1 
mutation in the mitochondrial complex II of C. elegans results in enhanced O2

− production 
and oxygen hypersensitivity [19, 20]. Later on, this finding was further reinforced by a study 
using a transgenic mouse cell line with the equivalent mutation in the CybL gene as the mev-
1 mutation demonstrating O2

− overproduction from mitochondria that leads to tumorigen-
esis [21]. More recently, mutations in the Ip subunit in the C. elegans have also been found 
to display enhanced ROS production [22]. Site-directed mutagenesis of CybS subunit in E. 
coli [23] and the Ip and CybS subunits in S. cerevisiae [18, 24] has also shown enhanced ROS 
production providing further support for the hypothesis that ROS underlies the complex II 
mutations-associated carcinogenesis. Indeed, some studies have been conducted on human 
cell lines using pharmacological and genetic interventions to mimic complex II mutations, 
but the results are controversial. For example, ROS production from human mitochondrial 
complex II has been shown by Guzy et al. [25] in intact cells of the hepatoma cell line Hep3B 
by inhibiting the complex II activity by the Q site inhibitor theonyl trifluoroacetone (TTFA) 
and by RNA interference of Ip subunit. In contrast, RNA interference of the same subunit of 
complex II in the same cell line by Cervera et al. have failed to detect ROS production [26].

On the other hand, ROS produced from mitochondrial complex II has received consider-
able attention as a mediator of “mitocans” (a novel class of mitochondrial targeted antican-
cer drugs) induced cancer cell death [5]. Interestingly, complex II Q site inhibiting mitocan, 
ɑ-tocopheryl succinate (ɑ-TOS) has been found to induce ROS only in complex II competent 
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cells but not in complex II mutant cells [27, 28], indicating the importance of a wild-type com-
plex II for its action. More importantly, this complex II inhibitor has caused selective death of 
cancer cells, but the exact reason for this selectivity is not yet understood [29].

Figure 4. Diagrammatic representation of the production of the reactive oxygen species (ROS). When oxygen is reduced 
with a single electron, O2

− is formed. Superoxide is converted to H2O2 by the enzyme superoxide dismutase. In the 
presence of transition metals such as Fe2+, H2O2 is converted into hydroxyl radicals (OH•) by the Fenton reaction.

Mitochondrial Diseases92

In this chapter, we show that the potent and specific complex II Q site inhibitor atpenin A5 
[30] can specifically induce ROS production in two human cancer cell lines HT-29, which pre-
dominantly express Fp I, and DLD-1, which predominantly express Fp II in the mitochondrial 
complex II but not in the noncancerous tissue, human dermal fibroblasts that predominantly 
express Fp I. This difference in ROS production may be attributed to the difference in the post-
translational modifications of the wild-type mitochondrial complex II’s in normal cells and 
cancer cells. This finding highlights new avenues in developing complex II-targeted mitocans 
with considerable promise.

2. Materials and methods

2.1. Culture of cells

Human colon cancer cell lines HT-29, which predominantly express Fp I in its complex II, 
and DLD-1, which predominantly express Fp II in its complex II, were obtained from ETCC 
and grown in glucose-free Roswell Park Memorial Institute (RPMI) medium supplemented 
with 1 g/L of glucose with 10% heated fetal bovine serum, 100 units/mL penicillin, 100 μg/mL 
streptomycin, and 0.25 μg/mL amphotericin B at 37°C and 5% CO2 in a humidified incubator. 
The medium was renewed in 48 h intervals, and the cells were harvested at 70% confluence. 

Figure 5. Ribbon model of mitochondrial complex II of Sus scrofa (pdb1ZOY) showing the potential ROS production 
sites. Fp, Ip, CybL, and CybS subunits are shown in green, blue, red, and orange, respectively. The redox centers—FAD, 
iron sulfur clusters, and heme b—are labeled in the figure.
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Human dermal fibroblasts, which predominantly express Fp I in its complex II, were obtained 
from Cell Applications Inc., Japan, and grown in Dulbecco’s Modified Eagle Medium Nutrient 
Mixture F-12 (DMEM-F12).

2.2. Analysis of complex II isoform expression

Analysis of complex II isoform expression was carried out as described previously [8]. Briefly, 
total RNA was isolated from cultured cells using TRIzol LS reagent (Invitrogen) according to the 
manufacturer’s instructions. After removal of residual DNA by treating with DNAse, cDNA was 
synthesized from total RNA using ReverTraAce (Toyobo, Japan) and an oligo (dT) primer. DNA 
sequence of the Fp I subunit of the complex II was amplified using Taq DNA polymerase with 
the sense primer 5′tacggagcaggca 3′ and the antisense primer 5′aatggtggcgggac 3′ and that of the 
Fp II subunit was amplified with the sense primer 5′cggacagaggcg3′ and the antisense primer 
5′aatggctggcgggat3′. The resulting PCR products were subjected to agarose gel electrophoresis, 
and the two isoforms were identified by the size of the PCR products in the ethidium bromide-
stained agarose gels scanned with the electronic transilluminator FAS III (Toyobo, Japan).

2.3. Isolation of mitochondria

Cells cultured in three 225 cm2 flasks were harvested by trypsinization. The cells were sus-
pended in mitochondria preparation buffer (250 mM sucrose, 20 mM HEPES, 3 mM EDTA, and 
1 mM sodium malonate), pH 7.5, and homogenized with a power-driven glass-teflon Potter-
Elvehjem homogenizer (20 passes). The homogenate was centrifuged at 700 × g for 15 min 
to pellet the cell debris and nuclei. The resulting supernatant was centrifuged at 14,000 × g 
for 15 min to sediment the mitochondria. The pellet was washed thrice with the mitochondria 
isolation buffer without sodium malonate, resuspended in the same buffer, and stored on ice 
until analysis. Integrity of the mitochondria was analyzed by citrate synthase activity in the 
presence and absence of 0.05% sucrose monolaurate (SML) in the assay mixture.

2.4. H2O2 assay in isolated mitochondria

Hydrogen peroxide-mediated oxidation of the fluorescent probe Amplex Red (10-acetyl-
3,7-dihydroxyphenoxazine) to resorufin was used to determine the H2O2 generation rate 
of the isolated mitochondria as described previously [31, 32]. Since Amplex Red does not 
enter the mitochondria, polyethylene glycol-conjugated SOD (PEG-SOD), a membrane per-
meable form of SOD, was added to the reaction mixture to convert the O2

− produced in the 
mitochondrial matrix into H2O2, which is subsequently released to the cytosol. The assay 
was performed in a 96-well plate maintained at 25°C. The resorufin formation rate was 
measured in SpectraMax Plus spectroflourometer (Molecular Devices, Sunnyvale, CA) at an 
excitation wavelength of 540 nm and emission wavelength of 590 nm. The H2O2 generation 
rate was calculated using a standard curve (0–1000 nmol/ml). To eliminate the fluorescence 
increment due to nonspecific oxidation of Amplex Red, a parallel assay was performed 
in the presence of catalase, an enzyme that scavenges H2O2, and the result was obtained 
by subtracting the amount of H2O2 produced in the presence of catalase from that in the 
absence of catalase.
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H2O2 generation assays were also performed in the presence of respiratory chain inhibitors-10 mM 
nitropropionic acid (NPA), which blocks the dicarboxylate-binding site of complex II; 10 μM 
atpenin A5, which blocks the Q site of complex II; and 10 μM antimycin A, which blocks the Qi 
site of complex III in order to dissect the specific ROS-producing site of the respiratory chain.

2.5. Superoxide assay in intact cells

MitoSOX Red is a fluorescent probe that is targeted to the mitochondria of intact cells and 
oxidized by O2

− produced within mitochondria. This probe was used to detect O2
− production 

in the intact cells as previously described with slight modifications [33, 34]. Briefly, DLD-1 and 
HT-29 colon epithelial cells and the human dermal fibroblasts were cultured on cover slips and 
loaded with 5 μM MitoSOX Red and 50 nM MitoTracker Green (Molecular Probes, Eugene, 
OR) in the dark at 37°C in the CO2 incubator for 15 min. After washing the cells for three times 
with prewarmed phosphate-buffered saline (PBS), three cover slip cultures each from DLD-1 
and HT-29 cells were treated with the vehicle (0.2% DMSO), PEG-SOD or 10 mM NPA and 
incubated for 30 min. Thereafter, 10 μM atpenin A5 was added to all the cover slip cultures 
and imaged at 488 nm/455 nm excitation and emission wavelengths for MitoTracker Green and 
633/650 nm for MitoSOX Red immediately (0 min images) and after 30 min (30 min images), 
using a confocal laser scanning microscope (LSM 510, Carl Zeiss, Germany). The two cover 
slip cultures of dermal fibroblasts were treated with 0.2% DMSO for 30 min, and subsequently 
one was treated with 10 μM atpenin A5 and the other one was treated with 1 μM antimycin 
A. Image acquisition of dermal fibroblasts was done similar to those of DLD-1 and HT-29 cells.

2.6. Statistical analysis

Results of the H2O2 assay are expressed as means ± SEM of three independent experiments. 
The data were analyzed using Shapiro-Wilks test followed by one way ANOVA. Subsequently, 
Levene’s test and Tuckey’s post hoc tests were performed. The level of significance was 
P < 0.05. Graph Pad Prism software (version 7, USA) was used for the analysis.

3. Results

3.1. Complex II isoforms in cell lines

cDNA from the two cancer cell lines (HT-29 and DLD-1) and the normal cell line (dermal fibro-
blasts) were amplified using Fp I- and Fp II-specific primers to analyze the degree of expres-
sion of the two Fp types in complex II isoforms. As shown in Figure 6, the results revealed that 
HT-29 and DLD-1 cells predominantly express Fp I and Fp II, respectively, in their complex II, 
whereas dermal fibroblasts predominantly express Fp I.

3.2. H2O2 production from the complex II in isolated mitochondria

As shown by the first bar of Figure 7a–c, mitochondria isolated from all three cell lines generated 
H2O2 when incubated with succinate in the absence of any respiratory chain inhibitors. This result 
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and the two isoforms were identified by the size of the PCR products in the ethidium bromide-
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2.3. Isolation of mitochondria

Cells cultured in three 225 cm2 flasks were harvested by trypsinization. The cells were sus-
pended in mitochondria preparation buffer (250 mM sucrose, 20 mM HEPES, 3 mM EDTA, and 
1 mM sodium malonate), pH 7.5, and homogenized with a power-driven glass-teflon Potter-
Elvehjem homogenizer (20 passes). The homogenate was centrifuged at 700 × g for 15 min 
to pellet the cell debris and nuclei. The resulting supernatant was centrifuged at 14,000 × g 
for 15 min to sediment the mitochondria. The pellet was washed thrice with the mitochondria 
isolation buffer without sodium malonate, resuspended in the same buffer, and stored on ice 
until analysis. Integrity of the mitochondria was analyzed by citrate synthase activity in the 
presence and absence of 0.05% sucrose monolaurate (SML) in the assay mixture.

2.4. H2O2 assay in isolated mitochondria

Hydrogen peroxide-mediated oxidation of the fluorescent probe Amplex Red (10-acetyl-
3,7-dihydroxyphenoxazine) to resorufin was used to determine the H2O2 generation rate 
of the isolated mitochondria as described previously [31, 32]. Since Amplex Red does not 
enter the mitochondria, polyethylene glycol-conjugated SOD (PEG-SOD), a membrane per-
meable form of SOD, was added to the reaction mixture to convert the O2

− produced in the 
mitochondrial matrix into H2O2, which is subsequently released to the cytosol. The assay 
was performed in a 96-well plate maintained at 25°C. The resorufin formation rate was 
measured in SpectraMax Plus spectroflourometer (Molecular Devices, Sunnyvale, CA) at an 
excitation wavelength of 540 nm and emission wavelength of 590 nm. The H2O2 generation 
rate was calculated using a standard curve (0–1000 nmol/ml). To eliminate the fluorescence 
increment due to nonspecific oxidation of Amplex Red, a parallel assay was performed 
in the presence of catalase, an enzyme that scavenges H2O2, and the result was obtained 
by subtracting the amount of H2O2 produced in the presence of catalase from that in the 
absence of catalase.
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H2O2 generation assays were also performed in the presence of respiratory chain inhibitors-10 mM 
nitropropionic acid (NPA), which blocks the dicarboxylate-binding site of complex II; 10 μM 
atpenin A5, which blocks the Q site of complex II; and 10 μM antimycin A, which blocks the Qi 
site of complex III in order to dissect the specific ROS-producing site of the respiratory chain.

2.5. Superoxide assay in intact cells

MitoSOX Red is a fluorescent probe that is targeted to the mitochondria of intact cells and 
oxidized by O2

− produced within mitochondria. This probe was used to detect O2
− production 

in the intact cells as previously described with slight modifications [33, 34]. Briefly, DLD-1 and 
HT-29 colon epithelial cells and the human dermal fibroblasts were cultured on cover slips and 
loaded with 5 μM MitoSOX Red and 50 nM MitoTracker Green (Molecular Probes, Eugene, 
OR) in the dark at 37°C in the CO2 incubator for 15 min. After washing the cells for three times 
with prewarmed phosphate-buffered saline (PBS), three cover slip cultures each from DLD-1 
and HT-29 cells were treated with the vehicle (0.2% DMSO), PEG-SOD or 10 mM NPA and 
incubated for 30 min. Thereafter, 10 μM atpenin A5 was added to all the cover slip cultures 
and imaged at 488 nm/455 nm excitation and emission wavelengths for MitoTracker Green and 
633/650 nm for MitoSOX Red immediately (0 min images) and after 30 min (30 min images), 
using a confocal laser scanning microscope (LSM 510, Carl Zeiss, Germany). The two cover 
slip cultures of dermal fibroblasts were treated with 0.2% DMSO for 30 min, and subsequently 
one was treated with 10 μM atpenin A5 and the other one was treated with 1 μM antimycin 
A. Image acquisition of dermal fibroblasts was done similar to those of DLD-1 and HT-29 cells.

2.6. Statistical analysis

Results of the H2O2 assay are expressed as means ± SEM of three independent experiments. 
The data were analyzed using Shapiro-Wilks test followed by one way ANOVA. Subsequently, 
Levene’s test and Tuckey’s post hoc tests were performed. The level of significance was 
P < 0.05. Graph Pad Prism software (version 7, USA) was used for the analysis.

3. Results

3.1. Complex II isoforms in cell lines

cDNA from the two cancer cell lines (HT-29 and DLD-1) and the normal cell line (dermal fibro-
blasts) were amplified using Fp I- and Fp II-specific primers to analyze the degree of expres-
sion of the two Fp types in complex II isoforms. As shown in Figure 6, the results revealed that 
HT-29 and DLD-1 cells predominantly express Fp I and Fp II, respectively, in their complex II, 
whereas dermal fibroblasts predominantly express Fp I.

3.2. H2O2 production from the complex II in isolated mitochondria

As shown by the first bar of Figure 7a–c, mitochondria isolated from all three cell lines generated 
H2O2 when incubated with succinate in the absence of any respiratory chain inhibitors. This result 
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shows that mitochondrial complex II in all three cell lines under investigation can rapidly oxidize 
succinate and feed electrons to their respiratory chains and a portion of those electrons are leaked 
to O2 to generate ROS.

The second bar in Figure 7a–c shows that addition of atpenin A5, an inhibitor of the Q-binding 
site of complex II, increases the H2O2 production in mitochondria isolated from HT-29 and 
DLD-1 cells but not in the mitochondria isolated from dermal fibroblasts. It shows that when 
electron flow through the Q-binding site is blocked, increase in the proton motive force in 
the respiratory chain proximal to the complex II Q site leads to leakage of electrons from the 
respiratory chain to oxygen in mitochondria isolated from cancer cells but not in mitochondria 
isolated from normal cells. This observation implies that a site proximal to the Q-binding site 
of complex II is responsible for leakage of electrons in cancer cell respiratory chains, which 
is different from that in normal cells. As shown by the third bar of the Figure 7a–c, addition 
of NPA, an inhibitor of the dicarboxylate-binding site of the mitochondrial complex II, along 
with atpenin A5 almost completely abolished the succinate-dependent H2O2 production in 
all three cell types. According to this observation, the increment in H2O2 production from the 
mitochondria isolated from cancer cells in the presence of atpenin A5 is attributed to a leakage 
of electrons from a site upstream of the Q site and downstream of the dicarboxylate-binding 
site. However, one can argue that the difference observed in H2O2 production between mito-
chondria of cancer cells and normal cells in the presence of atpenin A5 is due to the difference 
in the antioxidant defense systems between the two cell types. Therefore, we observed the 
H2O2 production in isolated mitochondria in the presence of antimycin A, an inhibitor of the 
Qi site of complex III that is reported to induce ROS generation from the respiratory chain 
complex III [32]. As shown by the fourth bar of Figure 7a–c, addition of antimycin A to the 
reaction mixture could increase the H2O2 production from mitochondria isolated from cancer 
cells as well as from the normal cells, indicating that the difference in the antioxidant levels 
is not the case.

3.3. Superoxide production from the complex II in live cells

When HT-29 and DLD-1 cells grown in RPMI medium containing glucose were treated with 
atpenin A5, their confocal images showed a clear red fluorescence in the cytoplasm while the 
untreated cells were devoid of such red fluorescence. To verify the localization of this fluo-
rescence to mitochondria, the cells were simultaneously loaded with MitoTracker Green, a 

Figure 6. Mitochondrial complex II isoforms expression pattern in HT-29, DLD-1, and dermal fibroblasts. Ethidium 
bromide-stained agarose gels show the RT-PCR products obtained with Fp-specific primers using the RNA isolated 
from HT-29, DLD-1, and dermal fibroblasts. Isoform I is comprised of Fp I and isoform II is comprised of Fp II.
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Figure 7. H2O2 production from the mitochondria isolated from HT-29 cells (a), DLD-1 cells (b), and dermal fibroblasts 
(c) oxidizing 0.75 mM succinate. Results are expressed as mean ± SEM of three independent experiments. *Significantly 
different from control cells (P < 0.05).
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Figure 7. H2O2 production from the mitochondria isolated from HT-29 cells (a), DLD-1 cells (b), and dermal fibroblasts 
(c) oxidizing 0.75 mM succinate. Results are expressed as mean ± SEM of three independent experiments. *Significantly 
different from control cells (P < 0.05).
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Figure 8. Confocal laser scanning microscopic images showing the O2
− production from the mitochondrial complex II in 

live cells. Panels A, D, and G show the time lapse images of the cells preincubated with DMSO and treated with atpenin 
A5. Panels B and E show the cells preincubated with SOD-PEG and treated with atpenin A5. Panels C and F show the 
cells preincubated with NPA and treated with atpenin A5. Cells treated with antimycin A are shown in panel H. The 
cells in the first column have a green florescence. The cells in the second column have a red florescence. Out of the cells 
in the third column, A2, D2 and H2 panels have a dark orange florescence and  B2, C2 and E2 panels have a light orange 
florescence and other panels have a green florescence.
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fluorescent probe that is specifically targeted to mitochondria. The resulting confocal images 
revealed that the green fluorescence of MitoTracker Green colocalize with the red fluorescence 
of MitoSOX Red indicating that MitoSOX Red is oxidized within mitochondria (Figure 8). To 
determine whether MitoSOX oxidation is a superoxide-dependent process, the cells were pre-
incubated with PEG-SOD, which can scavenge O2

− generated within cells. In the presence of 
PEG-SOD, MitoSOX Red fluorescence was negligible (Figure 8, panels B and E). This result 
indicates that the majority of the atpenin A5-induced MitoSOX fluorescence is superoxide 
dependent. Next, we attempted to determine whether the atpenin A5-induced O2

− production 
is a succinate-dependent process by preincubating the cells with NPA before adding atpenin 
A5. As shown in Figure 8 panels C and F, the MitoSOX Red fluorescence intensity in the NPA-
treated cells was markedly reduced indicating that the atpenin A5-induced MitoSOX Red oxi-
dation is a succinate-dependent event. Collectively, these data indicate that atpenin A5 induces 
succinate-dependent O2

− production from the mitochondrial complex II within intact DLD-1 
and HT-29 cells. In agreement with the results from the isolated mitochondria, addition of 
atpenin A5 to the MitoSOX Red-loaded dermal fibroblasts did not display any red fluorescence 
(Figure 8 panel G) indicating that atpenin A5 does not induce O2

− production in mitochondria 
of dermal fibroblasts. But dermal fibroblasts showed an increment in red fluorescence with 
antimycin A (Figure 8 panel H). This observation shows that the mitochondria of the dermal 
fibroblasts can produce O2

− when the Q site of complex III is inhibited by antimycin A.

4. Discussion

ROS are produced from the mitochondrial complex II of the cancer cells (DLD-1 and HT-29) 
but not from the normal cells (dermal fibroblasts) when the entry of electrons to its quinone-
binding site is blocked with 10 μM atpenin A5. However, previous studies in our labora-
tory have revealed that quinone reduction in the mitochondrial complex II can be completely 
inhibited at the tested concentration of atpenin A5 [8, 10]. Therefore, the difference in ROS 
production between cancer cells and normal cells may be attributed to a difference in the com-
plex IIs that is upstream of the atpenin A5-binding site. Since the dicarboxylate-binding site 
inhibitor, NPA, could inhibit the ROS production induced by atpenin A5 in cancer cells, it is 
concluded that the ROS-producing site must be within the complex II, upstream of the atpenin 
A5 inhibition site(Q site) and downstream of NPA-binding site (dicarboxylate-binding site). 
According to previous evidence, the most likely ROS-producing sites of mitochondrial com-
plex II are FAD [35–37] site and the Q site [37–39]. Observations of this study show that the 
ROS-generating site of complex II in atpenin A5-treated cancer cells is FAD but not Q site.

In order to explain this observation, we analyzed the published data on the crystal struc-
tures of flavoproteins, which are available in both the substrate bound and unbound forms 
[40–42]. They have shown that the capping domain in Fp subunit rotates during the enzyme 
catalysis. When the active site is not occupied by the substrate, the capping domain is 
rotated away from the active site creating a solvent channel linking the active site and the 
surrounding aqueous environment. In the substrate bound state, the capping domain is 
rotated inward concealing the active site, preventing the access of solvent to the active site 
[37]. Thus, closed conformation acquired during enzyme catalysis appears to be vital for 
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preventing the electron leak into oxygen. It appears that differences in the three-dimensional 
structure of the capping domain of the enzyme contribute to the difference in ROS produc-
tion in cancer cells and normal cells. In fact, previous studies in our laboratory have shown 
that DLD-1 and HT-29 cells display FRD activity associated with the phosphorylation status 
of the Fp subunit of complex II and the degree of phosphorylation has been increased under 
hypoxic and hypoglycemic conditions [11]. If phosphorylation of amino acid residues in the 
Fp subunit can affect the correct movement of the capping domain during succinate oxida-
tion, it will be possible for the electrons to leak to oxygen from the FAD site.

Our observation of a 1.5-fold higher ROS production from isolated mitochondria of DLD-1 
cells than that of HT-29 cells may also have resulted due to the difference in the phosphoryla-
tion status of the two isoforms because the amino acids, which differ in the two isoforms, are 
found in the C-terminal domain of the Fp subunit, which plays an important role in opening 
and closing of the active site of the complex II enzymes [9] Substitution of tyrosine 629 in Fp 
I with phenylalanine in Fp II may affect the phosphorylation state of the C-terminal domain 
since tyrosine is a possible phosphorylation site while phenylalanine is not. This difference 
may affect the closing of the active site in Fp II during enzyme catalysis and allow more elec-
trons to leak to oxygen from FAD. However, it is essential to resolve the crystal structure of 
the two isoforms of the human mitochondrial complex II with both the open and closed states 
of the capping domain and to establish the relationship between the phosphorylation status 
of the Fp subunit and the ROS production.

In summary, complex II Q site inhibitor atpenin A5 differentially affects the ROS produc-
tion in normal cells and cancer cells. This difference may be utilized for selective destruc-
tion of cancer cells using complex II-inhibiting mitocans. We hypothesize that the difference 
in ROS production observed in this study is attributed to the difference in posttranslational 
modifications of mitochondrial complex II between normal cells and cancer cells, which 
may be more pronounced under hypoxic and hypoglycemic tumor microenvironments.
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Abstract

Recent analyses of the whole genome sequencing data enable us to predict cancer inci-
dence for healthy people at present. In addition, metabolome analyses rediscovered that 
“cancer is a metabolic disease”. Importantly, it has been suggested that mitochondrial 
dysfunction might precede the metabolic change. In this chapter, we would discuss if 
“cancer is a transcriptional disease”. Analyzing 5′-upstream non-protein-encoding 
regions of the human mitochondrial function-associated genes, we speculate that mito-
chondrial functions could be recovered or improved at a transcriptional level. In the near 
future, novel chemo-/gene-therapies might be applied to treat cancer patient converting 
cancerous cells into normal differentiated cells.
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1. Introduction

We have already learned that “cancer is a genetic disease”. Recent high-impact research has 
shown the genomic/genetic differences between cancer and normal cells using methods 
such as next-generation sequencing [1, 2]. The analysis of the whole genome sequencing 
data will even enable us to predict the incidence of cancer in healthy individuals [3]. More 
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Recent analyses of the whole genome sequencing data enable us to predict cancer inci-
dence for healthy people at present. In addition, metabolome analyses rediscovered that 
“cancer is a metabolic disease”. Importantly, it has been suggested that mitochondrial 
dysfunction might precede the metabolic change. In this chapter, we would discuss if 
“cancer is a transcriptional disease”. Analyzing 5′-upstream non-protein-encoding 
regions of the human mitochondrial function-associated genes, we speculate that mito-
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1. Introduction

We have already learned that “cancer is a genetic disease”. Recent high-impact research has 
shown the genomic/genetic differences between cancer and normal cells using methods 
such as next-generation sequencing [1, 2]. The analysis of the whole genome sequencing 
data will even enable us to predict the incidence of cancer in healthy individuals [3]. More 
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importantly, recent metabolome analyses have led to the rediscovery that metabolites could 
be biomarkers for cancer and its development [4]. The “Warburg effect”, which was shown by  
Dr Otto Warburg over 60 years ago, is the most essential discovery in the field of cancer 
science [5]. The “Warburg effect” refers to abnormal metabolism in cancer, which mainly 
utilizes glucose to produce ATP by glycolysis. In this regard, “cancer is a metabolic dis-
ease”. This is not only important as an indicator of tumors, but also as one of the essen-
tial characteristics of cancer [6, 7]. A number of lines of evidence, including dysregulated 
TCA (Krebs/Citrate)-cycle progression and the insufficient oxidative phosphorylation in 
cancer cells, suggest that mitochondrial dysfunction might precede the metabolic change 
[8]. Thus, “cancer must be a mitochondrial disease”. In this chapter, which focuses on 
the causative factors that lead to mitochondrial dysfunction, we discuss whether “cancer 
is a transcriptional disease”. Most of the genes (99%) that encode mitochondria or their 
function-associated proteins are contained in nuclear genomes [9]. The mitochondrial 
functions might be recovered or improved at a transcriptional level. In this chapter, we 
propose the establishment of novel chemo-/gene-therapies with no side effects, to force 
cancerous cells to regenerate into their normal differentiated state.

2. The relevance of duplicated GGAA-motifs in the 5′-upstream regions 
of human genes to the regulation of biological events

2.1. The transcription factors that recognize and bind to the GGAA-containing motifs

The most widely known transcription factors (TFs) that selectively recognize the GGAA-core-
containing sequences are the ETS (E26 transformation specific) family proteins, which con-
sist of at least 27 members [10, 11]. Moreover, a genome-wide ChIP-seq analysis estimated 
that the promoter regions of human genes are very frequently occupied by ETS family or 
GGAA-binding proteins [12]. The duplication of the GGAA-motif could be advantageous 
to organisms, as it would allow the transcription of various genes to be controlled in a man-
ner that is mainly dependent on the expression profile of the GGAA-binding proteins in the 
cells [13, 14]. Besides ETS family proteins, several TFs could bind to the motif. For example, 
some of the duplicated GGAA-motifs would be identical to IFN-stimulated response ele-
ment (ISRE), the consensus sequence of which is 5′-GGAAANNGAAACT-3′ [15], if one of 
the Ns was G. The double-stranded sequence, 5′-AACTTT-3′, which is a core binding motif 
of the IRF1 [16], could be generated if CT was inserted between GGAA and TTCC. Moreover, 
NF-κB p65 (RELA) homodimer binds to two symmetric sequences, 5′-GGAATTTCC-3′ and 
5′-GGAATTCCC-3′ [17]. IRF8 (ICSBP) either positively or negatively regulates transcription 
through binding to ISRE [18, 19].

Importantly, the ETS family proteins and other TFs cooperatively regulate the expression of vari-
ous genes. For instance, STAT1 plays a role in the regulation of the expression of interferon (IFN)-
stimulated genes (ISGs) with ETS family proteins [20, 21]. Sp1 and Ets1 interact with each other 
to regulate mouse Npr1 gene expression [22]. The ETS-binding consensus sequence is frequently 
found with a second ETS-binding sequence and with the Sp1-binding sequence, but not with a 
TATA element [23], implying the exclusive role of the GGAA- and TATA elements. The human 
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VEGFR1 promoter region, which contains overlapping GGAA-motifs, is also regulated by CREB 
and EGR-binding elements [24]. Furthermore, the mouse Ppp2r1a gene promoter, which carries 
duplicated TTCC motifs, is regulated by Creb, Ets1, Ap2 alpha, and Sp1proteins [25]. Thus, multi-
ple elements adjacent to duplicated GGAA-motifs may recruit various TFs to form a pre-initiation 
complex on the transcription start site (TSS) of TATA-less promoters. The transcription initiation 
system might be advantageous for a rapid response to stresses in a TATA-independent manner.

2.2. The duplicated GGAA-motifs that are contained in the 5′-upstream regions of 
immune response factor-encoding human genes

Duplicated GGAA-motifs are found in the 5′-upstream of the ISGs [20, 26, 27]. The GGAA-
motifs are also harbored in the IFN-stimulated response element (ISRE)-like sequences [28, 29]. 
Thus, the duplicated GGAA-motifs near TSSs may play roles in controlling the expression of 
ISGs. The ISG-encoded proteins include TFs, immune modulators, apoptosis mediators, and 
anti-viral factors [30]. Previously, the duplicated GGAA-motifs in the regulatory regions of ISGs 
have been analyzed [31]. We surveyed the 5′-upstream regions in a number of ISGs to find 
GGAA-motifs within 500-bp upstream from the TSSs [32], and reported that IFNβ-inducible 
human OAS1 promoter activity is regulated by binding of ELF-1 (which belongs to the ETS fam-
ily proteins) to a duplicated GGAA-motif, and by its interaction with Sp1 and Rb proteins [33].

Collectively, the majority of the promoter regions from ISGs contain duplicated GGAA-motifs 
but rarely with TATA element. This suggests that the mechanism by which transcription is initi-
ated differs from that of the house-keeping genes or genes that are essentially required, such 
as those that encode cell structure components. IFNs, the expression of which should be sup-
pressed under normal conditions, only play important roles when it is necessary to fight against 
viral infection and oncogenesis. The duplicated GGAA-motifs might have contributed, through 
evolution, to the development of an immune response at the transcriptional level. In addition, 
GGAA-binding factors, which are associated with other TFs around TSSs, facilitate the expres-
sion of each ISG as appropriate, depending on the different signals that are induced by IFN.

2.3. The duplicated GGAA-motifs in the 5′-upstream regions of the human DNA repair 
factor-encoding genes

The duplicated GGAA (TTCC) motif is present adjacent to the TSS of the human TP53 gene 
[34], the expression of which is regulated by IFN-α and β [35]. IRF1 was reported to be a 
negative regulator of the human TERT promoter in response to IFN-γ [36]. In addition, IRF-5 
has been shown to upregulate the expression of DNA repair/apoptosis-associated genes [37]. 
Moreover, DNA damage initiates an immune response that regulates DNA repair-associ-
ated genes [38]. These observations suggest that the immune responses and DNA damage 
responses might be co-dependent, and that the duplicated GGAA-motifs have important 
roles in controlling the expression of genes that encode DNA repair-associated factors in 
response to IFN-induced signals.

It should be noted that the duplicated GGAA-motif is present in the promoter regions of the 
human Poly(ADP-ribose) polymerase 1(PARP1) [39, 40] and XRCC1 [41] genes. The duplicated 
GGAA-motifs are present near the TSS of the ADPRHL2 (ARH3) and the ZC3HAV1 genes, 
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importantly, recent metabolome analyses have led to the rediscovery that metabolites could 
be biomarkers for cancer and its development [4]. The “Warburg effect”, which was shown by  
Dr Otto Warburg over 60 years ago, is the most essential discovery in the field of cancer 
science [5]. The “Warburg effect” refers to abnormal metabolism in cancer, which mainly 
utilizes glucose to produce ATP by glycolysis. In this regard, “cancer is a metabolic dis-
ease”. This is not only important as an indicator of tumors, but also as one of the essen-
tial characteristics of cancer [6, 7]. A number of lines of evidence, including dysregulated 
TCA (Krebs/Citrate)-cycle progression and the insufficient oxidative phosphorylation in 
cancer cells, suggest that mitochondrial dysfunction might precede the metabolic change 
[8]. Thus, “cancer must be a mitochondrial disease”. In this chapter, which focuses on 
the causative factors that lead to mitochondrial dysfunction, we discuss whether “cancer 
is a transcriptional disease”. Most of the genes (99%) that encode mitochondria or their 
function-associated proteins are contained in nuclear genomes [9]. The mitochondrial 
functions might be recovered or improved at a transcriptional level. In this chapter, we 
propose the establishment of novel chemo-/gene-therapies with no side effects, to force 
cancerous cells to regenerate into their normal differentiated state.

2. The relevance of duplicated GGAA-motifs in the 5′-upstream regions 
of human genes to the regulation of biological events

2.1. The transcription factors that recognize and bind to the GGAA-containing motifs

The most widely known transcription factors (TFs) that selectively recognize the GGAA-core-
containing sequences are the ETS (E26 transformation specific) family proteins, which con-
sist of at least 27 members [10, 11]. Moreover, a genome-wide ChIP-seq analysis estimated 
that the promoter regions of human genes are very frequently occupied by ETS family or 
GGAA-binding proteins [12]. The duplication of the GGAA-motif could be advantageous 
to organisms, as it would allow the transcription of various genes to be controlled in a man-
ner that is mainly dependent on the expression profile of the GGAA-binding proteins in the 
cells [13, 14]. Besides ETS family proteins, several TFs could bind to the motif. For example, 
some of the duplicated GGAA-motifs would be identical to IFN-stimulated response ele-
ment (ISRE), the consensus sequence of which is 5′-GGAAANNGAAACT-3′ [15], if one of 
the Ns was G. The double-stranded sequence, 5′-AACTTT-3′, which is a core binding motif 
of the IRF1 [16], could be generated if CT was inserted between GGAA and TTCC. Moreover, 
NF-κB p65 (RELA) homodimer binds to two symmetric sequences, 5′-GGAATTTCC-3′ and 
5′-GGAATTCCC-3′ [17]. IRF8 (ICSBP) either positively or negatively regulates transcription 
through binding to ISRE [18, 19].

Importantly, the ETS family proteins and other TFs cooperatively regulate the expression of vari-
ous genes. For instance, STAT1 plays a role in the regulation of the expression of interferon (IFN)-
stimulated genes (ISGs) with ETS family proteins [20, 21]. Sp1 and Ets1 interact with each other 
to regulate mouse Npr1 gene expression [22]. The ETS-binding consensus sequence is frequently 
found with a second ETS-binding sequence and with the Sp1-binding sequence, but not with a 
TATA element [23], implying the exclusive role of the GGAA- and TATA elements. The human 
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VEGFR1 promoter region, which contains overlapping GGAA-motifs, is also regulated by CREB 
and EGR-binding elements [24]. Furthermore, the mouse Ppp2r1a gene promoter, which carries 
duplicated TTCC motifs, is regulated by Creb, Ets1, Ap2 alpha, and Sp1proteins [25]. Thus, multi-
ple elements adjacent to duplicated GGAA-motifs may recruit various TFs to form a pre-initiation 
complex on the transcription start site (TSS) of TATA-less promoters. The transcription initiation 
system might be advantageous for a rapid response to stresses in a TATA-independent manner.

2.2. The duplicated GGAA-motifs that are contained in the 5′-upstream regions of 
immune response factor-encoding human genes

Duplicated GGAA-motifs are found in the 5′-upstream of the ISGs [20, 26, 27]. The GGAA-
motifs are also harbored in the IFN-stimulated response element (ISRE)-like sequences [28, 29]. 
Thus, the duplicated GGAA-motifs near TSSs may play roles in controlling the expression of 
ISGs. The ISG-encoded proteins include TFs, immune modulators, apoptosis mediators, and 
anti-viral factors [30]. Previously, the duplicated GGAA-motifs in the regulatory regions of ISGs 
have been analyzed [31]. We surveyed the 5′-upstream regions in a number of ISGs to find 
GGAA-motifs within 500-bp upstream from the TSSs [32], and reported that IFNβ-inducible 
human OAS1 promoter activity is regulated by binding of ELF-1 (which belongs to the ETS fam-
ily proteins) to a duplicated GGAA-motif, and by its interaction with Sp1 and Rb proteins [33].

Collectively, the majority of the promoter regions from ISGs contain duplicated GGAA-motifs 
but rarely with TATA element. This suggests that the mechanism by which transcription is initi-
ated differs from that of the house-keeping genes or genes that are essentially required, such 
as those that encode cell structure components. IFNs, the expression of which should be sup-
pressed under normal conditions, only play important roles when it is necessary to fight against 
viral infection and oncogenesis. The duplicated GGAA-motifs might have contributed, through 
evolution, to the development of an immune response at the transcriptional level. In addition, 
GGAA-binding factors, which are associated with other TFs around TSSs, facilitate the expres-
sion of each ISG as appropriate, depending on the different signals that are induced by IFN.

2.3. The duplicated GGAA-motifs in the 5′-upstream regions of the human DNA repair 
factor-encoding genes

The duplicated GGAA (TTCC) motif is present adjacent to the TSS of the human TP53 gene 
[34], the expression of which is regulated by IFN-α and β [35]. IRF1 was reported to be a 
negative regulator of the human TERT promoter in response to IFN-γ [36]. In addition, IRF-5 
has been shown to upregulate the expression of DNA repair/apoptosis-associated genes [37]. 
Moreover, DNA damage initiates an immune response that regulates DNA repair-associ-
ated genes [38]. These observations suggest that the immune responses and DNA damage 
responses might be co-dependent, and that the duplicated GGAA-motifs have important 
roles in controlling the expression of genes that encode DNA repair-associated factors in 
response to IFN-induced signals.

It should be noted that the duplicated GGAA-motif is present in the promoter regions of the 
human Poly(ADP-ribose) polymerase 1(PARP1) [39, 40] and XRCC1 [41] genes. The duplicated 
GGAA-motifs are present near the TSS of the ADPRHL2 (ARH3) and the ZC3HAV1 genes, 
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which encode mitochondria-localizing poly(ADP-ribose) (PAR) degrading enzyme [42] and 
an anti-viral RNA-binding protein PARP13 [43, 44], respectively. These findings suggest that 
the expression of genes encoding single-strand DNA break repair factors is commonly regu-
lated by the duplicated GGAA-motifs.

The promoter activities of the human WRN and TERT genes, both encoding telomere mainte-
nance factors, positively respond to both 2-deoxy-d-glucose (2DG) [45] and trans-resveratrol 
(Rsv) [46], which are caloric restriction (CR) mimetic drugs that have been shown to prolong 
the life span of several organisms [47]. The natural compound Rsv upregulates the expression 
of the HELB gene [46, 48], which encodes DNA replication and DNA double strand break 
repair-helicase HELB (HDHB) [49–52]. Moreover, the 5′-regulatory regions of the genes that 
encode DNA repair factors, such as XPB, RB1, RTEL1, ATR, TP53, and CDKN1A (p21), contain 
GGAA duplications near the TSS [53]. Several of the DNA repair factors are localized in the 
mitochondria and may also regulate the mitochondrial functions [53].

2.4. The surveillance of regulatory regions adjacent to the TSSs of human mitochondrial 
function-associated genes

The surveillance of a human genomic DNA database suggested putative TPA-responsive ele-
ments in the 5′-upstream regions of the MRPL32, NDUFB3, NDUFS3, SDHB, and SDHAF2 
genes contain GGAA duplication [54]. The duplicated GGAA-motifs are present in the 
upstream regions of human genes encoding mitochondrial ribosomal proteins and enzymes 
or components that function in the TCA cycle and oxidative phosphorylation (OXPHOS) [54].

Mitochondrial dysfunction is thought to cause either cellular senescence or oncogenesis  
[55–58]. Remarkably, TCA cycle enzymes, fumarate hydratase (FH), and succinate dehydro-
genase (SDH) have been suggested as tumor suppressors [59]. Hence, mutations of the TCA 
cycle factor-encoding genes give rise to abnormal mitochondrial respiration, which is one of 
the characteristics of tumors and cancer [60, 61]. Mutations of the IDH1 and IDH2 genes have 
been identified in human brain cancer cells [62, 63]. A recent study demonstrated that the 
mutation of IDH2 could lead to the generation of sarcoma [64]. Duplicated GGAA-motifs are 
contained in the upstream region of the NAMPT (NmPRT), encoding a nicotinamide phos-
phoribosyltransferase that catalyzes the first rate-limiting step of (nicotinamide adenine dinu-
cleotides) NAD+ synthesis from nicotinamide [65–67]. Depending on the NAD+ level, NAMPT 
could modulate the TCA cycle, poly(ADP-ribosyl)ation, and sirtuin-mediated de-acetylation 
[66, 67]. The duplicated GGAA-motifs are present near the TSSs of the human TCA cycle 
enzyme-encoding ACLY, ACO2, CS, FH, IDH1, IDH3A, IDH3B, SDHAF2, SDHB, SDHD, and 
SUCLG1 genes [68].

A duplicated GGAA-motif is present in the bidirectional promoter of the PDHX [54], which 
encodes one of the components of the PDH enzyme to metabolize pyruvate to acetyl-
CoA. Aberrant pyruvate metabolism is thought to play a prominent role in cancer [69]. The 
genomic deletion of ME2, which encodes malic enzyme 2 (an NAD+-dependent malate decar-
boxylase that converts malate into pyruvate), is found in pancreatic ductal adenocarcinoma 
[70]. The GGAA-duplication is not only found near the TSSs of the human ME2 gene, but 
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also the MDH2 gene (which encodes NAD+-dependent malate dehydrogenase), suggesting 
that duplicated GGAA-dependent transcription could affect the metabolism of malate in the 
mitochondria.

3. The possible roles of metabolic states that can alter transcription 
profiles

Recently, a study using a CAP-SELEX analysis showed that different transcription factors, 
such as FOXO1 and ETS family proteins, are mediated by a DNA that contains a GGAA-
core motif [71]. As described above, a number of promoters or regulatory regions of human 
genes that encode immune response-/DNA repair-/mitochondrial function-associated pro-
teins contain overlapping or duplicated GGAA-containing motifs. Thus, the alteration of the 
profile of the GGAA-motif-binding proteins or their associated protein factors may allow 
for the control of appropriate cellular responses against viral infection, DNA damage, and 
oxidative/nutrient/metabolic stress. Importantly, the DNA damage responses affect the tran-
scriptional state [72] through oxidative stress, which is mainly produced by the mitochondria  
[73, 74]. NF-κB- and p53-dependent transcription, which regulates the expression of the ISGs 
and DNA repair factor-encoding genes, is also affected by oxidative stress [75]. Thus, metabo-
lites that are mainly produced by respiration or mitochondrial functions may influence the 
transcription control system [76, 77].

3.1. The transcription profile may be controlled by the NAD+/NADH balance

We have reported that the promoter regions of the human TP53, HELB, and telomere main-
tenance factor-encoding genes respond positively to Rsv [46, 48, 78]. Rsv not only activates 
SIRT1, which is an NAD+-dependent deacetylase [79], but also inhibits phosphodiesterase 
[80]. Importantly, low-dose Rsv activates mitochondrial complex I [81] to upregulate the 
NAD+/NADH ratio, to induce the expression of duplicated GGAA-motif-driven genes. The 
transcription of the bidirectional promoter-driven BRCA1/NBR2 genes, which contain a 
duplication of the GGAA-motif, may be regulated by the NAD+/NADH ratio [82]. Notably, 
the C terminal-binding protein (CtBP) [83, 84] has a central role in this regulation as a 
metabolic sensor. Moreover, PARP1 poly(ADP-ribosyl)ates transcription elongation fac-
tor NELF to release the paused RNA pol II-dependent transcription [85], suggesting that 
PARP1 itself contributes to NAD+-sensitive transcription. Recently, it was reported that 
nuclear PAR can be utilized by NUDIX5 to supply ATP molecules, which are required for 
chromatin remodeling [86]. Thus, the accumulation of NAD+ molecules or NAD+/NADH 
ratio-sensitive proteins, including GGAA-motif binding TFs, might affect the transcrip-
tion of ISGs/DNA repair/mitochondrial function-associated genes in response to metabolic 
stress.

It should be noted that PARP activity is upregulated in tumors and cancer cells [44]. Because 
the duplicated GGAA-motifs are present in the 5′-upstream regions of the human PARP and 
PARG genes [40], subtle changes in the quality/quantity profile of the GGAA-binding TFs may 
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which encode mitochondria-localizing poly(ADP-ribose) (PAR) degrading enzyme [42] and 
an anti-viral RNA-binding protein PARP13 [43, 44], respectively. These findings suggest that 
the expression of genes encoding single-strand DNA break repair factors is commonly regu-
lated by the duplicated GGAA-motifs.

The promoter activities of the human WRN and TERT genes, both encoding telomere mainte-
nance factors, positively respond to both 2-deoxy-d-glucose (2DG) [45] and trans-resveratrol 
(Rsv) [46], which are caloric restriction (CR) mimetic drugs that have been shown to prolong 
the life span of several organisms [47]. The natural compound Rsv upregulates the expression 
of the HELB gene [46, 48], which encodes DNA replication and DNA double strand break 
repair-helicase HELB (HDHB) [49–52]. Moreover, the 5′-regulatory regions of the genes that 
encode DNA repair factors, such as XPB, RB1, RTEL1, ATR, TP53, and CDKN1A (p21), contain 
GGAA duplications near the TSS [53]. Several of the DNA repair factors are localized in the 
mitochondria and may also regulate the mitochondrial functions [53].

2.4. The surveillance of regulatory regions adjacent to the TSSs of human mitochondrial 
function-associated genes

The surveillance of a human genomic DNA database suggested putative TPA-responsive ele-
ments in the 5′-upstream regions of the MRPL32, NDUFB3, NDUFS3, SDHB, and SDHAF2 
genes contain GGAA duplication [54]. The duplicated GGAA-motifs are present in the 
upstream regions of human genes encoding mitochondrial ribosomal proteins and enzymes 
or components that function in the TCA cycle and oxidative phosphorylation (OXPHOS) [54].

Mitochondrial dysfunction is thought to cause either cellular senescence or oncogenesis  
[55–58]. Remarkably, TCA cycle enzymes, fumarate hydratase (FH), and succinate dehydro-
genase (SDH) have been suggested as tumor suppressors [59]. Hence, mutations of the TCA 
cycle factor-encoding genes give rise to abnormal mitochondrial respiration, which is one of 
the characteristics of tumors and cancer [60, 61]. Mutations of the IDH1 and IDH2 genes have 
been identified in human brain cancer cells [62, 63]. A recent study demonstrated that the 
mutation of IDH2 could lead to the generation of sarcoma [64]. Duplicated GGAA-motifs are 
contained in the upstream region of the NAMPT (NmPRT), encoding a nicotinamide phos-
phoribosyltransferase that catalyzes the first rate-limiting step of (nicotinamide adenine dinu-
cleotides) NAD+ synthesis from nicotinamide [65–67]. Depending on the NAD+ level, NAMPT 
could modulate the TCA cycle, poly(ADP-ribosyl)ation, and sirtuin-mediated de-acetylation 
[66, 67]. The duplicated GGAA-motifs are present near the TSSs of the human TCA cycle 
enzyme-encoding ACLY, ACO2, CS, FH, IDH1, IDH3A, IDH3B, SDHAF2, SDHB, SDHD, and 
SUCLG1 genes [68].

A duplicated GGAA-motif is present in the bidirectional promoter of the PDHX [54], which 
encodes one of the components of the PDH enzyme to metabolize pyruvate to acetyl-
CoA. Aberrant pyruvate metabolism is thought to play a prominent role in cancer [69]. The 
genomic deletion of ME2, which encodes malic enzyme 2 (an NAD+-dependent malate decar-
boxylase that converts malate into pyruvate), is found in pancreatic ductal adenocarcinoma 
[70]. The GGAA-duplication is not only found near the TSSs of the human ME2 gene, but 
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also the MDH2 gene (which encodes NAD+-dependent malate dehydrogenase), suggesting 
that duplicated GGAA-dependent transcription could affect the metabolism of malate in the 
mitochondria.

3. The possible roles of metabolic states that can alter transcription 
profiles

Recently, a study using a CAP-SELEX analysis showed that different transcription factors, 
such as FOXO1 and ETS family proteins, are mediated by a DNA that contains a GGAA-
core motif [71]. As described above, a number of promoters or regulatory regions of human 
genes that encode immune response-/DNA repair-/mitochondrial function-associated pro-
teins contain overlapping or duplicated GGAA-containing motifs. Thus, the alteration of the 
profile of the GGAA-motif-binding proteins or their associated protein factors may allow 
for the control of appropriate cellular responses against viral infection, DNA damage, and 
oxidative/nutrient/metabolic stress. Importantly, the DNA damage responses affect the tran-
scriptional state [72] through oxidative stress, which is mainly produced by the mitochondria  
[73, 74]. NF-κB- and p53-dependent transcription, which regulates the expression of the ISGs 
and DNA repair factor-encoding genes, is also affected by oxidative stress [75]. Thus, metabo-
lites that are mainly produced by respiration or mitochondrial functions may influence the 
transcription control system [76, 77].

3.1. The transcription profile may be controlled by the NAD+/NADH balance

We have reported that the promoter regions of the human TP53, HELB, and telomere main-
tenance factor-encoding genes respond positively to Rsv [46, 48, 78]. Rsv not only activates 
SIRT1, which is an NAD+-dependent deacetylase [79], but also inhibits phosphodiesterase 
[80]. Importantly, low-dose Rsv activates mitochondrial complex I [81] to upregulate the 
NAD+/NADH ratio, to induce the expression of duplicated GGAA-motif-driven genes. The 
transcription of the bidirectional promoter-driven BRCA1/NBR2 genes, which contain a 
duplication of the GGAA-motif, may be regulated by the NAD+/NADH ratio [82]. Notably, 
the C terminal-binding protein (CtBP) [83, 84] has a central role in this regulation as a 
metabolic sensor. Moreover, PARP1 poly(ADP-ribosyl)ates transcription elongation fac-
tor NELF to release the paused RNA pol II-dependent transcription [85], suggesting that 
PARP1 itself contributes to NAD+-sensitive transcription. Recently, it was reported that 
nuclear PAR can be utilized by NUDIX5 to supply ATP molecules, which are required for 
chromatin remodeling [86]. Thus, the accumulation of NAD+ molecules or NAD+/NADH 
ratio-sensitive proteins, including GGAA-motif binding TFs, might affect the transcrip-
tion of ISGs/DNA repair/mitochondrial function-associated genes in response to metabolic 
stress.

It should be noted that PARP activity is upregulated in tumors and cancer cells [44]. Because 
the duplicated GGAA-motifs are present in the 5′-upstream regions of the human PARP and 
PARG genes [40], subtle changes in the quality/quantity profile of the GGAA-binding TFs may 
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modulate the PAR synthesis/degradation ratio at the transcription level. The accumulation of 
NAD+ molecules in cells might be transiently caused by mitochondrial dysfunction, which 
is usually accompanied by insufficient OXPHOS or aberrant respiration [87, 88]. However, 
when DNA damage eventually activates PARP, NAD+ molecules will be consumed to syn-
thesize PAR polymer in the nuclei or mitochondria. Thus, the decrease in the NAD+/NADH 
ratio would not only reduce the activities but also the expression of enzymes that function 
in the NAD+-dependent TCA cycle progression. At this point, cells will have to produce ATP 
in a mitochondria-independent manner. This metabolic change would be observed as the 
“Warburg effect” in cancer cells [5, 6].

3.2. The regulation of TFs and nucleotide binding proteins by poly(ADP-ribosyl)ation

PARP inhibitors, such as talazoparib, niraparib, rucaparib, olaparib, and veliparib, are clini-
cally used for the treatment of cancer, especially when BRCA1 and BRCA2 gene mutations 
are present [89]. They all interact with the NAD+-binding site of the catalytic domain of 
PARP1 and PARP2. A recent study indicated that the NAD+-binding pocket of the PARP1 
regulates interaction with DBC1, which is deleted in breast cancer 1, which is a known SIRT1 
inhibitor protein [90]. A decrease in the NAD+ will upregulate the interaction between DBC1 
and PARP1, leading to the suppression of its activity. This might partly explain why DNA 
repair declines with aging [91]. The poly(ADP-ribosyl)ation of proteins not only initiates 
the response to DNA damage, but also regulates the transcription of specific genes [92]. 
The poly(ADP-ribosyl)ation of C/EBPβ by PARP-1 modulates its transcriptional activity 
to enhance the expression of the genes encoding factors that regulate adipogenesis [93]. A 
recent study showed that the poly(ADP-ribosyl)ation of an RNA-binding protein HuR by 
PARP1 stabilizes Cxcl2 gene transcripts [94]. Moreover, the poly(ADP-ribosyl)ation of FoxO3 
suppresses its transcriptional activity and leads to cardiac hypertrophy [95]. Taken together, 
poly(ADP-ribosyl)ation, which consumes NAD+ as a substrate for PAR synthesis, may regu-
late transcription to respond to DNA damage-induced signals. Thus, it should be noted that 
PARP inhibitors not only limit the DNA damage response to lead to the death of cancerous 
cells, but also reduce the consumption of NAD+ molecules to modulate the transcription of 
specific genes.

4. Epigenetic alterations in chromosomal DNAs and proteins

Epigenetic alterations are frequently found in cancer, implying that “cancer is an epigen-
etic disease” [96]. It has been hypothesized that epigenetic and/or transcriptional changes 
play a role in determining the chromatin state in tumor cells [97]. Epigenetic regulation is 
mainly driven by modifications of chromosomal DNAs and histone proteins [98]. The bio-
logical relevance between cellular metabolites and the gene expression has been proposed 
as the RNA/enzyme/metabolite (REM) networking system [99]. The metabolites, NAD+, 
S-adenosylmethionine (AdoMet), and acetyl-CoA, are the substrates for poly (ADP-ribosyl)
ation, methylation, and acetylation, respectively [76], suggesting that these metabolic state-
dependent molecules play important roles in the epigenetic regulation.
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4.1. The possible functions of poly(ADP-ribosyl)ation on epigenetic regulation

NAD+ not only plays important roles in DNA repair, mitochondrial functions, and cellular senes-
cence [72, 100], but also affects the modification of chromatin proteins [77] and modulates the 
gene expression regulatory system [101]. More importantly, NAD+ is a substrate for the PARP 
enzyme to synthesize PAR macromolecules, which modify both PARP itself and chromosomal 
proteins and DNA repair factors [67]. Histones and HMGB (High mobility group box) proteins 
can be poly(ADP-ribosyl)ated [102–105], suggesting that modifications by such macromolecules 
on chromosomes affect the epigenetic regulation of the gene expression system. Moreover, 
poly(ADP-ribosyl)ation on the chromosomal insulator protein CTCF (CCCTC-binding factor) 
may be involved in epigenetic regulation [106, 107]. Recently, it was shown that CTCF binds 
directly to PAR to be recruited at DNA lesion sites, indicating that the CTCF also plays a role in 
the DNA damage response [108]. It has been suggested that poly(ADP-ribosyl)ation affects the 
methylation patterns in chromosomal DNAs [109, 110]. A recent study showed that the tran-
scriptional regulation of the EZH2 gene, which encodes the catalytic subunit of the polycomb 
repressive complex 2 (PRC2), by PARP1 [111], affects the methylation of chromatin proteins 
[112]. Because the incidence of cancer increases with aging [113], a decline in the cellular level of 
NAD+, which might accompany the decrease in PARP activity [114]. SIRT1, which depends on 
the NAD+ molecule to de-acetylate histone proteins, plays important roles in the aging process 
[115]. Taken together, these observations imply that NAD+ and its polymerized form, PAR, are 
involved in epigenetic regulation, and that it may be altered in line with the aging process.

4.2. The DNA methylation of chromosomal DNAs

The methylation of promoter regions of specific genes in human chromosomes can be used 
as biomarkers in various cancers [116]. The DNA methylation reaction is catalyzed by meth-
yltransferases (DNMTs), which utilize AdoMet as a methyl group donor [117]. A recent study 
showed that intragenic DNA methylation, which is carried out by Dnmt3b in mouse embry-
onic stem cells, protects the gene body from the entry of spurious RNA pol II and the ini-
tiation of cryptic transcription [118]. The extended data showed that the ETS factor binding 
regions are sensitive to the knock out of the Dnmt3b gene, suggesting that the occupation 
of the GGAA (TTCC)-motifs by GGAA-motif binding proteins could be epigenetically con-
trolled by methylation. Furthermore, the regulation of demethylation by ten-eleven translo-
cation (TET)-family enzymes [119], the activity of which is reduced by hypoxia, should not 
be ignored. Hypoxia-induced hyper methylation has been demonstrated to occur on the pro-
moter regions of the DNA repair factor-encoding genes, including BRCA1, FANCD2, FANCF, 
POLL, and UNG [120]. Of note, the duplicated GGAA-motifs are contained in these gene pro-
moters [53]. A methylation sensitive SELEX analysis showed that ETS-binding was inhibited 
by mCpG, though NFAT, which also recognizes the GGAA-core motif sequence and preferen-
tially binds to methylated DNA [121]. The observation suggests that GGAA-motif recogniz-
ing TFs could be classified into two groups according to their preference to DNA methylation.

The SET protein is an epigenetic regulatory factor that promotes loss of methylation through 
direct interaction with hypo-acetylated histones [122]. A genome-wide analysis showed that 
DNA hypermethylation is apparently induced in old male adults, relative to young male 

A New Insight into the Development of Novel Anti-Cancer Drugs that Improve the Expression…
http://dx.doi.org/10.5772/intechopen.71095

113



modulate the PAR synthesis/degradation ratio at the transcription level. The accumulation of 
NAD+ molecules in cells might be transiently caused by mitochondrial dysfunction, which 
is usually accompanied by insufficient OXPHOS or aberrant respiration [87, 88]. However, 
when DNA damage eventually activates PARP, NAD+ molecules will be consumed to syn-
thesize PAR polymer in the nuclei or mitochondria. Thus, the decrease in the NAD+/NADH 
ratio would not only reduce the activities but also the expression of enzymes that function 
in the NAD+-dependent TCA cycle progression. At this point, cells will have to produce ATP 
in a mitochondria-independent manner. This metabolic change would be observed as the 
“Warburg effect” in cancer cells [5, 6].

3.2. The regulation of TFs and nucleotide binding proteins by poly(ADP-ribosyl)ation

PARP inhibitors, such as talazoparib, niraparib, rucaparib, olaparib, and veliparib, are clini-
cally used for the treatment of cancer, especially when BRCA1 and BRCA2 gene mutations 
are present [89]. They all interact with the NAD+-binding site of the catalytic domain of 
PARP1 and PARP2. A recent study indicated that the NAD+-binding pocket of the PARP1 
regulates interaction with DBC1, which is deleted in breast cancer 1, which is a known SIRT1 
inhibitor protein [90]. A decrease in the NAD+ will upregulate the interaction between DBC1 
and PARP1, leading to the suppression of its activity. This might partly explain why DNA 
repair declines with aging [91]. The poly(ADP-ribosyl)ation of proteins not only initiates 
the response to DNA damage, but also regulates the transcription of specific genes [92]. 
The poly(ADP-ribosyl)ation of C/EBPβ by PARP-1 modulates its transcriptional activity 
to enhance the expression of the genes encoding factors that regulate adipogenesis [93]. A 
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4.1. The possible functions of poly(ADP-ribosyl)ation on epigenetic regulation

NAD+ not only plays important roles in DNA repair, mitochondrial functions, and cellular senes-
cence [72, 100], but also affects the modification of chromatin proteins [77] and modulates the 
gene expression regulatory system [101]. More importantly, NAD+ is a substrate for the PARP 
enzyme to synthesize PAR macromolecules, which modify both PARP itself and chromosomal 
proteins and DNA repair factors [67]. Histones and HMGB (High mobility group box) proteins 
can be poly(ADP-ribosyl)ated [102–105], suggesting that modifications by such macromolecules 
on chromosomes affect the epigenetic regulation of the gene expression system. Moreover, 
poly(ADP-ribosyl)ation on the chromosomal insulator protein CTCF (CCCTC-binding factor) 
may be involved in epigenetic regulation [106, 107]. Recently, it was shown that CTCF binds 
directly to PAR to be recruited at DNA lesion sites, indicating that the CTCF also plays a role in 
the DNA damage response [108]. It has been suggested that poly(ADP-ribosyl)ation affects the 
methylation patterns in chromosomal DNAs [109, 110]. A recent study showed that the tran-
scriptional regulation of the EZH2 gene, which encodes the catalytic subunit of the polycomb 
repressive complex 2 (PRC2), by PARP1 [111], affects the methylation of chromatin proteins 
[112]. Because the incidence of cancer increases with aging [113], a decline in the cellular level of 
NAD+, which might accompany the decrease in PARP activity [114]. SIRT1, which depends on 
the NAD+ molecule to de-acetylate histone proteins, plays important roles in the aging process 
[115]. Taken together, these observations imply that NAD+ and its polymerized form, PAR, are 
involved in epigenetic regulation, and that it may be altered in line with the aging process.

4.2. The DNA methylation of chromosomal DNAs

The methylation of promoter regions of specific genes in human chromosomes can be used 
as biomarkers in various cancers [116]. The DNA methylation reaction is catalyzed by meth-
yltransferases (DNMTs), which utilize AdoMet as a methyl group donor [117]. A recent study 
showed that intragenic DNA methylation, which is carried out by Dnmt3b in mouse embry-
onic stem cells, protects the gene body from the entry of spurious RNA pol II and the ini-
tiation of cryptic transcription [118]. The extended data showed that the ETS factor binding 
regions are sensitive to the knock out of the Dnmt3b gene, suggesting that the occupation 
of the GGAA (TTCC)-motifs by GGAA-motif binding proteins could be epigenetically con-
trolled by methylation. Furthermore, the regulation of demethylation by ten-eleven translo-
cation (TET)-family enzymes [119], the activity of which is reduced by hypoxia, should not 
be ignored. Hypoxia-induced hyper methylation has been demonstrated to occur on the pro-
moter regions of the DNA repair factor-encoding genes, including BRCA1, FANCD2, FANCF, 
POLL, and UNG [120]. Of note, the duplicated GGAA-motifs are contained in these gene pro-
moters [53]. A methylation sensitive SELEX analysis showed that ETS-binding was inhibited 
by mCpG, though NFAT, which also recognizes the GGAA-core motif sequence and preferen-
tially binds to methylated DNA [121]. The observation suggests that GGAA-motif recogniz-
ing TFs could be classified into two groups according to their preference to DNA methylation.

The SET protein is an epigenetic regulatory factor that promotes loss of methylation through 
direct interaction with hypo-acetylated histones [122]. A genome-wide analysis showed that 
DNA hypermethylation is apparently induced in old male adults, relative to young male 

A New Insight into the Development of Novel Anti-Cancer Drugs that Improve the Expression…
http://dx.doi.org/10.5772/intechopen.71095

113



adults, suggesting a relationship between DNA methylation and aging [123–125]. Moreover, 
the methylation and demethylation of the lysine residues of histones might affect the regula-
tion of transcription [126]. In summary, AdoMet, a methyl group donor, plays an important 
role in epigenetic control.

4.3. The acetylation of histones could regulate the generation or progression of cancers

Acetyl-CoA is required for acetylation on the lysine residue of histones [127]. This process 
is catalyzed by acetyltransferases (HATs), including KAT2A (GCN5), KAT2B (CAF), KAT5 
(ESA1), KAT7 (HBO1), and KAT8 (MOF) [128], which can be classified into two major groups: 
the GCNT and MYST families [129]. At least 11 enzymes are known to be histone deacetylases 
(HDACs) [130]. Because the increased or aberrant expression of HDACs has been reported in 
various cancers, inhibitors or modulators of HDACs are expected to be effective as antican-
cer drugs [131]. On the other hand, the lysine acetylation is negatively regulated by sirtuin 
proteins, including SIRT1 [116], which de-acetylate proteins, utilizing NAD+ as an acceptor 
of the acetyl group [127]. It is hypothesized that a reduction in nutrient levels could induce 
the accumulation of NAD+ to activate sirtuins. Histone de-acetylation is consistent with the 
finding that CR mimetics prolong the life span [131–133]. In cancer cells, if mitochondrial dys-
function occurs with a reduction in the NAD+ level or the hindrance of the progression of the 
TCA cycle, acetyl-CoA might only be converted to citrate to be used as an acetyl group donor 
for histones in the nuclei. If so, an increase in histone acetylation would occur naturally in the 
course of oncogenesis. The activation of HDACs in cancer cells might be the response to the 
aberrant hyper-acetylation of histone proteins that could lead to the abnormal transcription 
of various genes, including the mitochondrial function-associated genes.

To summarize, key metabolites, NAD+ and acetyl-CoA could regulate DNA methylation and 
histone acetylation directly or indirectly, and play essential roles in epigenetic control.

5. Mitonuclear communication regulates apoptosis, DNA repair, 
and  aging

The mechanisms by which nuclear DNA damage signaling causes the mitochondrial dysfunc-
tions that accelerate aging and aging-related diseases including cancer have been investigated 
in a review [134]. This process can be referred to as “mitonuclear communication” [135], sug-
gesting that DNA repair systems are integrated into the mitochondrial functions. Given that α 
proteobacteria are the putative ancestors of the mitochondria [136], they need to take care of the 
nuclear DNAs that contain almost all (99%) of their essential protein-encoding genes [9]. Thus, 
the mitochondria might have developed a nuclear genome monitoring system, especially when 
DNA damage is induced. Several TCA cycles or metabolic enzymes functions as tumor sup-
pressors [59, 64, 137], suggesting that mitochondrial dysfunction may lead to cancerous states.

5.1. The mitochondria play the role of judge in the decision to induce cell death

The execution of apoptosis is mediated by the mitochondria in response to various stresses, 
including DNA damage and immunological stress signals [138–140]. Thus, the mitochondria 
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are known to serve as master regulators of danger signaling to determine cell death or sur-
vival [141]. Several mechanisms, including the regulation of the regulators of apoptosis  
[142, 143] and miRNAs [144], are involved in the induction of apoptosis. The surveillance of 
the human genomic DNA database indicated the presence of the duplicated GGAA-motifs 
in the 5′-regulatory regions of the human PDCD1, DFFA, BCL2, FAS, FASL, ATG12/AP3S1, 
APOPT1/BAG5, and HTRA2/AUP1 genes [13, 53, 54]. These observations suggest that the 
expression of the apoptosis regulating factor-encoding genes is modulated by the GGAA-
duplicated sequences. In this context, apoptosis or programmed cell death, which is con-
trolled by the mitochondria, partly depends on the GGAA-motif binding TFs.

5.2. The localization of p53 and other DNA repair factors in the mitochondria and the 
regulation of their gene expression

Recent studies have shown that the p53 protein not only acts as a “guardian of the genome”, 
but also serves as a regulator of metabolism [145, 146]. Moreover, p53 has been reported to 
accumulate in the mitochondria in response to stress [147]. Besides p53, a number of widely 
known DNA repair factors, including ATM, BRCA1, PARP, PARG, and RB, localize in the 
mitochondria or regulate their functions [148–152]. The surveillance of the 5′-upstream 
regions of these DNA repair factor-encoding genes revealed that they commonly possess 
duplicated GGAA-motifs [53, 78].

GGAA-motif duplications are found in the bidirectional APEX1/OSGEP promoter region. The 
APEX1 encodes apurinic/apyrimidinic endonuclease 1 (APE1) that regulates both the base exci-
sion repair (BER) and the mitochondrial DNA repair systems [75, 153]. The GGAA-duplication 
is contained in the regulatory region of the head–head configured ACO2/PHF5A genes [54]. The 
ACO2 gene encodes aconitase, which plays an important role in the TCA cycle to produce citrate 
and isocitrate, and which also serves as a mitochondrial redox-sensor [154]. Importantly, aconi-
tase and mitochondrial BER enzyme OGG1 (8-oxoguanine DNA glycosylase) cooperatively pre-
serve mitochondrial DNA integrity [155]. We also confirmed that the duplicated GGAA-motifs 
were present in the 5′-upstream regions of the genes associated with Fanconi’s anemia (FA) [53], 
which encode the DNA repair factors that are shown to regulate nucleotide excision repair and 
genome stability [156]. Interestingly, it was shown that mitochondrial dysfunction forces FA 
cells to produce energy by glycolysis [157], suggesting that FA proteins might be involved in 
the metabolic switch system in cancer cells. Additionally, Cockayne syndrome proteins CSA 
and CSB, which play roles in nucleotide excision repair (NER), accumulate in the mitochondria 
under oxidative stress [158]. In KRAS/LKB1-mutant lung cancer cells, carbamoyl phosphate 
synthetase-1 (CPS1), which is localized in mitochondria and which eliminates NH4 to initiate the 
urea cycle, also plays a role in controlling the pyrimidine/purine balance to regulate the integrity 
of nuclear DNAs [159]. In this circumstance, the silencing of the CPS1 gene expression leads to 
an incomplete S-phase or apoptotic cell death due to increased DNA damage. As expected, the 
duplicated GGAA is present in the CPS1/LANCL1 bidirectional promoter region. However, no 
such element is found near the TSSs of either the CAD or ASS1 genes, which encode cytoplasmic 
enzymes carbamoyl phosphate syntetase-2 and argininosuccinate synthase, respectively. These 
observations suggest that expression of the mitochondria-localizing, DNA repair-associated 
protein-encoding genes could be cooperatively regulated by duplicated GGAA-motif binding 
TFs, supporting the hypothesis that mitochondrial dysfunction causes oncogenesis [8].
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5.3. The communication between telomeres and mitochondria may depend on the 
NAD+/ NADH ratio

The telomeres and mitochondria are thought to communicate with each other [160]. Several 
nuclear DNA repair factors play roles in the maintenance of mtDNAs, and damaged mtDNAs 
in turn exert signals to regulate nuclear transcription [74]. The system by which DNA repair/
energy production is monitored might be mediated by the balance of the NAD+/NADH ratio, 
which is regulated by a number of enzymes in the nuclei, mitochondria, and cytosol [161]. 
In breast cancer cells, the crosstalk between BRCA1 and PARP1 maintains the stability of the 
DNA repair ability, which would be partly sensitive to the NAD+ concentration [162].

The mitochondria might have conveniently deposited their function-associated genes into the 
nuclei, but need to take care, especially when DNA damage occurs. However, high-dose or 
repeated DNA damage may eventually activate the PARP enzyme, which consumes NAD+ as 
a substrate for the synthesis of PAR, to initiate the DNA repair system [66]. The decrease in 
the NAD+ level will subsequently cause incomplete TCA cycle progression and the dysregu-
lation of respiration/OXPHOS, accompanied by the reduced expression of the mitochondrial 
function-associated genes. At this stage, the “Warburg effect” can be observed (Figure 1).

Figure 1. Toward the establishment of a novel cancer therapy. Cellular NAD+ molecules will decrease in accordance with 
aging or increased levels of various types of stress, especially DNA damage, which activates the PARP enzyme, which 
synthesizes PAR to consume NAD+ as a substrate. Subsequently, alterations in the transcriptional profile might occur, 
leading to a reduction or the mismanagement of the mitochondrial functions. In these circumstances, energy producing 
mitochondrial respiratory systems will decline or be dysregulated, while glycolysis will be enhanced providing 
ATP molecules that allow cells to proliferate in an unrestricted manner. Novel cancer therapies should be based on 
the concept that they will never kill cancer cells; rather, they should force the cells to regain their normal respiratory 
systems, including the TCA cycle and OXPHOS. The recovery of these mitochondria might also lead to the restoration 
of the mitonuclear communication system. In order to establish a gene therapy, it is necessary to reveal the molecular 
mechanisms that control the transcription of the mitochondrial function-associated genes.
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6. The involvement of nicotinamide adenine dinucleotide (NAD+) in 
oncogenesis and the aging process

The biological relevance of the NAD+ molecule, especially in relation to its pivotal roles in 
metabolism and the protection of chromosomal DNAs, has been discussed in detail [66, 67]. A 
recent study showed that nuclear PAR can be utilized by NUDIX5 to supply ATP molecules, 
which are required for chromatin remodeling [86]. Moreover, NAD+ and its precursor nicotin-
amide have been reported to ameliorate metabolism or the mitochondrial functions [163–165].
The repletion of NAD+ improves the mitochondrial functions to prolong the life span of adult 
mouse stem cells [166]. Conversely, decreased concentrations of NAD+ could cause aging or 
aging-related diseases [75]. These observations suggest that the NAD+ level may be correlated 
with mitohormesis [167], and that nutrient sensing molecules may control aging [57].

6.1. NAD+ restricts the generation and development of cancer by supporting the 
mitochondrial functions

Several drugs that induce an increase in the intracellular NAD+ level are expected to con-
tribute to the establishment of novel therapeutics for treating age-related diseases, includ-
ing cancer [168]. Mitochondrial dysfunction has been suggested to be associated with the 
development of tumors or cancerous cells [169, 170]. In breast cancer cells, the knockdown 
of the subunit NDUFV1 leads to an aberration in complex I, which was shown to enhance 
aggressiveness or metastasis [171]. An increase in the cellular level of NAD+ may be associ-
ated with the improvement of the mitochondrial integrity to suppress oncogenesis. PGC-1α, 
which upregulates mitochondrial biogenesis, drives NAD+ biosynthesis and thereby induces 
stress resistance [172]. A recent study showed that PGC-1α suppresses the metastasis of mela-
noma, acting on the transcription program, namely the PGC-1α-ID2-TCF-integrin axis [173].

A loss of CSB, which can localize in the mitochondria [158], activates PARP1 to synthesize 
PAR [174], suggesting that the dysregulation of the mitochondrial functions to regulate DNA 
repair system may reduce the NAD+/NADH molecular ratio.

6.2. NAD+-dependent transcription of DNA repair factor-encoding genes

It is worth noting again that the NAD+ molecule is the substrate for the PARP enzyme, which 
is required for the DNA damage response and the DNA repair system [66, 67]. The inhibition 
of the PARP1 enzyme ameliorates the mitochondrial metabolism through the activation of 
SIRT1 [175]. Conversely, the over-activation of the PARP1 enzyme can lead to mitochondrial 
dysfunction [176]. The PARP1 gene expression was found to be negatively regulated when 
poly(ADP-ribose) glycohydrolase (PARG) siRNAs were introduced into HeLa S3 cells [40], 
suggesting that the degradation of the PAR macromolecule is required for the transcription of 
the PARP1 gene. Because the 5′-upstream regions of both the human PARP1 and PARG genes 
commonly contain the duplicated GGAA-motifs [53, 54], these two genes may be regulated 
by an NAD+-sensitive mechanism. The results support the concept that PARP1 is involved in 
the NAD+-sensitive transcription system [85]. In summary, the NAD+/NADH ratio not only 
contributes to the DNA repair, but also to the fine-tuning of the transcription of genes that 
encode the NAD+ metabolism-associated DNA repair factors.
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As described previously, the promoter regions of a number of genes that encode TCA cycle 
enzymes and DNA repair factors contain duplicated GGAA (TTCC) motifs [53, 54]. Thus, the 
fine-tuning of the transcription of mitochondrial function-associated factor- and DNA repair 
factor-encoding genes would be required for cells to conduct mitochondria in response to 
DNA damage-inducing stress.

7. The development of novel cancer therapeutics to improve 
mitochondrial functions

In cancer cells, the mitochondrial functions are downregulated but glycolysis is upregulated 
[7, 8]. Thus, inhibitors of glycolysis/PDHK1/PARP, which target the metabolic switch in cancer 
cells, could be effective anti-cancer drugs [59]. In general, glycolysis- or glycolytic pathway-
targeting drugs are expected to kill cancer cells specifically. For example, 2-deoxy-d-glucose, 
cisplatin and 5-FU—which have an inhibitory effect on glycolysis—are used to treat cancer in 
the clinical setting [177]. However, glycolysis is one of the most essential biological reactions. 
Thus, glycolysis inhibitors may be harmful or toxic to normal cells. Given that mitochondrial 
dysfunction is another essential cause of oncogenesis, the improvement of the mitochondria 
might provide clues that can be used to design innovative next-generation cancer therapies.

7.1. Chemicals that will initiate the recovery of mitochondria

Our previous in vitro studies showed that Rsv moderately upregulates the expression of vari-
ous duplicated GGAA-motif-driven genes, including TP53 and HELB [46, 48, 78]. Given that 
the increase in the NAD+/NADH ratio can improve the mitochondrial functions, the introduc-
tion of the redox reaction-associated genes may be applied in cancer treatment. PARP inhibi-
tors, which are especially effective for treating cancer with BRCA1 and BRCA2 mutations by 
disrupting specific types of DNA repair systems, are clinically approved drugs [89]. Another 
compound is TEMPOL, an antioxidant that has a suppressive effect on tumor cell prolif-
eration [178], which increases the cellular NAD+ level, supporting the DNA repair system  
[179, 180]. A number of compounds that target mitochondria have been tested in clinical trials 
[181]. Tocotrienols and their analogues target mitochondria and the immune system, caus-
ing the death of cancer cells [182]. Metformin and rapamycin are also expected to be novel 
anti-cancer/aging drugs that effectively suppress mTOR signaling [183]. Activators of mTOR, 
AMPK, and PGC-1α have been shown to have a synergistic effect with PD-1 blockade therapy 
[184], suggesting that mitochondrial activation can augment the immune response.

7.2. Possible gene-therapies that improve the mitochondrial functions

PGC-1α, which is encoded by the PPARGC1A gene, has been shown to be involved in the de 
novo synthesis of the NAD+ [172]. Recently, it was reported that lactamase β (LACTB) is a mul-
tifunctional protein, which suppresses tumors through its effects on the mitochondrial lipid 
metabolism [185]. LACTB is included in mitochondrial complex I and treatment of fibroblast 
cells with its siRNA reduces complex I activity [186]. It therefore works as an upregulator 
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of NAD+. As expected, multiple duplications of the GGAA-motif are present in the bidirec-
tional promoter region between the LACTB (MRPL56) gene and the bidirectional partner 
LOC107987798. We confirmed that the duplicated GGAA-motif is present near the TSS of 
the human PDSS2 gene, which encodes prenyl-diphosphatase synthase subunit 2, which is 
a modulator of the complex I–III and II–III [133]. The PDSS2 is required for the integrity of 
Coenzyme Q (CoQ) or ubiquinone, which can improve the mitochondrial functions [187]. 
Thus, PDSS2 would be one of the targets for novel anticancer agents [188, 189]. The introduc-
tion of the LbNOX gene, which encodes bacterial NADH oxidase, into HeLa cells via a lentivi-
ral vector ameliorates the proliferative and metabolic defects caused by the impairment of the 
electron transport chain (ETC) [190].These lines of evidence suggest that NAD+ metabolism 
regulator encoding genes, including PARP, PARG, and NAMPT, as well as the PPARGC1A, 
LACTB, PDSS2, and LbNOX genes, could be applied or targeted in anti-cancer gene therapy.

Alternatively, TF-encoding genes can be applied to anti-cancer therapies that aid in the recov-
ery of mitochondria. First, the transcription modulator CtBP might be artificially controlled 
to suppress oncogenesis or cancer progression [83, 84]. Second, because duplicated GGAA-
motifs are present in the 5′-upstream regions of a number of DNA repair factor- and mitochon-
drial factor-encoding genes, GGAA-motif binding factors could upregulate the mitochondrial 
functions at the transcriptional level. Recently, it was reported that mouse Gabp, which is 
an ETS family protein, is required for mitochondrial biogenesis through the regulation of 
the Tfb1m gene [191], suggesting that a GABP expression vector might be designed and con-
structed for cancer treatment. The 5′-upstream regions of a number of human genes contain 
the GGAA-duplication, and it is a GC-box that is very frequently found near the GGAA-core 
motif [12]. Recently, it was reported that mutations on the ETS family protein-encoding ERF 
and ERG genes play roles in prostate oncogenesis [192], implying that imbalances in GGAA-
binding TFs could lead to aberrant gene expression. In order to determine which TF-encoding 
genes should be chosen, the mechanisms through which each of these genes is differently 
regulated during tumorigenesis should be elucidated.

8. Conclusions and future prospects

In this article, we focused on the transcription mechanism that regulates the mitochondrial 
functions and the DNA repair systems, both of which decline with aging. Although the molec-
ular mechanisms underlying the regulation of the expression of these genes are not yet fully 
understood, several lines of evidence suggest that it is dependent on the NAD+/NADH balance.

The anti-cancer drugs that are currently in use, including metabolism inhibitors, telomerase 
inhibitors, and apoptosis inducers, were developed with the common intention of killing can-
cer cells. Although immune receptor target drugs have been applied in the clinical setting, 
they are similar in that they force cancer cells to die. The anti-cancer drugs that are currently 
in use damage both malignant cancer cells and normal healthy cells. Importantly, the unde-
sired effects of these anti-cancer drugs are problematic with regard to the quality of life (QOL) 
of cancer patients, especially those who are too old to endure severe adverse effects that occur 
during the course of chemotherapy. In order to avoid lethal side effects, individual whole 
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Our previous in vitro studies showed that Rsv moderately upregulates the expression of vari-
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the increase in the NAD+/NADH ratio can improve the mitochondrial functions, the introduc-
tion of the redox reaction-associated genes may be applied in cancer treatment. PARP inhibi-
tors, which are especially effective for treating cancer with BRCA1 and BRCA2 mutations by 
disrupting specific types of DNA repair systems, are clinically approved drugs [89]. Another 
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eration [178], which increases the cellular NAD+ level, supporting the DNA repair system  
[179, 180]. A number of compounds that target mitochondria have been tested in clinical trials 
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PGC-1α, which is encoded by the PPARGC1A gene, has been shown to be involved in the de 
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LOC107987798. We confirmed that the duplicated GGAA-motif is present near the TSS of 
the human PDSS2 gene, which encodes prenyl-diphosphatase synthase subunit 2, which is 
a modulator of the complex I–III and II–III [133]. The PDSS2 is required for the integrity of 
Coenzyme Q (CoQ) or ubiquinone, which can improve the mitochondrial functions [187]. 
Thus, PDSS2 would be one of the targets for novel anticancer agents [188, 189]. The introduc-
tion of the LbNOX gene, which encodes bacterial NADH oxidase, into HeLa cells via a lentivi-
ral vector ameliorates the proliferative and metabolic defects caused by the impairment of the 
electron transport chain (ETC) [190].These lines of evidence suggest that NAD+ metabolism 
regulator encoding genes, including PARP, PARG, and NAMPT, as well as the PPARGC1A, 
LACTB, PDSS2, and LbNOX genes, could be applied or targeted in anti-cancer gene therapy.

Alternatively, TF-encoding genes can be applied to anti-cancer therapies that aid in the recov-
ery of mitochondria. First, the transcription modulator CtBP might be artificially controlled 
to suppress oncogenesis or cancer progression [83, 84]. Second, because duplicated GGAA-
motifs are present in the 5′-upstream regions of a number of DNA repair factor- and mitochon-
drial factor-encoding genes, GGAA-motif binding factors could upregulate the mitochondrial 
functions at the transcriptional level. Recently, it was reported that mouse Gabp, which is 
an ETS family protein, is required for mitochondrial biogenesis through the regulation of 
the Tfb1m gene [191], suggesting that a GABP expression vector might be designed and con-
structed for cancer treatment. The 5′-upstream regions of a number of human genes contain 
the GGAA-duplication, and it is a GC-box that is very frequently found near the GGAA-core 
motif [12]. Recently, it was reported that mutations on the ETS family protein-encoding ERF 
and ERG genes play roles in prostate oncogenesis [192], implying that imbalances in GGAA-
binding TFs could lead to aberrant gene expression. In order to determine which TF-encoding 
genes should be chosen, the mechanisms through which each of these genes is differently 
regulated during tumorigenesis should be elucidated.

8. Conclusions and future prospects

In this article, we focused on the transcription mechanism that regulates the mitochondrial 
functions and the DNA repair systems, both of which decline with aging. Although the molec-
ular mechanisms underlying the regulation of the expression of these genes are not yet fully 
understood, several lines of evidence suggest that it is dependent on the NAD+/NADH balance.

The anti-cancer drugs that are currently in use, including metabolism inhibitors, telomerase 
inhibitors, and apoptosis inducers, were developed with the common intention of killing can-
cer cells. Although immune receptor target drugs have been applied in the clinical setting, 
they are similar in that they force cancer cells to die. The anti-cancer drugs that are currently 
in use damage both malignant cancer cells and normal healthy cells. Importantly, the unde-
sired effects of these anti-cancer drugs are problematic with regard to the quality of life (QOL) 
of cancer patients, especially those who are too old to endure severe adverse effects that occur 
during the course of chemotherapy. In order to avoid lethal side effects, individual whole 
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genome sequencing to identify drug sensitivities, the development of a side-effect monitoring 
system, and the improvement of treatment policies could be adapted. These are the burdens 
that are necessitated by the intrinsic concept underlying the development and creation of 
most anti-cancer drugs.

In the near future, novel anti-cancer drugs or therapies must be developed and established. 
These drugs should not kill cancer cells; rather they should give them a chance to regain 
the right mitochondrial functions and DNA repair systems, and immunological responses. 
Natural or chemical compounds can ameliorate the NAD+/NADH level to improve the mito-
chondrial functions, DNA repair systems, and even immune responses. Alternatively, specific 
TF expression vector(s) could be introduced into cancer cells to lead them to recover to a 
healthy state. A number of promoter regions of the mitochondrial function-, DNA repair-, 
and anti-viral/tumor factor-encoding genes have duplicated GGAA-motifs with GC-boxes. 
Needless to say, it is necessary to determine the TFs that should and should not be applied 
prior to their clinical use. Based on this novel concept, the design of anticancer/tumor drugs or 
gene transfer vector(s) will contribute to the prevention of aging and its associated diseases, 
including cancer.
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Abstract

Mitochondria are exceptionally primed to play a key role in neuronal cell survival since 
they are involved in energy production and function as the metabolic center of cells. 
Several findings provide evidence for the role of mitochondria in neurodegeneration 
associated with Alzheimer’s and Parkinson’s diseases (AD and PD). Recent data high-
light the role of mitochondrial proteins and mitochondrial reactive oxygen species in the 
intracellular signaling that regulates innate immunity and inflammation. In this chapter, 
we will discuss the relevance of the interplay between mitochondria and innate immu-
nity, focusing on mitochondrial damage-associated molecular patterns (DAMPs) and 
how they can activate innate immunity and elicit AD and PD neurodegenerative process.

Keywords: mitochondria, neuronal innate immunity, Alzheimer’s disease, Parkinson’s 
disease, damage-associated molecular patterns

1. Introductory remarks

Mitochondria, derived from an ancestral bacterial endosymbiosis, are important cellular 
organelles in all cell types, but particularly important in the nervous system, since they are 
the major source of energy for the brain. Mitochondria are essential for neuronal function and 
neuronal processes, such as calcium (Ca2+) homeostasis, maintenance of plasma membrane 
potential, apoptosis, axonal and dendritic transport, release and re-uptake of neurotrans-
mitters at synapses, among others [1, 2]. The brain is particularly vulnerable to oxidative 
stress due to its high lipid content, its high oxygen demand and its low levels of antioxidant 
defenses. Therefore, any abnormalities in mitochondria function may impact the aging pro-
cess and also potentiate the onset of age-dependent neurodegenerative disorders [3, 4].
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In Alzheimer’s disease (AD) and Parkinson’s disease (PD), it has been described that mito-
chondrial metabolism and dynamics are affected not only in susceptible brain areas but also in 
peripheral cell models, namely platelets, fibroblasts and lymphocytes. Additionally, it was shown 
in AD and PD cellular and animal models that mitochondrial network is highly fragmented. 
Mitochondrial fission is required to selectively target dysfunctional mitochondria for degrada-
tion by the lysosome in a process called mitophagy [5, 6]. Nevertheless, it was recently proven 
that mitochondrial fission leads to the exposure of the inner membrane phospholipid, cardio-
lipin, which serves an important defensive function for the elimination of damaged mitochondria 
[7]. Since cardiolipin is found only in mitochondrial and bacterial membranes, it is considered 
a mitochondrial-derived damage-associated molecular pattern (DAMP) that is detected by a 
Nod-like receptor (NLR), the nucleotide-binding domain and leucine-rich repeat pyrin domain 
containing 3 (NLRP3) inflammasome Nlrp3 [8]. NLR and toll-like receptors (TLR) are pattern-
recognition receptors that recognize pathogen-associated molecular patterns (PAMPs), such as 
lipopolysaccharide and short-chain fatty acids, and DAMPs that are responsible for the initiation 
of innate immune responses. NLR and TLR activation trigger the production of proinflammatory 
cytokines and antimicrobial peptides (AMPs) [9]. So, it is perceived that also neuronal cells are 
able to mount an innate immune response. Neurons express critical Toll/interleukin-1 receptor 
(TIR) domain-containing adaptors that transduce signals of TLR, regulating the expression of 
various cytokines. Indeed, TLR 3 and 7, localized in the neuronal endosomal compartment, play 
a role in neurite outgrowth. It is assumed that the cytokines produced by neurons may be just 
enough to recruit and activate local microglia and may not cause global brain inflammation [10].

Overall, mitochondria play a central role in metabolism, thus allowing the maintenance of cellu-
lar homeostasis. In this chapter, we will discuss how mitochondria can regulate neuronal innate 
immunity and how this impact age-related neurodegenerative disorders, such as AD and PD.

2. Alzheimer’s disease hallmarks

AD is one of the most frequent age-related neurodegenerative disorder, characterized by 
neuronal loss and gradual cognitive demise. It is the major cause of dementia in the elderly 
[11], predominantly affects more women than men [12], and is expected that the number of 
people with AD will triple by the year 2050 [13]. Patients with AD show an impaired abil-
ity to perform everyday tasks and often experience psychiatric, emotional and personality 
disturbances [14]. Two well-known abnormal protein aggregates in the brain of the patients, 
cerebral cortex and hippocampus, characterize AD pathologically: the neuritic plaques that 
are extracellular and composed of insoluble amyloid β peptides (Aβ) and neurofibrillary tan-
gles that are intracellular aggregates, mostly consisted of phosphorylated tau, a microtubule-
associated protein [15]. It is assumed that oligomers can induce toxicity for neurons causing 
synaptic dysfunction, neuroinflammation and oxidative stress [16, 17].

Several authors have mentioned that mitochondrial dysfunction and oxidative damage occur 
in the AD brain before the onset of Aβ pathology. Mitochondrial dysfunction was reported in 
brain neurons, platelets and fibroblasts from AD patients and in transgenic AD mice models. 
These mitochondrial abnormalities have been reported in neurons and astrocytes, suggesting 
that both types of cell might be affected in brains of AD patients [18]. For example, it has been 
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described in post-mortem AD brains, a deficit of cytochrome c oxidase (COX) in hippocampus, 
frontal, temporal, occipital and parietal lobes [3]. Additionally, it is recognized that mitochon-
drial DNA (mtDNA) is also involved in the mitochondrial dysfunction having a determinant 
role in AD pathogenesis. When patient’s mtDNA is transferred into mtDNA-deficient cell lines, 
the originated ‘cybrids’ reproduce the respiratory enzyme deficiency that occurs in the brain 
and other tissues in AD, suggesting this defect is carried in part by mtDNA abnormalities [19].

Neuroinflammation has been implicated in AD etiology, but its contribution to disease progres-
sion is still not yet understood [20]. Astrocytes and microglial cells are the main type of cells 
involved in inflammatory responses in the central nervous system (CNS) after infection or injury 
occurs. Indeed, in this process, cellular and molecular immune components, such as cytokines, 
are important players, which may lead to the activation of glial cells (microglia and astrocytes) 
[21]. Several studies have described that Aβ, pathogenic infection or cellular debris triggers an 
initial inflammatory stimulus, which activates the microglia, allowing the maintenance of neuro-
nal plasticity and synaptic connectivity [22]. Data suggest that microglia internalize and degrade 
Aβ deposits, helping its clearance from the brain. However, during disease process, microglia 
acquire a ‘toxic’ phenotype due to chronic activation and continue the production of proinflam-
matory mediators [23]. In animal models and human brain tissue, both neuritic plaques and 
neurofibrillary tangles colocalize with activated glial cells. Different studies have reported path-
ological astrogliosis, in both AD patients and transgenic animal models brains, characterized 
by an increased glial fibrillary acidic protein (GFAP) and distinct cellular hypertrophy, which is 
correlated somehow with the severity of cognitive impairment in AD patients [24].

2.1. The role of mitochondrial dysfunction in Alzheimer’s disease etiology

Despite its elusive origin, mitochondrial dysfunction is long recognized as a striking feature of 
sporadic AD, mediating cell pathways that sustain the disorder progression. Brain bioenergetic 
function is compromised in AD. Images from fluorodeoxyglucose positron emission tomogra-
phy (FDG-PET) scan show that glucose utilization is significantly lower in AD subjects as com-
pared to age-matched controls in the cortex and the posterior cingulate brain regions [25]. This 
bioenergetic compromise correlates with decreased COX activities measured in post-mortem 
brain tissue from AD patients [26]. Mitochondrial deficits in AD have been described not only 
in the brain but also in peripheral tissues. COX activity was found decreased in platelets and 
lymphocytes from AD subjects [27–30]. This COX deficiency correlates with decreased oxygen 
consumption first described in AD subject’s brain, where PET scans showed decreased cere-
bral metabolic rate of oxygen (CMRO2) [31]. Mitochondrial respiration is also compromised 
in peripheral blood mononuclear cells [32], and in cytoplasmic hybrid (cybrid) cell lines [33], 
generated by the fusion of mitochondrial DNA (mtDNA) depleted cells with platelets from AD 
subjects [34]. These cell lines elucidated on the relevance of mtDNA in AD pathology, since the 
main features of the disease are recapitulated [33, 35, 36]. The same observation was made in 
a number of transgenic mice models that carry mutations linked to AD familial forms [37–39].

Along with impaired mitochondrial function, it has been widely demonstrated that mitochon-
dria from AD tissues and models have decreased mitochondrial membrane potential (∆Ψmit) 
[40]. Cumulative evidence consistently showed a positive correlation between ∆Ψmit and reac-
tive oxygen species (ROS) production [41]. In the case of neurodegenerative disorders, such 
as AD, associated with dysfunctions of the respiratory chain components, lower ∆Ψmit and 
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In Alzheimer’s disease (AD) and Parkinson’s disease (PD), it has been described that mito-
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peripheral cell models, namely platelets, fibroblasts and lymphocytes. Additionally, it was shown 
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gles that are intracellular aggregates, mostly consisted of phosphorylated tau, a microtubule-
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that both types of cell might be affected in brains of AD patients [18]. For example, it has been 
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described in post-mortem AD brains, a deficit of cytochrome c oxidase (COX) in hippocampus, 
frontal, temporal, occipital and parietal lobes [3]. Additionally, it is recognized that mitochon-
drial DNA (mtDNA) is also involved in the mitochondrial dysfunction having a determinant 
role in AD pathogenesis. When patient’s mtDNA is transferred into mtDNA-deficient cell lines, 
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lymphocytes from AD subjects [27–30]. This COX deficiency correlates with decreased oxygen 
consumption first described in AD subject’s brain, where PET scans showed decreased cere-
bral metabolic rate of oxygen (CMRO2) [31]. Mitochondrial respiration is also compromised 
in peripheral blood mononuclear cells [32], and in cytoplasmic hybrid (cybrid) cell lines [33], 
generated by the fusion of mitochondrial DNA (mtDNA) depleted cells with platelets from AD 
subjects [34]. These cell lines elucidated on the relevance of mtDNA in AD pathology, since the 
main features of the disease are recapitulated [33, 35, 36]. The same observation was made in 
a number of transgenic mice models that carry mutations linked to AD familial forms [37–39].

Along with impaired mitochondrial function, it has been widely demonstrated that mitochon-
dria from AD tissues and models have decreased mitochondrial membrane potential (∆Ψmit) 
[40]. Cumulative evidence consistently showed a positive correlation between ∆Ψmit and reac-
tive oxygen species (ROS) production [41]. In the case of neurodegenerative disorders, such 
as AD, associated with dysfunctions of the respiratory chain components, lower ∆Ψmit and 
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decreased activity of the respiratory chain are observed with a simultaneous increase in ROS 
production [42]. The primary ROS in mitochondria is the superoxide radical anion O2

–., mainly 
produced at complexes I and III [43], which is rapidly converted to H2O2 by mitochondrial dis-
mutases, superoxide dismutase (SOD). Regardless the contradictory data on the contribution 
of COX deficiency to ROS production [44, 45], oxidative damage is an utterly feature of AD, 
from human samples to cellular and animal models [36, 46–48]. Evidence show that mitochon-
drial dysfunction and ROS production are accentuated by Aβ, a 4 kDa protein, derived from a 
larger protein, amyloid β-protein precursor (βAPP), that is overproduced during AD progres-
sion. Aβ interacts with mitochondrial proteins, namely ABAD, causing increased ROS produc-
tion, mitochondrial dysfunction and neuronal death [49, 50]. These changes in mitochondrial 
metabolism seem to be related with morphological alteration of mitochondria of AD tissues and 
models. Electron microscopy images from AD brain tissue show mitochondria with reduced 
dimensions and disrupted cristae [51]. Similarly, mitochondria from AD subjects transferred to 
mtDNA depleted cell into cybrids at an ultrastructural level are small and have a swollen-like 
structure [52], with a fragmented mitochondrial network that correlates with increased mito-
chondrial content of dynamin-related protein 1 (DRP1) [53] a key protein for mitochondrial divi-
sion [54]. Concerning mitochondrial content/mass in AD neurons, the matter is not as straight 
forward [55]. Vulnerable neurons have a decrease in functional mitochondria, but mtDNA is 
increased [51]. In accordance it was observed, in AD cybrids, an increase in mtDNA content 
[33]. This increment was first explained as a compensatory response to counteract the loss of 
mtDNA transcription efficiency [51], but data gathered on the subject point to decreased mito-
chondria degradation through autophagy (mitophagy), with imprisoned mitochondria within 
autophagic vacuoles that are accessible for mtDNA detection [53]. A number of studies have 
shown autophagy dysfunction as a driving force of AD progression, with important impact on 
Aβ deposition and plaque formation [56–60]. In human brain samples, it could be observed a 
massive accumulation of autophagic vacuoles and lysosome-related vesicles, which led to the 
conclusion of simultaneous induction and impairment of autophagy [56, 61]. Purified autopha-
gic vesicles contain βAPP and the proteases responsible for its cleavage [56]. Aβ peptides are 
produced by sequential proteolytic processing of βAPP by β-secretase (BACE) and γ-secretase 
complex (presenilin and nicastrin) [62, 63]. These accumulated vacuoles cause swellings along 
dystrophic neurites and potentiate Aβ production and aggregation [64], which gradually form 
the extracellular amyloid plaques, one of the most prominent brain pathological hallmarks of 
AD. It is reasonable to argue that stimulating autophagy would clear the cell waste materials. 
Although some contradictory data were published, in opposition of ameliorating Aβ pathology, 
stimulating autophagy, either chemically or starvation-induced, fails to degrade accumulating 
Aβ and worsens cell function in in vivo models [65]. The driver of such failure is the microtubule 
network, along which autophagic vesicles are transported towards lysosomes, for degradation 
of cell waste. Mitochondrial metabolism failure compromises microtubule proper dynam-
ics. Destabilized microtubule cytoskeleton negatively impacts autophagic vesicles retrograde 
transport towards lysosomes and promotes microtubule-associated protein Tau to detach and 
undergo phosphorylation [5]. Tau is the main component of paired helical filaments (PHF) that 
form neurofibrillary tangles found in AD brains [66] and is a microtubule-associated protein 
(MAP) that promotes microtubule assembly and stabilization [67–69]. Ultrastructural analysis 
performed in AD neurons found that the number and total length of microtubules are decreased 
in AD subjects [70]. In AD cybrids, microtubule network is disrupted with increased free tubulin 
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content, and this correlates with increased Tau phosphorylation, comparing with control cybrids 
[53]. Targeting microtubule stability is able to protect cells from Tau and Aβ-induced toxicity and 
restores autophagy function in a variety of AD models [71, 72].

2.2. Immune response in Alzheimer’s disease

The role of neuroinflammation in AD dates back to 1907, to the original report of Alois Alzheimer, 
with microglia surrounding Aβ plaques, thus showing a close relation between the pathway and 
the disease [73]. Twenty-five years after the postulation of Selkoe and Hardy, the amyloid cas-
cade hypothesis is still the main hypothesis for AD pathogenesis. It is a fact that all AD patients 
undergo progressive Aβ deposition, and moreover, the sequence of major pathogenic events 
leading to AD proposed by the amyloid cascade hypothesis is perfectly aligned with the domi-
nantly inherited forms of AD. However, different mechanisms have to be considered to explain 
the development of AD in sporadic cases, which constitute the vast majority of the cases [74]. Even 
though Aβ peptide and tau protein oligomers are considered the major contributors to disease 
progression and the deposition of Aβ occurs decades before any other alterations, there are some 
missing links between the accumulation and oligomerization of Aβ and tau pathology, synaptic 
dysfunction and cognitive decline [15, 75]. In this follow-up, neuroinflammation is consistently 
reported to be deregulated in AD and to facilitate disease progression [76, 77]. Indeed, various 
forms of Aβ oligomers and aggregates are detected by numerous receptors (TLRs), receptor for 
advanced glycated end-products (RAGE), CD14, CD36, CD47, α6β1 integrin, class A scavenger 
receptor and NOD-like receptor family pyrin domains (NLRP) that activate innate immunity 
response (mainly via MAPK/Erk and NF-κB-mediated signaling) [22, 78–80]. In neurodegenera-
tive diseases, such as AD, the inflammatory response starts by innate immune system activating 
monocytes (in periphery) and microglial cells, astrocytes and perivascular cells (in the CNS) [81].

Microglia, the resident macrophages of the CNS, play an active role surveying the brain for 
pathogens and maintaining neuronal plasticity and synaptic connectivity [82]. In AD, stimu-
lation of microglia involves the microglial polarization to a M1 phenotype that triggers the 
production of proinflammatory cytokines (TNF-α, IL-1, IL-6, IL-12 and IL-18) [83, 84] and che-
mokines (CCL2, CCR3, CCR5) [85, 86] and is accompanied by impaired phagocytic capacity 
[87]. Interestingly, deregulation of Aβ clearance from the CNS is a key pathogenic mechanism 
in pathology progression, whereas microglial phagocytosis activation plays a crucial role (in 
combination with the endolysosomal pathway, being Aβ enzymatically digested by neprily-
sin, insulin-degrading enzyme and matrix metalloprotease proteases) and is controlled by 
two microglial cell surface receptors: TREM2 (positive regulator) and CD33 (negative regula-
tor) [88, 89]. Moreover, caspases are known mediators of apoptosis, but they also regulate 
inflammation. Upon binding of Aβ to NLRP, there is an inflammasome-dependent activation 
of caspase-1 that mediates the production of mature IL-1β by cleavage of an inactive pro-IL-1β 
peptide [90, 91]. Therefore, elevated concentrations of active caspase 1 detected in the brains 
of patients with AD [92] are in accordance with the increased NLRP3 activation observed in 
monocytes from AD patients [93]. In addition, mitochondrial DAMPs were shown to increase 
AD-associated biomarkers, such as App mRNA, APP protein and Aβ1–42 levels, in SH-SY5Y 
and mice brains [94, 95]. Together, these studies suggest that mitochondria and mitochon-
drial DAMPs have the potential to promote inflammation in the brain, with important conse-
quences relevant for neurodegenerative disorders such as AD.

Mitochondria at the Base of Neuronal Innate Immunity in Alzheimer’s and Parkinson’s Diseases
http://dx.doi.org/10.5772/intechopen.72612

141



decreased activity of the respiratory chain are observed with a simultaneous increase in ROS 
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mutases, superoxide dismutase (SOD). Regardless the contradictory data on the contribution 
of COX deficiency to ROS production [44, 45], oxidative damage is an utterly feature of AD, 
from human samples to cellular and animal models [36, 46–48]. Evidence show that mitochon-
drial dysfunction and ROS production are accentuated by Aβ, a 4 kDa protein, derived from a 
larger protein, amyloid β-protein precursor (βAPP), that is overproduced during AD progres-
sion. Aβ interacts with mitochondrial proteins, namely ABAD, causing increased ROS produc-
tion, mitochondrial dysfunction and neuronal death [49, 50]. These changes in mitochondrial 
metabolism seem to be related with morphological alteration of mitochondria of AD tissues and 
models. Electron microscopy images from AD brain tissue show mitochondria with reduced 
dimensions and disrupted cristae [51]. Similarly, mitochondria from AD subjects transferred to 
mtDNA depleted cell into cybrids at an ultrastructural level are small and have a swollen-like 
structure [52], with a fragmented mitochondrial network that correlates with increased mito-
chondrial content of dynamin-related protein 1 (DRP1) [53] a key protein for mitochondrial divi-
sion [54]. Concerning mitochondrial content/mass in AD neurons, the matter is not as straight 
forward [55]. Vulnerable neurons have a decrease in functional mitochondria, but mtDNA is 
increased [51]. In accordance it was observed, in AD cybrids, an increase in mtDNA content 
[33]. This increment was first explained as a compensatory response to counteract the loss of 
mtDNA transcription efficiency [51], but data gathered on the subject point to decreased mito-
chondria degradation through autophagy (mitophagy), with imprisoned mitochondria within 
autophagic vacuoles that are accessible for mtDNA detection [53]. A number of studies have 
shown autophagy dysfunction as a driving force of AD progression, with important impact on 
Aβ deposition and plaque formation [56–60]. In human brain samples, it could be observed a 
massive accumulation of autophagic vacuoles and lysosome-related vesicles, which led to the 
conclusion of simultaneous induction and impairment of autophagy [56, 61]. Purified autopha-
gic vesicles contain βAPP and the proteases responsible for its cleavage [56]. Aβ peptides are 
produced by sequential proteolytic processing of βAPP by β-secretase (BACE) and γ-secretase 
complex (presenilin and nicastrin) [62, 63]. These accumulated vacuoles cause swellings along 
dystrophic neurites and potentiate Aβ production and aggregation [64], which gradually form 
the extracellular amyloid plaques, one of the most prominent brain pathological hallmarks of 
AD. It is reasonable to argue that stimulating autophagy would clear the cell waste materials. 
Although some contradictory data were published, in opposition of ameliorating Aβ pathology, 
stimulating autophagy, either chemically or starvation-induced, fails to degrade accumulating 
Aβ and worsens cell function in in vivo models [65]. The driver of such failure is the microtubule 
network, along which autophagic vesicles are transported towards lysosomes, for degradation 
of cell waste. Mitochondrial metabolism failure compromises microtubule proper dynam-
ics. Destabilized microtubule cytoskeleton negatively impacts autophagic vesicles retrograde 
transport towards lysosomes and promotes microtubule-associated protein Tau to detach and 
undergo phosphorylation [5]. Tau is the main component of paired helical filaments (PHF) that 
form neurofibrillary tangles found in AD brains [66] and is a microtubule-associated protein 
(MAP) that promotes microtubule assembly and stabilization [67–69]. Ultrastructural analysis 
performed in AD neurons found that the number and total length of microtubules are decreased 
in AD subjects [70]. In AD cybrids, microtubule network is disrupted with increased free tubulin 
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content, and this correlates with increased Tau phosphorylation, comparing with control cybrids 
[53]. Targeting microtubule stability is able to protect cells from Tau and Aβ-induced toxicity and 
restores autophagy function in a variety of AD models [71, 72].

2.2. Immune response in Alzheimer’s disease

The role of neuroinflammation in AD dates back to 1907, to the original report of Alois Alzheimer, 
with microglia surrounding Aβ plaques, thus showing a close relation between the pathway and 
the disease [73]. Twenty-five years after the postulation of Selkoe and Hardy, the amyloid cas-
cade hypothesis is still the main hypothesis for AD pathogenesis. It is a fact that all AD patients 
undergo progressive Aβ deposition, and moreover, the sequence of major pathogenic events 
leading to AD proposed by the amyloid cascade hypothesis is perfectly aligned with the domi-
nantly inherited forms of AD. However, different mechanisms have to be considered to explain 
the development of AD in sporadic cases, which constitute the vast majority of the cases [74]. Even 
though Aβ peptide and tau protein oligomers are considered the major contributors to disease 
progression and the deposition of Aβ occurs decades before any other alterations, there are some 
missing links between the accumulation and oligomerization of Aβ and tau pathology, synaptic 
dysfunction and cognitive decline [15, 75]. In this follow-up, neuroinflammation is consistently 
reported to be deregulated in AD and to facilitate disease progression [76, 77]. Indeed, various 
forms of Aβ oligomers and aggregates are detected by numerous receptors (TLRs), receptor for 
advanced glycated end-products (RAGE), CD14, CD36, CD47, α6β1 integrin, class A scavenger 
receptor and NOD-like receptor family pyrin domains (NLRP) that activate innate immunity 
response (mainly via MAPK/Erk and NF-κB-mediated signaling) [22, 78–80]. In neurodegenera-
tive diseases, such as AD, the inflammatory response starts by innate immune system activating 
monocytes (in periphery) and microglial cells, astrocytes and perivascular cells (in the CNS) [81].

Microglia, the resident macrophages of the CNS, play an active role surveying the brain for 
pathogens and maintaining neuronal plasticity and synaptic connectivity [82]. In AD, stimu-
lation of microglia involves the microglial polarization to a M1 phenotype that triggers the 
production of proinflammatory cytokines (TNF-α, IL-1, IL-6, IL-12 and IL-18) [83, 84] and che-
mokines (CCL2, CCR3, CCR5) [85, 86] and is accompanied by impaired phagocytic capacity 
[87]. Interestingly, deregulation of Aβ clearance from the CNS is a key pathogenic mechanism 
in pathology progression, whereas microglial phagocytosis activation plays a crucial role (in 
combination with the endolysosomal pathway, being Aβ enzymatically digested by neprily-
sin, insulin-degrading enzyme and matrix metalloprotease proteases) and is controlled by 
two microglial cell surface receptors: TREM2 (positive regulator) and CD33 (negative regula-
tor) [88, 89]. Moreover, caspases are known mediators of apoptosis, but they also regulate 
inflammation. Upon binding of Aβ to NLRP, there is an inflammasome-dependent activation 
of caspase-1 that mediates the production of mature IL-1β by cleavage of an inactive pro-IL-1β 
peptide [90, 91]. Therefore, elevated concentrations of active caspase 1 detected in the brains 
of patients with AD [92] are in accordance with the increased NLRP3 activation observed in 
monocytes from AD patients [93]. In addition, mitochondrial DAMPs were shown to increase 
AD-associated biomarkers, such as App mRNA, APP protein and Aβ1–42 levels, in SH-SY5Y 
and mice brains [94, 95]. Together, these studies suggest that mitochondria and mitochon-
drial DAMPs have the potential to promote inflammation in the brain, with important conse-
quences relevant for neurodegenerative disorders such as AD.
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Pathological responses of astrocytes include reactive astrogliosis directed at recovery of injured 
neural tissue and neuroprotection [96]. In AD, astrocytes, like microglia, are a major source 
of cytokines (TNF-α and IL-1β are readily released upon astrocytic Aβ detection) [97, 98] and 
chemokines. Indeed CCL4 has been detected in reactive astrocytes near Aβ plaques [99] and 
has a high capacity to degrade Aβ1–42 in a more efficient way than their microglial counter-
parts [100]. In addition, post-mortem brains from AD patients are characterized by hyper-
trophic reactive astrocytes, elevated GFAP and S100B expression surrounding senile plaques 
[101]. Interestingly, studies have shown that reactive astrogliosis occurs early in the course of 
pathogenesis and correlates with the severity of cognitive impairment in AD patients [102]. 
Furthermore, resident microglia and astrocytes in AD have been shown to stimulate induc-
ible nitric oxide synthase (iNOS) and NADPH oxidase [103]. These upregulations lead to the 
production of high concentrations of ROS (such as nitric oxide, superoxide, hydrogen perox-
ide, peroxynitrite), which not only further promote microglia activation but also lead to post-
translational modifications (nitration, S-nitrosylation, and dityrosine formation), including Aβ 
nitration leading to a higher propensity to aggregate and seriously suppress hippocampal LTP 
[103–105]. Likewise, the complement system is another major constituent of the innate immune 
system that shows enhanced levels in disease settings. In the brain, activated microglia and 
astrocytes are responsible for the production of proteins of the complement system, which in 
turn are associated with Aβ deposits [106]. Additionally, complement receptor 1 (CR1) modu-
lates the impact of the APOE ε4 allele on brain fibrillar amyloid burden [107]. Furthermore, 
there are other players with neuroinflammatory actions in AD, such as perivascular macro-
phages promoting Aβ clearance [108], endothelial cells contributing to the transport of Aβ spe-
cies between the brain and the periphery [109, 110], oligodendrocytes [111] and neurons [112] 
that contribute to neuroinflammation by expressing complement components.

In the end, the recruited microglia and astrocytes fail to resolve the Aβ insult effectively, 
resulting in an excessive proinflammatory cytokine and chemokine production, as well as 
enhancing DAMPs secretion, ultimately leading to deleterious microglial and astrocytic reac-
tivity [113]. This chronic neuroinflammatory environment thus starts a vicious cycle altering 
APP processing towards a further increase in Aβ production, culminating in neuronal loss and 
perpetuating inflammation, which with the advance of the disease compromises blood-brain 
barrier (BBB) permeability, allowing the invasion of peripheral inflammatory cells that exac-
erbate the deleterious neuroinflammation and facilitate neurodegeneration [114]. Therefore, 
neuroinflammation in AD was firstly attributed exclusively to these innate immune sensors 
of Aβ, contributing to the exacerbation of the disease and viewed only as a response, but in 
reality the pathway is much more complex.

A decade ago, a significant change in this thought was brought by Wyss-Coray who reviewed 
the hypothesis that inflammation may serve as a cause and driving force for AD [115]. As seen 
by the significant immune response later on in the disease and as a response to the Aβ accumu-
lation, it is accurate to state that inflammatory pathways are a driving force in AD. However, 
for a causative role, inflammation should have an early impact or precede the pathogenesis 
of the disease [81]. In support of inflammation as a primary contributor for the disease, recent 
genome-wide association studies (GWASs) of sporadic AD cases (or LOAD—late-onset AD) 
have found associations between AD and genes that are involved in cholesterol metabolism and 
in innate immunity [116]. Surprisingly, even Selkoe and Hardy drew attention to the importance 
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of the innate immune system in AD on their update on the status of the amyloid hypothesis 
[74]. Accordingly, three risk genes have been highlighted: TREM2, CD33 and CR1, and all are 
involved in some way in microglial response, being upregulated during Aβ plaque development 
[117–119]. Another important aspect is the timeline involvement of the immune system response 
in AD’s development. Analyses from both patients with early AD and mild cognitive impair-
ment (MCI), which precedes AD stage, have identified a correlation between clinical symptoms 
and the presence of inflammatory markers in the cerebrospinal fluid (CSF), suggesting a much 
early involvement of the immune system in the disease [120, 121]. Noteworthy, a study in wild-
type mice found that chronic inflammatory conditions triggered the development of AD-like 
neuropathology during aging, demonstrating a case where immune response not only precedes 
fibrillary Aβ plaque deposition and neurofibrillary tangle formations but also is responsible 
for their induction [122]. Thus, the possibility to manipulate inflammatory pathways, thereby 
changing the course of the disease, is yet another indication of the role of inflammation as a driv-
ing force of AD pathology. The questions we should make previously of that said manipulation 
are: Which cells and immune molecules should be modulated? And when should modulation 
occur? As the activation of microglia and the neuroinflammatory environment are constantly 
changing depending on the stage of the disease, the time window for modulation and for thera-
peutically potential is very important [81]. Inefficiency in clinical trials with nonsteroidal anti-
inflammatory drugs  (NSAIDs) in AD could be largely due to wrong timing of intervention [123], 
since epidemiological and preclinical studies show a reduction up to 80% in the risk of AD onset 
and decrease in microglial activation and amyloid burden with NSAID use [124, 125].

As aforementioned, there is an uncontrolled production of cytokines and chemokines that may 
be used as effective tools for inflammatory biomarkers in AD. Early assessment of neuroin-
flammation in the AD patients may be an important preventive strategy to act before the det-
rimental aspects of neuroinflammation, thus averting or delaying any cognitive decline [126]. 
Several studies have investigated the levels of proinflammatory and anti-inflammatory mark-
ers in the CSF, plasma and serum of AD patients. IL-1β, TNF-α and IL-6 have been observed to 
be altered in the three types of samples in AD, although the results vary according to the time 
point of sampling [126]. Once again, the stage of the disease is a crucial factor for any thera-
peutic intervention. Moreover, an increase in TGF-β [127] and S100B [128] levels in the CSF 
from AD compared to controls has also been reported. Regarding blood-based biomarkers of 
inflammation, α-1-antichymotrypsin (ACT) [129] and C-reactive protein (CRP) [130] have been 
shown to be increased in AD. Noteworthy, α-2-macroglobulin (α-2 M) [131] and clusterin (or 
apolipoprotein J) [132] have been implicated in the pathology of AD, with significant increases 
in patients, showing promising results as potential plasma biomarkers of AD. Interestingly, 
many of these inflammatory mediators are also altered in MCI subjects. The levels of IL-8, 
monocyte chemoattractant protein-1 and interferon-γ-inducible protein 10 are found to be 
increased in CSF, while IL-1β and TNF-α are increased and apolipoprotein A-1 and comple-
ment C1 inhibitor are decreased in blood [126]. Besides the detection of neuroinflammatory 
markers, inflammation may be also monitored through imaging methods. In patients with AD 
or MCI subjects, increased microglia activation has been detected by PET scans [133].

The induction of neuroinflammatory effects is not restricted to factors of the CNS and can result 
from systemic influences [125]. On the one hand, traumatic brain injury is an example of a CNS-
intrinsic neuroinflammatory condition that facilitates the development of AD pathology [134]; on 
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Pathological responses of astrocytes include reactive astrogliosis directed at recovery of injured 
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has a high capacity to degrade Aβ1–42 in a more efficient way than their microglial counter-
parts [100]. In addition, post-mortem brains from AD patients are characterized by hyper-
trophic reactive astrocytes, elevated GFAP and S100B expression surrounding senile plaques 
[101]. Interestingly, studies have shown that reactive astrogliosis occurs early in the course of 
pathogenesis and correlates with the severity of cognitive impairment in AD patients [102]. 
Furthermore, resident microglia and astrocytes in AD have been shown to stimulate induc-
ible nitric oxide synthase (iNOS) and NADPH oxidase [103]. These upregulations lead to the 
production of high concentrations of ROS (such as nitric oxide, superoxide, hydrogen perox-
ide, peroxynitrite), which not only further promote microglia activation but also lead to post-
translational modifications (nitration, S-nitrosylation, and dityrosine formation), including Aβ 
nitration leading to a higher propensity to aggregate and seriously suppress hippocampal LTP 
[103–105]. Likewise, the complement system is another major constituent of the innate immune 
system that shows enhanced levels in disease settings. In the brain, activated microglia and 
astrocytes are responsible for the production of proteins of the complement system, which in 
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of the innate immune system in AD on their update on the status of the amyloid hypothesis 
[74]. Accordingly, three risk genes have been highlighted: TREM2, CD33 and CR1, and all are 
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and decrease in microglial activation and amyloid burden with NSAID use [124, 125].

As aforementioned, there is an uncontrolled production of cytokines and chemokines that may 
be used as effective tools for inflammatory biomarkers in AD. Early assessment of neuroin-
flammation in the AD patients may be an important preventive strategy to act before the det-
rimental aspects of neuroinflammation, thus averting or delaying any cognitive decline [126]. 
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the other hand,systemic inflammation may be induced from several chronic diseases [135], such 
as obesity and T2D, all characterized by CNS inflammation and microglia activation [136, 137]. 
Therefore, in AD, neuroinflammation can cause and drive pathogenesis [22].

3. Parkinson’s disease hallmarks

PD is the most common movement neurodegenerative disorder characterized by numerous 
motor symptoms, including tremor, bradykinesia, rigidity and postural instability [138]. PD is 
twice as common in men than in women, and about 2% of the population above the age of 60 is 
affected by the disease [139]. PD is characterized by the severe loss of dopaminergic neurons in 
the substantia nigra pars compacta (SNpc) and by the presence of intracytoplasmatic protein-
aceous inclusions called Lewy bodies, which are primarily composed of fibrillary α-synuclein 
(SNCA), and ubiquitinated proteins within some remaining nigral neurons [140, 141].

Several evidences from autopsy studies showed that multiple processes are involved in cell 
death, including oxidative stress, mitochondrial dysfunction, neuroinflammation, excitotoxicity 
and accumulation of misfolded proteins due to proteasomal and autophagic impairment [142].

Data show that mitochondrial deficits occur in PD patient’s brain neurons, platelets and lym-
phocytes [139],which play a critical role in the loss of dopaminergic neurons [143]. Furthermore, 
data suggest that mitochondrial dysfunction can be potentiated by defects in mitochondrial 
biogenesis caused by the deregulation of transcription factors, such as peroxisome proliferator-
activated receptor gamma coactivator1-alpha (PGC-1α) [144], which levels are decreased in post-
mortem brains of PD and in white blood cells [139]. Recent studies in post-mortem PD brain 
tissue showed that nigrostriatal axon terminals are dysfunctional, which can alter normal axonal 
transport. Also, the generation of ROS induces the damage of complexes I and III and protein oxi-
dation in mitochondria and in cytoplasmic proteins, leading to mitochondrial dysfunction [145].

Several studies obtained in post-mortem PD brain tissue, human clinical imaging and fluid 
biomarker have demonstrated that neuroinflammation is a salient feature and probably an 
essential contributor to PD pathogenesis [145]. Inflammation associated with oxidative stress 
and cytokine-dependent toxicity has been described and can lead to both innate and adap-
tive immune responses. Immune responses can act a secondary response to cellular damage 
and/ or neuronal loss in the affected regions of the nervous system. These mechanisms imply 
not only a complex crosstalk between the CNS and the peripheral immune system but also 
interactions between the brain resident immune cells (microglial cells) and other brain cells 
(neurons, astrocytes, endothelial cells) [146]. Indeed, it has been described that PD brains 
show microglial activation and lymphocyte infiltration in the areas of degeneration and an 
increased expression of inflammatory cytokines with alterations in the composition of periph-
eral immune cells, suggesting the key role of neuroinflammation in PD.

3.1. The role of mitochondrial dysfunction in Parkinson’s disease etiology

Mitochondrial dysfunction relevance in PD was first documented when 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) was associated with parkinsonian syndrome in humans [147]. 
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MPTP is able to cross the blood-brain barrier, is metabolized to 1-methyl-4-phenylpyridinium 
(MPP+) and is uptaken by dopaminergic neurons, inhibiting mitochondrial respiration at complex 
I [148]. Complex I activity was shown to be decreased in PD brain samples [149], in peripheral 
tissues namely platelets and lymphocytes [150] and in PD cybrids [151]. The inhibition of complex 
I, with MPTP and rotenone, is widely used as in vitro and in vivo models of PD since these reca-
pitulate the main features of the disease [152–154]. Mitochondrial dysfunction in PD tissues and 
models is also characterized by a decrease in ∆Ψmit [52, 155, 156]. Accordingly, at a functional 
level, brain bioenergetics is compromised in PD where PET scans showed glucose utilization are 
decreased in PD individuals in the occipital cortex compared to control individuals [157].

Oxidative damage driven by mitochondria malfunctioning is a prominent aspect in PD [158]. 
Mitochondrial complex I is one of the most important sites of ROS production in the cell, pri-
marily O2

– [159]. The consequences of oxidative damage are such in PD that oxidative stress was 
proposed as the cause for dopaminergic neurons death in the SNpc [160, 161]. The same authors 
found in post-mortem samples from PD subjects increased lipid peroxidation whereas glutathi-
one pathway, an antioxidant defense, is impaired [160]. Mitochondria are the main producers 
and are also the primary targets of ROS. PD brain biopsies revealed complex I itself is oxida-
tively damaged, which prevents its proper assembly and function [149]. Although it is incon-
testable that oxidative stress contributes to PD pathology, it is now generally accepted that ROS 
are a by-product of mitochondrial dysfunction that contributes to worsen cell demise [162].

Familial forms of PD bearing mutations in mitochondrial proteins reinforced the involve-
ment of mitochondrial dysfunction in PD etiology and shed light into the mechanisms lead-
ing to neuronal death, unifying both familial and sporadic cases. Rare mutations causing 
juvenile PD are related to mitochondrial degradation by mitophagy created an opportunity 
for clarification of the disease mechanisms. The first identified mutation in PARK2 (Parkin), 
an E3 ubiquitin ligase, cause early onset PD [163]. The second mutation was identified in 
PARK6, PTEN-induced kinase 1 (PINK1) and a mitochondrial kinase [164]. PINK1 and Parkin 
act together in a tightly regulated process to target dysfunctional mitochondria for degra-
dation, named mitophagy. This process is crucial for the maintenance of a healthy pool of 
mitochondria, potentially protecting cells in early stages of mitochondrial dysfunction [165].
In healthy mitochondria, PINK1 levels are maintained low as this protein is degraded within 
mitochondrial matrix after its import from cytosol [166]. When mitochondria lose their mem-
brane potential, PINK1 is stabilized at their surface recruiting Parkin that, in turn, ubiquiti-
nates and targets mitochondria to undergo mitophagy [167–169]. PD caused by PINK1 and 
Parkin mutations is not clinically differentiated from idiopathic PD [170]. Morphologically, 
PINK1 mutations have drastic repercussions in mitochondria from Drosophila melanogaster to 
mouse models, with larger, swollen and disrupted cristae [171, 172]. In cybrids from sporadic 
PD subjects, mitochondria also present abnormal structure with enlarged and scarce cristae 
[52, 173]. Mitochondrial network images show that in PD models it presents a fragmented 
structure. From PD cybrids [174] to dopaminergic neurons treated with MPTP [175], a num-
ber of models show early mitochondrial fragmentation that precedes cell death. Although 
DRP1 has been implicated in the fragmentation of mitochondria in PD [174], studies point 
to SNCA directly interacting with mitochondria inducing fragmentation, in a process that 
does not require DRP1 [176]. Recently, it was found a common mechanism for mitophagy 
failure, besides Pink1-Parkin axis, that is shared by familial and sporadic PD, with potential 
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biomarker have demonstrated that neuroinflammation is a salient feature and probably an 
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increased expression of inflammatory cytokines with alterations in the composition of periph-
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an E3 ubiquitin ligase, cause early onset PD [163]. The second mutation was identified in 
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of an early biomarker [177]. In fibroblasts isolated from patients that carry PD mutations and 
idiopathic PD subjects, it was found an impairment in RHOT1 degradation that in turn delays 
mitochondria immobilization and consequent degradation [178]. RHOT1 is a mitochondrial 
kinesin adaptor protein that, upon mitochondrial damage, interacts with PINK1 and Parkin 
to target mitochondria for proteasomal degradation [179]. Consequently, abnormal levels of 
autophagy markers were found in brain tissue preparations from PD patients, both sporadic 
and early onset [180, 181]. This impairment in autophagy has been related to the decreased 
transport along microtubules and fusion of autophagic vesicles with the lysosomes rather 
than a defect in cell waste recognition by autophagy machinery [173]. Mitochondrial dysfunc-
tion is intimately connected to microtubule instability and, thus, autophagy impairment in PD 
models. In PD cybrids, intracellular transport of autophagosomes and mitochondria is com-
promised [173]. Accordingly, MPP+-treated cells have disrupted microtubule network and 
a decrease in mitochondrial trafficking [182]. Also, there are some data pointing that Parkin 
can bind to microtubules contributing to their stabilization, whereas ablation of Parkin causes 
reduced microtubule mass [183, 184]. Accumulation of non-degraded mitochondria and other 
autophagic substrates, such as SNCA aggregates, increments cell demise and contributes to 
Lewy body-like structure formation. Oxidative stress provoked by mitochondrial malfunc-
tioning is able to induce proteasomal subunit disassembly, leading to the accumulation of 
degrading substrates, such as ubiquitin [185], contributing to Lewy body formation and cell 
death. In fact, ubiquitin accumulation, impaired ubiquitin proteasome system (UPS) function 
and mitochondrial dysfunction have been proposed to be intimately associated [186].

3.2. Immune response in Parkinson’s disease

Despite PD is characterized by a slow and progressive degeneration of dopaminergic neu-
rons in the SNpc, the cause of this neuronal loss is still poorly understood. Nevertheless, 
neuroinflammatory mechanisms, such as microglial activation, astrogliosis and lymphocytic 
infiltration have been postulated to contribute to the cascade of events leading to neuronal 
degeneration [187].

A growing body of evidence suggests a role of autoimmune and neuroinflammatory mecha-
nisms in the etiopathogenesis of PD [188]. Peripheral immune responses can trigger inflam-
mation and exacerbate neurodegeneration in several neurodegenerative disorders including 
PD. Indeed, peripheral inflammation in early stages of disease appears to accompany the 
development of preclinical non-motor symptoms, including olfactory and gastrointesti-
nal dysfunction, providing a possible association between autoimmunity and PD [189]. 
Strikingly, chronic constipation, which occurs many years before the first motor symptoms of 
PD, is casually linked to peripheral inflammation [190].

Inflammation is a defense mechanism aimed at counteracting with diverse insults. In neu-
rodegenerative disorders, such as PD, inflammation could results from the activation of 
innate immunity by PAMPs; DAMPs or protein aggregates. Other than the activation of 
inflammatory responses, there is also the ability of the immune system to detect harmful 
agents. Mounting evidence indicates that dopaminergic cell death is influenced by the innate 
immune system and neuroinflammatory processes in PD. Soreq and coworkers described an 
altered expression of neuroimmune signaling-related transcripts in early stages of PD [191]. 
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Remarkably, epidemiological studies showed that non-steroidal anti-inflammatory drugs, 
such as ibuprofen lowers the risk of PD further supporting the contribution of inflammation 
to disease process [192–194]. Interestingly, the SNpc (main area affected in PD) exhibit high 
sensitivity to proinflammatory compounds, whereas the hippocampus appears to be more 
resistant, which can be explained due to the differences in the number of microglial cells 
between both areas [195]. In fact, numerous evidences that came from experimental PD mod-
els suggest that dopaminergic neurons are extremely vulnerable to inflammatory challenge 
[196, 197]. Moreover, stereotaxic injection of lipopolysaccharide (LPS, a Gram-negative bacte-
riotoxin that activates microglial cells) into the SNpc induced degeneration of dopaminergic 
neurons while sparing GABAergic and serotonergic neurons, suggesting selective dopami-
nergic neurons vulnerability to PAMPs [198].

There are several factors that may be underlying this selectivity. Dying neurons release sub-
stances that are recognized by glial cells, activating them, such as dopamine, neuromelanin 
and SNCA [199]. Dopamine seems to play a role in the inflammatory response induced by 
LPS, since depletion of this neurotransmitter prevents gliosis and reduces peripheral mac-
rophages infiltration and dopaminergic neuronal death induced by 6-hydroxydopamine 
(6-OHDA) [200]. Recently, Dominguez-Meijide and colleagues observed that the decrease in 
dopamine levels observed in early stages of PD promotes neuroinflammation and disease 
progression via glial renin-angiotensin system exacerbation [201]. Neuromelanin is able to 
activate microglia cells leading to neuroinflammatory processes and degeneration of dopa-
minergic neurons [202, 203]. Extracellular and misfolded SNCA prompts microglia activation 
and production of proinflammatory molecules [204–206].

Further support for a role of innate immunity activation in PD pathogenesis come from 
genetic studies showing that polymorphisms in some proinflammatory cytokines may influ-
ence the risk of developing PD. Indeed, there is an association between genetic variations in 
the human leukocyte antigen (HLA) region and sporadic PD [207, 208]. HLA isalso called 
human MHC molecules, which presentation activates CD+4 T cells and CD+8 cytotoxic 
lymphocytes. Remarkably, in a GWA study, several susceptibility loci have been identified 
as strong risk factors that are related to both innate and adaptive immune functions [209]. 
Moreover, PD-linked genes such as LRRK2 and SNCA are also known to stimulate inflamma-
tory responses and immunological regulation [210]. In fact, Harms and colleagues reported 
that accumulation of pathological SNCA in PD brain leads to T cell infiltration, microg-
lial activation and increased production of inflammatory cytokines and chemokines [211]. 
Furthermore, transgenic mice with overexpression of wild-type or mutated SNCA showed 
an early microglial activation [212, 213]. Beraud and colleagues demonstrated that misfolded 
SNCA directly activates microglia, inducing production and release of TNFα and increasing 
expression of Nfr2-dependent antioxidant enzymes [214]. Aggregated and nitrated SNCA 
also stimulates microglia activation triggering innate and adaptive immune responses [215]. 
Intranigral injection of SNCA resulted in the upregulation of mRNA expression of proinflam-
matory cytokines and the expression of endothelial markers of inflammation and microglial 
activation [216, 217]. Multiple immune cells show high levels of LRRK2 expression [218, 219]. 
R1441G LRRK2 mutation was shown to increase proinflammatory cytokine release from acti-
vated microglial cells [220, 221]. Moreover, LPS-mediated neuroinflammation is attenuated 
in murine lrrk2-knockdown brain microglia [222].
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The first evidence for a neuroinflammatory processes in PD came in 1988 when McGeer and 
co-workers observed the presence of activated microglial cells and inflammatory macrophages, 
as well as, proinflammatory cytokines in post-mortem brain samples of the SNpc of PD patients 
[223]. Similarly, Langston and coworkers reported an accumulation of activated microglia around 
dopaminergic neurons in post-mortem human brains with MPTP-induced parkinsonism [224]. 
Later, several authors corroborated this result and further observed the presence of other markers 
such as HLA-DP, HLA-DQ, HLADR (CR3/43), CD68 (EBM11, a low-density lipoprotein binding 
glycoprotein, equivalent to macrosialin in mice) and ferritin in the SNpc and putamen [225–227]. 
In addition, intercellularadhesion molecule-1-positive glia levels are also increased in the SNpc of 
PD brains, indicating activation of cells of the innate immune system, in particular, in areas with 
neuronal loss and extracellular melanin accumulation [228]. Furthermore, Damien and colleagues 
used glutathione peroxidase as an astrocytic marker and observed that the density of astrocytes in 
the SNpc is low when compared to the ventral tegmental area. This indicates that vulnerable neu-
rons in patients with PD have less surrounding astroglial cells and as a result reduced detoxifica-
tion of oxygen-free radicals by glutathione peroxidase [229]. McGeer and colleagues described 
for the first time the presence of cytotoxic T lymphocytes (CD8+) in the substantia nigra from one 
patient with PD [223]. Moreover, several reports found alterations in the population of blood T 
lymphocytes in PD patients [230–232]. In addition, cytotoxic infiltration of CD8+ and CD4+ T cells 
into the brain parenchyma of both post-mortem human PD specimens and in the MPTP mouse 
model of PD was described during the course of neuronal degeneration [233, 234]. Interestingly, 
these markers were not detected in the red nucleus suggesting that this infiltration is selective 
for the injured brain areas. Furthermore, these cells were in close contact with blood vessels and 
near to melanized dopaminergic neurons. These data indicate that cells migrate from the blood-
stream and suggest an interaction between the lymphocytes and the dopaminergic neurons dur-
ing the neurodegenerative process. Hence, alterations in the BBB might occur in the brains of PD 
patients. Not only during aging but also in PD, a BBB disruption can occur, leading to an invasion 
of immune cells, peripheral mediators, toxins and elements of adaptive immunity to the brain 
parenchyma potentiating the degenerative process [235]. Additionally, PD patients have increased 
permeability of the intestinal epithelial barrier and a chronic gut inflammation characterized by 
increased expression levels of proinflammatory cytokines and inflammatory markers [236, 237]. 
Moreover, several studies reported increase in TNFα, β2-microglobulin, epidermal growth fac-
tor (EGF), transforming growth factor α (TGFα), TGFβ1 and interleukins 1β, 6 and 2 levels in the 
striatum of PD patients and increasein TNFα, interleukin 1β and interferon γ levels in the SN of 
PD patients [238–243]. Interestingly, dopaminergic neurons express the receptors for these cyto-
kines, suggesting that they are sensitive to these cytokines [244, 245]. Proinflammatory cytokines, 
such as TNFα, interleukin 1β, and interferon γ, can induce the expression of the inducible form 
of nitric oxide synthase (iNOS) or cyclo-oxygenase 2 (COX2), which are known to produce toxic 
reactive species. To corroborate the previous studies, a CD23-mediated increase in iNOS in the 
SN of PD patients was found. Furthermore, enzymes that are involved in neuroinflammatory 
processes mediated by oxidative stress, such as NADPH oxidase, COX2 and myeloperoxidase, 
are also increased in PD patients [239, 246, 247]. This may indicate that the inflammation-derived 
oxidative stress could contribute to dopaminergic neuronal degeneration.

The results obtained in post-mortem studies were further corroborated by studies carried out in 
biological fluids (serum or CSF) of patients suffering from PD. Serum samples from PD patients 
indicated that the expression of certain cytokines such as IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, 
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TNFα, TNFR1 and RANTES is increased [248–254]. Interestingly, RANTES levels were corre-
lated with the severity and duration of the disease [255]. Additionally, studies analyzing CSF 
from PD patients reported proinflammatory changes such as the presence of TNFα [238] and 
interleukin 1β [225, 256, 257] and osteopontin (a member of the integrins family) [258]. Moreover, 
PET scan analysis also reported the presence of PK-11195 in PD samples, which is indicative of 
microglia activation [259, 260]. PET analysis using radioligand 11C-PK-11195 corroborated these 
results in the SNpc of sporadic PD patients within a year from clinical onset [261]. More recently, 
microglial activation in PD has been observed with PET by using [18F]-FEPPA [262]. Moreover, 
it was found a significantly increase numbers of T-helper 17 cells and myeloid-derived suppres-
sor cells in peripheral circulation in PD patients compared with controls [263]. This suggests that 
a microglial-mediated inflammatory process occurs early in PD process.

It has also been demonstrated that mitochondrial toxins, such as 6-OHDA, MPTP and rote-
none, trigger an immune reaction in the striatum and SNpc suggesting that a primary damage 
to the mitochondrial respiratory chain represents, per se, a trigger for microglial activation 
and neuroinflammatory processes [264–267]. This reaction includes activation of microglia 
and infiltration of CD4+ and CD8+ T cells. Rotenone administration was shown to cause 
microglial activation not only in rodent models [268] but also in human microglial cell lines 
[269]. Similarly, a significant increase in the number of activated microglial cells was detected 
in the brain of 6-OHDA rats, at both nigral and striatal areas [233, 270]. Moreover, in the same 
model CD+3, CD+4 and CD+8 T cells were abundant and migrated from blood vessels into 
the SNpc [271]. Additionally, in the brains of both monkeys and mice after systemic injection 
of MPTP, an activated microglia and infiltration of T-lymphocytes has been observed [197]. 
Microglial activation was also observed in mice that overexpress SNCA [213], in the SNpc and 
striatum of rats exposed to 6-OHDA [272, 273] and to MPTP [274].

Interestingly, intranigral or systemic injection of LPS in animals can selectively kill dopami-
nergic neurons [200, 275–279]. Furthermore, injection of LPS into pregnant female rats led to 
offspring with less and abnormal dopaminergic neurons and increased levels of TNFα in the 
striatum when compared to the controls [280]. Remarkably, the offspring in adulthood were 
also more susceptible to the effects of parkinsonian toxins than were the controls [281, 282]. 
Furthermore, the injection of other proinflammatory compounds such as thrombin within the 
SNpc also induced the death of dopaminergic neurons [283, 284]. These studies suggest that 
microglia-mediated inflammation underlies the neuronal cell death in the SNpc.

As previously mentioned, microglial cells when activated produce and release toxic oxygen-
derived and nitrogen-derived products, which rely on the regulated induction of several enzy-
matic systems such as NADPH oxidase and iNOS.Indeed, the expression of these biocatalytic 
systems within the SNpc is significantly increased in PD patient’s post-mortem samples as well 
as in PD animal models [239, 247]. Oxygen and nitrogen-derived products such as NO, O2

− and 
ONOO− can directly cross membranes and enter dopaminergic neurons, which can cause oxida-
tive damage in tyrosine hydroxylase decreasing its enzymatic activity and in SNCA promoting its 
aggregation [285, 286]. Additionally, activated microglia can release inflammatory cytokines and 
chemokines, such as TNFα, interleukin 1β and interferon,whichcan induce neurotoxicity via a 
direct mechanism through receptor binding on dopaminergic neurons or an indirect mechanism 
through glial-cell activation and expression of inflammatory factors. In fact, chronic adenoviral 
expression of TNFα in the SNpc of rats can cause time-dependent dopaminergic cell death [287].
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4. The interplay between mitochondria and innate immunity

In response to microbial infection, the mammalian innate immune system recognizes invad-
ing microorganisms and orchestrates a proinflammatory immune response to eliminate the 
undesired pathogens and infected cells. The sensing of the infection by the innate immune 
system is mediated by a variety of pattern recognition receptors (PRRs), which recognize 
molecular patterns conserved among microbial species known as PAMPs. For detailed infor-
mation regarding the different families of receptors, respective PAMPs recognition, and 
the intracellular signaling cascades triggered, see reference [288]. Interestingly, even in the 
absence of microbial infection, PRRs sense and orchestrate inflammatory responses through 
recognition of intracellular molecules known as DAMPs. DAMPs are endogenous molecules 
sequestered within cellular compartments of healthy cells, which, upon injury or stress, are 
released to trigger sterile proinflammatory immune responses.

Recent insights revealed that mitochondria are an important source of DAMPs. Interestingly, 
upon injury, both mtDNA and N-formylated peptides can act as DAMPs. This is due to the 
fact that mitochondria and bacteria display some similarities in that both possess circular 
DNA, N-formylated proteins and are double-membrane structures—evidence used in sup-
port of the endosymbiotic theory. mtDNA is similar to bacterial DNA in that it contains 
CpG motifs, which activate the TLR9 [289, 290]. Moreover, mitochondrial protein synthe-
sis is initiated with the residue N-formyl methionine, similar to bacterial protein synthesis 
[291]. The resulting bacterial N-formylated peptides are known to act as PAMPs by binding 
and activating G protein-coupled formyl peptide receptors (FPRs) [292], while the mitochon-
drial N-formylated peptides act as DAMPs through activation of the formyl peptide receptor 
1 [290]. Therefore, upon injury, release of these mitochondrial DAMPs activates the innate 
immune system, much like bacterial PAMPs, to promote sterile inflammatory responses [290].

Several studies have now described a crucial role for mitochondria in the regulation and activa-
tion of the inflammasome, specifically the NLRP3 inflammasome [293]. The inflammasomes 
are intracellular molecular platforms activated upon cellular infection or sterile stressors, which 
activate the proinflammatory cytokines, interleukin-1β (IL-1β) and IL-18, to trigger pyroptotic 
cell death (reviewed in [294, 295]). A variety of insults, resulting from cellular infection or stress, 
can promote mitochondrial dysfunction and activate the NLRP3 inflammasome [293]; however, 
the molecular mechanisms underlying the contribution of mitochondria to the activation of the 
NLRP3 inflammasome have only recently been described. While initial studies showed that 
mitochondrial dysfunction and mtROS production are required for NLRP3 inflammasome acti-
vation [296, 297], further evidence has shown that mtDNA translocation to the cytosol plays an 
active role in this process [297, 298], where it can directly bind to and activate the NRLP3 inflam-
masome [298]. In addition, the mitochondrial lipid cardiolipin—a phospholipid located exclu-
sively in mitochondrial inner and bacterial membranes, regarded as evidence for symbiogenesis 
[299, 300]—is also required for NLRP3 inflammasome activation, by directly binding to NLRP3, 
downstream of mitochondrial dysfunction [301]. Altogether, mitochondria and mitochondrial 
DAMPs (such as mtDNA and cardiolipin) play a critical role in NLRP3 inflammasome activa-
tion and regulation. Moreover, by sensing mitochondrial DAMPs, the NLRP3 inflammasome 
plays a critical role in integrating mitochondrial dysfunction in a proinflammatory signaling 
response, thus explaining the association of mitochondrial damage with inflammatory diseases.
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Despite the great number of studies describing mitochondria as a source of DAMPs during 
inflammation in the periphery, the potential for mitochondrial DAMPs to trigger, or exacer-
bate, inflammation in the brain is now being explored. In recent studies, this potential was 
tested by treating different brain cell types with mitochondrial components and measuring 
markers of inflammation afterwards. Neuronal and microglial cell lines exposed to mito-
chondrial lysates displayed increased markers of inflammation, with mtDNA being identi-
fied as the candidate DAMP responsible for the inflammatory changes [95]. While SH-SY5Y 
neuronal cells treated with mitochondrial lysates showed increased TNFα mRNA, decreased 
IκBα protein and increased NF-κB protein, microglial cells treated with mitochondrial lysates 
showed increased TNFα mRNA, increased IL-8 mRNA and redistribution of NF-κB to the 
nucleus [95]. In a different study, extracellular recombinant Tfam treatment of different mod-
els of human microglia, in combination with IFN-ϒ, was shown to induce secretions that 
were toxic to SH-SY5Y neuronal cells [302]. Recombinant Tfam treatment induced the expres-
sion of proinflammatory cytokines, such as IL-1β, IL-6 and IL-18, supporting the hypothesis 
that Tfam may also act as a proinflammatory intercellular signaling molecule recognized by 
brain microglia [302]. Moreover, mice injected with isolated mitochondria into the brain also 
revealed increased markers of inflammation such as increased Tnfα, increased NF-κB phos-
phorylation, increased GFAP protein and decreased Trem2 mRNA [94]. Despite these novel 
findings describing a role for extracellular mitochondrial DAMPs as proinflammatory signal-
ing molecules in the brain, little is known about the mechanisms by which mitochondria act 
as a transcellular signaling platforms in the CNS. Recent research revealed that neurons and 
astrocytes can exchange mitochondria as a potential mode of cell-to-cell signaling [303, 304]. 
Whilean initial study showed that retinal ganglion cell axons can transfer mitochondria to 
adjacent astrocytes for degradation [303], mitochondria can also be transferred from astrocytes 
to adjacent neurons during ischemia to amplify cell survival signals [304], thus representing 
a neuroprotective strategy or a more efficient way to dispose/recycle mitochondria. However, 
during neurodegeneration, increased disposal of damaged mitochondria by compromised 
neurons (e.g. due to compromised mitochondrial quality control mechanisms) or its inefficient 
uptake by the recipient astrocytes (e.g. due to the presence of extracellular protein aggregates) 
might result in extracellular accumulation of mitochondrial DAMPs and, as a result, exacer-
bating neuroinflammation. Further research is necessary to test this hypothesis and identify 
the PRRs in the brain that are responsible for recognizing extracellular mitochondrial DAMPs; 
nevertheless, these studies suggest that mitochondria play an active role in neuroglial cross-
talk during cellular homeostasis and stress.

5. Concluding comments

Although the innate immune system has specialized in the recognition of molecular pat-
terns foreign to the host cells, cellular injury or stress may result in the release of endogenous 
molecular patterns, which trigger sterile inflammatory responses. Given its bacterial origin, 
mitochondria display some similarities with bacteria and represent an important source of 
DAMPs (including lipids, nucleic acids and proteins) with immunostimulatory potential. 
While under healthy conditions these DAMPs are sequestered within mitochondria, patho-
logical insults resulting in mitochondrial and cellular damage promote the release of these 
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danger signals to cause inflammation mediated by the innate immune system. Recent studies 
have shown that mitochondrial DAMPs have the potential to mediate inflammatory signaling 
in the brain; therefore, its contribution to the neuroinflammatory process in neurodegenera-
tive disorders characterized by impaired mitochondrial function represents an emerging and 
promising field of research (Figure 1).

Further understanding of neuronal innate immunity-induced chronic mild neuroinflamma-
tion and its impact on age-related neurodegenerative disorders should focus on new studies 
addressing not only mitochondrial dysfunction and protein oligomerization but also mild 
inflammation, nutritional states, among others. The development of new biomarkers focus-
ing on the inflammatory process and the identification of protective inflammatory processes 
should be pursuit. Additionally, exploiting the effect of mutations, epigenetic and the micro-
biome on immune-related modifications affecting the AD and PD phenotypes will be of para-
mount relevance to understand etiology of both diseases.

Figure 1. Mitochondria are primary targets of cellular peptides, such as Aβ, tau and SNCA, overproduced during AD 
and PD pathogenesis. Damaged mitochondria are a source of DAMPs that activate the NLRP3 inflammasome and TLRs 
leading to the intraneuronal production of cytokines. These proinflammatory cytokines are released and activate innate 
immune response through microglia and astrocytes. This chronic inflammation impacts neurons exacerbating peptides 
formation and mitochondrial damage.
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danger signals to cause inflammation mediated by the innate immune system. Recent studies 
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in the brain; therefore, its contribution to the neuroinflammatory process in neurodegenera-
tive disorders characterized by impaired mitochondrial function represents an emerging and 
promising field of research (Figure 1).

Further understanding of neuronal innate immunity-induced chronic mild neuroinflamma-
tion and its impact on age-related neurodegenerative disorders should focus on new studies 
addressing not only mitochondrial dysfunction and protein oligomerization but also mild 
inflammation, nutritional states, among others. The development of new biomarkers focus-
ing on the inflammatory process and the identification of protective inflammatory processes 
should be pursuit. Additionally, exploiting the effect of mutations, epigenetic and the micro-
biome on immune-related modifications affecting the AD and PD phenotypes will be of para-
mount relevance to understand etiology of both diseases.

Figure 1. Mitochondria are primary targets of cellular peptides, such as Aβ, tau and SNCA, overproduced during AD 
and PD pathogenesis. Damaged mitochondria are a source of DAMPs that activate the NLRP3 inflammasome and TLRs 
leading to the intraneuronal production of cytokines. These proinflammatory cytokines are released and activate innate 
immune response through microglia and astrocytes. This chronic inflammation impacts neurons exacerbating peptides 
formation and mitochondrial damage.
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Abstract

Ischemic heart disease and stroke are the leading causes of death worldwide. Nonetheless, 
our understanding of the molecular mechanisms regulating cardiac and cerebral isch-
emic injury is very modest and our ability to develop therapies arresting and/or revers-
ing detrimental events that spread from the ischemic core to the surrounding tissue is 
limited. Ischemia occurs when oxygen is unavailable to tissues due to occlusion of an 
artery (myocardial infarction, stroke, and pulmonary embolism), hemorrhage, organ 
transplantation, or hypotension in septic shock. The mitochondrion is a key target of 
ischemia. Alterations in mitochondrial morphology, dynamics, and functions result in 
energy deficits and contribute to the pathogenesis of ischemic injury. Phosphorylations 
of mitochondrial proteins and protein kinases that mediate them are important regu-
lators of mitochondrial functions and tissue ATP levels. Thus, mitochondrial protein 
kinases could serve as targets for therapeutic interventions to mitigate the effects of isch-
emic injury. This will review the mitochondrial proteins regulated by phosphorylation, 
protein kinases mediating these reactions, and their implications in mitochondrial func-
tions in ischemia/reperfusion (I/R)-induced injury.

Keywords: protein kinases, phosphorylation, mitochondria, mitochondrial  
dysfunction, ischemia, reperfusion, injury, ATP, oxidative phosphorylation, electron 
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and organ storage, or hypotension in septic shock. Functional deficits caused by ischemia 
in major organs result in significant morbidity, disability, and mortality. Mitochondria are 
double-membrane-bound, dynamic organelles present in most eukaryotic cell types. They 
require large amounts of oxygen to generate ~90–95% of the total energy in oxidative phos-
phorylation occurring in a majority of cells [1]. Therefore, mitochondria are the key subcel-
lular targets of ischemia, which undergo pathological changes that trigger cellular and tissue 
damage when oxygen is unavailable. Mitochondria perform several major cellular functions 
including energy and intermediary metabolisms, several biosyntheses, regulation of calcium 
storage, and redox homeostasis [1]. They are also involved in signaling, cell cycle, growth, 
differentiation, and cell death by apoptosis [2].

2. Major mitochondrial targets of ischemia/reperfusion (I/R)

Proteins of the mitochondrial electron transport chain and oxidative phosphorylation are 
among the primary targets of ischemia and oxidative stress during reperfusion [3]. Decreases 
in activities of adenine nucleotide translocase (ANT) and ATP synthase are among the earli-
est events after the onset of cardiac ischemia [4–7]. Inhibition of NADH:ubiquinone dehy-
drogenase (complex I) and reduced cytochrome c content occur early during ischemia [5, 
8], whereas the damage to ubiquinol:cytochrome c oxidoreductase (complex III) and cyto-
chrome oxidase (complex IV) occurs in prolonged ischemia [5, 8]. Reduced activity of com-
plex I is primarily caused by decreases in NADH dehydrogenase activity [5, 9] due to, in 
part, oxidative damage to the flavin mononucleotide (FMN) prosthetic groups, which results 
in electron leakage, superoxide production, and the generation of reactive oxygen species 
(ROS) in ischemic tissues [5, 10]. Ischemia decreases the activity of complex III by inactivating 
the iron-sulfur center, which contributes to electron leakage and superoxide production, and 
exacerbates oxidative stress originating from complex I [11]. The voltage-dependent anion 
channel (VDAC) and proteins of the mitochondrial permeability transition (MPT) pore are 
also targeted by I/R, which disrupts the transport of ions and solutes and the membrane 
potential for ATP synthesis [12, 13].

Mitochondria are dynamic organelles that regularly undergo fission (fragmentation) and 
fusion (formation of a network of mitochondria) [14]. Fission is mediated by the dynamin-
related protein 1 (Drp1) and mitochondrial fission protein 1 (Fis1) [14]. Fusion is regulated 
by the mitofusins (Mfn1 and Mfn2) and the optic atrophy protein 1 (Opa1) [14]. Drp1 
and Opa1 are rapidly activated and translocated to mitochondria after ischemia in major 
organs. This promotes fission, the permeabilization of the mitochondrial outer membrane, 
and the release of proteins that initiate the intrinsic cascade of apoptosis [15, 16]. Inhibition 
of Drp1 inhibits fission and reduces cardiomyocyte death, the size of myocardial infarct, 
and acute kidney injury after ischemia [17]. Mitochondria also regulate the intrinsic cas-
cade of apoptosis, which is activated after the release of mitochondrial proteins. Therefore, 
preservation of mitochondrial integrity and function is crucial for organ protection against 
I/R injury.
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3. Phosphorylation of mitochondrial proteins as a regulatory mechanism 
of energy metabolism during ischemia/reperfusion

Numerous mitochondrial proteins (354 reported to date) are phosphoproteins that collectively 
contain 899 identified and 479 potential novel phosphorylation sites [18, 19]. Consequently, 
phosphorylation of mitochondrial proteins has emerged as an important mechanism involved 
in progressive damage of mitochondria in response to metabolic stresses including I/R and 
the status of these phosphorylations is key to understanding the regulation of mitochondrial 
functions in disease states [18, 19]. A number of protein kinases localize to mitochondria in 
response to I/R [19, 20]. Protein phosphorylations by these kinases produce differential out-
comes in different tissues depending on the phosphorylation site and the kinase involved. The 
key proteins of oxidative phosphorylation, TCA cycle, transport, and the cascade of intrinsic 
apoptosis are regulated by phosphorylation [19–23].

3.1. Phosphorylation of proteins involved in oxidative phosphorylation

The largest group of phosphorylation sites was found among proteins involved in oxidative 
phosphorylation: respiratory complexes, ATP synthase, ANT, and VDAC [18, 19].

4. NADH-ubiquinone oxidoreductase (complex I)

Dysfunction of complex I is the most common disorder of oxidative phosphorylation in 
humans. It is often due to defects of the subunit assembly to form the mature complex 
I. Complex I is a major mitochondrial target of I/R. Its activity decreases as early as 10 min-
utes into cardiac ischemia [24]. Our studies demonstrated that the activity of complex I in 
renal cortical mitochondria is decreased after renal ischemia [25]. Changes in the activity of 
complex I during I/R are also regulated by phosphorylation [4, 26]. Phosphorylations occur 
on several subunits of complex I. The NDUFA10 subunit is phosphorylated on S59 and S95 
[27]. The NDUFS4 and NDUFA10 subunits are phosphorylated by mitochondrial protein 
kinase A (PKA), which stimulates the activity of complex I [27–29]. Phosphorylations of 
subunit ESSS on S20 and subunit MWFE (NDUFA1) on S55 regulate complex I assembly. 
Blocking these phosphorylations inhibits assembly of subunits to form a mature complex I 
and reduces its activity [26, 30]. Tyrosine phosphorylation of the NDUFB10 subunit by Src 
kinases also increases the activity of complex I, possibly by increasing its affinity toward 
NADH or increasing assembly of subunits into the fully active complex I [31, 32]. The 
reduced assembly of subunits leads to decreased levels of complex I [32]. This adapta-
tion shifts fuel utilization from fuels that generate primarily NADH (carbohydrates) to 
fuels generating more FADH2 (fatty acids) oxidized by complex II. This shift may occur 
during nutritional restriction or after ischemic injury [32]. Further, complex I is primar-
ily assembled into mitochondrial super-complexes, which increases O2 consumption 
and reduces ROS production [33]. Cardiac I/R induces disintegration of mitochondrial  
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super-complexes, which reduces activity of the electron transport chain [34]. Thus, phos-
phorylation controls the formation, stability, and function of complex I and its assembly 
into super-complexes.

5. Succinate-ubiquinone oxidoreductase (complex II)

Complex II is an essential regulator of metabolic reprogramming and respiratory adaptation. 
Mitochondrial Src-type tyrosine kinase Fgr phosphorylates complex II on Y535, Y596, and 
Y604 when activated by ROS generated by I/R [32]. Phosphorylation of Y604 on the flavopro-
tein subunit of succinate dehydrogenase (FpSDH) increases activity of complex II and serves 
as a metabolic adaptation to increased ROS production [32, 34]. Fgr-mediated phosphoryla-
tion also reduces the protein levels of complex I, which alters the mitochondrial preference 
for fuel oxidation from NADH to FADH2, which increases the metabolic capacity of mito-
chondria to utilize alternative fuels when complex I is impaired [32]. Blocking phosphoryla-
tion of FpSDH on Y604 abolishes the capacity of mitochondria to adapt their metabolism 
after hypoxia/reoxygenation [32]. Mitochondrial phosphatases dephosphorylate Y604 and 
reverse this metabolic adaptation [32, 34]. In contrast, phosphorylation of FpSDH in cancer 
cells undergoing hypoxia decreases and dephosphorylation of FpSDH increases SDH activ-
ity [35]. Our data show that the activity of complex II in injured renal proximal tubular cells 
(RPTC) and in the ischemic kidney cortex is unchanged, whereas the activity of complex I is 
decreased [25, 36]. Supplementing the RPTC with succinate (complex II substrate) ameliorates 
mitochondrial dysfunction, ATP deficits, oxidative stress, and cell death after injury associ-
ated with the generation of ROS and oxidative stress [36].

6. Ubiquinol-cytochrome c oxidoreductase (complex III)

Phosphorylation has been implicated in the regulation of the Rieske iron-sulfur protein 
of complex III, which is a major target of ischemia and the decreases in its activity lead to 
increased superoxide production [37]. Several phosphorylation sites have been identified on 
the subunits of complex III. The tyrosines on the core subunit 1 of complex III are phosphory-
lated by the Src kinase family, but the functional consequence of this phosphorylation is not 
yet known [38]. The role of phosphorylation of Rieske iron-sulfur protein is not clear and it 
was suggested that it regulates the MPTP opening [37].

7. Cytochrome oxidase (complex IV)

To date, 14 phosphorylation sites have been mapped on complex IV [39]. Tyrosine phos-
phorylation of the specific subunits of complex IV can lead to both inhibition and activa-
tion of complex IV activity [39, 40]. Bender and Kadenbach have shown phosphorylation 
of complex IV subunits I, II/III, and Vb in vitro [41]. cAMP-dependent phosphorylation of 
Y304 on the catalytic subunit I inhibits, whereas tyrosine phosphorylation of subunit II by 
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c-Src kinase activates complex IV [41, 42]. The latter event is required for the normal func-
tion of cells, which are dependent on the efficient production of ATP to maintain their func-
tions [42]. Interestingly, phosphorylation of the same subunit by the receptor tyrosine kinase 
ERBb2 decreases the activity of complex IV and mitochondrial respiration [43, 44]. Complex 
IV activity is inhibited in a time-dependent manner after myocardial ischemia, which stimu-
lates multiple phosphorylations of complex IV: (1) subunit I on S115 and S116, (2) subunit 
IVi1 on T52, and (3) subunit Vb on S40 in the heart [38, 45]. These inhibitory phosphoryla-
tions are mediated by PKA and inhibition of PKA reduces I/R injury to the myocardial tissue 
[45]. Phosphorylation of subunit IV-1 on S58 by PKA increases the activity of complex IV by 
preventing allosteric inhibition of complex IV by ATP [46]. It was proposed that phosphoryla-
tion of S58 switches mitochondrial metabolism from energy utilization to energy storage in 
pathological conditions including I/R-induced injury [46].

8. Cytochrome c

Phosphorylations of serine, threonine, and 2 tyrosine residues have been mapped on cyto-
chrome c [39, 47]. Phosphorylation of T28 results in a partial inhibition of the electron trans-
port chain and respiration [48]. It was suggested that the other phosphorylations regulate the 
mobility of cytochrome c between complexes, its binding to cardiolipin, and the interaction 
with Apaf-1 during apoptosis [47].

9. ATP synthase (FoF1-ATPase)

Multiple and differential phosphorylations of ATP synthase have been reported in different 
organisms and tissues. Tyrosine phosphorylations of the ε-subunit (in the Fo domain) and 
the α- and δ-subunits of the F1 domain are mediated by Src kinase [49, 50]. The α and e sub-
units of FoF1-ATPase in mammalian brain are phosphorylated on S76 and Y32 [51]. The cat-
alytic β-subunit is extensively phosphorylated on S106, T107, T262/S263, T312, and T368 in 
mammalian cardiomyocytes, whereas in yeast, the β-subunit is phosphorylated on T58, S213, 
T262, and T318 [51]. These phosphorylations affect assembly of the F1 domain and reduce 
ATP synthase activity [51]. They occur in cardiac preconditioning, which offers protection 
against ischemia [51]. Phosphorylation of T213 on the β-subunit of skeletal muscle FoF1-ATPase 
downregulates its levels in vivo [6, 51]. We have shown serine phosphorylations on the α 
and/or β- and γ-subunits of ATP synthase in RPTC [52]. These phosphorylations are PKC-α-
dependent and preserve the levels of the γ-subunit and FoF1-ATPase activity in injured renal 
cells [52]. Phosphoproteomics demonstrated phosphorylation of S146 on the γ-subunit [52]. 
Phosphorylation of the γ-subunit is associated with the formation of ATP synthase dimers [52].

10. Adenine nucleotide translocase (ANT)

ANT, an antiporter embedded in the inner mitochondrial membrane that facilitates the 
exchange of ADP and ATP, is one of the most abundant mitochondrial proteins and a primary 
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target of ischemia [5, 53]. The four human isoforms, ANT1, 2, 3, and 4, are phosphorylated 
on tyrosines [49]. Phosphorylation of ANT on Y194 and Y190 alters the activity of ADP/ATP 
translocase and the transport of both nucleotides in the brain [49]. Phosphorylation of ANT1 
at Y194 in cardiac tissue is diminished by I/R but maintained by pre- and post-conditioning, 
which suggests that this phosphorylation plays a protective role against ischemia in the heart 
and could improve tolerance against injury [54]. Although this phosphorylation improves 
respiration and mitochondrial function, it is not known whether phosphorylation of Y194 is 
sufficient for protection of cardiomyocytes from I/R-induced injury [54]. A binding of phos-
phorylated (inactive) glycogen synthase kinase-3β (GSK-3β) to ANT was also shown, but it is 
unclear whether GSK-3β directly phosphorylates ANT [55].

11. Voltage-dependent anion channel (VDAC)

VDAC, a channel protein localized to the outer mitochondrial membrane, conducts a variety 
of small metabolites (NAD+/NADH, ADP, and ATP) and ions across the outer membrane and 
is a key regulator of energy metabolism [56]. VDAC forms a complex with ANT, which facili-
tates influx of ADP into mitochondria and the efflux of ATP to the cytoplasm [56–58]. VDAC1 
closure leads to hyperpolarization of mitochondria, disruption of ADP/ATP exchange, 
decrease in ATP synthesis, and metabolic dysfunction, and rupture of mitochondria [56–58]. 
The four known VDAC isoforms present in the outer mitochondrial membrane are phos-
phorylated on multiple serines and threonines [21, 22]. A total of 19 distinct phosphorylations 
were identified in VDAC isoforms [21, 65]. These phosphorylations are mediated by different 
kinases including PKA, PKC, tyrosine kinase, hexokinase, GSK-3β, Akt, JNK3, and p38 [59]. 
The phosphorylation of neuronal and hepatic VDAC1 by PKA and ischemia-activated GSK-3β 
and JNK induces its closure, disrupts formation of the complex with ANT, and decreases ATP 
synthesis [59]. In contrast, phosphorylation of cardiac VDAC1 by protein kinase C-ε (PKC-ε) 
promotes formation of the VDAC-ANT complex, prevents the opening of MPTP, and protects 
mitochondrial integrity after I/R injury [60]. Phosphorylation of VDAC1 by never-in-mitosis 
A related kinase 1 (Nek1) on S193 closes the channel in RPTC, blocks release of cytochrome c, 
and prevents cell death by apoptosis [61]

11.1. Phosphorylation of enzymes of the tricarboxylic acid cycle (TCA)

Phosphoproteomic analyses revealed that most enzymes of the TCA cycle are phosphory-
lated/dephosphorylated [62]. These include aconitase, isocitrate and oxo-ketoglutarate dehy-
drogenases, succinyl-coenzyme A synthetase, succinate dehydrogenase, fumarate hydratase, 
and mitochondrial malate dehydrogenase [62, 63]. Although the functional role of these phos-
phorylations and the protein kinases that mediate them are not yet known, data suggest that 
phosphorylation regulates the activity of these enzymes.

11.2. Pyruvate dehydrogenase complex (PDC)

PDC is composed of multiple copies of three distinct enzymes: (1) pyruvate dehydrogenase 
(E1), dihydrolipoyl transacetylase (E2), and dihydrolipoyl dehydrogenase (E3), which form 
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a large complex. PDC is the rate-limiting enzyme in the oxidative metabolism of all carbohy-
drates and its activity is tightly regulated by multiple mechanisms including phosphoryla-
tion. Phosphorylation of the PDC by the pyruvate dehydrogenase kinase (PDK) inactivates 
the complex [64]. The α-subunit of the E1 is phosphorylated at multiple sites, but the most 
known are phosphorylations of three distinct serines [64]. Although phosphorylation at any 
of these serines is sufficient to inhibit the activity of PDC, the S293 residue has the highest 
affinity for phosphate, and phosphorylation of this serine has the greatest impact on the inhi-
bition of activity of PDC [64, 65]. I/R-induced injury in cardiac tissue is associated with a 4–5-
fold decrease in the phosphorylation of S293, which results in the activation of PDC [64]. PDC 
activation protects against ischemic injury and improves cardiac efficiency and contractile 
capacity in the postischemic heart [65].

11.3. Proteins involved in mitochondrial dynamics

Mitochondrial morphology is dynamically changed by the balance between fusion and fission 
(fragmentation). Phosphorylations of GTPases, Drp1, Mfn1/2, and Opa1 regulate mitochon-
drial fission and fusion [66]. Phosphorylation of fission-inducing Drp1 on S616 and S637 can be 
mediated by cyclin-dependent kinase (cdk)-1, cdk-5, PKA, PKC-δ, and extracellular signal reg-
ulated kinase-2 (ERK-2) [66–71]. Phosphorylation of Drp1 at S616 by cdk-1, PKC-δ, and ERK-2 
promotes Drp1 translocation to mitochondria and fission whereas phosphorylation of S637 by 
PKA inhibits Drp1 and mitochondrial fission [67–71]. We have demonstrated that activation of 
PKC-ε induces the translocation of Drp1 to mitochondria, mitochondrial fission and apoptosis 
in non-injured RPTC [72]. Drp1-dependent mitochondrial fission is associated with mitochon-
drial outer membrane permeabilization and apoptosis, whereas elongation of the mitochon-
dria through fusion promotes ATP synthesis and prevents mitochondrial autophagy. When 
phosphorylated by ERK, Mfn1 has decreased ability to oligomerize and tether mitochondria, 
which inhibits their fusion, recruitment of Bak to the mitochondria, and apoptosis [73]. Mfn2 is 
phosphorylated on T111 and S442 by PTEN-induced putative kinase protein 1 (PINK1), which 
recruits the protein Parkin to depolarized mitochondria and eliminates them by mitophagy 
[74]. Disruption in the balance between fission and fusion occurs in pathological conditions 
including I/R, which increases phosphorylation of Drp1, its translocation to mitochondria, and 
mitochondrial fission in the heart and brain [75]. Inhibition of Drp1 protects the heart and brain 
against ischemia and has been proposed as a therapeutic target following cardiac arrest [76].

11.4. Proteins of the intrinsic apoptotic cascade

Mitochondrial proteins involved in the intrinsic apoptosis include Bcl-2 family members, AIF, 
Smac/DIABLO, cytochrome c, and Omi/Htra2. With an exception of one, all are regulated by 
phosphorylation [20]. Phosphorylation of Bcl-2 at S70 is required to prevent permeabilization 
of the mitochondrial outer membrane and for Bcl-2’s anti-apoptotic activity [77]. Several pro-
tein kinases serve as Bcl-2 kinases to inhibit (JNK, p38, and GSK-3) or activate (Akt, PKA, and 
PKC-α) Bcl-2 [77]. Cardiac and neuronal tissues are protected against I/R when Bcl-2 is active 
[78–80]. Ischemia-induced acute kidney injury upregulates Bcl-2 and Bcl-XL in the distal and 
Bax in the proximal tubules [80]. Pro-apoptotic Bax, Bak, Bad, and Bid are phosphorylated on 
serines and tyrosines, which controls their insertion into the outer mitochondrial membrane 
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target of ischemia [5, 53]. The four human isoforms, ANT1, 2, 3, and 4, are phosphorylated 
on tyrosines [49]. Phosphorylation of ANT on Y194 and Y190 alters the activity of ADP/ATP 
translocase and the transport of both nucleotides in the brain [49]. Phosphorylation of ANT1 
at Y194 in cardiac tissue is diminished by I/R but maintained by pre- and post-conditioning, 
which suggests that this phosphorylation plays a protective role against ischemia in the heart 
and could improve tolerance against injury [54]. Although this phosphorylation improves 
respiration and mitochondrial function, it is not known whether phosphorylation of Y194 is 
sufficient for protection of cardiomyocytes from I/R-induced injury [54]. A binding of phos-
phorylated (inactive) glycogen synthase kinase-3β (GSK-3β) to ANT was also shown, but it is 
unclear whether GSK-3β directly phosphorylates ANT [55].
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11.2. Pyruvate dehydrogenase complex (PDC)

PDC is composed of multiple copies of three distinct enzymes: (1) pyruvate dehydrogenase 
(E1), dihydrolipoyl transacetylase (E2), and dihydrolipoyl dehydrogenase (E3), which form 
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a large complex. PDC is the rate-limiting enzyme in the oxidative metabolism of all carbohy-
drates and its activity is tightly regulated by multiple mechanisms including phosphoryla-
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of these serines is sufficient to inhibit the activity of PDC, the S293 residue has the highest 
affinity for phosphate, and phosphorylation of this serine has the greatest impact on the inhi-
bition of activity of PDC [64, 65]. I/R-induced injury in cardiac tissue is associated with a 4–5-
fold decrease in the phosphorylation of S293, which results in the activation of PDC [64]. PDC 
activation protects against ischemic injury and improves cardiac efficiency and contractile 
capacity in the postischemic heart [65].

11.3. Proteins involved in mitochondrial dynamics

Mitochondrial morphology is dynamically changed by the balance between fusion and fission 
(fragmentation). Phosphorylations of GTPases, Drp1, Mfn1/2, and Opa1 regulate mitochon-
drial fission and fusion [66]. Phosphorylation of fission-inducing Drp1 on S616 and S637 can be 
mediated by cyclin-dependent kinase (cdk)-1, cdk-5, PKA, PKC-δ, and extracellular signal reg-
ulated kinase-2 (ERK-2) [66–71]. Phosphorylation of Drp1 at S616 by cdk-1, PKC-δ, and ERK-2 
promotes Drp1 translocation to mitochondria and fission whereas phosphorylation of S637 by 
PKA inhibits Drp1 and mitochondrial fission [67–71]. We have demonstrated that activation of 
PKC-ε induces the translocation of Drp1 to mitochondria, mitochondrial fission and apoptosis 
in non-injured RPTC [72]. Drp1-dependent mitochondrial fission is associated with mitochon-
drial outer membrane permeabilization and apoptosis, whereas elongation of the mitochon-
dria through fusion promotes ATP synthesis and prevents mitochondrial autophagy. When 
phosphorylated by ERK, Mfn1 has decreased ability to oligomerize and tether mitochondria, 
which inhibits their fusion, recruitment of Bak to the mitochondria, and apoptosis [73]. Mfn2 is 
phosphorylated on T111 and S442 by PTEN-induced putative kinase protein 1 (PINK1), which 
recruits the protein Parkin to depolarized mitochondria and eliminates them by mitophagy 
[74]. Disruption in the balance between fission and fusion occurs in pathological conditions 
including I/R, which increases phosphorylation of Drp1, its translocation to mitochondria, and 
mitochondrial fission in the heart and brain [75]. Inhibition of Drp1 protects the heart and brain 
against ischemia and has been proposed as a therapeutic target following cardiac arrest [76].

11.4. Proteins of the intrinsic apoptotic cascade

Mitochondrial proteins involved in the intrinsic apoptosis include Bcl-2 family members, AIF, 
Smac/DIABLO, cytochrome c, and Omi/Htra2. With an exception of one, all are regulated by 
phosphorylation [20]. Phosphorylation of Bcl-2 at S70 is required to prevent permeabilization 
of the mitochondrial outer membrane and for Bcl-2’s anti-apoptotic activity [77]. Several pro-
tein kinases serve as Bcl-2 kinases to inhibit (JNK, p38, and GSK-3) or activate (Akt, PKA, and 
PKC-α) Bcl-2 [77]. Cardiac and neuronal tissues are protected against I/R when Bcl-2 is active 
[78–80]. Ischemia-induced acute kidney injury upregulates Bcl-2 and Bcl-XL in the distal and 
Bax in the proximal tubules [80]. Pro-apoptotic Bax, Bak, Bad, and Bid are phosphorylated on 
serines and tyrosines, which controls their insertion into the outer mitochondrial membrane 
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and formation of pores that mediate the release of pro-apoptotic AIF, Smac, and cytochrome c 
from the mitochondria [81]. Smac is phosphorylated by JNK3, which decreases its pro-apop-
totic actions [81]. Phosphorylation of Y97 and Y48 on cytochrome c regulates its capacity to 
form the apoptosome and activate caspase-9 [81]. Thus, phosphorylation of specific amino 
acids on a mitochondrial protein determines the fate of mitochondria by protecting their 
integrity and functions or inducing MPT and apoptosis.

12. Role of protein kinases in regulating mitochondrial functions in 
ischemia/reperfusion

Ischemia rapidly changes activities of different protein kinases including the calcium/calmod-
ulin-dependent protein kinase II (CaMK-II), PKA, protein kinase B (PKB/Akt), PKC, Raf-1, 
ERK1/2, c-jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (p38 MAPK), 
GSK3-β, PINK1, and tyrosine kinases, which suggests their involvement in I/R injury.

12.1. Protein kinases regulating large dehydrogenase complexes

A specific family of protein kinases is exclusively present in the mitochondrial matrix of 
eukaryotic cells. These kinases have different sequences from the cytosolic protein kinases 
and they phosphorylate and inactivate large enzymatic complexes in the mitochondrial 
matrix, the branched-chain α-ketoacid dehydrogenase complex and pyruvate dehydrogenase 
complex, PDC. Perturbations in PDC activity result in energy deficits, neuronal dysfunction, 
and brain injury, such as those observed in stroke. Phosphorylation of the E1 α-subunit of 
PDC by PDK isozymes inhibits, whereas dephosphorylation increases PDC activity [82]. 
Cardiac and cerebral ischemia has no effect on the activity of PDC; however, reperfusion 
results in a fast decline in PDC activity in the brain [83]. Increased expression of PDK2 fol-
lowing traumatic brain injury may maintain E1 in the hyperphosphorylated (inactive) state, 
which impairs glucose oxidation after stroke and traumatic brain injuries [83]. Further, reper-
fusion-induced oxidative stress activates PKC-δ, which translocates to mitochondria and acti-
vates PDK2 leading to inhibition of E1 activity [84]. The inhibition of PDK during reperfusion 
restores PDC activity and decreases brain injury, demonstrating that phosphorylation by 
PDK2 mediates inhibition of PDC activity [85]. Infusion of the specific peptide inhibitor of 
PKC-δ, Tat-δV1-1, prevents the translocation of PKC-δ to mitochondria and maintains PDC 
activity [84]. Isozymes of PDK are considered attractive targets for therapies to improve PDC 
activity to diminish the detrimental effects of I/R in tissues that depend on metabolism of 
glucose, such as neuronal and cardiac tissues.

12.2. Serine/threonine kinases in regulation of mitochondrial functions in ischemia/
reperfusion

12.2.1. Protein kinase A

PKA is activated by a signaling pathway originating from G-protein receptors, which pro-
duces cAMP. The association of PKA with mammalian mitochondria was documented four 
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decades ago [86]. Mitochondrial PKA is present in the outer and inner mitochondrial mem-
branes as well as in the mitochondrial matrix [28, 87]. Several mitochondrial substrates of 
PKA with distinct tissue-specific responses have been identified. During myocardial I/R, PKA 
is activated by increased levels of ROS and translocates to mitochondria [88]. The increase in 
activity of mitochondrial PKA is independent of mitochondrial levels of cAMP and is due to 
increased sequestration of the catalytic α-subunit in the mitochondrial matrix [88]. The pres-
ence of the catalytic α-subunit of PKA results in phosphorylation of subunits I (on S115 and 
S116), IVi1 (on T52), and Vb (on S40) of complex IV, followed by their degradation and the 
loss of activity [38, 40, 88]. Because the identified phosphorylation sites on complex IV are 
not within PKA consensus sites, it was proposed that PKA activation plays an indirect role in 
the loss of complex IV activity during myocardial ischemia [39]. These changes are sufficient 
to disrupt the function of mitochondrial respirasome and increase production of ROS [88]. 
PKA-mediated phosphorylation regulates ischemia-induced dysfunction of complex IV [38, 
45, 88]. Ca2+ influx activated by PKA in cardiomyocytes induces mitochondrial permeability 
transition, which stimulates caspase-9 and apoptosis [89]. Inhibition of PKA prevents the loss 
of activity of complex IV during cardiac I/R, promotes postischemic cardiac contractile recov-
ery, and decreases the infarct size in the ischemic heart [38, 45, 90]. Thus, PKA inhibitors could 
serve as candidates for cardioprotective agents [87, 89]. PKA also phosphorylates NDUFS4 
and NDUFA10 subunits of complex I and this phosphorylation stimulates the activity of com-
plex I and complex I-driven respiration [28, 29, 91]. Finally, Hsp20, which localizes to mito-
chondria and is expressed at high levels in cardiac, skeletal, and vascular smooth muscle, is 
regulated by the β-adrenergic/PKA signaling pathway [92]. PKA-mediated phosphorylation 
of Hsp20 on S16 increases in ischaemic myocardium and is cardioprotective [92].

In contrast, the activation of PKA during liver IR is cAMP-dependent and plays a protective 
role against liver injury [93]. The cAMP that activates mitochondrial PKA does not origi-
nate from membrane-bound adenylyl cyclase activated by the Gα protein, but is produced 
inside mitochondria by the carbon dioxide/bicarbonate-regulated soluble adenylyl cyclase in 
response to metabolically generated carbon dioxide [93]. Mitochondrial PKA regulates mito-
chondrial biogenesis, normalizes ROS production, and activates complex IV [46]. Inhibition 
of PKA exacerbates hepatocellular damage, whereas increasing cAMP levels to activate PKA 
protects the ischemic liver from injury [93]. PKA activation diminishes neutrophil and mac-
rophage infiltration into ischemic liver tissue, reduces production of tumor necrosis factor 
α, interleukin (IL)-6, and IL-12 by macrophages, increases IL-10 expression, and prevents 
hepatocyte death [93]. Thus, PKA activation reduces the inflammatory response associated 
with reperfusion after liver ischemia. Because ischemia is an inherent component of liver 
transplantation, activation of PKA was proposed as a rationale for novel therapies to combat 
I/R injury and protect transplants [94]. However, increased cAMP levels in the liver in vivo 
inhibit complex IV due to phosphorylation of Y304 [41]. Because PKA is not a tyrosine kinase, 
it was proposed that PKA activates a downstream tyrosine kinase, which phosphorylates and 
inactivates complex IV [41]. Therefore, attempts aimed at activating PKA to protect the liver 
against ischemia should be treated with great caution.

PKA dysregulation has been implicated in several neurodegenerative disorders. PKA-
dependent pathways in different regions of the brain play a role in pathogenesis and cogni-
tive decline in Alzheimer and Parkinson’s diseases [94]. The acute phase of cerebral ischemia 
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and formation of pores that mediate the release of pro-apoptotic AIF, Smac, and cytochrome c 
from the mitochondria [81]. Smac is phosphorylated by JNK3, which decreases its pro-apop-
totic actions [81]. Phosphorylation of Y97 and Y48 on cytochrome c regulates its capacity to 
form the apoptosome and activate caspase-9 [81]. Thus, phosphorylation of specific amino 
acids on a mitochondrial protein determines the fate of mitochondria by protecting their 
integrity and functions or inducing MPT and apoptosis.

12. Role of protein kinases in regulating mitochondrial functions in 
ischemia/reperfusion

Ischemia rapidly changes activities of different protein kinases including the calcium/calmod-
ulin-dependent protein kinase II (CaMK-II), PKA, protein kinase B (PKB/Akt), PKC, Raf-1, 
ERK1/2, c-jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase (p38 MAPK), 
GSK3-β, PINK1, and tyrosine kinases, which suggests their involvement in I/R injury.

12.1. Protein kinases regulating large dehydrogenase complexes

A specific family of protein kinases is exclusively present in the mitochondrial matrix of 
eukaryotic cells. These kinases have different sequences from the cytosolic protein kinases 
and they phosphorylate and inactivate large enzymatic complexes in the mitochondrial 
matrix, the branched-chain α-ketoacid dehydrogenase complex and pyruvate dehydrogenase 
complex, PDC. Perturbations in PDC activity result in energy deficits, neuronal dysfunction, 
and brain injury, such as those observed in stroke. Phosphorylation of the E1 α-subunit of 
PDC by PDK isozymes inhibits, whereas dephosphorylation increases PDC activity [82]. 
Cardiac and cerebral ischemia has no effect on the activity of PDC; however, reperfusion 
results in a fast decline in PDC activity in the brain [83]. Increased expression of PDK2 fol-
lowing traumatic brain injury may maintain E1 in the hyperphosphorylated (inactive) state, 
which impairs glucose oxidation after stroke and traumatic brain injuries [83]. Further, reper-
fusion-induced oxidative stress activates PKC-δ, which translocates to mitochondria and acti-
vates PDK2 leading to inhibition of E1 activity [84]. The inhibition of PDK during reperfusion 
restores PDC activity and decreases brain injury, demonstrating that phosphorylation by 
PDK2 mediates inhibition of PDC activity [85]. Infusion of the specific peptide inhibitor of 
PKC-δ, Tat-δV1-1, prevents the translocation of PKC-δ to mitochondria and maintains PDC 
activity [84]. Isozymes of PDK are considered attractive targets for therapies to improve PDC 
activity to diminish the detrimental effects of I/R in tissues that depend on metabolism of 
glucose, such as neuronal and cardiac tissues.

12.2. Serine/threonine kinases in regulation of mitochondrial functions in ischemia/
reperfusion

12.2.1. Protein kinase A

PKA is activated by a signaling pathway originating from G-protein receptors, which pro-
duces cAMP. The association of PKA with mammalian mitochondria was documented four 
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decades ago [86]. Mitochondrial PKA is present in the outer and inner mitochondrial mem-
branes as well as in the mitochondrial matrix [28, 87]. Several mitochondrial substrates of 
PKA with distinct tissue-specific responses have been identified. During myocardial I/R, PKA 
is activated by increased levels of ROS and translocates to mitochondria [88]. The increase in 
activity of mitochondrial PKA is independent of mitochondrial levels of cAMP and is due to 
increased sequestration of the catalytic α-subunit in the mitochondrial matrix [88]. The pres-
ence of the catalytic α-subunit of PKA results in phosphorylation of subunits I (on S115 and 
S116), IVi1 (on T52), and Vb (on S40) of complex IV, followed by their degradation and the 
loss of activity [38, 40, 88]. Because the identified phosphorylation sites on complex IV are 
not within PKA consensus sites, it was proposed that PKA activation plays an indirect role in 
the loss of complex IV activity during myocardial ischemia [39]. These changes are sufficient 
to disrupt the function of mitochondrial respirasome and increase production of ROS [88]. 
PKA-mediated phosphorylation regulates ischemia-induced dysfunction of complex IV [38, 
45, 88]. Ca2+ influx activated by PKA in cardiomyocytes induces mitochondrial permeability 
transition, which stimulates caspase-9 and apoptosis [89]. Inhibition of PKA prevents the loss 
of activity of complex IV during cardiac I/R, promotes postischemic cardiac contractile recov-
ery, and decreases the infarct size in the ischemic heart [38, 45, 90]. Thus, PKA inhibitors could 
serve as candidates for cardioprotective agents [87, 89]. PKA also phosphorylates NDUFS4 
and NDUFA10 subunits of complex I and this phosphorylation stimulates the activity of com-
plex I and complex I-driven respiration [28, 29, 91]. Finally, Hsp20, which localizes to mito-
chondria and is expressed at high levels in cardiac, skeletal, and vascular smooth muscle, is 
regulated by the β-adrenergic/PKA signaling pathway [92]. PKA-mediated phosphorylation 
of Hsp20 on S16 increases in ischaemic myocardium and is cardioprotective [92].

In contrast, the activation of PKA during liver IR is cAMP-dependent and plays a protective 
role against liver injury [93]. The cAMP that activates mitochondrial PKA does not origi-
nate from membrane-bound adenylyl cyclase activated by the Gα protein, but is produced 
inside mitochondria by the carbon dioxide/bicarbonate-regulated soluble adenylyl cyclase in 
response to metabolically generated carbon dioxide [93]. Mitochondrial PKA regulates mito-
chondrial biogenesis, normalizes ROS production, and activates complex IV [46]. Inhibition 
of PKA exacerbates hepatocellular damage, whereas increasing cAMP levels to activate PKA 
protects the ischemic liver from injury [93]. PKA activation diminishes neutrophil and mac-
rophage infiltration into ischemic liver tissue, reduces production of tumor necrosis factor 
α, interleukin (IL)-6, and IL-12 by macrophages, increases IL-10 expression, and prevents 
hepatocyte death [93]. Thus, PKA activation reduces the inflammatory response associated 
with reperfusion after liver ischemia. Because ischemia is an inherent component of liver 
transplantation, activation of PKA was proposed as a rationale for novel therapies to combat 
I/R injury and protect transplants [94]. However, increased cAMP levels in the liver in vivo 
inhibit complex IV due to phosphorylation of Y304 [41]. Because PKA is not a tyrosine kinase, 
it was proposed that PKA activates a downstream tyrosine kinase, which phosphorylates and 
inactivates complex IV [41]. Therefore, attempts aimed at activating PKA to protect the liver 
against ischemia should be treated with great caution.

PKA dysregulation has been implicated in several neurodegenerative disorders. PKA-
dependent pathways in different regions of the brain play a role in pathogenesis and cogni-
tive decline in Alzheimer and Parkinson’s diseases [94]. The acute phase of cerebral ischemia 
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is accompanied by decreases in affinity of PKA for cAMP and PKA activity [94]. In contrast, 
the peri-ischemic and less-injured areas exhibit increased PKA-mediated phosphorylation 
compared to the ischemic core, which suggests that active PKA is associated with the survival 
of neuronal tissue [94]. Derangement of cAMP-dependent signal transduction is associated 
with ischemic neuronal damage and activation of the PKA is important for neuronal survival 
in acute cerebral ischemia [94]. Phosphorylation of Bad at S155 by mitochondria-anchored 
PKA leads to cytosolic sequestration of Bad and blocks its mitochondrial translocation, the 
release of cytochrome c, and neuronal apoptosis [77]. Also, PKA-mediated phosphoryla-
tion of Drp1 at S637 blocks its translocation to mitochondria and their fission and promotes 
mitochondrial fusion. In hippocampal neurons, expression of a constitutively active catalytic 
subunit of PKA targeted to the mitochondrion promotes the fusion of mitochondria into net-
works [95]. Finally, PKA suppresses autophagy and mitochondrial degradation in neurons by 
phosphorylating and inhibiting the microtubule-associated protein 1A/1B-light chain 3 (LC3) 
and increases neurite outgrowth [94, 96].

12.2.2. Protein kinase B (PKB/Akt)

Akt can localize to the mitochondrial matrix and the inner and outer membranes of cardiac, 
neuronal, and kidney cells [97, 98]. Protein levels of mitochondrial Akt are regulated by a 
variety of extracellular signals and stresses, which induce rapid translocation of active (phos-
phorylated) Akt to the mitochondria [97, 98]. Mitochondrial localization of Akt is associated 
with cardioprotection against ischemic injury and renoprotective actions against chemical 
toxicity [97–100]. The cardioprotective effect of mitochondrial Akt is attributed to its action 
on mitoK(ATP) channels and to decreasing apoptosis [99]. Akt phosphorylates pro-apoptotic 
Bad on S136 and Bax on S184, and prevents MPT in neuronal cells [101]. Phosphorylated Bad 
associates with 14-3-3 proteins in the cytosol and cannot form complexes with mitochon-
drial Bcl-2/Bcl-XL to induce permeabilization of the mitochondrial outer membrane and MPT 
[101]. Bax phosphorylation by Akt promotes dimerization of Bax with Bcl-XL or Mcl-1 pro-
teins, which sequesters Bax away from mitochondria and prevents their permeabilization and 
apoptosis [101]. Akt prevents the MPT in cardiomyocytes by phosphorylating hexokinase II, 
stabilizing it in the outer mitochondrial membrane, and promoting its binding to VDAC [102]. 
Inhibition of Akt or targeted disruption of the association of hexokinase II with mitochondria 
abolishes cardioprotection [102].

We have identified mitochondria as a subcellular target of protective actions of Akt against 
necrosis in injured RPTC [98]. Mitochondrial levels of active Akt decrease in injured RPTC 
and this is associated with mitochondrial dysfunction [98, 100]. Selective activation of Akt 
increases the levels of Akt in mitochondria, improves state 3 respiration, activities of com-
plexes I and III and F0F1-ATPase (ATP synthase), and the mitochondrial membrane poten-
tial (ΔΨm), increases ATP production, and reduces ATP deficits [100]. Selective inhibition of 
Akt exacerbates mitochondrial dysfunction, energy deficits, and necrosis in injured RPTC 
[100]. These results are consistent with a report that Akt phosphorylates the β-subunit of ATP 
synthase and improves its activity and increases ATP production to prevent energy deficits 
in injured cells [97]. Also, active Akt increases activity of PDC and oxidative metabolism of 
carbohydrates by inhibiting phosphorylation of PDC by GSK-3β [103]. Thus, signals from cell 
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membrane receptors or those generated by metabolic stress have a rapid effect on Akt activa-
tion status in mitochondria. Akt could serve as a therapeutic target promoting mitochondrial 
functions in ischemic organs. However, the application is complicated by the fact that Akt 
promotes tumor formation by blocking apoptosis.

12.2.3. Protein kinase C

PKC plays a key role in mediating I/R injury in the brain, heart, and kidneys; however, eluci-
dation of this role is complicated due to the presence of 11 distinct PKC isozymes, which have 
unique tissue and cellular localizations and often play quite opposite roles in ischemic injury 
even within the same organ. Alterations in PKC activity or subcellular localization during 
ischemia occur in the brain, heart, liver, and kidney [25, 104–106]. Major isozymes of PKC (α, 
β, γ, δ, ε) translocate to mitochondria in response to ischemia and/or reperfusion and oxida-
tive stress, and have been implicated in regulating mitochondrial functions in ischemic and 
postischemic tissues [104]. The classical PKC isozymes (α, β, γ) are dependent on Ca2+ and 
1,2-diacylglycerol, and ischemia increases the levels of both activators through the stimulation 
of phospholipase C. PKC-α activation has been implicated in ischemia-induced heart failure 
and cerebral barrier breakdown after ischemic stroke [107, 108]. PKC-α inhibition or deletion 
protects the heart from decompensation and cardiomyopathy and attenuates cerebral barrier 
breakdown after ischemia [107, 108]. In contrast, PKC-α translocation to mitochondria is pro-
tective against mitochondrial dysfunction, ATP deficits, and cell death caused by ischemia, 
hypoxia, and oxidative stress in RPTC [109]. We have shown that ATP synthase (F0F1-ATPase) 
is a target of PKC-α, which associates with the α-, β-, and γ-subunits of the F1 domain of ATP 
synthase [52]. Injury or inactive PKC-α disrupt, whereas active PKC-α promotes this asso-
ciation and increases the levels of α-, β-, and γ-subunits in injured RPTC [52]. Active PKC-α 
promotes phosphorylation of the γ-subunit on S146 and F0F1-ATPase activity after injury [52]. 
PKC-α also reduces apoptosis by phosphorylating mitochondrial Bcl-2 on S70 [77, 110]. Thus, 
activation of PKC-α exerts differential effects in different types of cells and tissues.

PKC-γ is expressed exclusively in neurons of the brain and spinal cord and is activated rap-
idly during ischemia and inhibited during reperfusion [111–114]. PKC-γ plays a detrimental 
role in the early stages of ischemia mediating events leading to cell death. PKC-γ knockouts 
show smaller infarct areas after cerebral ischemia [112]. Also, PKC-γ may directly (or through 
the activation of a Src tyrosine kinase) phosphorylate NMDA receptors, stimulate their func-
tion, and increase the concentration of intracellular Ca2+, which results in mitochondrial dys-
function, ATP deficits, increased ROS formation, and neuronal death [112]. However, after 
reperfusion, PKC-γ may mediate protection against cell death [112]. Thus, the same PKC 
isozyme may play opposing roles at different stages of ischemic injury.

PKC-δ is rapidly activated by signaling initiated by reperfusion. PKC-δ plays a detrimen-
tal role in ischemic stroke injury and mediates oxidative stress, cell death, and inflamma-
tion associated with reperfusion [111, 112]. Selective inhibition or deletion of PKC-δ reduces 
infarct size and ischemic brain injury caused by middle cerebral artery occlusion, specifi-
cally, reperfusion-induced death of parenchymal cells [115, 116]. PKC-δ inhibition activates 
PKB/Akt, inhibits translocation of Bad to mitochondria, and decreases apoptosis [112]. PKC-δ 
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is accompanied by decreases in affinity of PKA for cAMP and PKA activity [94]. In contrast, 
the peri-ischemic and less-injured areas exhibit increased PKA-mediated phosphorylation 
compared to the ischemic core, which suggests that active PKA is associated with the survival 
of neuronal tissue [94]. Derangement of cAMP-dependent signal transduction is associated 
with ischemic neuronal damage and activation of the PKA is important for neuronal survival 
in acute cerebral ischemia [94]. Phosphorylation of Bad at S155 by mitochondria-anchored 
PKA leads to cytosolic sequestration of Bad and blocks its mitochondrial translocation, the 
release of cytochrome c, and neuronal apoptosis [77]. Also, PKA-mediated phosphoryla-
tion of Drp1 at S637 blocks its translocation to mitochondria and their fission and promotes 
mitochondrial fusion. In hippocampal neurons, expression of a constitutively active catalytic 
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Inhibition of Akt or targeted disruption of the association of hexokinase II with mitochondria 
abolishes cardioprotection [102].
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Mitochondrial Diseases192

membrane receptors or those generated by metabolic stress have a rapid effect on Akt activa-
tion status in mitochondria. Akt could serve as a therapeutic target promoting mitochondrial 
functions in ischemic organs. However, the application is complicated by the fact that Akt 
promotes tumor formation by blocking apoptosis.

12.2.3. Protein kinase C
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dation of this role is complicated due to the presence of 11 distinct PKC isozymes, which have 
unique tissue and cellular localizations and often play quite opposite roles in ischemic injury 
even within the same organ. Alterations in PKC activity or subcellular localization during 
ischemia occur in the brain, heart, liver, and kidney [25, 104–106]. Major isozymes of PKC (α, 
β, γ, δ, ε) translocate to mitochondria in response to ischemia and/or reperfusion and oxida-
tive stress, and have been implicated in regulating mitochondrial functions in ischemic and 
postischemic tissues [104]. The classical PKC isozymes (α, β, γ) are dependent on Ca2+ and 
1,2-diacylglycerol, and ischemia increases the levels of both activators through the stimulation 
of phospholipase C. PKC-α activation has been implicated in ischemia-induced heart failure 
and cerebral barrier breakdown after ischemic stroke [107, 108]. PKC-α inhibition or deletion 
protects the heart from decompensation and cardiomyopathy and attenuates cerebral barrier 
breakdown after ischemia [107, 108]. In contrast, PKC-α translocation to mitochondria is pro-
tective against mitochondrial dysfunction, ATP deficits, and cell death caused by ischemia, 
hypoxia, and oxidative stress in RPTC [109]. We have shown that ATP synthase (F0F1-ATPase) 
is a target of PKC-α, which associates with the α-, β-, and γ-subunits of the F1 domain of ATP 
synthase [52]. Injury or inactive PKC-α disrupt, whereas active PKC-α promotes this asso-
ciation and increases the levels of α-, β-, and γ-subunits in injured RPTC [52]. Active PKC-α 
promotes phosphorylation of the γ-subunit on S146 and F0F1-ATPase activity after injury [52]. 
PKC-α also reduces apoptosis by phosphorylating mitochondrial Bcl-2 on S70 [77, 110]. Thus, 
activation of PKC-α exerts differential effects in different types of cells and tissues.

PKC-γ is expressed exclusively in neurons of the brain and spinal cord and is activated rap-
idly during ischemia and inhibited during reperfusion [111–114]. PKC-γ plays a detrimental 
role in the early stages of ischemia mediating events leading to cell death. PKC-γ knockouts 
show smaller infarct areas after cerebral ischemia [112]. Also, PKC-γ may directly (or through 
the activation of a Src tyrosine kinase) phosphorylate NMDA receptors, stimulate their func-
tion, and increase the concentration of intracellular Ca2+, which results in mitochondrial dys-
function, ATP deficits, increased ROS formation, and neuronal death [112]. However, after 
reperfusion, PKC-γ may mediate protection against cell death [112]. Thus, the same PKC 
isozyme may play opposing roles at different stages of ischemic injury.

PKC-δ is rapidly activated by signaling initiated by reperfusion. PKC-δ plays a detrimen-
tal role in ischemic stroke injury and mediates oxidative stress, cell death, and inflamma-
tion associated with reperfusion [111, 112]. Selective inhibition or deletion of PKC-δ reduces 
infarct size and ischemic brain injury caused by middle cerebral artery occlusion, specifi-
cally, reperfusion-induced death of parenchymal cells [115, 116]. PKC-δ inhibition activates 
PKB/Akt, inhibits translocation of Bad to mitochondria, and decreases apoptosis [112]. PKC-δ 
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mediates neutrophil infiltration, which is responsible for the detrimental effects of PKC-δ 
during reperfusion [112]. Similarly, reperfusion after cardiac ischemia activates PKC-δ, which 
translocates to mitochondria and reduces state 3 respiration, TCA cycle, and ATP produc-
tion, increases generation of mitochondrial ROS, and induces release of cytochrome c and cell 
death [84, 113, 115, 116]. Selective inhibition of PKC-δ translocation to mitochondria blocks 
these changes and protects the heart from ischemic injury [117]. PKC-δ is also activated by 
oxidative stress in the kidney, exacerbates RPTC and kidney injury by activating Bax, induc-
ing cytochrome c release and apoptosis, and blocking autophagy. PKC-δ inhibition protects 
kidneys from injury by upregulating autophagy [118].

PKC-ε, another novel isozyme, is activated and translocates to mitochondria during I/R. These 
events have been implicated in the cardio- and neuro-protection against ischemic injury and 
in the reduction of myocardial infarct [119, 120]. PKC-ε activation is a pivotal signaling event 
in the cardioprotective mechanisms of ischemic preconditioning, and it is thought that this 
protection is mediated through mitochondrial and transport mechanisms [120]. Conversely, 
inhibition of PKC-ε eliminates the cardioprotection [120]. Several substrates of PKC-ε are 
present in cardiac mitochondria. Active PKC-ε induces opening of the mitoK(ATP) channels, 
maintains ATP production, and reduces ROS production [120]. Specifically, PKC-ε regulates 
interactions between conexin43 and the mitoK(ATP) subunit, which leads to mitoK(ATP) 
opening when ATP levels decrease, resulting in cardioprotection [121]. Active PKC-ε also 
increases phosphorylation of subunit IV and the activity of complex IV [122]. Thus, the 
PKC-ε-mediated resistance to cardiac ischemia may also be due to increased activity of the 
electron transport chain and a greater ΔΨm for ATP synthesis. Also, PKC-ε phosphorylates 
VDAC1 on T51, which modifies its gating and interaction with proteins of the MPT pore to 
inhibit its opening and maintain ΔΨm and ATP synthesis [60]. These data support protective 
and prosurvival actions of mitochondrial PKC-ε in cardiac I/R. In contrast, translocation of 
the active PKC-ε to mitochondria in RPTC results in mitochondrial dysfunction, decreases in 
ATP levels, mitochondrial fission, and RPTC death [25, 72]. Active PKC-ε produces the clas-
sical hallmarks of mitochondrial dysfunction in RPTC: decreases in state 3 respiration and 
activity of complex I, increases in ΔΨm, ROS production, and mitochondrial fission [25, 72]. 
Inhibition of PKC-ε protects against mitochondrial dysfunction induced by hypoxia and oxi-
dative stress [72]. Deletion of PKC-ε in vivo ameliorates I/R-induced decreases in respiration 
and activities of complexes I, III, and IV, and reduces oxidant production and morphological 
damage in ischemic kidneys [25]. Deletion of PKC-ε reduces the inflammatory response and 
apoptosis, and promotes renal function and survival after I/R-induced acute kidney injury in 
mice [25, 123]. Thus, in contrast to the cardio- and neuroprotective effects of PKC-ε, activa-
tion of this PKC isozyme in the renal cortex is detrimental to mitochondria, cell viability, and 
kidney functions [25, 123].

12.2.4. Mitogen-activated protein kinases (MAPK)

ERK1/2 localize to the mitochondria of cardiac, brain, and renal epithelial cells. Brain and car-
diac ischemia activates ERK1/2, which form signaling modules with PKC-ε and translocate 
to mitochondria [124–126]. ERK1/2–PKC-ε modules play a role in the phosphorylation and 
inactivation of Bad, which blocks the intrinsic pathway of apoptosis [126]. Furthermore, active 
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ERK1/2 associates with the outer mitochondrial membrane and protects against MPTP open-
ing and mitochondrial depolarization [127]. These events are thought to contribute to the car-
dioprotective effects of ERK1/2 activation against I/R injury. In contrast, ERK1/2 activation is 
detrimental to mitochondria and cell viability in RPTC [128]. We have shown that ERK1/2 acti-
vation and translocation to mitochondria in response to oxidant injury mediates mitochondrial 
dysfunction and cell death in RPTC [128]. ERK1/2 activation mediates decreases in state 3 res-
piration, activities of aconitase of the TCA cycle and complex I of the electron transport chain, 
and ATP production in injured RPTC [128]. ERK1/2 inhibition restores respiration, complex I 
activity, ΔΨm and ATP production, and decreases RPTC death [128]. Recently, it was shown 
that ERK1/2 downregulates mitochondrial function through the EGFR/ERK1/2/FOXO3a/1/
PGC-1α pathway by phosphorylating the upstream regulators of PGC-1α and decreasing 
mitochondrial biogenesis [129]. Similarly, ERK1/2 activation mediates inflammatory changes, 
infiltration by neutrophils, apoptosis, and severe injury after ischemia in the lung [130].

JNK and p38 MAPK are activated and localize in cardiac mitochondria after ischemia or oxi-
dant exposure and mediate mitochondria-initiated apoptosis [131]. p38 MAPK inhibition 
attenuates the loss of ΔΨm, mitochondrial swelling, and ultrastructural changes, reduces car-
diomyocyte apoptosis and infarct size, and improves left ventricular function after ischemia 
[131, 132]. Inhibition of p38 MAPK also decreases phosphorylation of p53 and Bax expression 
and reduces cytochrome c release from mitochondria and the levels of active caspase 3 [132]. 
These data suggests that active p38 MAPK mediates apoptosis.

12.2.5. Glycogen synthase kinase

GSK3β activated by cardiac I/R docks to mitochondria, phosphorylates VDAC1, and leads 
to phosphorylation of ANT and cyclophilin D, and MPTP opening [55, 133]. This suggests 
that GSK3β plays a role in mitochondria-mediated apoptosis in cardiac tissue. GSK3β also 
regulates mitochondrial oxidative metabolism by phosphorylating and inhibiting PDC [65]. 
Activation enhances whereas inhibition of GSK3β activates mTOR pathway, inhibits mTOR-
dependent autophagy, and reduces myocardial I/R injury [134]. Inhibition of GSK-3β also 
attenuates brain infarct volume after cerebral I/R-induced injury [135].

12.2.6. PTEN-induced kinase 1

The mitochondrial serine-threonine protein kinase, PTEN (phosphatase and tensin homolog 
on chromosome 10)-induced kinase 1 (PINK1) localizes to both mitochondrial membranes 
and regulates mitochondrial function and dynamics [136]. PINK1 phosphorylates mitofusin 
MFN2, a mitochondrial receptor for Parkin (a protein related to Parkinson’s disease) [136]. 
PINK1 regulates mitochondrial dynamics in ischemic stroke and prevents damage to neurons 
by reducing mitochondrial translocation of Drp1 and fission, and preventing the collapse 
of ΔΨm and ATP synthesis [137, 138]. Deletion of PINK1 causes defects in the turnover of 
proteins of the electron transport chain, impairs mitochondrial respiration and activity of 
complex I in cardiomyocytes, induces MPTP opening, decreases production of ATP, exacer-
bates oxidative stress, and increases the size of ischemic myocardial infarct, which suggests 
increased susceptibility to I/R injury in PINK1-deficient hearts [139]. Overexpressing PINK1 
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mice [25, 123]. Thus, in contrast to the cardio- and neuroprotective effects of PKC-ε, activa-
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12.2.4. Mitogen-activated protein kinases (MAPK)

ERK1/2 localize to the mitochondria of cardiac, brain, and renal epithelial cells. Brain and car-
diac ischemia activates ERK1/2, which form signaling modules with PKC-ε and translocate 
to mitochondria [124–126]. ERK1/2–PKC-ε modules play a role in the phosphorylation and 
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ERK1/2 associates with the outer mitochondrial membrane and protects against MPTP open-
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dioprotective effects of ERK1/2 activation against I/R injury. In contrast, ERK1/2 activation is 
detrimental to mitochondria and cell viability in RPTC [128]. We have shown that ERK1/2 acti-
vation and translocation to mitochondria in response to oxidant injury mediates mitochondrial 
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PGC-1α pathway by phosphorylating the upstream regulators of PGC-1α and decreasing 
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infiltration by neutrophils, apoptosis, and severe injury after ischemia in the lung [130].

JNK and p38 MAPK are activated and localize in cardiac mitochondria after ischemia or oxi-
dant exposure and mediate mitochondria-initiated apoptosis [131]. p38 MAPK inhibition 
attenuates the loss of ΔΨm, mitochondrial swelling, and ultrastructural changes, reduces car-
diomyocyte apoptosis and infarct size, and improves left ventricular function after ischemia 
[131, 132]. Inhibition of p38 MAPK also decreases phosphorylation of p53 and Bax expression 
and reduces cytochrome c release from mitochondria and the levels of active caspase 3 [132]. 
These data suggests that active p38 MAPK mediates apoptosis.

12.2.5. Glycogen synthase kinase

GSK3β activated by cardiac I/R docks to mitochondria, phosphorylates VDAC1, and leads 
to phosphorylation of ANT and cyclophilin D, and MPTP opening [55, 133]. This suggests 
that GSK3β plays a role in mitochondria-mediated apoptosis in cardiac tissue. GSK3β also 
regulates mitochondrial oxidative metabolism by phosphorylating and inhibiting PDC [65]. 
Activation enhances whereas inhibition of GSK3β activates mTOR pathway, inhibits mTOR-
dependent autophagy, and reduces myocardial I/R injury [134]. Inhibition of GSK-3β also 
attenuates brain infarct volume after cerebral I/R-induced injury [135].

12.2.6. PTEN-induced kinase 1

The mitochondrial serine-threonine protein kinase, PTEN (phosphatase and tensin homolog 
on chromosome 10)-induced kinase 1 (PINK1) localizes to both mitochondrial membranes 
and regulates mitochondrial function and dynamics [136]. PINK1 phosphorylates mitofusin 
MFN2, a mitochondrial receptor for Parkin (a protein related to Parkinson’s disease) [136]. 
PINK1 regulates mitochondrial dynamics in ischemic stroke and prevents damage to neurons 
by reducing mitochondrial translocation of Drp1 and fission, and preventing the collapse 
of ΔΨm and ATP synthesis [137, 138]. Deletion of PINK1 causes defects in the turnover of 
proteins of the electron transport chain, impairs mitochondrial respiration and activity of 
complex I in cardiomyocytes, induces MPTP opening, decreases production of ATP, exacer-
bates oxidative stress, and increases the size of ischemic myocardial infarct, which suggests 
increased susceptibility to I/R injury in PINK1-deficient hearts [139]. Overexpressing PINK1 
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reduces these changes [139]. Thus, this study suggests mitochondrial PINK1 as a target for 
cardioprotection against ischemia in the heart.

12.3. Tyrosine kinases and regulation of mitochondrial functions in ischemia/reperfusion

Tyrosine phosphorylation is a crucial mechanism for regulating mitochondrial functions [19, 
42]. Tyrosine kinases of the Src family (Lyn, Lck, c-Src, Fyn, and Fgr) localize to mitochon-
dria by binding to specific anchoring proteins present in mitochondria [19, 42]. The primary 
known role of tyrosine phosphorylation is the regulation of the respiratory chain by c-Src [19]. 
Phosphorylations of NDUFB10 subunit of complex I at Y193, succinate dehydrogenase of com-
plex II at Y215, and subunit II of complex IV on unknown tyrosine by Src increase activities of 
complexes I, II, and IV [19, 31, 42]. Targeting of c-Src to mitochondria enhances ΔΨm and oxi-
dative phosphorylation in a c-Src-dependent manner [19]. Src and Lck phosphorylate ANT1 
at Y194 and reduce ischemic injury in preconditioned cardiac cells [54]. Mitochondrial Fgr 
kinase phosphorylates complex II, which increases complex II activity and regulates NADH/
FADH2 balance in mitochondria [32]. Epidermal growth factor receptor (EGFR) translocates to 
mitochondria when phosphorylated on Y845 by Src [43]. EFR interacts with and phosphory-
lates subunit II of complex IV thereby decreasing its activity and cellular ATP levels [19, 140].

In conclusions, translocation of protein kinases to mitochondria regulates mitochondrial 
functions in various disease states including ischemia and reperfusion in major organs such 
as the brain, heart, and kidneys. These findings suggest that these protein kinases can serve as 
potential effective therapeutic targets to maintain mitochondrial integrity and functions and 
prevent or reduce organ damage in these disease states.
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Abstract

Disruption of the mitochondrial-nuclear network leads to accelerated aging and age-
related diseases, including age-related macular degeneration. The current study tested the 
hypothesis that mitochondrial morphology could be demonstrated quantitatively using 
a mathematic model and mitochondrial trafficking complex under stress conditions. To 
test our hypothesis, normal and aberrant mitochondria were examined quantitatively 
based on mitochondrial size, shape, position, composition, and dynamics. Adaptation 
of the mitochondrial network to changes in the intracellular oxidation and reduction 
milieu is critical for the survival of retinal pigment epithelial cells. Our mitochondrial 
interactome mapping demonstrated that a positive correlation may exist between oxida-
tive stress-mediated phosphorylation and age-related disease progression. The current 
interactome may provide a potential therapeutic approach to treat mitochondria-induced 
neurodegeneration, including age-related macular degeneration.

Keywords: mitochondrial trafficking, prohibitin-cytoskeleton, retinal pigment epithelial 
cells, mitochondrial dynamics, age-related macular degeneration, protein interactome

1. Introduction

Mitochondria are the highly dynamic cellular organelles that form a dynamic network to 
regulate calcium balance, energy metabolism, and apoptotic signaling [1–8]. Mitochondria 
alter their morphology repeatedly through the collective actions of fission as a separation of a 
single organelle into multiple autonomous structures, fusion as the combination of multiple 
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structures to form single organelle, as well as movement along cytoskeletal paths [5, 9]. These 
combined actions occur concurrently in major cell types to regulate the cell fate.

To maintain the balance that regulates overall morphology and cytoskeletal stability many spe-
cialized molecules including dynamin family of proteins play critical roles [10, 11]. Growing 
body of evidence demonstrates that disruptions of mitochondrial network lead to multiple 
human pathologies, including metabolic, genetic, cardiovascular diseases, as well as neu-
rogenerative diseases and cancers [12–15]. Several studies provided the evidence that mito-
chondria play a critical role in the progression of age-related diseases, including age-related 
macular degeneration (AMD) [16–21]. The damage of mitochondrial DNA could be the key 
factor involved in altered vascular endothelial growth factor (VEGF) secretion, retinal pigment 
epithelium (RPE) dysfunction, and cell death during the progression of AMD [22, 23].

The current study aimed to examine the correlation between alterations in mitochondrial 
morphology and mitochondrial dysfunction. For quantitative analysis of mitochondrial mor-
phology, we introduced the mitochondrial index that includes network size, mitochondrial 
content and surface area. Mitochondrial interconnectivity and elongation were determined 
systematically using a computational model in three dimensions, showing a mitochondrial- 
endoplasmic reticulum (ER)-nuclear hole as open space for trafficking at the beginning of 
apoptosis under oxidative stress.

The assessment of average circularity showed mitochondrial elongation which is sensitive 
to fragmented vs. normal shaped mitochondria. The average area/perimeter ratio showed 
normal or stressed mitochondria as a highly interconnected mass of reticular network. 
Previously, we observed that prohibitin translocalizes between the nucleus and mitochon-
dria under oxidative stress conditions to influence mitochondrial dynamics [24]. We observed 
anterograde signaling from the nucleus to mitochondria using a prohibitin shuttle under 
stress in the retina, as well as the retrograde shuttling of prohibitin from mitochondria to the 
nucleus in the RPE. In addition, cytoskeletal reorganization, tubulin/vimentin depolymeriza-
tion and increased phosphorylations were observed in stressed mitochondria [25–27].

In this study, mitochondrial dynamics was further analyzed in mitochondrial trafficking com-
plex using prohibitin immunoprecipitation. We found a motor-based protein complex that 
includes kinesin 19 (93 kDa), myosin 9 (110 kDa), and cadherin isoforms (88 kDa) to regu-
late the mitochondrial-nuclear communication. Finally, we have established a comprehensive 
mitochondrial interactome map by combining several independent sets of interaction data. 
Our interactome map provides an integrated information on the hidden apoptotic pathway, 
cytoskeletal rearrangement, nitric oxide signaling, ubiquitination, and mitochondrial net-
work in neurodegeneration.

2. Materials and methods

2.1. Cell culture and oxidative stress treatment

Retinal pigment epithelial cells (ARPE-19) were purchased from ATCC (Manassas, VA) and 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine 
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serum (FBS; 10%) and penicillin/streptomycin (1%) at 37°C in a humidified atmosphere of 5% 
CO2 in air as suggested by the manufacturer. Cells were used between passages 8–9.

Retinal progenitor cells (HRP) were kindly donated by Dr. Harold J. Sheeldo (University of 
North Texas Health Science Center) and were cultured at the same condition as ARPE-19 cells.

Prior to all experiments, confluent ARPE-19 cells were incubated with fresh medium for 12 h 
and washed with phosphate buffered saline (PBS) three times. ARPE-19 cells were incubated 
with an oxidant, tert-butyl hydroperoxide (t-BuOOH, 200 μM, Sigma-Aldrich, St.Louis, MO), 
in serum-free medium for 0.5, 1, 2, 4, 6, 8, 12, and 24 h and representative images were pre-
sented. After the treatment, medium was removed, cells were washed with PBS and har-
vested for future analysis. Cells were lysed for experiments, including, immunoprecipitation, 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS−PAGE), Western blot analy-
sis, immunocytochemistry, and mass spectrometry analysis.

To compare with other stress environment, ARPE-19 cells were incubated under intense light 
(210 μmoles/m2/s photon flux; 7000 lx) for 1 h in serum-free media and analyzed by SDS-
PAGE/Western blotting, or immunocytochemistry.

Lipids were extracted from ARPE-19 cells using cholorform/methanol (2:1, v/v) and organic 
solvent was evaporated under a gentle nitrogen stream and dissolved in chloroform for analy-
sis by HPLC and mass spectrometry.

All experiments were repeated (N = 3–10 biological samples) with technical duplicate or trip-
licate. Statistical analysis was performed using StatView software and statistical significance 
was determined by variance (ANOVA) or unpaired Student’s t test when appropriate.

2.2. Donor eye tissue and phosphoprotein enrichment

Human postmortem donor eye tissues were used following the tenets of the Declaration of 
Helsinki. Human AMD retinas (8 mm macular and peripheral punches), RPE (8 mm cen-
tral and peripheral punches), and age-matched control eyes (N = 9, biological triplicate x 
technical triplicate) were provided by the Lions Eye Bank (Moran Eye Center, University of 
Utah). Phosphoproteome of macular (I), peripheral retina (II), central RPE (III), and periph-
eral RPE (IV) was compared to age-matched control donor eyes to determine region-specific 
senescence-associated molecular mechanisms during AMD progression. Phosphoproteins 
were enriched by charge-based spin column chromatography and resolved by 2D gel elec-
trophoresis as previously reported [28]. In addition, trypsin digested phosphopeptides from 
whole lysates were enriched using Ga3+/TiO2 immobilized metal ion chromatography. Eluted 
phosphopeptides were analyzed using mass spectrometry including MALDI-TOF-TOF and 
ESI MS/MS.

2.3. Immunocytochemical analysis

To analyze mitochondrial morphology, Cells were incubated with 100 nM Mito Tracker 
Orange (Molecular Probes). Cells were fixed using 10% formaldehyde (25 min) and the mem-
brane was permeabilized using 0.2% Triton X-100 (20 min), followed by blocking (0.05% 
Tween 20, 10% FBS, 1 h) and incubation overnight at 4°C with anti-prohibitin antibody  
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stress in the retina, as well as the retrograde shuttling of prohibitin from mitochondria to the 
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In this study, mitochondrial dynamics was further analyzed in mitochondrial trafficking com-
plex using prohibitin immunoprecipitation. We found a motor-based protein complex that 
includes kinesin 19 (93 kDa), myosin 9 (110 kDa), and cadherin isoforms (88 kDa) to regu-
late the mitochondrial-nuclear communication. Finally, we have established a comprehensive 
mitochondrial interactome map by combining several independent sets of interaction data. 
Our interactome map provides an integrated information on the hidden apoptotic pathway, 
cytoskeletal rearrangement, nitric oxide signaling, ubiquitination, and mitochondrial net-
work in neurodegeneration.

2. Materials and methods
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Retinal pigment epithelial cells (ARPE-19) were purchased from ATCC (Manassas, VA) and 
cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with fetal bovine 
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vested for future analysis. Cells were lysed for experiments, including, immunoprecipitation, 
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS−PAGE), Western blot analy-
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eral RPE (IV) was compared to age-matched control donor eyes to determine region-specific 
senescence-associated molecular mechanisms during AMD progression. Phosphoproteins 
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trophoresis as previously reported [28]. In addition, trypsin digested phosphopeptides from 
whole lysates were enriched using Ga3+/TiO2 immobilized metal ion chromatography. Eluted 
phosphopeptides were analyzed using mass spectrometry including MALDI-TOF-TOF and 
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(1:500; Genemed Synthesis, San Antonio). Prohibitin was visualized using Alexa Fluor 488-sec-
ondary IgG antibody (1:700; 1 h at 25°C; Molecular Probes). The nuclei were visualized by 
incubation with DAPI (4, 6-diamidino-2-phenylindole) added to VECTASHIELD Mounting 
Medium (Vector Laboratories, Burlingame, CA). A fluorescence microscopy was used for 
image analysis (Zeiss AxioVert 200 M Apo Tome, 63×).

2.4. Immunoprecipitation

ARPE-19 cells were rinsed (Modified Dulbecco’s PBS) and lysed using immunoprecipitation 
(IP) lysis buffer (pH 7.4) containing Tris (25 mM), NaCl (150 mM), EDTA (1 mM), NP-40 
(1%), glycerol glycerol (5%), and protease inhibitor cocktail by incubating on ice for 5 min 
with periodic sonication (3 × 5 min), followed by centrifugation (13,000 × g, 10 min). Proteins 
(1 mg/mL, 200–400 μL) were loaded for immunoprecipitation and nonspecific bindings were 
avoided using control agarose resin cross-linked by 4% bead agarose. Amino-linked protein-
A beads were used to immobilize anti-prohibitin antibody with a coupling buffer (1 mM 
sodium phosphate, 150 mM NaCl, pH 7.2), followed by incubation (room temperature, 2 h) 
with sodium cyanoborohydride (3 μL, 5 M). Columns were washed using a washing buffer 
(1 M NaCl), and protein lysate was incubated in the protein A-antibody column with gentle 
rocking overnight at 4°C. The unbound proteins were spun down as flow-through, and the 
column was washed three times using the washing buffer (1 M NaCl) to remove nonspecific 
binding proteins. The prohibitin-interacting proteins were eluted by incubating with elution 
buffer for 5 min at room temperature. The eluted proteins were equilibrated with Laemmli 
sample buffer (5X, 5% β-mercaptoethanol). Eluted proteins were separated using SDS–PAGE 
and visualized using Coomassie blue (Pierce, IL) or silver staining kit (Bio-Rad, Hercules, 
CA). Prohibitin and p53 were visualized using Western blot analysis. Proteins were identified 
by mass spectrometry analysis.

2.5. Mass spectrometry analysis

Protein bands were excised into 1 × 1 × 1 mm cubes. The Coomassie-stained or silver-stained 
gel pieces were incubated using a Coomassie destaining buffer (200 μL of 50% MeCN in 
25 mM NH4HCO3, pH 8.0, room temperature, 20 min) or silver destaining buffer (50% of 
30 mM potassium ferricyanide, 50% of 100 mM sodium thiosulfate, 5–10 min). The gel pieces 
were dehydrated (200 μL, MeCN) and vacuum-dried (Speed Vac, Savant, Holbrook, NY). 
Proteins were reduced (10 mM DTT, 100 mM NH4HCO3, 30 min, 56°C) and were alkylated 
(55 mM iodoacetamide, 100 mM NH4HCO3, 20 min, room temperature in the dark). Proteins 
were digested using trypsin (13 ng/μL sequencing-grade from Promega, 37°C, overnight) 
in NH4HCO3 (10 mM) containing MeCN (10%). The peptides were enriched using a buffer 
(50 μL, 50% MeCN in NH4HCO3, 5% formic acid, 20 min, 37°C). Dried peptides were dissolved 
in the mass spectrometry sample buffer (5–10 μL, 75% MeCN in NH4HCO3,1% trifluoroacetic 
acid). Alpha-cyano-4-hydroxycinnamic acid (5 mg/mL, Sigma-Aldrich, St. Louis, MO) was 
freshly dissolved in a matrix buffer (50% MeCN, 50% NH4HCO3, 1% triflouroacetic acid) and 
centrifuged (13,000× g, 5 min). The peptide-matrix mixtures (0.5 μL) were spotted onto the 
MALDI target plate (Ground steel, Bruker Daltonics, Germany). Mass spectrometer and all 
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spectra were calibrated using a known peptide, including trypsin (842.5099, 2211.105 Da). 
The mass spectrum was recorded in 800–3000 Da range using Flex MALDI-TOF mass spec-
trometer (Bruker Daltonics, Germany, 70–75% laser intensity, 100–300 shots). Mass spectrom-
etry data were analyzed using Flex analysis software (Bruker Dal- tonics, Germany). Peptides 
were identified using the Mascot software (Matrix Science) and NCBI/SwissProt database 
(zero mismatch cleavage, carbamidomethyl cysteine, methionine oxidation, 50–300 ppm mass 
tolerance). Peptide identification was evaluated based on Mascot MOWSE score, number of 
matched peptides, and protein sequence coverage. MOWSE score is expressed as -10logP as a 
probability value to compute the composite probability P.

2.6. Quantitative analysis of mitochondrial morphology

The connectivity, the number of mitochondrial branch points, and the interactive 3D visual-
ization of isosurfaces were examined to identify the contact area between mitochondria and 
other organelles.

Mitochondria were stained using MitoTracker Orange/Red or rhodamine 123. Mitochondrial 
interconnectivity and elongation were analyzed systematically using computational software, 
including Mito-Morphology macro, Mitograph 2.0, Imaris 8.2.1., and SOAX 3.6.1.

Mitochondrial size and morphology were analyzed using the software connected to Image J 
software (Ruben Dagda: http://imagejdocu.tudor.lu/doku.php?id=macro:mitpophagy_ mito-
chondrial_morphology_content_lc3_colocalization_macro). We chose the region of interest 
using the polygon selection tool to analyze mitochondrial morphology. Individual red, green, 
and blue channels were obtained from the RGB images, and then the red and blue channels 
were closed. The grayscale was extracted from the red channel and the pixels were inverted 
to photographic channel. The Threshold function determined maximal and minimal pixel val-
ues. To understand mitochondrial structure and function, 12 mitochondrial indexes, including 
(1) mitochondrial area, (2) cellular area, (3) mitochondrial content, (4) perimeter, (5) circu-
larity, (6) average perimeter, (7) average mitochondrial area, (8) average circularity, (9) area/
perimeter, (10) area/perimeter normalized to minor axis, (11) minor axis, (12) area/perimeter 
normalized to circularity, were evaluated in ARPE-19 cells under oxidative stress conditions.

Mitochondrial shape, including fused, fragmented, tubular, swollen, branched, uniform, and 
perinuclear clustering, was examined quantitatively. Mitochondrial filaments in three dimen-
sions and mitochondrial parameters in ARPE-19 cells were calculated mathematically using 
Image J and Imaris (v8.2.1) software. The connectivity, the number of mitochondrial branch 
points, and the interactive 3D visualization of isosurfaces were examined to identify the contact 
between mitochondria and other organelles.

2.7. Mitochondrial mapping in AMD

Mitochondrial signaling in a network-based interactome map between genome, proteome, 
and metabolome of AMD was established using proteome data and bioinformatics software. 
The protein-protein interaction was established using the Münich Information Center for 
Protein Sequence (MIPS), Biomolecular Interaction Network Database (BIND), the Database of 
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CA). Prohibitin and p53 were visualized using Western blot analysis. Proteins were identified 
by mass spectrometry analysis.
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were dehydrated (200 μL, MeCN) and vacuum-dried (Speed Vac, Savant, Holbrook, NY). 
Proteins were reduced (10 mM DTT, 100 mM NH4HCO3, 30 min, 56°C) and were alkylated 
(55 mM iodoacetamide, 100 mM NH4HCO3, 20 min, room temperature in the dark). Proteins 
were digested using trypsin (13 ng/μL sequencing-grade from Promega, 37°C, overnight) 
in NH4HCO3 (10 mM) containing MeCN (10%). The peptides were enriched using a buffer 
(50 μL, 50% MeCN in NH4HCO3, 5% formic acid, 20 min, 37°C). Dried peptides were dissolved 
in the mass spectrometry sample buffer (5–10 μL, 75% MeCN in NH4HCO3,1% trifluoroacetic 
acid). Alpha-cyano-4-hydroxycinnamic acid (5 mg/mL, Sigma-Aldrich, St. Louis, MO) was 
freshly dissolved in a matrix buffer (50% MeCN, 50% NH4HCO3, 1% triflouroacetic acid) and 
centrifuged (13,000× g, 5 min). The peptide-matrix mixtures (0.5 μL) were spotted onto the 
MALDI target plate (Ground steel, Bruker Daltonics, Germany). Mass spectrometer and all 
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spectra were calibrated using a known peptide, including trypsin (842.5099, 2211.105 Da). 
The mass spectrum was recorded in 800–3000 Da range using Flex MALDI-TOF mass spec-
trometer (Bruker Daltonics, Germany, 70–75% laser intensity, 100–300 shots). Mass spectrom-
etry data were analyzed using Flex analysis software (Bruker Dal- tonics, Germany). Peptides 
were identified using the Mascot software (Matrix Science) and NCBI/SwissProt database 
(zero mismatch cleavage, carbamidomethyl cysteine, methionine oxidation, 50–300 ppm mass 
tolerance). Peptide identification was evaluated based on Mascot MOWSE score, number of 
matched peptides, and protein sequence coverage. MOWSE score is expressed as -10logP as a 
probability value to compute the composite probability P.

2.6. Quantitative analysis of mitochondrial morphology

The connectivity, the number of mitochondrial branch points, and the interactive 3D visual-
ization of isosurfaces were examined to identify the contact area between mitochondria and 
other organelles.

Mitochondria were stained using MitoTracker Orange/Red or rhodamine 123. Mitochondrial 
interconnectivity and elongation were analyzed systematically using computational software, 
including Mito-Morphology macro, Mitograph 2.0, Imaris 8.2.1., and SOAX 3.6.1.

Mitochondrial size and morphology were analyzed using the software connected to Image J 
software (Ruben Dagda: http://imagejdocu.tudor.lu/doku.php?id=macro:mitpophagy_ mito-
chondrial_morphology_content_lc3_colocalization_macro). We chose the region of interest 
using the polygon selection tool to analyze mitochondrial morphology. Individual red, green, 
and blue channels were obtained from the RGB images, and then the red and blue channels 
were closed. The grayscale was extracted from the red channel and the pixels were inverted 
to photographic channel. The Threshold function determined maximal and minimal pixel val-
ues. To understand mitochondrial structure and function, 12 mitochondrial indexes, including 
(1) mitochondrial area, (2) cellular area, (3) mitochondrial content, (4) perimeter, (5) circu-
larity, (6) average perimeter, (7) average mitochondrial area, (8) average circularity, (9) area/
perimeter, (10) area/perimeter normalized to minor axis, (11) minor axis, (12) area/perimeter 
normalized to circularity, were evaluated in ARPE-19 cells under oxidative stress conditions.

Mitochondrial shape, including fused, fragmented, tubular, swollen, branched, uniform, and 
perinuclear clustering, was examined quantitatively. Mitochondrial filaments in three dimen-
sions and mitochondrial parameters in ARPE-19 cells were calculated mathematically using 
Image J and Imaris (v8.2.1) software. The connectivity, the number of mitochondrial branch 
points, and the interactive 3D visualization of isosurfaces were examined to identify the contact 
between mitochondria and other organelles.

2.7. Mitochondrial mapping in AMD

Mitochondrial signaling in a network-based interactome map between genome, proteome, 
and metabolome of AMD was established using proteome data and bioinformatics software. 
The protein-protein interaction was established using the Münich Information Center for 
Protein Sequence (MIPS), Biomolecular Interaction Network Database (BIND), the Database of 
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Interacting Proteins (DIP), the Molecular Interaction Database (MINT), the Protein Interaction 
Database (IntAct), and STRING.

Interaction mapping of prohibitin was determined using immunoprecipitation, followed by 
mass spectrometry analysis. Prohibitin binding proteins in the RPE were connected using 
STRING 10.0 software (http://string-db.org/).

Prohibitin interactions were confirmed using eight sources that include neighborhood, gene 
fusion, co-occurence, high-throughput interaction experiments, databases, homology, con-
served co-expression, and published knowledge, including ExPASy (http://www.expasy.
org/proteomics /protein–protein_interaction), MIPS (http://mips.helmholtz-muenchen.de/
proj/ppi/), and Pubmed database (http://www.ncbi.nlm.nih.gov/pubmed).

AMD and oxidative biomarkers interactome were established using protein–protein interac-
tion map software and databases, including STRING 10.0 (http://string-db.org/), MIPS and 
iHOP (http://www.ihop-net.org/UniPub/iHOP/) (Figure 8). Proteins found in AMD or oxi-
dative stress conditions were added to establish the AMD interactome. Protein interactions 
were presented using eight categories, including neighborhood (green), gene fusion (red), co-
occurrence (dark blue), co-expression (black), binding experiments (purple), databases (blue), 
text mining (lime), and homology (cyan). Protein interactions were determined and confirmed 
by genomic context, high-throughput experiments, co-expression, and previous publications 
in Pubmed. Protein database analysis showed the region-specific phosphorylation of specific 
proteins in AMD eyes. The interactome between AMD proteome was compared to the retina/
RPE proteome under stress conditions.

The genome regulatory network was connected to the proteome network using Uniprobe 
and JASPAR. Protein phosphorylations were examined by phosphoprotein/peptide enrich-
ment, followed by mass spectrometry analysis. Phosphorylations were compared to Phospho.
ELM, and PhosphoSite. The metabolome mapping was established using KEGG and BIGG 
databases.

3. Results

To understand how mitochondria regulate their morphology and function, we first analyzed 
mitochondrial morphology quantitatively in ARPE-19 cells subjected to oxidative stress con-
ditions using a systematic computational model (Figure 1). Representative mitochondrial 
images at selected time points (0.5, 1, 8, 24 h) are shown for clear comparison Figure 1). We 
examined mitochondrial area, circularity, perimeter, content as well as cellular area to iden-
tify changes between healthy and injured mitochondria. Previously, our in vitro data using 
RPE cells demonstrated the positive correlation between apoptotic signaling and mitochon-
dria-nucleus prohibitin shuttling. Our previous studies suggest that cellular distribution and 
the total volume of mitochondria could be affected by microtubules, intermediate filaments 
and cardiolipin [24–27, 29, 30].
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Our results showed that the connectivity, the number of mitochondrial branch points, and the 
interactive isosurfaces were altered at the contact sites between mitochondria and other organ-
elles. Under extended oxidative stress (1, 8, 24 h) and intense light (7000 lx, 1 h), we observed 
a decrease in mitochondrial size, presence of fragmented filaments (red arrows), and holes on 
the organelle contact sites. Under intense light condition, mitochondria in ARPE-19 cells were 
decreased and fragmented as shown in oxidative stress (1–8 h).

Next, mitochondrial perimeter vs. circularity was examined to determine the correlation 
between mitochondrial morphology and oxidative stress (Figure 2). We hypothesized that 
some mitochondrial indexes that include circularity and perimeter ratio may represent mito-
chondrial dynamics. We calculated mitochondrial area, perimeter, minor axis, and circularity 
to conclude that specific mitochondrial ratio correlated positively with stress kinetics.

The average mitochondrial area/perimeter ratio normalized to the minor axis suggests that 
specific conditions may induce mitochondrial swelling (Figure 3). Time-dependent decrease 
of minor axis and mitochondrial area/perimeter normalized to the circularity was noticed 
under stress condition. Our previous proteomic study demonstrated that tubulin/vimentin 
depolymerization and phosphorylations increased in stressed mitochondria [25].

To understand mitochondrial dynamics in detail, mitochondrial trafficking complex was 
examined. Subcellular fractionation, immunoprecipitation using primary prohibitin antibody, 
native gel, and mass spectrometry analysis suggest that motor protein complex may determine 
mitochondrial dynamics and retrograde signaling under stress conditions. Molecular motor 

Figure 1. Quantitative analysis of mitochondrial morphology: representative images of MitoTracker Orange-labeled 
mitochondria from ARPE-19 cells exposed to t-BuOOH for 0.5–24 h or light for 1 h are shown here. A. ARPE-19 cells 
under oxidative stress were analyzed by immunocytochemistry using MitoTracker. B. Mitochondrial content was 
represented by 2D graph (radius/intensity) showing decreased size and fragmentation pattern under stress conditions. 
C. Mitochondria in ARPE-19 cells were presented in 3D structure using Image J software.
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Interacting Proteins (DIP), the Molecular Interaction Database (MINT), the Protein Interaction 
Database (IntAct), and STRING.

Interaction mapping of prohibitin was determined using immunoprecipitation, followed by 
mass spectrometry analysis. Prohibitin binding proteins in the RPE were connected using 
STRING 10.0 software (http://string-db.org/).

Prohibitin interactions were confirmed using eight sources that include neighborhood, gene 
fusion, co-occurence, high-throughput interaction experiments, databases, homology, con-
served co-expression, and published knowledge, including ExPASy (http://www.expasy.
org/proteomics /protein–protein_interaction), MIPS (http://mips.helmholtz-muenchen.de/
proj/ppi/), and Pubmed database (http://www.ncbi.nlm.nih.gov/pubmed).

AMD and oxidative biomarkers interactome were established using protein–protein interac-
tion map software and databases, including STRING 10.0 (http://string-db.org/), MIPS and 
iHOP (http://www.ihop-net.org/UniPub/iHOP/) (Figure 8). Proteins found in AMD or oxi-
dative stress conditions were added to establish the AMD interactome. Protein interactions 
were presented using eight categories, including neighborhood (green), gene fusion (red), co-
occurrence (dark blue), co-expression (black), binding experiments (purple), databases (blue), 
text mining (lime), and homology (cyan). Protein interactions were determined and confirmed 
by genomic context, high-throughput experiments, co-expression, and previous publications 
in Pubmed. Protein database analysis showed the region-specific phosphorylation of specific 
proteins in AMD eyes. The interactome between AMD proteome was compared to the retina/
RPE proteome under stress conditions.

The genome regulatory network was connected to the proteome network using Uniprobe 
and JASPAR. Protein phosphorylations were examined by phosphoprotein/peptide enrich-
ment, followed by mass spectrometry analysis. Phosphorylations were compared to Phospho.
ELM, and PhosphoSite. The metabolome mapping was established using KEGG and BIGG 
databases.

3. Results

To understand how mitochondria regulate their morphology and function, we first analyzed 
mitochondrial morphology quantitatively in ARPE-19 cells subjected to oxidative stress con-
ditions using a systematic computational model (Figure 1). Representative mitochondrial 
images at selected time points (0.5, 1, 8, 24 h) are shown for clear comparison Figure 1). We 
examined mitochondrial area, circularity, perimeter, content as well as cellular area to iden-
tify changes between healthy and injured mitochondria. Previously, our in vitro data using 
RPE cells demonstrated the positive correlation between apoptotic signaling and mitochon-
dria-nucleus prohibitin shuttling. Our previous studies suggest that cellular distribution and 
the total volume of mitochondria could be affected by microtubules, intermediate filaments 
and cardiolipin [24–27, 29, 30].
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Our results showed that the connectivity, the number of mitochondrial branch points, and the 
interactive isosurfaces were altered at the contact sites between mitochondria and other organ-
elles. Under extended oxidative stress (1, 8, 24 h) and intense light (7000 lx, 1 h), we observed 
a decrease in mitochondrial size, presence of fragmented filaments (red arrows), and holes on 
the organelle contact sites. Under intense light condition, mitochondria in ARPE-19 cells were 
decreased and fragmented as shown in oxidative stress (1–8 h).

Next, mitochondrial perimeter vs. circularity was examined to determine the correlation 
between mitochondrial morphology and oxidative stress (Figure 2). We hypothesized that 
some mitochondrial indexes that include circularity and perimeter ratio may represent mito-
chondrial dynamics. We calculated mitochondrial area, perimeter, minor axis, and circularity 
to conclude that specific mitochondrial ratio correlated positively with stress kinetics.

The average mitochondrial area/perimeter ratio normalized to the minor axis suggests that 
specific conditions may induce mitochondrial swelling (Figure 3). Time-dependent decrease 
of minor axis and mitochondrial area/perimeter normalized to the circularity was noticed 
under stress condition. Our previous proteomic study demonstrated that tubulin/vimentin 
depolymerization and phosphorylations increased in stressed mitochondria [25].

To understand mitochondrial dynamics in detail, mitochondrial trafficking complex was 
examined. Subcellular fractionation, immunoprecipitation using primary prohibitin antibody, 
native gel, and mass spectrometry analysis suggest that motor protein complex may determine 
mitochondrial dynamics and retrograde signaling under stress conditions. Molecular motor 

Figure 1. Quantitative analysis of mitochondrial morphology: representative images of MitoTracker Orange-labeled 
mitochondria from ARPE-19 cells exposed to t-BuOOH for 0.5–24 h or light for 1 h are shown here. A. ARPE-19 cells 
under oxidative stress were analyzed by immunocytochemistry using MitoTracker. B. Mitochondrial content was 
represented by 2D graph (radius/intensity) showing decreased size and fragmentation pattern under stress conditions. 
C. Mitochondria in ARPE-19 cells were presented in 3D structure using Image J software.
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Figure 2. Quantitative analysis of mitochondrial morphology: perimeter vs. circularity. X axis represents time of ARPE-19 
cells under oxidative stress and Y axis represents mitochondrial index on perimeter vs. circularity ratio in arbitrary units. 
Selected time points are 0, 8, 24 h were shown for clarity [24]. Our calculation demonstrated that mitochondria under 
oxidative stress change their morphology to circular shape for fusion, followed by fragmentation toward greater degree 
of roundness and circularity. Total area of mitochondria decreased to 40–50% and both perimeter/circular mitochondria 
were downregulated to 60–70%. Area/perimeter normalized to circularity ratio of mitochondria was decreased to 63% 
(1 h oxidative stress), showing a positive correlation between mitochondrial morphology changes and apoptotic RPE.

Figure 3. Mitochondrial index: mitochondrial area/perimeter/minor axis vs. minor axis vs. area/perimeter/circularity. 
X axis represents stressed time (hrs) of ARPE-19 under oxidants and Y axis represents mitochondrial index showing 
mitochondrial area/perimeter/minor axis (red), compared to mitochondrial minor axis (black), and mitochondrial area/
perimeter/mitochondrial circularity (blue) in arbitrary units.
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complex contains plus-end-directed kinesin 19, myosin 9, protocadherin gA7, and prohibitin 
(Figure 4). The molecular motor/adaptor/receptor complex mediates mitochondrial dynam-
ics. Motor proteins, including kinesin and myosin, facilitate mitochondrial trafficking along 
the cytoskeleton, mainly microtubules, actin polymers and intermediate filaments (Figure 5). 
Domain analysis of mitochondrial trafficking complex showed that plus-end-directed kinesin 
19 (ATP and Mg2+ binding domains), myosin 9 (myosin head motor domain, SH3 domain, 
ATP binding domain), protocadherin gA7 (cadherin repeat and Ca2+ binding domain), and 
prohibitin (PX domain, lipid binding pocket) exist in the trafficking complex.

In order to correlate our in vitro findings with human pathology, we analyzed mitochondrial 
trafficking complex in human postmortem AMD eyes using a proteomic approach (Figure 6). 
RPE and retina tissues (central vs. peripheral) from AMD eyes and age-matching control eyes 
were analyzed by phosphoproteomics and mass spectrometry analysis. We observed differ-
ent expression levels of prohibitin, inositol receptor, calponin, ankyrin, guanylate cyclase, and 
NADP ubiquinone oxidoreductase in the RPE and pyruvate kinase, PP2A, creatine kinase, 
PAK S/T kinase, vimentin, FES tyrosine kinase and dynamin like protein in the retina from 
AMD samples compared to control. Our results suggest that mitochondrial trafficking could 
be a significant determinant of RPE apoptosis by decreased prohibitin. Further, Ca2+, Fe2+, 
inositide, phosphorylation, and energy imbalance may lead to the accelerated pathogenesis 
toward AMD.

Figure 4. Mitochondrial Trafficking Complex in vitro: Retrograde vs. Anterograde Signal. Protein complex in ARPE-
19 (RPE) and HRP (retina) cells were analyzed using immunoprecipitation and mass spectrometry. Under normal 
condition, trafficking complex including prohibitin translocalizes into mitochondria (anterograde) whereas trafficking 
complex moves into the nucleus (retrograde) under oxidative stress in RPE cells. The molecular motor/adaptor/receptor 
complex mediates mitochondrial anterograde vs. retrograde signaling. However, in the retina, retrograde signal 
(mitochondria to the nucleus) is dominant under normal condition, probably due to increased p53 signaling (prohibitin 
found in the nucleus).
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Figure 2. Quantitative analysis of mitochondrial morphology: perimeter vs. circularity. X axis represents time of ARPE-19 
cells under oxidative stress and Y axis represents mitochondrial index on perimeter vs. circularity ratio in arbitrary units. 
Selected time points are 0, 8, 24 h were shown for clarity [24]. Our calculation demonstrated that mitochondria under 
oxidative stress change their morphology to circular shape for fusion, followed by fragmentation toward greater degree 
of roundness and circularity. Total area of mitochondria decreased to 40–50% and both perimeter/circular mitochondria 
were downregulated to 60–70%. Area/perimeter normalized to circularity ratio of mitochondria was decreased to 63% 
(1 h oxidative stress), showing a positive correlation between mitochondrial morphology changes and apoptotic RPE.

Figure 3. Mitochondrial index: mitochondrial area/perimeter/minor axis vs. minor axis vs. area/perimeter/circularity. 
X axis represents stressed time (hrs) of ARPE-19 under oxidants and Y axis represents mitochondrial index showing 
mitochondrial area/perimeter/minor axis (red), compared to mitochondrial minor axis (black), and mitochondrial area/
perimeter/mitochondrial circularity (blue) in arbitrary units.
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complex contains plus-end-directed kinesin 19, myosin 9, protocadherin gA7, and prohibitin 
(Figure 4). The molecular motor/adaptor/receptor complex mediates mitochondrial dynam-
ics. Motor proteins, including kinesin and myosin, facilitate mitochondrial trafficking along 
the cytoskeleton, mainly microtubules, actin polymers and intermediate filaments (Figure 5). 
Domain analysis of mitochondrial trafficking complex showed that plus-end-directed kinesin 
19 (ATP and Mg2+ binding domains), myosin 9 (myosin head motor domain, SH3 domain, 
ATP binding domain), protocadherin gA7 (cadherin repeat and Ca2+ binding domain), and 
prohibitin (PX domain, lipid binding pocket) exist in the trafficking complex.

In order to correlate our in vitro findings with human pathology, we analyzed mitochondrial 
trafficking complex in human postmortem AMD eyes using a proteomic approach (Figure 6). 
RPE and retina tissues (central vs. peripheral) from AMD eyes and age-matching control eyes 
were analyzed by phosphoproteomics and mass spectrometry analysis. We observed differ-
ent expression levels of prohibitin, inositol receptor, calponin, ankyrin, guanylate cyclase, and 
NADP ubiquinone oxidoreductase in the RPE and pyruvate kinase, PP2A, creatine kinase, 
PAK S/T kinase, vimentin, FES tyrosine kinase and dynamin like protein in the retina from 
AMD samples compared to control. Our results suggest that mitochondrial trafficking could 
be a significant determinant of RPE apoptosis by decreased prohibitin. Further, Ca2+, Fe2+, 
inositide, phosphorylation, and energy imbalance may lead to the accelerated pathogenesis 
toward AMD.

Figure 4. Mitochondrial Trafficking Complex in vitro: Retrograde vs. Anterograde Signal. Protein complex in ARPE-
19 (RPE) and HRP (retina) cells were analyzed using immunoprecipitation and mass spectrometry. Under normal 
condition, trafficking complex including prohibitin translocalizes into mitochondria (anterograde) whereas trafficking 
complex moves into the nucleus (retrograde) under oxidative stress in RPE cells. The molecular motor/adaptor/receptor 
complex mediates mitochondrial anterograde vs. retrograde signaling. However, in the retina, retrograde signal 
(mitochondria to the nucleus) is dominant under normal condition, probably due to increased p53 signaling (prohibitin 
found in the nucleus).
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Figure 5. Domain analysis of mitochondrial trafficking complex: ATP, Ca2+, and lipid-dependent signaling. Prohibitin 
binding proteins were analyzed using bioinformatics software and databases, including iHOP, InterPro (https://www.
ebi.ac.uk/interpro/), Expasy/Prosite (https://prosite.expasy.org/), conserved domain search (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi), Motif (https://molbiol-tools.ca/Motifs.htm) and Pfam (http://pfam.xfam.org/). Kinesin 19 
contains ATP binding domain and kinesin motor domain, whereas Myosin 9 has SH3, ATP binding, TATA binding, and 
myosin motor domains. Protocadherin γA7 includes repeat domain and calcium binding sequences. Prohibitin contains 
PX domain and the second lipid binding domain.

It is proposed that specific organelles, including mitochondria, melanosome, and phagosome, 
may use different kinesin and myosin motors for their distribution and trafficking in the RPE [25, 
31–33]. Mitochondrial trafficking could be determined by ATP, Ca2+, and lipid interactions based 
on their domain analysis [29, 34–38] and mitochondrial trafficking is a significant determinant 
of RPE apoptosis [24, 37]. Altered concentrations of mitochondrial complex, phosphoproteins, 
and ATP/ADP may lead to premature senescence in RPE cells [27]. Our enriched phosphopro-
teins and phosphopeptides analysis demonstrated that altered inositol triphosphate receptor, 
ankyrin, NADP reactions exist in AMD (Figure 6). Regulation of mitochondrial complex/lipid 
ratio and the energy producing machinery may enable enhanced longevity of RPE cells.

Next, a 3D surface model was used to analyze mitochondrial nodes, edges, branches, and 
tubular filaments (Figure 7). Cellular distribution and the total volume were affected by 
microtubules, intermediate filaments and cardiolipin. A 3D model showed that mitochondrial 
contact sites with endoplasmic reticulum (ER) and/or the nucleus were opened irreversibly 
under extended stress (24 h).
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In order to understand AMD protein network, the new AMD interactome with oxidative 
biomarkers was established using phosphoproteomics data and a computational model. 
The current AMD interactome demonstrated that several earlier unrelated to AMD proteins, 
including ubiquitin, peroxiredoxin, MAP kinase, BUB 1/3, vimentin and crystalline could be 
involved in AMD progression, suggesting that cytoskeletal protein phosphorylation, crystal-
line aggregation, and mitochondrial signaling may contribute to RPE apoptosis (Figure 8).  
To confirm oxidative stress biomarkers, specific cytoskeletal protein changes were deter-
mined in vivo using animal model previously (C3H female mice, 7 weeks old) [25, 30, 38]. 
Neurofilament, vimentin, and tubulin were upregulated under 24 h constant light compared 
to 12 h dark/12 h light condition [38].

3.1. Discussion

The current study determined the mitochondrial morphology quantitatively using a mathe-
matic model and mitochondrial trafficking complex under stress conditions. Our data suggest 
that the kinesin-myosin-cadherin-prohibitin complex could be involved in anterograde mito-
chondrial trafficking, whereas PKUb S/T kinase-myosin-PI3K-lamin B2 bindings may regulate 
an energy demanding retrograde transport of mitochondria [25, 39–43]. Prohibitin binding 
with a trafficking protein complex may regulate the bidirectional transport of mitochondria  
along actin microfilaments, intermediate filaments, and microtubules. The mitochondrial traf-
ficking complex implies that a specific mechanism of communication may exist in the ATP 

Figure 6. Mitochondrial signaling in the retina and RPE in vivo using human AMD eyes: mitochondrial trafficking is 
a significant determinant of RPE apoptosis. RPE and retina tissues (central vs. peripheral) from AMD eyes and age-
matching control eyes were analyzed using phosphoproteomics and mass spectrometry analysis. We observed different 
expressions of inositol receptor, calponin, ankyrin, guanylate cyclase, and NADP ubiquinone oxidoreductase in the RPE 
and pyruvate kinase, PP2A, creatine kinase, PAK S/T kinase, vimentin, FES tyrosine kinase and dynamin like protein in 
the retina from AMD samples compared to control. Altered concentrations of mitochondrial complex, phosphoproteins, 
and ATP/ADP may lead to premature senescence in RPE cells.
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Figure 5. Domain analysis of mitochondrial trafficking complex: ATP, Ca2+, and lipid-dependent signaling. Prohibitin 
binding proteins were analyzed using bioinformatics software and databases, including iHOP, InterPro (https://www.
ebi.ac.uk/interpro/), Expasy/Prosite (https://prosite.expasy.org/), conserved domain search (https://www.ncbi.nlm.nih.
gov/Structure/cdd/wrpsb.cgi), Motif (https://molbiol-tools.ca/Motifs.htm) and Pfam (http://pfam.xfam.org/). Kinesin 19 
contains ATP binding domain and kinesin motor domain, whereas Myosin 9 has SH3, ATP binding, TATA binding, and 
myosin motor domains. Protocadherin γA7 includes repeat domain and calcium binding sequences. Prohibitin contains 
PX domain and the second lipid binding domain.

It is proposed that specific organelles, including mitochondria, melanosome, and phagosome, 
may use different kinesin and myosin motors for their distribution and trafficking in the RPE [25, 
31–33]. Mitochondrial trafficking could be determined by ATP, Ca2+, and lipid interactions based 
on their domain analysis [29, 34–38] and mitochondrial trafficking is a significant determinant 
of RPE apoptosis [24, 37]. Altered concentrations of mitochondrial complex, phosphoproteins, 
and ATP/ADP may lead to premature senescence in RPE cells [27]. Our enriched phosphopro-
teins and phosphopeptides analysis demonstrated that altered inositol triphosphate receptor, 
ankyrin, NADP reactions exist in AMD (Figure 6). Regulation of mitochondrial complex/lipid 
ratio and the energy producing machinery may enable enhanced longevity of RPE cells.

Next, a 3D surface model was used to analyze mitochondrial nodes, edges, branches, and 
tubular filaments (Figure 7). Cellular distribution and the total volume were affected by 
microtubules, intermediate filaments and cardiolipin. A 3D model showed that mitochondrial 
contact sites with endoplasmic reticulum (ER) and/or the nucleus were opened irreversibly 
under extended stress (24 h).
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In order to understand AMD protein network, the new AMD interactome with oxidative 
biomarkers was established using phosphoproteomics data and a computational model. 
The current AMD interactome demonstrated that several earlier unrelated to AMD proteins, 
including ubiquitin, peroxiredoxin, MAP kinase, BUB 1/3, vimentin and crystalline could be 
involved in AMD progression, suggesting that cytoskeletal protein phosphorylation, crystal-
line aggregation, and mitochondrial signaling may contribute to RPE apoptosis (Figure 8).  
To confirm oxidative stress biomarkers, specific cytoskeletal protein changes were deter-
mined in vivo using animal model previously (C3H female mice, 7 weeks old) [25, 30, 38]. 
Neurofilament, vimentin, and tubulin were upregulated under 24 h constant light compared 
to 12 h dark/12 h light condition [38].

3.1. Discussion

The current study determined the mitochondrial morphology quantitatively using a mathe-
matic model and mitochondrial trafficking complex under stress conditions. Our data suggest 
that the kinesin-myosin-cadherin-prohibitin complex could be involved in anterograde mito-
chondrial trafficking, whereas PKUb S/T kinase-myosin-PI3K-lamin B2 bindings may regulate 
an energy demanding retrograde transport of mitochondria [25, 39–43]. Prohibitin binding 
with a trafficking protein complex may regulate the bidirectional transport of mitochondria  
along actin microfilaments, intermediate filaments, and microtubules. The mitochondrial traf-
ficking complex implies that a specific mechanism of communication may exist in the ATP 

Figure 6. Mitochondrial signaling in the retina and RPE in vivo using human AMD eyes: mitochondrial trafficking is 
a significant determinant of RPE apoptosis. RPE and retina tissues (central vs. peripheral) from AMD eyes and age-
matching control eyes were analyzed using phosphoproteomics and mass spectrometry analysis. We observed different 
expressions of inositol receptor, calponin, ankyrin, guanylate cyclase, and NADP ubiquinone oxidoreductase in the RPE 
and pyruvate kinase, PP2A, creatine kinase, PAK S/T kinase, vimentin, FES tyrosine kinase and dynamin like protein in 
the retina from AMD samples compared to control. Altered concentrations of mitochondrial complex, phosphoproteins, 
and ATP/ADP may lead to premature senescence in RPE cells.
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and Ca2+ demanding regions. Mitochondrial dysfunction, altered dynamics, impaired trans-
port, and turnover perturbation are associated with AMD.

Oxidative stress-induced apoptosis is the final cell death pathway in many irreversible ocular 
diseases that include AMD. While the end point of apoptosis is well established, the knowl-
edge of early biochemical reactions and specific molecular players has been elusive. We have 
examined early biosignatures and mechanisms of retinal and RPE cell death under oxida-
tive stress [44]. Our previous studies demonstrated that not only intense light but also con-
stant moderate light and mild oxidative stress may trigger induction of anti-apoptotic Bcl-xL 
and erythropoietin (EPO) as well as pro-apoptotic caspases [24, 25, 27–29, 37, 38, 45–47]. We 
determined that protein modifications, including nitration and phosphorylation, were altered 
under oxidative stress possibly due to excess of NO production [26, 48–50].

The analysis of AMD interactome using proteome-genome-metabolome network suggests 
that there is a positive correlation between mitochondrial retrograde signaling and AMD pro-
gression. The AMD interactome suggests: (1) network-based interactions among AMD-related 

Figure 7. A 3D surface model and a graph representation by nodes, edges, branches, and tubular filaments: Mitochondrial 
filaments in three dimensions in RPE cells were calculated quantitatively. The connectivity, the number of mitochondrial 
branch points, and the interactive 3D visualization of isosurfaces were examined to identify the contact point between 
mitochondria and other organelles, including ER and the nucleus (white arrow). Mitochondria under oxidative stress  
(24 hrs) decreased their average perimeter (49%), average area (28%), area/perimeter (56%), and minor axis (32%).
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hub proteins that include UBC, MMP2, BCL, PRDX, ATP5O, C3, TF, and CRYAB, (2)  
increased local interactions between oxidative stress, complement activation, transcription, 
metabolism, (3) AMD module as a cluster in the same network neighborhood, (4) poten-
tial causal molecules including Ca2+, Fe2+, ATP/ADP, OPO4

2−, lipids, (5) altered cytoskeleton, 
microtubule, abnormal mitochondrial signaling.

Figure 8. Genome-proteome-metabolome mapping in AMD: retrograde mitochondrial signaling. The protein 
interactome was established using STRING software and our proteomics data. The genome regulatory network 
was connected to the proteome network using Uniprobe and JASPAR. Protein phosphorylations were examined by 
phosphoprotein/peptide enrichment, followed by mass spectrometry analysis. Phosphorylations were compared to 
Phospho.ELM, and PhosphoSite. The metabolome mapping was established using KEGG and BIGG databases. Based 
on our proteomics and the interactome data that identified altered signaling of apoptosis in the retina and RPE both 
in vitro and in vivo, the pathological pathway determined by the AMD interactome could yield suitable targets for anti-
apoptotic and anti-angiogenic therapy: (1) mitochondrial dysfunction in the peripheral RPE (prohibitin, ATP synthase); 
(2) oxidative stress including intense and constant light (peroxiredoxin, thioredoxin, glutathione S-transferase); (3) 
cytoskeletal remodeling by microtubule, actin filament, and intermediate filament (vimentin, actin, tubulin); (4) high 
concentration of nitric oxide (nitric oxide synthase), (5) hypoxia (HIF1, erythropoietin, VEGF); (6) disrupted circadian 
clock (melatonin); (7) apoptotic downstream (pJAK2, pSTAT3, Bclxl, caspases); (8) altered lipid concentrations 
(cardiolipin, cholesterol); (9) altered visual cycle (CRABP, CRALBP, RPE65); (10) altered energy metabolism (S/T 
vs. Y kinases, carnitine, pyruvate, ATP synthase); (11) aggregation of heat shock proteins and crystallins; and (12) 
inflammation (CFH, C3, collagen, vitronectin).
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(2) oxidative stress including intense and constant light (peroxiredoxin, thioredoxin, glutathione S-transferase); (3) 
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The mitochondrial interactome provides a base for better understanding of oxidative stress-
induced apoptosis and the mechanism of age-related diseases, including AMD. As a con-
sequence, an effective treatment of neurodegenerative diseases based on the modulation of 
mitochondrial network is expected to result.
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Abstract

Translocator protein (TSPO) takes part in mitochondrial adenine triphosphate (ATP) pro-
duction and transport. Mitochondrial TSPO is a part of the apoptotic and cell necrotic
mechanism. Ligands to TSPO, endogenous and synthetic, have different effects on metabo-
lism and protein expression in human well-differentiated metabolically active cells. In
general, most of the TSPO ligands affect the cellular function or metabolism in the same
general direction, but different specific TSPO ligands have their own unique effects in
human cells. Regulation of gene expression via the actions of TSPO ligands on the mito-
chondrial TSPO may form an essential mechanism for the regulation of cellular functions,
especially during acute organ injury, such as acute brain damage. The exact mode of action
of the specific TSPO ligands is not clear enough and should be further investigated. TSPO is
a potential target for therapeutic efforts to mitigate secondary tissue injury caused by
programmed cell death.

Keywords: TSPO, ligand, mitochondria, cell death

1. The structure, abundance and function of TSPO

The 18 kDa translocator protein (TSPO), previously known as a peripheral benzodiazepine
receptor (PBR) [1], is a highly conserved protein with various life essential functions in eukary-
otic and prokaryotic species [2]. The TSPO gene in humans is situated on the chromosome
22q13.3 [3]. The amino acid sequence of TSPO of human origin (169 amino acids): 1
mappwvpamg ftlapslgcf vgsrfvhgeg lrwyaglqkp swhpphwvlg pvwgtlysam 61 gygsylvwke
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lggftekavv plglytgqla lnwawppiff garqmgwalv dlllvsgaaa 121 attvawyqvs plaarllypy lawlaftttl
nycvwrdnhg wrggrrlpe [4].

TSPO takes part in mitochondrial ATP production and transport, and is located on cytoplasmic
and nuclear membranes and on the outer membrane of mitochondria. TSPO is abundant in
metabolically active cells in different organs, such as brain, kidney, and so forth. [2]. TSPO has
been also found in other organs and generally is abundant in steroid-secreting tissues. Recently,
it has been detected in high abundance in osteoblasts [5]. TSPO interacts with ligands to
modulate various molecular cellular activities [5–9] by affecting cell death. TSPO is thought to
be involved in mitochondrial cholesterol transport and related to cell death pathways (apoptosis
and necrosis) as a functional part of the mitochondrial permeability transition pore (MPTP),
along with additional related receptors and protein structures, for example, voltage-dependent
anion channel (VDAC) and the adenine nucleotide translocase (ANT) [1, 2]. The existence of
functional interconnection between TSPO and MPTP has been challenged recently in studies
showing that the MPTP can induce apoptosis and cholesterol transport without the involvement
of TSPO [10]. Thus, the exact mechanism of the TSPO involvement in cell death has not been
determined yet, but its functional role in this process is strongly supported [1, 2, 6–8].

2. TSPO ligands

Ligands, either endogenous or synthetic, to TSPO, such as protoporphyrin IX (PPIX), PK
11195, Ro5–4864, FGIN-1-27, induce different effects on metabolism and protein expression in
human well-differentiated metabolically active cells. For example, Ro5–4864, FGIN-1-27 and
PPIX cause similar effects, for example, reducing cellular [18F]-fluorodeoxyglucose ([18F]-FDG)
incorporation and parallel decrease in ATP generation [6–8]. The cellular effects of PK 11195
show protective attempts for cellular “detoxification” by increasing the cellular mitochondrial
mass (Figure 1) [5].

In general, most of the TSPO ligands affect the cellular function or metabolism in the same
general direction, but different specific TSPO ligands have their own unique effects in human
cells. Regulation of gene expression via the actions of TSPO ligands on the mitochondrial
TSPO may form an essential mechanism for the regulation of cellular functions.

The exact mode of action of the specific TSPO ligands is not clear enough and should be further
investigated. Due to the evidence of the nonuniform response of cells to the different specific
ligands, an attempt to elucidate the role of the TSPO in cellular metabolism and modulation of
cell phenotype should be promoted.

3. TSPO role in organ pathology and injury

Changes in TSPO expression have been linked to several pathological conditions, including
cancer, endocrine diseases, and neurological diseases [2]. For example, in the normal brain,
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overall TSPO expression is low, and TSPO is mainly found in glia and at very low levels in
neurons [9]. But in the abnormal brain, TSPO is mainly expressed in glia, some hypertrophic
astrocytes, infiltrating macrophages, and at low levels in neurons.

TSPO expression is upregulated in the injured brain and topographically localized in the
inflamed areas. Additionally, in various neuropathologies, that is, gliomas, ischemia, viral
encephalitis, neurodegenerative disorders (Parkinson’s disease, Huntington’s disease,
Alzheimer’s disease, and amyotrophic lateral sclerosis), local high expression of TSPO is
evident [9–11, 12].

Mitochondria are the key regulators of cell survival and death. Mitochondria interact with
numerous specific proteins, which are involved in genetic forms of neurodegenerative diseases
[5, 9, 11]. When TSPO is a mitochondrial protein, it plays an important role in various cellular
pathways related to brain damage and neurodegenerative disease [12].

The potential intracellular mechanisms related to TSPO include Ca++ release, ATP production,
reactive oxygen species (ROS) generation, and cytochrome C release from the mitochondria in
relation to programmed cell death [7, 13, 14].

Figure 1. A: Microscopic image of cells stained by Mitotracker green stain (MTG). Strings of green stained mitochondria
are apparent. Confocal microscopy, scale – 20 μ. B: Flow cytometry of cells stained by MTG. The histogram of the
mitochondrial mass is shifted showing when exposed to PK 11195 (10�5 M) indicating on increase in the mitochondrial
mass in comparison with the unexposed control.
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4. TSPO role in cell death: the case of neural injury

Regulation of programmed cell death is not sufficient to establish tissue repair. In brain
pathologies, when the TSPO is upregulated, there is a typical association with microglial
activation and inflammation. High level of TSPO expression in glia, as well as the increased
proliferation of microglia in gliosis, suggests that TSPO could serve as an index of the state and
progression of traumatic brain injury (TBI) [3]. These studies suggest that TSPO expression
measurement can be used as a biomarker of active brain disease. The precise etiology of
differences in TSPO expression and its relation to injury to neural tissue, while TBI or in
neurodegenerative conditions, have not been resolved yet [14].

It is possible that high TSPO local brain tissue concentration might be an etiologic factor in
progressive tissue damage in TBI. This theory is based on the revealed TSPO role in the
cholesterol transport via inner mitochondrial membrane that accelerates cell proliferation
during reactive gliosis, which is an essential part in the pathogenesis following TBI [10].

Secondary injury has the most important effect in brain damage related to TBI. This process is
caused predominantly by mitochondrial shutdown. Mitochondrial dysfunction progresses to
apoptosis by the increase in oxidative stress due to depleted ATP synthesis. The final result is a
local to the injured site brain tissue damage that is clinically expressed by a spectrum of
cognitive or motoric impairments. Therefore, it might be logical to suggest that therapeutic
efforts in TBI should address cellular pathways connected to TSPO. But there is no current
therapeutic evidence that can support this hypothesis, and therefore this is a highly appealing
area for further research. There is an ongoing research on novel methods to prevent, diagnose,
and treat TBI focusing on maintaining mitochondrial function [15, 16].

TBI is still the leading cause of disability in young adults worldwide. Its major mechanisms are
diffuse axonal injury, cerebral contusion, ischemic neurological damage, and intracranial hema-
tomas. All these pathologies are associated to some extent with mitochondrial dysfunction [15].

Significant necrosis of the brain cortical tissue occurs rapidly upon experimental TBI. Exacer-
bation of the primary lesion occurs during the hours after the brain injury and leads conse-
quently to significant neurological dysfunction. Cyclosporine A (CsA, an immunosuppressant)
has shown a neuroprotective role in TBI. CsA inhibits the opening of the MPTP, which in turn
maintains the mitochondrial membrane potential, and calcium homeostasis of mitochondria.
These results demonstrate that MPTP modulation and mitochondrial homeostasis mainte-
nance are related to the neuroprotective role of CsA. The CsA neuroprotective effect following
brain injury indicated that pharmacological therapies can be designed to greatly affect the
mitochondria and neurological outcome following a brain injury [15]. Since TSPO has been
suggested to be functionally related to the MPTP, it might be involved in these cellular
pathways and might be targeted in the future research of TBI treatment.

One of the cellular pathways following TBI at the cellular level is related to energetic shut-
down, with subsequential interference with Ca2+ homeostasis. This process starts following
initial brain injury by an “ischemia-like” pattern, after direct impact to the brain tissue. Addi-
tionally, this process causes impairment in the cerebral blood flow, with further local ischemic
process. As the result of this initial impact, the cellular ATP synthesis decreases, and
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mitochondrial membrane potential collapses. As a result, the nerve terminal membrane is
depolarized, glutamate and aspartate (excitatory neurotransmitters) are released and voltage-
dependent Ca2+ and Na+ channels are activated. By the self-accelerating process, additional
Ca2+ is recruited causing its pathologically increased concentration. The Ca2+ overload causes
increased catabolic effect due to enhanced release of free radicals, with eventual cell death via
cellular membrane damage [16].

ATP production via oxidative phosphorylation is the primary function of mitochondria, and
Ca2+ is the characteristic stimulatory signal for the activation of numerous mitochondrial
enzymes [16]. Mitochondria play a pivotal role in cell survival. Mitochondrial dysfunction is
an early event in the CNS injury that progresses to cell necrosis.

Thus, the cell death, neural and glial, following TBI is the pathophysiological cause for overall
brain damage. Cell death occurs by apoptosis, autophagy, and necrosis [17, 18]. A programmed
cell necrosis (necroptosis) has a distinct and characteristic morphology due to autophagy [19].
Mitochondria are the source to cell death propagation, in addition to the extrinsic pathway and
caspase-12-mediated endoplasmic reticulum (ER) apoptotic pathway. The extrinsic pathway is
amplificated by mitochondria and causes apoptosis. The BH3-only protein Bid links the extrinsic
and mitochondrial apoptosis. The mitochondrial apoptosis can be caspase-dependent or inde-
pendent. If caspase-dependent, it involves cytochrome C, otherwise apoptosis inducing factor
(AIF) governs the caspase-independent pathway.

Therefore, it may be deduced, according to the abovementioned studies, that mitochondrial
membrane, Ca2+ and reactive oxygen species (ROS) are shown to mediate synergistically the
process of cell damage induced by TBI. Mitochondrial outer membrane permeabilization
(MOMP) and mitochondrial permeability transition (MPT), which are part of apoptotic path-
way, are the suggested mechanisms of the pores’ formation in the mitochondrial membranes.
An additional important factor, the Bcl-2 family, is regulatory in apoptosis and cell necrosis as
well. There are also numerous other proapoptotic factors that might be interconnected with the
mentioned pathways, but their role is not clear. These factors coordinate the apoptotic activity
and related to mitochondria, ER, and lysosome.

The regulation of Ca2+ flux between mitochondria and ER is a control point during apoptosis,
along with mitochondria-associated membranes. It is important to mention that the cathepsin
proteases that are released from lysosome enhance the mitochondria-mediated cell death.
These cellular events are related to secondary brain damage and other pathological processes
involving programmed cell death.

Additional cellular pathways, not directly related to mitochondria, such as neuron cells death
by excitotoxicity, due to elevated levels of synaptic neurotransmitters, also occur during TBI.
Excitotoxicity is mediated by glutamate and involves several synaptic receptors, for example,
AMPA, NMDA, voltage-dependent Ca2+ channels (VDCC) and metabotropic glutamate
(mGlu) receptors [13, 20, 21]. The Na+- and Cl�-dependent influx is associated with immediate
cell swelling [22–25]. Extra-synaptic NMDA receptor activation can activate a cAMP response
element binding (CREB) protein shut-off which, in turn, causes loss of ΔΨm and apoptosis [26].
Stress-activated protein kinases (SAPKs) are another class of signaling molecules that are part of
NMDA receptor-dependent cell death [27].
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4. TSPO role in cell death: the case of neural injury
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cognitive or motoric impairments. Therefore, it might be logical to suggest that therapeutic
efforts in TBI should address cellular pathways connected to TSPO. But there is no current
therapeutic evidence that can support this hypothesis, and therefore this is a highly appealing
area for further research. There is an ongoing research on novel methods to prevent, diagnose,
and treat TBI focusing on maintaining mitochondrial function [15, 16].

TBI is still the leading cause of disability in young adults worldwide. Its major mechanisms are
diffuse axonal injury, cerebral contusion, ischemic neurological damage, and intracranial hema-
tomas. All these pathologies are associated to some extent with mitochondrial dysfunction [15].

Significant necrosis of the brain cortical tissue occurs rapidly upon experimental TBI. Exacer-
bation of the primary lesion occurs during the hours after the brain injury and leads conse-
quently to significant neurological dysfunction. Cyclosporine A (CsA, an immunosuppressant)
has shown a neuroprotective role in TBI. CsA inhibits the opening of the MPTP, which in turn
maintains the mitochondrial membrane potential, and calcium homeostasis of mitochondria.
These results demonstrate that MPTP modulation and mitochondrial homeostasis mainte-
nance are related to the neuroprotective role of CsA. The CsA neuroprotective effect following
brain injury indicated that pharmacological therapies can be designed to greatly affect the
mitochondria and neurological outcome following a brain injury [15]. Since TSPO has been
suggested to be functionally related to the MPTP, it might be involved in these cellular
pathways and might be targeted in the future research of TBI treatment.

One of the cellular pathways following TBI at the cellular level is related to energetic shut-
down, with subsequential interference with Ca2+ homeostasis. This process starts following
initial brain injury by an “ischemia-like” pattern, after direct impact to the brain tissue. Addi-
tionally, this process causes impairment in the cerebral blood flow, with further local ischemic
process. As the result of this initial impact, the cellular ATP synthesis decreases, and
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dependent Ca2+ and Na+ channels are activated. By the self-accelerating process, additional
Ca2+ is recruited causing its pathologically increased concentration. The Ca2+ overload causes
increased catabolic effect due to enhanced release of free radicals, with eventual cell death via
cellular membrane damage [16].

ATP production via oxidative phosphorylation is the primary function of mitochondria, and
Ca2+ is the characteristic stimulatory signal for the activation of numerous mitochondrial
enzymes [16]. Mitochondria play a pivotal role in cell survival. Mitochondrial dysfunction is
an early event in the CNS injury that progresses to cell necrosis.

Thus, the cell death, neural and glial, following TBI is the pathophysiological cause for overall
brain damage. Cell death occurs by apoptosis, autophagy, and necrosis [17, 18]. A programmed
cell necrosis (necroptosis) has a distinct and characteristic morphology due to autophagy [19].
Mitochondria are the source to cell death propagation, in addition to the extrinsic pathway and
caspase-12-mediated endoplasmic reticulum (ER) apoptotic pathway. The extrinsic pathway is
amplificated by mitochondria and causes apoptosis. The BH3-only protein Bid links the extrinsic
and mitochondrial apoptosis. The mitochondrial apoptosis can be caspase-dependent or inde-
pendent. If caspase-dependent, it involves cytochrome C, otherwise apoptosis inducing factor
(AIF) governs the caspase-independent pathway.

Therefore, it may be deduced, according to the abovementioned studies, that mitochondrial
membrane, Ca2+ and reactive oxygen species (ROS) are shown to mediate synergistically the
process of cell damage induced by TBI. Mitochondrial outer membrane permeabilization
(MOMP) and mitochondrial permeability transition (MPT), which are part of apoptotic path-
way, are the suggested mechanisms of the pores’ formation in the mitochondrial membranes.
An additional important factor, the Bcl-2 family, is regulatory in apoptosis and cell necrosis as
well. There are also numerous other proapoptotic factors that might be interconnected with the
mentioned pathways, but their role is not clear. These factors coordinate the apoptotic activity
and related to mitochondria, ER, and lysosome.

The regulation of Ca2+ flux between mitochondria and ER is a control point during apoptosis,
along with mitochondria-associated membranes. It is important to mention that the cathepsin
proteases that are released from lysosome enhance the mitochondria-mediated cell death.
These cellular events are related to secondary brain damage and other pathological processes
involving programmed cell death.

Additional cellular pathways, not directly related to mitochondria, such as neuron cells death
by excitotoxicity, due to elevated levels of synaptic neurotransmitters, also occur during TBI.
Excitotoxicity is mediated by glutamate and involves several synaptic receptors, for example,
AMPA, NMDA, voltage-dependent Ca2+ channels (VDCC) and metabotropic glutamate
(mGlu) receptors [13, 20, 21]. The Na+- and Cl�-dependent influx is associated with immediate
cell swelling [22–25]. Extra-synaptic NMDA receptor activation can activate a cAMP response
element binding (CREB) protein shut-off which, in turn, causes loss of ΔΨm and apoptosis [26].
Stress-activated protein kinases (SAPKs) are another class of signaling molecules that are part of
NMDA receptor-dependent cell death [27].
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Eventually, the mitochondrial membrane is one of the last barriers to cell death. Different
receptors related to the mitochondrial membrane, including TSPO, have a crucial role in
protection from or propagation to cell death. In the case of the secondary damage following
TBI, the possibility of therapeutic targeting of this receptor has been raised [28].

The preservation of energy supply alone is not enough for mitochondria protection. The
ongoing research on TSPO might also lead to the finding of protective pathways that will
avoid the cell death cascades during the brain or other tissue injury. In the series of four papers,
it was found that from all studied, only one type of synthetic TSPO ligand, PK 11195 (10�5 M),
evolves a protective cellular response by elevating the cellular mitochondrial mass [6]. PK
11195 is unsuitable for clinical use because of its overall toxic effects in vivo, but it is clear that
its interaction with TSPO evolves a protective anti-necrotic effect in cells. Therefore, TSPO is a
good candidate for future research of mitigation of secondary tissue damage which is cur-
rently irreversible.

In conclusion, mitochondria play a pivotal role in the secondary cellular insult such as in the TBI
and other types of tissue necrotic damage. The mitochondrial malfunction that occurs during
such pathological effects results in cellular energy loss, with the activation of cell death path-
ways, which involve the interrelated actions of excitotoxicity, ROS, caspases, the Bcl-2 family and
apoptosis inducing factor (AIF). In this process, the role of TSPO is still elusive but with a strong
indication of a possible regulatory involvement [5]. With the clarification of the function and
structure of TSPO on mitochondria, mitochondrial-targeted multipotential therapeutic strategies
via TSPO might provide new hope for the treatment of cellular death, such as in TBI or in other
acute injury states in other organs, with high energy demanding cellular content.
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protection from or propagation to cell death. In the case of the secondary damage following
TBI, the possibility of therapeutic targeting of this receptor has been raised [28].
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evolves a protective cellular response by elevating the cellular mitochondrial mass [6]. PK
11195 is unsuitable for clinical use because of its overall toxic effects in vivo, but it is clear that
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Abstract

Multiple mitochondrial dysfunctions syndrome (MMDS) is a group of autosomal recessive 
mitochondrial disorders that is associated with deficiencies related to nuclear genes: ISCA2, 
ISCA1, NFU1, IBA57, and BOLA3. The syndromes are relatively new and recently discov-
ered. Individuals with MMDS have reduced function of energy production stages in mito-
chondria. The dysfunctions are mostly related to iron-sulfur (Fe-S) clustering system (ISC) 
and its biogenesis. The signs and symptoms of the patients may begin early in life, and can 
be quite severe leading to death more or less during infancy. Affected individuals have vari-
ous symptoms including brain dysfunction (encephalopathy), hypotonia, seizures, delayed 
developmental milestones, and cognition and psychomotor impairments. These individu-
als often have difficulty growing and gaining weight at the expected rate. Diagnosis of the 
disease can be challenging as in the case with most of the mitochondrial disorders. However, 
since the genetic causes of the MMDS are known, a laboratory test focusing on the causative 
genes will be helpful to determine the pathogenic mutations. This in turn would facilitate 
reducing the number of the diseases through carrier testing and genetic counseling and uti-
lization of preimplantation genetic diagnosis in populations, especially those that display 
high rate of consanguinity, which are prone to have such autosomal recessive disorders.

Keywords: BOLA3, IBA57, ISCA1, ISCA2, NFU1, iron-sulfur (Fe-S) cluster (ISC), 
multiple mitochondrial dysfunction syndromes

1. Introduction

Mitochondria are double membrane-bound cellular organelles surrounded by outer and 
inner membranes [1, 2]. The organelle is considered cell’s powerhouse generating adenosine 
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triphosphate (ATP) during cellular respiration; hence, facilitating energy conversion in eukary-
otes. Uniquely, each mitochondrion has its own DNA and encodes mitochondrial genes; 
hence, contributing the cell’s proteome independently. The inheritance of the mitochondrial 
genome differs from nuclear genome since the donor of mitochondrial DNA (mtDNA) is the 
egg rather than sperm whose mitochondria are marked for obliteration upon entering the 
egg [3]. Hence, the organelle’s DNA is inherited through females known as “maternal inheri-
tance.” Since these organelles generate energy, most biochemical reactions in the eukaryotic 
cells occur in the mitochondria. These reactions include pyruvate oxidation, citric acid cycle, 
electron transport, and oxidative phosphorylation (OXPHOS) all needed for energy produc-
tion. Mitochondria also have an important role in calcium signaling, regulation of cellular 
metabolism, heme synthesis, steroid synthesis, apoptosis, and the biosynthesis of iron-sulfur 
(IS) clusters (ISC). The high number of human diseases caused by the malfunction of the 
mitochondrial proteins—encoded by nuclear or mtDNA—drew attention to the importance 
of this organelle.

2. Mitochondria

Mitochondria are genetically controlled by both nuclear DNA and the mitochondrial genome 
[1, 4]. A wide range of molecular defects have been identified in the human mitochondrial 
genome [4–9]. Diseases due to mutations in the mitochondrial genome are clinically, geneti-
cally, and biochemically diverse [1, 2, 4, 6, 10]. Similarly, deficiencies in mitochondrial genes 
encoded by nuclear genome can also lead various mitochondrial disorders and a wide range 
of cellular perturbations such as undue reactive oxygen species and distracted apoptosis, 
aberrant calcium homeostasis, and deficient energy production. This in turn leads failure to 
meet the requirements of numerous organs, especially those with high energy needs. Hence, 
various pathological conditions appears due to impaired mitochondrial function in human 
body involving different cell types, tissues, and organs including heart and brain. Such multi-
organ manifestations are all mitochondria related and these diseases varies from epilepsy to 
cardiac myopathies.

3. Mitochondria and genetics of mitochondria-related diseases

The mitochondrial genome is a multicopy, double-stranded circular DNA molecule, which is 
16.6 kb in human [11]. This genome encodes 13 essential proteins for the OXPHOS system and 
24 components of the RNA machinery: 2 rRNAs and 22 tRNAs [11]. It is intronless and the only 
noncoding region is the displacement region (D-Loop), a region of 1.1 kb. It contains both the 
replication origins and the transcriptional promoters. Although mitochondria are genetically 
controlled by both mitochondrial and nuclear genomes, mtDNA is only maternally inherited 
[3]. Mitochondrial genetics differ greatly from Mendelian genetics in size, number of encoded 
genes, number of DNA molecules per cell, lack of introns, gene density, replication, transcrip-
tion, recombination, and mode of inheritance. The 13 proteins include 7 subunits of NADH 
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Dehydrogenase (complex I: ND1, ND2, ND3, ND4, ND4L, ND5 and ND6), Cytochrome b 
(subunit of complex III), 3 subunits of Cytochrome c oxidase or complex IV (COI, COII and 
COIII), and 2 subunits of F0F1 ATPase (ATPase 6 and ATPase 8). They are all encoded by 
mtDNA and synthesized in the organelle. While, complex II (Succinate Dehydrogenase) and 
the remaining subunits of complexes I, III, IV, and V are entirely encoded by the nuclear 
genome. These nuclear-encoded proteins are synthesized on cytosolic ribosomes and subse-
quently transported into the mitochondria.

4. Fe-S clusters (ISCs)

ISCs are evolutionarily ancient cofactors consisting of Fe (iron) and S (sulfur) associated to the 
cysteine sulfurs of proteins. The clusters are found in variety of organisms including archaea, 
protists, prokaryotes, and eukaryotes. In a eukaryotic cell, they can be found in the mito-
chondria, cytosol, and nucleus where they perform diverse functions [12]. ISCs play a critical 
role in many fundamental molecular processes and have roles in electron transfer, structural 
stabilization, gene regulation, enzymatic catalysis, metabolic regulation, and sensing environ-
mental signals [13]. Almost 30 proteins in the mitochondria and the cytosol are involved in 
synthesizing and assembling these clusters. ISC have two most common forms [2Fe-2S] and 
[4Fe-4S] clusters. ISC-related proteins of the electron transport chain in the mitochondrion 
are mainly located in the inner membrane. Moreover, some of these proteins are also found 
in the mitochondrial matrix in the organelles. For the cluster assembly, two machineries are 
required, the mitochondrial ISC assembly machinery and the cytosolic IS protein assembly 
machinery [12].

Eukaryotic IS proteins are located in mitochondria, cytosol, and nucleus, where they perform 
diverse functions in cellular metabolism and regulation. The mitochondrial ISC assembly 
machinery matures all organellar IS proteins, and additionally contributes to the biogenesis 
of cytosolic and nuclear IS proteins by producing an unknown sulfur-containing compound 
(X-S) that is exported to the cytosol and used by the cytosolic IS protein assembly machinery. 
Hence, mitochondria are directly responsible for the essential functions (e.g., of nuclear IS 
proteins involved in DNA metabolism and genome maintenance).

Mitochondria forms iron-sulfur clusters of significant proteins such as DNA polymerase and 
DNA helicases, and, therefore, plays a significant role in survival. There are 17 different pro-
teins forming iron-sulfur cluster machinery that places the clusters into the Apo proteins. 
The mechanism of formation of iron-sulfur clusters can be divided into three steps. First, it is 
synthesized on a scaffold protein. Second, it is bound to transfer protein after dislocation from 
scaffold protein. Third, the transfer protein, the cluster and the specific ISC targeting factor 
place the cluster into the Apo protein. The changes in the first two steps inhibit the maturation 
of extra mitochondrial Fe/S proteins and disturb the iron homeostasis [14]. Assembly of Fe-S 
cluster also takes place by NIF, SUF, and CIA machineries. Cysteine desulfurase is an enzyme 
that unites Fe-S assembly machineries. It is encoded by NFS 1 which functions to deliver 
sulfur to ISCU [15]. ISCU is an iron-sulfur cluster assembly enzyme; encodes component of 
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iron-sulfur scaffold protein. The changes in this gene result in severe myopathy and lactic 
acidosis (“ISCU Fe-S Cluster Assembly Enzyme [Homo sapiens (Human)] - Gene - NCBI”) 
Complexes 1, 2, and 3 contain Fe-S clusters. They function in electron transport by transfer of 
one electron in redox processes [16]. The assembly of the clusters is recently studied in Yeast. 
In photosynthetic organisms, the iron-sulfur clusters play role in chloroplast processes and 
are important for plastid functioning [17].

Yeast frataxin, Isu1, and Nfs1 (cysteine desulfurase) take part in de novo synthesis of ISC. Many 
genes encode ISC assembly factors such as BOLA3, NFU1, GLRX5, NUBPL, LYRM4, IBA57, 
ISCA1, and ISCA2. These molecules have significant role in mitochondria. They are essential 
cofactors in the assembly of cluster. Deficiency of these genes leads to different diseases, for 
instance, GLRX5 deficiency causes sideroblastic anemia, whereas NUBPL mutations lead to 
respiratory chain complex 1 deficiency. On the other hand, some of these deficiencies are 
classified under a unique category such as MMDS.

5. Genetic factors of mitochondrial dysfunction syndromes

As the names imply, multiple mitochondrial dysfunction syndromes are disease conditions 
affecting mitochondria and usually lead to reduced function of more than one stages of energy 
production in the organelle [18]. The genetic factors causing these disorders are associated 
with the biogenesis of cellular ISC and currently these are the following genes: ISCA2, NFU1, 
IBA57, and BOLA3. More recently, ISCA1 is also reported to lead a disease resembling MMDS 
and suggested to be a member of the group [19]. Interestingly, MMDS members appear to be 
inherited in autosomal recessive mode of inheritance (Table 1).

5.1. ISCA1

Iron-sulfur cluster assembly 1 (ISCA1) is one of the mitochondrial proteins required for the 
biogenesis and assembly of ISC [20]. This protein functions in the late stages of the ISC biogen-
esis and act as an iron binding molecule that may serve as a chaperone for biogenesis of Fe-S 
clusters [21]. It is believed that the molecule plays its pivotal role through its interaction with 
IOP1 (iron-only hydrogenase-like protein)/NARFL (nuclear prelamin A recognition factor-
like). Knockdown of Isca1 causes reduced activity of succinate dehydrogenase, mitochondrial 
aconitase, and cytosolic aconitase; hence, involving in both cytosolic and mitochondrial Fe-S 
protein biogenesis [22].

According to GenAtlas [23, 24], the gene has four exons and produces 14 kDa protein with 
129 amino acids, which is known as mitochondrial Fe-S cluster assembly 1 homolog or oth-
erwise HESB like domain containing 2. The gene is mapped to chromosome 9q21.33, and sits 
on genomic coordinates: 88.879.463–88.897.490. It is 2012 base pair long, generates four tran-
scripts (splice variants) and highly expressed heart, esophagus, bladder, uterus, and cervix. 
Moreover, ISCA1 is a member of consensus coding sequence (CCDS:35056.1) which are man-
ually checked protein annotations on the reference mouse and human genomes that ensures 
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consistent representation of the tracks of NCBI, Ensembl, and UCSC Genome Browsers. The 
gene has several synonyms such as hIsca, HBLD2, and ISA1, and localizes to mitochondria as 
well as cytoplasm.

Effect of depletion of ISC-related proteins on the maturation of cytosolic 4Fe-4S proteins 
showed that some mitochondrial Fe/S proteins such as mitochondrial aconitase, SDH, sev-
eral proteins of complex I, and Rieske Fe/S protein were decreased with the deficiency of 
ISCA1. On the other hand, cellular heme content and mitochondrial 2Fe-2S ferrochelatase 
were unaffected by the depletion. This implies that ISCA1 is crucial in the maturation of 
mitochondrial 4Fe-4S proteins [25]. In another study, ISCA1 was found to be associated with 
multiple mitochondrial dysfunctions syndrome-5. A homozygous missense mutation at a 
conserved residue in the Fe-S biogenesis domain (c.259G>A, p.Glu87Lys) was identified in 
two unrelated Indian families. This mutation destabilizes the protein subsequently causing 
the syndrome [19].

5.2. ISCA2

ISCA2 stands for iron-sulfur cluster assembly 2 protein and the gene encodes for A-type iron-
sulfur cluster protein. Fe-S clusters are inorganic cofactors, mostly found in metalloproteins. 
The gene is located on chromosome 14 and expressed from the plus strand. According to 
Ensembl, this gene generates 4 different transcripts and has 96 orthologues. ISCA2 is a regula-
tory protein found in mitochondria as well as extra mitochondrial sites such as cytosol and 
nucleus. The protein takes part in assembly of Fe-S clusters in mitochondria which further 
take part in oxidation reduction (especially in complex 1 and 2), substrate activation, iron/sul-
fur storage, regulation of gene expression, and enzyme activity. Alternative name for ISCA2 
is “HESB-like-domain-containing protein 1” for humans. First human mutation of ISCA2 

Gene Cytoband NCBI Genomic location MMDS-related 
phenotype

MIM 
PT#

IM MIM LN

NFU1 2p13.3 27247 2:69,396,112-69,438,122 Multiple mitochondrial 
dysfunctions syndrome 1

605711 AR 608100

BOLA3 2p13.1 388962 2:74,135,400-74,147,911 Multiple mitochondrial 
dysfunctions syndrome 2 
with hyperglycinemia

614299 AR 613183

IBA57 1q42.13 200205 1:228,165,807-
228,182,256

Multiple mitochondrial 
dysfunctions syndrome 3

615330 AR 615316

ISCA2 14q24.3 122961 14:74,493,719-74,495,567 Multiple mitochondrial 
dysfunctions syndrome 4

616370 AR 615317

ISCA1 9q21.33 81689 9:86,264,545-86,282,574 Multiple mitochondrial 
dysfunctions syndrome 5

617613 AR 611006

AR: autosomal recessive; IM: inheritance mode; LN: locus number; MIM: Mendelian inheritance in man; MMDS: 
mitochondrial dysfunction syndromes; PT#: phenotype number.

Table 1. Genes and related mitochondrial dysfunction syndromes.
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tory protein found in mitochondria as well as extra mitochondrial sites such as cytosol and 
nucleus. The protein takes part in assembly of Fe-S clusters in mitochondria which further 
take part in oxidation reduction (especially in complex 1 and 2), substrate activation, iron/sul-
fur storage, regulation of gene expression, and enzyme activity. Alternative name for ISCA2 
is “HESB-like-domain-containing protein 1” for humans. First human mutation of ISCA2 

Gene Cytoband NCBI Genomic location MMDS-related 
phenotype

MIM 
PT#

IM MIM LN

NFU1 2p13.3 27247 2:69,396,112-69,438,122 Multiple mitochondrial 
dysfunctions syndrome 1

605711 AR 608100

BOLA3 2p13.1 388962 2:74,135,400-74,147,911 Multiple mitochondrial 
dysfunctions syndrome 2 
with hyperglycinemia

614299 AR 613183

IBA57 1q42.13 200205 1:228,165,807-
228,182,256

Multiple mitochondrial 
dysfunctions syndrome 3

615330 AR 615316

ISCA2 14q24.3 122961 14:74,493,719-74,495,567 Multiple mitochondrial 
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616370 AR 615317
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Table 1. Genes and related mitochondrial dysfunction syndromes.
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(c.229G>A; p.Glu77Ser) identified in the patients from five consanguineous families was a 
homozygous ancestral founder mutation that leaded to neurodegeneration, developmental, 
failure to thrive, quadriplegia, truncal hypotonia, optic atrophy, and leukoencephalopathy 
[26]. Later, additional 10 cases with the same founder mutation were also described [27]. 
Recently, two other patients with the same mutation were also studied with detailed func-
tional experiments revealing complex 2 and 4 deficiencies [28]. Interestingly these patients 
were all Arab descent. Most recently, a second mutation, a compound heterozygous variant (a 
single basepair deletion causing frameshift with a premature stop codon: mutation: c.295delT; 
p.Phe99Leufs*18 and a missense mutation c.334A>G; p.Ser112Gly) in ISCA2 was reported in 
a 2-month-old girl from Italy [29]. These mutations causes disorder of energy metabolism 
which results in respiratory failure, severe hypotonia, nystagmus, lactic acidosis, poor neu-
rologic development, hyperglycemia, leukodystrophy of the brainstem with longitudinally 
extensive spinal cord involvement, and mtDNA deficiency ultimately leading to death [26].

5.3. NFU1

NFU1 is one of the human mitochondrial components that is involved in the assembly of 
the Fe-S protein cluster. It helps in the transfer of [4Fe-4S] clusters to specific protein targets 
and facilitates their maturation [30]. NFU1 is mapped on the 2p13-p15 chromosomal region 
and codes for the NFU1 protein. During Fe-S assembly, two NFU1 monomers are needed 
to assemble one 4Fe-4S. Complex I, II, and III of oxidative phosphorylation have multiple 
Fe-S clusters. Therefore, any deficiency in these clusters causes dysfunctions of respiratory 
chain complexes [31]. Previous studies showed that the function of the NFU1 has been asso-
ciated by the fatal mitochondrial disease, multiple mitochondrial dysfunctions syndrome 1 
(MMDS1) [30]. Patients with NFU1 mutations usually manifest feeding difficulty, weakness, 
lethargy, and decreasing responsiveness within a few days after birth and a few had epileptic 
seizures [31]. It has been shown that the patients with mutations in the NFU1 gene have simi-
lar biochemical features to that seen in patients with lipoic acid defects. Thus, NFU1 mutation 
appears to have some effect on Fe-S enzyme lipoic acid synthase (LAS). In conclusion, NFU1 
is an ISC assembly protein, and there is strong evidence that LAS deficiency is important in 
NFU1 mutation-related disease [31].

5.4. IBA57

IBA57 is a member of the Fe-S cluster assembly group. It is known as putative transferase 
CAF17 and Fe-S cluster assembly factor homolog. IBA57 is located on 1q42.13 and codes 
for the IBA57 protein that is located in the mitochondrion. This protein functions in the late 
stages of the biosynthesis of mitochondrial 4Fe-4S proteins. Any deficiency in IBA57 can 
cause an autosomal recessive spastic paraplegia-74 or multiple mitochondrial dysfunctions 
syndrome 3. In a previous study, it was found that the depletion of IBA57 in cell culture 
caused striking alterations in mitochondrial morphology, including a vast enlargement of 
the organelles and a loss of cristae membranes. It is also found that the function of IBA57 
protein is conserved from bacteria to human, according to a study that provides an evidence 
for the requirement of bacterial and yeast relatives of human IBA57 for efficient maturation 
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of [4Fe-4S] proteins. Moreover, potential diseases caused by mutations in these genes are 
expected to cause defects in mitochondrial respiration and in lipoic acid-dependent pro-
teins [25]. Another study reported two siblings from consanguineous parents died with a 
condition characterized by generalized hypotonia, respiratory insufficiency, arthrogryposis, 
microcephaly, congenital brain malformations, and hyperglycinemia. Catalytic activities of 
the mitochondrial respiratory complexes I and II were deficient in skeletal muscle, a finding 
suggestive of an inborn error in mitochondrial biogenesis. Homozygosity mapping identified 
IBA57 located in the largest homozygous region on chromosome 1 as a culprit candidate 
gene. Their analysis of IBA57 revealed the homozygous mutation c.941A>C, p.Gln314Pro in 
those two patients [15].

5.5. BOLA3

BOLA3 is another essential protein in the Fe-S clusters production and involves in the normal 
maturation of lipoate-containing 2-oxoacid dehydrogenases. Another critical role of the mol-
ecule is to facilitate the assembly of the respiratory chain complexes. BOLA3 was identified in 
the year 2008 during a search for similar sequences for bacterial BolA and cloned together with 
BOL1 and BOL2 [32]. According to Ensembl, the gene has five different transcripts and two iso-
forms. The main isoform is longer and localizes to mitochondria while the shorter isoform lack-
ing exon 2 is restrained in the cytosplasm [18, 33]. The main transcript (ENST00000327428.9) 
has four exons comprising 68 variations [33]. The mRNA is nearly ubiquitously expressed in 
human tissues. The protein has seven domains including two low complexity segments. The 
main BolA domain consists of a helix-turn-helix structure close to its C terminus. The gene 
has three published mutations (c.123dupA; p.Glu42Argfs; c.200T>A, p.Ile67Asn; c.136C>T, 
p.Arg46Ter) [18, 34–36] in addition to a 5 bp deletion [37] and a single basepair insertion [18]. 
These mutations were identified in ethnically different families. The first patients were initially 
described in 2001 in a mapping study [38] that included a singleton from a consanguineous 
family as well as three siblings from a nonconsanguineous family. Since all the patients from 
two different families had similar metabolic abnormalities, a mapping strategy was employed 
to identify the genetic interval for the causative gene. This approach located the gene on 
chromosome 2. Further positional cloning studies on the subjects yielded a single significant 
interval on p arm extending ~5 centiMorgan region and excluding the region positioned on 
the q arm. Interestingly, both of these families were utilized in a follow-up study that yielded 
deficiencies of two ISC-related genes in each family. While the larger family with three siblings 
were identified to harbor splice site mutation in NFU1 (c.545G>A) [18], the singleton had a 
single nucleotide duplication leading to a frame shift and eventually a premature stop codon 
(p.Glu42Argfs*13) in BOL3 [18]. Later on, a few more follow-up studies revealed additional 
mutations in the gene. The first follow-up study focused on two patients (male and female) 
with quite similar clinical course appeared with hypotonia, severe neonatal lactic acidosis, 
and intractable cardiomyopathy [35]. A missense mutation (c.200T>A, p.Ile67Asn) was identi-
fied in the patients’ DNA using exome sequencing. The other studies [34, 37] provided two 
additional missense mutations in BOLA3. Interestingly, while c.287A>G (p.His96Arg) causes a 
lethal infantile mitochondrial disorder [37], c.136C>T (p.Arg46*), a severe truncation mutation, 
leads to nonketotic hyperglycinemia [34] in the affected individuals.
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teins [25]. Another study reported two siblings from consanguineous parents died with a 
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forms. The main isoform is longer and localizes to mitochondria while the shorter isoform lack-
ing exon 2 is restrained in the cytosplasm [18, 33]. The main transcript (ENST00000327428.9) 
has four exons comprising 68 variations [33]. The mRNA is nearly ubiquitously expressed in 
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described in 2001 in a mapping study [38] that included a singleton from a consanguineous 
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to identify the genetic interval for the causative gene. This approach located the gene on 
chromosome 2. Further positional cloning studies on the subjects yielded a single significant 
interval on p arm extending ~5 centiMorgan region and excluding the region positioned on 
the q arm. Interestingly, both of these families were utilized in a follow-up study that yielded 
deficiencies of two ISC-related genes in each family. While the larger family with three siblings 
were identified to harbor splice site mutation in NFU1 (c.545G>A) [18], the singleton had a 
single nucleotide duplication leading to a frame shift and eventually a premature stop codon 
(p.Glu42Argfs*13) in BOL3 [18]. Later on, a few more follow-up studies revealed additional 
mutations in the gene. The first follow-up study focused on two patients (male and female) 
with quite similar clinical course appeared with hypotonia, severe neonatal lactic acidosis, 
and intractable cardiomyopathy [35]. A missense mutation (c.200T>A, p.Ile67Asn) was identi-
fied in the patients’ DNA using exome sequencing. The other studies [34, 37] provided two 
additional missense mutations in BOLA3. Interestingly, while c.287A>G (p.His96Arg) causes a 
lethal infantile mitochondrial disorder [37], c.136C>T (p.Arg46*), a severe truncation mutation, 
leads to nonketotic hyperglycinemia [34] in the affected individuals.
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Table 2 consists of previously published mutations in some Fe-S cluster genes.

Gene Mutation type Mutation Disease and phenotype References

BOLA3 Missense c.200T>A; p.Ile67Asn Multiple mitochondrial 
dysfunctions syndrome

Haack et al. 
[35]

BOLA3 Missense c.287A>G p.His96Arg Lethal infantile mitochondrial 
disorder

Kohda et al. 
[37]

BOLA3 Nonsense c.136C>T; p.Arg46* Nonketotic hyperglycinemia, Baker et al. 
[34]

BOLA3 Microdeletion c.225_229delGAGAA; p. Lys75* Lethal infantile mitochondrial 
disorder

Kohda et al. 
[37]

BOLA3 Microduplication c.123dupA Combined respiratory chain 
and 2-oxoacid dehydrogenase 
deficiency

Cameron et al. 
[18]

IBA57 Missense c.313C>T; p.Arg105Trp Leukodystrophy with acute 
psychomotor regression

Torraco et al. 
[39]

IBA57 Missense c.316A>G; p.Thr106Ala Leukodystrophy with acute 
psychomotor regression

Torraco et al. 
[39]

IBA57 Missense c.436C>T; p.Arg146Thr Leukodystrophy, fatal infantile Debray et al. 
[40]

IBA57 Missense c.586T>G; p.Trp196Gly Leukodystrophy, 
developmental delay, feeding 
problems and recurrent 
vomiting

Torraco et al. 
[39]

IBA57 Missense c.686C>T; p.Pro229Leu Leukodystrophy, 
developmental delay, feeding 
problems and recurrent 
vomiting

Torraco et al. 
[39]

IBA57 Missense c.706C>T; p.Pro236Ser Leukodystrophy with acute 
psychomotor regression and 
feeding difficulties

Torraco et al. 
[39]

IBA57 Missense c.757G>C; p.Val253Leu Leukodystrophy with acute 
psychomotor regression

Torraco et al. 
[39]

IBA57 Missense c.941A>C; p.Gln314Pro Myopathy and encephalopathy Ajit Bolar et al. 
[15]

IBA57 Splice IVS2 ds A-G-2; c.678A>G Spastic paraplegia Lossos et al. 
[41]

IBA57 Small insertion c.87_88ins11 Leukodystrophy with acute 
psychomotor regression

Torraco et al. 
[39]

NFU1 Missense c.62G>C; p.Arg21Pro NFU1 deficiency Ahting et al. 
[42]

NFU1 Missense c.544C>T; p.Arg182Trp NFU1 deficiency Ahting et al. 
[42]

NFU1 Missense c.565G>A; p.Gly189Arg Leukoencephalopathy with 
cysts and hyperglycinaemia

Nizon et al. 
[43–45]
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6. Conclusion

Iron-sulfur clusters are indispensable inorganic cofactors for biological function and involve 
in numerous cellular processes such as respiration and DNA repair. The cluster’s assembly is 
complex and requires sophisticated protein machinery for its maturation and insertion into 
apoproteins. Since mitochondria is the main site for ISC biogenesis in human, any defect 
disturbing the biogenesis leads to a pathological outcome mostly appears as an mitochondrial 
entity in human. Currently, genetic alterations in several genes involving in ISC assembly and 
maturation have been linked to autosomal recessive mitochondrial human diseases known as 
multiple mitochondrial dysfunction syndromes. It is expected that more genes and alterations 

Gene Mutation type Mutation Disease and phenotype References

NFU1 Missense c.568G>A; p.Gly190Arg NFU1 deficiency Ahting et al. 
[42]

NFU1 Missense c.572A>T; p.Asp191Val Multiple mitochondrial 
dysfunctions syndrome

Bai et al. [46]

NFU1 Missense c.622G>T; p.Gly208Cys Fatal infantile encephalopathy 
and/or pulmonary 
hypertension

Navarro-Sastre 
et al. [47]

NFU1 Missense c.629G>T; p.Cys210Phe Leukoencephalopathy Invernizzi 
et al. [44]

NFU1 Splice c.302+3A>G; p.Val56Glyfs* NFU1 deficiency Ahting et al. 
[42]

NFU1 Splice c.545G>A; Skipping exon 6 Deficiency of the 2-oxoacid 
dehydrogenases accompanied 
by respiratory chain defects

Cameron et al. 
[18]

NFU1 Splice c.545+5G>A; Skipping exon 6 Fatal infantile encephalopathy, 
pulmonary hypertension

Navarro-Sastre 
et al. [47]

NFU1 Microdeletion c.90delC; p. Tyr30* Multiple mitochondrial 
dysfunctions syndrome

Bai et al. [46]

NFU1 Microdeletion c.146delC; p.Pro49LeufsX8 Spastic paraplegia Tonduti et al. 
[45]

NFU1 Large deletion 55.6 kb region covering exons: 
4–8

NFU1 deficiency Ahting et al. 
[42]

ISCA1 Missense c.259G>A; p. Glu87Lys Multiple mitochondrial 
dysfunctions syndrome

Shukla et al. 
[19]

ISCA2 Missense c.229G>A; p.Glu77Ser Multiple mitochondrial 
dysfunctions syndrome

Al-Hassnan 
et al. [26] and 
others [27, 28]

ISCA2 Deletion and Missense c.295delT and c.334A>G; 
p.Phe99Leufs*18 and 
p.Ser112Gly

Multiple mitochondrial 
dysfunctions syndrome

Toldo et al. 
[29]

Table 2. Published mutations in some Fe-S cluster genes.
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will appear in the literature related to ISC pathways. Moreover, there is still need to fully 
elucidate the phenotypic consequences of these genetic alterations and alteration of ISC path-
ways during the ISC related pathogenesis in human.
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will appear in the literature related to ISC pathways. Moreover, there is still need to fully 
elucidate the phenotypic consequences of these genetic alterations and alteration of ISC path-
ways during the ISC related pathogenesis in human.
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Abstract

In the mitochondria, there are ongoing processes essential to the survival of cells associated 
with the production of energy ending in the oxidative phosphorylation and the formation of 
ATP, constituting a form of energy for majority of metabolic processes. Except for nutrient 
oxidation in the citric acid cycle interfacing with the process of oxidative phosphorylation, 
mitochondria are linked to a number of metabolic pathways ongoing directly in mito-
chondria or indirectly in cell compartments by serving substrates. Mitochondrial activities 
maintenance requires continual draw of intermediates from cytosol through the double 
mitochondrial membrane as well as transport in the reverse direction. Interconnection and 
regulation of all the processes are mediated by transporters and carriers, activities of which 
are affected by cell and body requirements. In the chapter, the main transport systems 
localized in membranes of mitochondria, their regulation, affection, and disorders in the 
background of mitochondria aberrant functions are described. Voltage-dependent anion 
channels, translocase of mitochondrial outer membrane, deoxynucleotide carrier, ADP/
ATP nucleotide translocase, and phosphate carrier in mitochondrial inner membrane are 
among them. In more detail, the pyruvate carrier and its abnormal activity, but also others 
as di- and tri-carboxylate, glutamate, and ornithine carriers, are characterized. The uncou-
pling protein, as solute carrier family members, involvement is also mentioned.

Keywords: carrier, mitochondria, mitochondrial inner membrane, mitochondrial outer 
membrane, transporter

1. Introduction

Mitochondria are two membrane organelles present in all cells that have a nucleus. They 
are the energy center of the cells. Their primary role is the production of ATP in oxidative  

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

In the mitochondria, there are ongoing processes essential to the survival of cells associated 
with the production of energy ending in the oxidative phosphorylation and the formation of 
ATP, constituting a form of energy for majority of metabolic processes. Except for nutrient 
oxidation in the citric acid cycle interfacing with the process of oxidative phosphorylation, 
mitochondria are linked to a number of metabolic pathways ongoing directly in mito-
chondria or indirectly in cell compartments by serving substrates. Mitochondrial activities 
maintenance requires continual draw of intermediates from cytosol through the double 
mitochondrial membrane as well as transport in the reverse direction. Interconnection and 
regulation of all the processes are mediated by transporters and carriers, activities of which 
are affected by cell and body requirements. In the chapter, the main transport systems 
localized in membranes of mitochondria, their regulation, affection, and disorders in the 
background of mitochondria aberrant functions are described. Voltage-dependent anion 
channels, translocase of mitochondrial outer membrane, deoxynucleotide carrier, ADP/
ATP nucleotide translocase, and phosphate carrier in mitochondrial inner membrane are 
among them. In more detail, the pyruvate carrier and its abnormal activity, but also others 
as di- and tri-carboxylate, glutamate, and ornithine carriers, are characterized. The uncou-
pling protein, as solute carrier family members, involvement is also mentioned.

Keywords: carrier, mitochondria, mitochondrial inner membrane, mitochondrial outer 
membrane, transporter

1. Introduction

Mitochondria are two membrane organelles present in all cells that have a nucleus. They 
are the energy center of the cells. Their primary role is the production of ATP in oxidative  
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phosphorylation, and the basis of the aerobic oxidation is the citric acid cycle interconnection 
representing the final metabolic pathway of oxidation of all major nutrients to the respiratory 
chain where oxidation of reduced coenzymes results in ATP formation. The nutrient to be 
oxidized must transfer the mitochondria by means of the transporters, as pyruvate produced 
in glycolysis in the cytosol. After fatty acids released by hydrolysis of lipoproteins or triacylg-
lycerols transport across the mitochondrial membranes, acetyl-CoA arising from β-oxidation 
enters the citric acid cycle. Similarly, amino acids or their catalytic products enter the citric 
acid cycle at different sites. The production of energy in mitochondria from various nutrients 
is controlled by the availability of the individual nutrients that a given organ or tissue can use. 
For example, in excess of carbohydrates, the energy is obtained from glycolysis rather than 
from fatty acids and amino acids. The needs for ATP produced in oxidative phosphorylation 
vary in different cell compartments, and therefore it is efficiently transported out of mitochon-
dria. Through the activity of uncoupler proteins, mitochondria also regulate energy produc-
tion in the form of heat. In addition to providing different forms of energy, mitochondria are 
involved in other important metabolic processes. In the excess of saccharides, the acetyl-CoA 
resulting from pyruvate is not used in the citric acid cycle but is transported to the cytosol for 
the synthesis of more energy-efficient reserve, triacylglycerols. When there is a lack of glucose, 
mitochondria provide the intermediates for gluconeogenesis, but also participate in the syn-
thesis of various substances, such as urea, heme, and polyamines. Reactive oxygen and nitro-
gen species production and triggering the intrinsic apoptotic pathway are other significant 
functions. They synthesize proteins from their own DNA, but most mitochondrial proteins are 
encoded by nuclear genes. Mitochondria are the sole site for Fe-S cluster biogenesis, which is 
also the only fully conservative function. The diversity and importance of biochemical path-
ways taking place in the mitochondria require the access of substrates and transport products 
generated outside the mitochondria. In terms of ensuring the normal physiological functions 
of the mitochondria, it is therefore crucial to ensure the transfer of the substances through 
the mitochondrial membranes separating the organelle from the cytoplasm, thus allowing the 
course of these specialized metabolic processes. Therefore, the chapter is focused on the mito-
chondrial transport proteins, transporters of citric acid cycle intermediates, localized in mito-
chondrial outer and inner membrane, since their activities significantly affect the functions of 
mitochondria and subsequently functions of the given organ, tissues, and the whole organism.

2. Mitochondrial outer membrane transport proteins

The mitochondrial outer membrane (MOM) is characterized by higher lipid content than inner 
membrane and is permeable to small molecules such as sucrose, salts, adenine nucleotides, coen-
zyme A, and tRNA. It is not permeable to larger molecules such as inulin, polyglucose, cyto-
chrome c, or albumin [1]. The outer mitochondrial membrane contains three integral membrane 
protein families. The entire translocation and insertion of nearly all newly synthesized proteins 
destined to the mitochondrial organelle is mediated through channels as part of larger protein 
complexes, translocase of the outer membrane (TOM complex), the sorting and assembly machin-
ery (SAM) complex (followed by translocase of the inner membrane of mitochondria (TIM))  [2]. 
Channels, generally, are used to conduct ions and cycle between open and closed states, with 
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some also exhibiting an inactivation step forming a completely continuous tunnel through a 
bilayer that allows for rapid conductance of many ions [3]. The third protein family are voltage-
dependent anion channels (VDAC), which are permanently open under physiological conditions 
with some evidence-based regulations [4]. VDAC is the most abundant protein of outer mito-
chondrial membrane (∼ 10 thousand copies per mitochondrion), whose functions in permeability 
of compounds between cytosol and mitochondria have been shown to be related either to physi-
ological or pathological states [5–7]. Many cases of abnormal manifestations of mitochondria are 
the consequence of this type of regulation of the mitochondrial outer membrane permeability [8].

2.1. Voltage-dependent anion channel

The functions of VDAC related to four main aspects are controlling of transport of metabo-
lites and ATP transport between mitochondria and cytoplasm, forming part of mitochondrial 
permeability transition pore; modulation of inner mitochondrial Ca2+ level through connec-
tion to endoplasmic reticulum calcium release channel IP3R with glucose-related protein 75 
and through phosphorylation cluster sorting protein 2 (PACS2), regulating Bid of Bcl2 pro-
apoptotic factor family-mediated apoptotic pathways; and regulation of intracellular redox 
substances [9]. VDAC is a way of transiting reactive oxygen species (ROS) from mitochondria 
to cytoplasm, though it reacts directly with the NO leading to decrease in permeability and 
inhibition of mitochondrial transition pore [10].

VDAC, mitochondrial porin, forms a barrel comprised of a transmembrane alpha helix and 
13- and more transmembrane beta strands. Beta barrel encloses a channel large in diameter 
(~3 nm), which is permeable to molecules up to ~5 kDa in the open configuration [11]. In vitro 
studies have shown a conserved property of eukaryotic VDAC channels to adopt multiple con-
ductance states [12]. In humans, three isoforms of VDAC (VDAC 1–3) located on chromosome 
5, each of 30 kDa, are known [13]. VDAC1 and 2 have prototypic voltage gating, but VDAC2 
also has a second discrete lower conductance and ion selective state. VDAC3 is not fully volt-
age-dependent [14], and unlike the previous two types, VDAC3 is evenly distributed [15].

The role of membrane potentials (Ψ) in the physiological regulation of VDAC conductance is 
considered with regard to appearance of Donnan potential across the outer membrane [16]. 
However, ambiguity is not confirmed due to the presence of charged macromolecules on both 
sides of outer membrane, and high ionic strength of intracellular environment decreasing 
Donnan potentials and causing closure of channels. Differences in pH across the outer mem-
brane indicate the presence of Donnan potential of ~−40 mV, close to a gating potential for 
VDAC [17]. Positive and negative ΔΨ close VDAC symmetrically with half maximal closure 
at ±50 mV. In the open state, anions are favored over cations, but the selectivity is weak. In the 
closed state, VDAC becomes a cation selective pore of 1.8 nm in diameter that still conducts 
small cations, such as K+, Na+, and Ca2+, as well as Cl−, whose movement through VDAC col-
lapses electrical potentials [16]. In most conductive, open state, VDAC shows significant pref-
erence especially for metabolic anions. The states of lower conductance reduce permeability 
to metabolic anions, thus greatly diminishing metabolite flux across the outer mitochondrial 
membrane [18]. The flux of charged metabolites does not significantly contribute to the mem-
brane potential because it is confined by the internal mitochondrial membrane transport, which 
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phosphorylation, and the basis of the aerobic oxidation is the citric acid cycle interconnection 
representing the final metabolic pathway of oxidation of all major nutrients to the respiratory 
chain where oxidation of reduced coenzymes results in ATP formation. The nutrient to be 
oxidized must transfer the mitochondria by means of the transporters, as pyruvate produced 
in glycolysis in the cytosol. After fatty acids released by hydrolysis of lipoproteins or triacylg-
lycerols transport across the mitochondrial membranes, acetyl-CoA arising from β-oxidation 
enters the citric acid cycle. Similarly, amino acids or their catalytic products enter the citric 
acid cycle at different sites. The production of energy in mitochondria from various nutrients 
is controlled by the availability of the individual nutrients that a given organ or tissue can use. 
For example, in excess of carbohydrates, the energy is obtained from glycolysis rather than 
from fatty acids and amino acids. The needs for ATP produced in oxidative phosphorylation 
vary in different cell compartments, and therefore it is efficiently transported out of mitochon-
dria. Through the activity of uncoupler proteins, mitochondria also regulate energy produc-
tion in the form of heat. In addition to providing different forms of energy, mitochondria are 
involved in other important metabolic processes. In the excess of saccharides, the acetyl-CoA 
resulting from pyruvate is not used in the citric acid cycle but is transported to the cytosol for 
the synthesis of more energy-efficient reserve, triacylglycerols. When there is a lack of glucose, 
mitochondria provide the intermediates for gluconeogenesis, but also participate in the syn-
thesis of various substances, such as urea, heme, and polyamines. Reactive oxygen and nitro-
gen species production and triggering the intrinsic apoptotic pathway are other significant 
functions. They synthesize proteins from their own DNA, but most mitochondrial proteins are 
encoded by nuclear genes. Mitochondria are the sole site for Fe-S cluster biogenesis, which is 
also the only fully conservative function. The diversity and importance of biochemical path-
ways taking place in the mitochondria require the access of substrates and transport products 
generated outside the mitochondria. In terms of ensuring the normal physiological functions 
of the mitochondria, it is therefore crucial to ensure the transfer of the substances through 
the mitochondrial membranes separating the organelle from the cytoplasm, thus allowing the 
course of these specialized metabolic processes. Therefore, the chapter is focused on the mito-
chondrial transport proteins, transporters of citric acid cycle intermediates, localized in mito-
chondrial outer and inner membrane, since their activities significantly affect the functions of 
mitochondria and subsequently functions of the given organ, tissues, and the whole organism.

2. Mitochondrial outer membrane transport proteins

The mitochondrial outer membrane (MOM) is characterized by higher lipid content than inner 
membrane and is permeable to small molecules such as sucrose, salts, adenine nucleotides, coen-
zyme A, and tRNA. It is not permeable to larger molecules such as inulin, polyglucose, cyto-
chrome c, or albumin [1]. The outer mitochondrial membrane contains three integral membrane 
protein families. The entire translocation and insertion of nearly all newly synthesized proteins 
destined to the mitochondrial organelle is mediated through channels as part of larger protein 
complexes, translocase of the outer membrane (TOM complex), the sorting and assembly machin-
ery (SAM) complex (followed by translocase of the inner membrane of mitochondria (TIM))  [2]. 
Channels, generally, are used to conduct ions and cycle between open and closed states, with 
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some also exhibiting an inactivation step forming a completely continuous tunnel through a 
bilayer that allows for rapid conductance of many ions [3]. The third protein family are voltage-
dependent anion channels (VDAC), which are permanently open under physiological conditions 
with some evidence-based regulations [4]. VDAC is the most abundant protein of outer mito-
chondrial membrane (∼ 10 thousand copies per mitochondrion), whose functions in permeability 
of compounds between cytosol and mitochondria have been shown to be related either to physi-
ological or pathological states [5–7]. Many cases of abnormal manifestations of mitochondria are 
the consequence of this type of regulation of the mitochondrial outer membrane permeability [8].

2.1. Voltage-dependent anion channel

The functions of VDAC related to four main aspects are controlling of transport of metabo-
lites and ATP transport between mitochondria and cytoplasm, forming part of mitochondrial 
permeability transition pore; modulation of inner mitochondrial Ca2+ level through connec-
tion to endoplasmic reticulum calcium release channel IP3R with glucose-related protein 75 
and through phosphorylation cluster sorting protein 2 (PACS2), regulating Bid of Bcl2 pro-
apoptotic factor family-mediated apoptotic pathways; and regulation of intracellular redox 
substances [9]. VDAC is a way of transiting reactive oxygen species (ROS) from mitochondria 
to cytoplasm, though it reacts directly with the NO leading to decrease in permeability and 
inhibition of mitochondrial transition pore [10].

VDAC, mitochondrial porin, forms a barrel comprised of a transmembrane alpha helix and 
13- and more transmembrane beta strands. Beta barrel encloses a channel large in diameter 
(~3 nm), which is permeable to molecules up to ~5 kDa in the open configuration [11]. In vitro 
studies have shown a conserved property of eukaryotic VDAC channels to adopt multiple con-
ductance states [12]. In humans, three isoforms of VDAC (VDAC 1–3) located on chromosome 
5, each of 30 kDa, are known [13]. VDAC1 and 2 have prototypic voltage gating, but VDAC2 
also has a second discrete lower conductance and ion selective state. VDAC3 is not fully volt-
age-dependent [14], and unlike the previous two types, VDAC3 is evenly distributed [15].

The role of membrane potentials (Ψ) in the physiological regulation of VDAC conductance is 
considered with regard to appearance of Donnan potential across the outer membrane [16]. 
However, ambiguity is not confirmed due to the presence of charged macromolecules on both 
sides of outer membrane, and high ionic strength of intracellular environment decreasing 
Donnan potentials and causing closure of channels. Differences in pH across the outer mem-
brane indicate the presence of Donnan potential of ~−40 mV, close to a gating potential for 
VDAC [17]. Positive and negative ΔΨ close VDAC symmetrically with half maximal closure 
at ±50 mV. In the open state, anions are favored over cations, but the selectivity is weak. In the 
closed state, VDAC becomes a cation selective pore of 1.8 nm in diameter that still conducts 
small cations, such as K+, Na+, and Ca2+, as well as Cl−, whose movement through VDAC col-
lapses electrical potentials [16]. In most conductive, open state, VDAC shows significant pref-
erence especially for metabolic anions. The states of lower conductance reduce permeability 
to metabolic anions, thus greatly diminishing metabolite flux across the outer mitochondrial 
membrane [18]. The flux of charged metabolites does not significantly contribute to the mem-
brane potential because it is confined by the internal mitochondrial membrane transport, which 
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is even 2 orders of magnitude less than the flux of small ions through VDAC in the closed state. 
However, when VDAC closes, the transition of major anionic metabolites (as creatine phos-
phate, ATP, ADP, Pi, and respiratory substrates) is prevented [19]. A number of papers have 
been published that confirm the VDAC conductance regulation by several factors contributing 
to the explanation of mitochondria dysfunction and affection by the energy metabolism of cells.

3. Physiological implication of VDAC affection by membrane bound 
proteins

It has been shown that the disruption of mitochondrial functions is linked to the occurrence of 
mutations in genes encoding various types of intermediate filament proteins. In humans, the 
different morphology, distribution, and function of mitochondria in patients with neurological 
disorder [20, 21], types of myopathies [22, 23], or epidermolysis bullosa simplex [24] were docu-
mented. The cytoskeleton proteins as tubulin, desmin, vimentin, and plectin have been found 
to interact with mitochondrial outer membrane, where they are involved in the ATP/ADP trans-
mission control through VDAC, thus mediating or influencing mitochondrial functions.

3.1. Tubulin

Tubulin binds with high affinity to cellular membranes, and bound to mitochondrial membranes 
represent ~ 2% of total cellular tubulin [25]. It is important for ensuring intracellular transport 
and DNA segregation in cell division. Rostovtseva et al. [19] have found induction of fast, revers-
ible blockade of VDAC conductance by tubulin at nanomolar concentration in 1–100 ms range. 
Closing occurs in concentration-dependent manner and negative potential as low as 5 mV. The 
type of VDAC, phosphorylation level, and membrane lipid composition have an impact on 
VDAC blocking. Change in channel selectivity in blocked state results in impermeability to ATP 
[26]. The restriction of ATP/ADP and other respiratory substrates fluxes leads to reduction of 
oxidative phosphorylation and promotion of apoptosis. Therefore, signals that enhance VDAC-
tubulin binding by kinase-regulated phosphorylating VDAC or by increasing the concentration 
of available free tubulin in the cytosol would reduce mitochondrial respiration [27].

3.2. Desmin

One other regulating mitochondria affinity to ADP and oxygen consumption through direct 
binding to VDAC is the muscle-specific intermediate filament protein, desmin. The function 
of desmin is to form a three-dimensional scaffold that interconnects the contractile apparatus 
to the nucleus, cellular organelles, and the sarcolemma [28]. Proximity of sarcoplasmic reticu-
lum and mitochondria by desmin scaffold allows facilitation of direct protein and metabolite 
targeting to mitochondria [29–31]. Interaction of desmin with contact sites (VDAC, adenine 
nucleotide translocator (ANT) and mitochondrial contact site complex) affects mitochondrial 
permeability transition pore (mtPTP) behavior and respiratory function [32, 33]. Studies 
on mice have shown that desmin deficiency leads to development of skeletal and myocar-
dial defects associated with a deteriorated structure and function of mitochondria [22, 34].  
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Mitochondrial abnormalities cause cardiomyocyte death and myocardial degeneration, 
accompanied by inflammation and fibrosis, resulting in dilated cardiomyopathy and heart 
failure [35–38]. The cardiac-specific small heat-shock protein, αB-crystallin, was proven to 
rescue desmin-deficient heart failure and maintain mitochondrial functions through inhibi-
tion of mtPTP. In addition, similarly as tubulin, desmin affects mitochondrial bioenergetics 
through interaction with VDAC and ATP synthase [39].

3.3. Vimentin and plectin

Association of vimentin with mitochondria increases mitochondrial membrane potential and 
has an important function in controlling the production of ATP to various sites in the cyto-
plasm [40]. As a possible mechanism of action, the similarity of the mitochondrial binding 
site on vimentin with the domains targeting outer mitochondrial membrane is reported. The 
domains interact with the VDAC, increasing its permeability for several negatively charged 
compounds (such as pyruvate, succinate, ADP, etc.), thus compensating decreasing mem-
brane potential effects of hexokinase [41], or tubulin. A study by Winter et al. [42] suggests 
that plectin 1b also plays an important role in regulating mitochondrial outer membrane per-
meability to ADP and ATP through VDAC.

4. VDAC regulation by mitochondrial kinases

4.1. Hexokinases

Mitochondrial localized kinases, hexokinase, and creatine kinase have been shown to regulate 
outer VDAC conductance [43–45]. There are three isoforms of hexokinases (fourth is gluco-
kinase) known to mammals, whose role is to retain glucose in the cell by phosphorylation at 
position 6, thereby subsequently metabolizing in glycolysis and pentose phosphate pathways. 
Isoenzymes are of different subcellular localization: I and II are localized in the outer mito-
chondrial membrane reflecting controlling glycolysis, and III and IV in the nuclei and cyto-
plasm more reflecting the synthesis of glycogen and the pentose-phosphate pathway. Along 
with highly elevated levels of aerobic glycolysis (and suppression of mitochondrial respiration, 
Warburg effect) when compared to healthy tissue, high expression of hexokinase and more 
than doubled activity concurrently with VDAC closure were found in cancer cells [8, 46–48].

Both glucose phosphorylation reaction and hexokinase binding to VDAC have been found 
to pronounce protective effects against cell death [49]. A study by Azouylay-Zohar et al. [41] 
shows hexokinase-I acting through its N-terminal mitochondrial binding domain block con-
ductance of rat liver mitochondrial VDAC and block opening of mtPTPs. An outer membrane 
potential generation (OMP) by hexokinase bound to VDAC allows electrical suppression 
of mitochondria and calcium extrusion from mitochondrial intermembrane space (IMS). 
Interestingly, a significant limitation on the permeability of the MOM is the reaction velocity 
of hexokinase binding to VDAC that is only mild per se but the OMP becomes high enough 
to prevent release of ADP from mitochondrial inner membrane (MIM), which should lead to 
inhibition of the hexokinase reaction. Yet, OMP values directly depend on percentage bounds 
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is even 2 orders of magnitude less than the flux of small ions through VDAC in the closed state. 
However, when VDAC closes, the transition of major anionic metabolites (as creatine phos-
phate, ATP, ADP, Pi, and respiratory substrates) is prevented [19]. A number of papers have 
been published that confirm the VDAC conductance regulation by several factors contributing 
to the explanation of mitochondria dysfunction and affection by the energy metabolism of cells.

3. Physiological implication of VDAC affection by membrane bound 
proteins

It has been shown that the disruption of mitochondrial functions is linked to the occurrence of 
mutations in genes encoding various types of intermediate filament proteins. In humans, the 
different morphology, distribution, and function of mitochondria in patients with neurological 
disorder [20, 21], types of myopathies [22, 23], or epidermolysis bullosa simplex [24] were docu-
mented. The cytoskeleton proteins as tubulin, desmin, vimentin, and plectin have been found 
to interact with mitochondrial outer membrane, where they are involved in the ATP/ADP trans-
mission control through VDAC, thus mediating or influencing mitochondrial functions.

3.1. Tubulin

Tubulin binds with high affinity to cellular membranes, and bound to mitochondrial membranes 
represent ~ 2% of total cellular tubulin [25]. It is important for ensuring intracellular transport 
and DNA segregation in cell division. Rostovtseva et al. [19] have found induction of fast, revers-
ible blockade of VDAC conductance by tubulin at nanomolar concentration in 1–100 ms range. 
Closing occurs in concentration-dependent manner and negative potential as low as 5 mV. The 
type of VDAC, phosphorylation level, and membrane lipid composition have an impact on 
VDAC blocking. Change in channel selectivity in blocked state results in impermeability to ATP 
[26]. The restriction of ATP/ADP and other respiratory substrates fluxes leads to reduction of 
oxidative phosphorylation and promotion of apoptosis. Therefore, signals that enhance VDAC-
tubulin binding by kinase-regulated phosphorylating VDAC or by increasing the concentration 
of available free tubulin in the cytosol would reduce mitochondrial respiration [27].

3.2. Desmin

One other regulating mitochondria affinity to ADP and oxygen consumption through direct 
binding to VDAC is the muscle-specific intermediate filament protein, desmin. The function 
of desmin is to form a three-dimensional scaffold that interconnects the contractile apparatus 
to the nucleus, cellular organelles, and the sarcolemma [28]. Proximity of sarcoplasmic reticu-
lum and mitochondria by desmin scaffold allows facilitation of direct protein and metabolite 
targeting to mitochondria [29–31]. Interaction of desmin with contact sites (VDAC, adenine 
nucleotide translocator (ANT) and mitochondrial contact site complex) affects mitochondrial 
permeability transition pore (mtPTP) behavior and respiratory function [32, 33]. Studies 
on mice have shown that desmin deficiency leads to development of skeletal and myocar-
dial defects associated with a deteriorated structure and function of mitochondria [22, 34].  
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Mitochondrial abnormalities cause cardiomyocyte death and myocardial degeneration, 
accompanied by inflammation and fibrosis, resulting in dilated cardiomyopathy and heart 
failure [35–38]. The cardiac-specific small heat-shock protein, αB-crystallin, was proven to 
rescue desmin-deficient heart failure and maintain mitochondrial functions through inhibi-
tion of mtPTP. In addition, similarly as tubulin, desmin affects mitochondrial bioenergetics 
through interaction with VDAC and ATP synthase [39].

3.3. Vimentin and plectin

Association of vimentin with mitochondria increases mitochondrial membrane potential and 
has an important function in controlling the production of ATP to various sites in the cyto-
plasm [40]. As a possible mechanism of action, the similarity of the mitochondrial binding 
site on vimentin with the domains targeting outer mitochondrial membrane is reported. The 
domains interact with the VDAC, increasing its permeability for several negatively charged 
compounds (such as pyruvate, succinate, ADP, etc.), thus compensating decreasing mem-
brane potential effects of hexokinase [41], or tubulin. A study by Winter et al. [42] suggests 
that plectin 1b also plays an important role in regulating mitochondrial outer membrane per-
meability to ADP and ATP through VDAC.

4. VDAC regulation by mitochondrial kinases

4.1. Hexokinases

Mitochondrial localized kinases, hexokinase, and creatine kinase have been shown to regulate 
outer VDAC conductance [43–45]. There are three isoforms of hexokinases (fourth is gluco-
kinase) known to mammals, whose role is to retain glucose in the cell by phosphorylation at 
position 6, thereby subsequently metabolizing in glycolysis and pentose phosphate pathways. 
Isoenzymes are of different subcellular localization: I and II are localized in the outer mito-
chondrial membrane reflecting controlling glycolysis, and III and IV in the nuclei and cyto-
plasm more reflecting the synthesis of glycogen and the pentose-phosphate pathway. Along 
with highly elevated levels of aerobic glycolysis (and suppression of mitochondrial respiration, 
Warburg effect) when compared to healthy tissue, high expression of hexokinase and more 
than doubled activity concurrently with VDAC closure were found in cancer cells [8, 46–48].

Both glucose phosphorylation reaction and hexokinase binding to VDAC have been found 
to pronounce protective effects against cell death [49]. A study by Azouylay-Zohar et al. [41] 
shows hexokinase-I acting through its N-terminal mitochondrial binding domain block con-
ductance of rat liver mitochondrial VDAC and block opening of mtPTPs. An outer membrane 
potential generation (OMP) by hexokinase bound to VDAC allows electrical suppression 
of mitochondria and calcium extrusion from mitochondrial intermembrane space (IMS). 
Interestingly, a significant limitation on the permeability of the MOM is the reaction velocity 
of hexokinase binding to VDAC that is only mild per se but the OMP becomes high enough 
to prevent release of ADP from mitochondrial inner membrane (MIM), which should lead to 
inhibition of the hexokinase reaction. Yet, OMP values directly depend on percentage bounds 
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formed, glucose concentration, metabolic conditions, and the presence of tubulin-like effec-
tors increasing VDAC voltage sensitivity [4]. Prevention of ATP production together with 
higher hexokinase activity favors glycolysis. Research has shown that cancer cells respire in 
the absence of glucose, suggesting that VDAC blocking is not absolute, and the respiration 
increases with the addition of glucose. Increase in respiration is attributed to the formation 
of ADP in the hexokinase-catalyzed reaction and subsequent stimulation of oxidative phos-
phorylation. Since not all VDACs are closed, preferential access to mitochondrial ATP may 
be allowed for the hexokinase reaction [8]. Another principle applies if ATP from cytosol is 
readily available for hexokinase, leading to so-called turbo effect of uncontrolled glycolysis 
activation and development of metabolic burst [4].

The product hexokinase-catalyzed reaction, glucose-6-phosphate, was found to potentiate ATP 
release from mitochondria with the recovery of normal metabolism, and substrate replace-
ment, even increased by induction of release of hexokinase and glucokinase from bound to 
VDAC [4, 41, 50]. Therefore, the effect of hexokinase dissociation from VDAC is the subject of 
many studies dealing with the development of potent chemotherapy of cancer diseases.

Most interestingly, there is a view of influencing metabolism of the mitochondria by blocking 
VDAC after binding of glucokinase in pancreatic beta cells. The glucokinase acts as a glucose 
sensor to maintain glucose homeostasis also in neurons, pituitary, and endocrine K and L cells 
[51], as its Km of approximately 5 mM matches the set point of blood glucose [52]. An alterna-
tively spliced glucokinase with an additional N-terminal sequence that promotes glucokinase 
binding to both mitochondria and secretory granules is expressed in pancreatic beta cells [53]. 
Glucose-6-phosphate formed after glucose enters beta cells acts to dissociate glucokinase from 
mitochondria and open VDAC permitting mitochondrial uptake of ADP, Pi and respiratory 
substrates, formation of ATP, and release of ATP into the cytosol. Increased cytosolic ATP/ADP 
then inhibits KATP channels, which causes plasmalemmal depolarization, activation of Ca2+ 
channels, and Ca2+-dependent exocytosis of insulin granules [8]. Then, respiratory substrates 
that require the passage through VDAC, such as pyruvate, lactate, and long-chain fatty acids, 
do not trigger insulin synthesis directly. But their permeable substrates without the need for 
VDAC transport such as short-chain fatty acids or methylpyruvate are capable of insulin syn-
thesis induction [54]. Ahmed et al. [55] found that under glucotoxic conditions upregulation of 
VDAC1 expression occurs initiating a mitochondrial death cascade and beta cell dysfunction.

4.2. Creatine kinases

Two creatine kinase (CK) isoforms are expressed in vertebrate tissues, namely dimeric cyto-
solic and octameric mitochondrial located in the peripheral intermembrane space and the 
cristae MIM (MtCK) [56]. In addition, there are tissue-specific mitochondrial isoforms in the 
sarcomers of striated muscles (sMtCK), and in most other tissues, they are present as ubiq-
uitous MtCK (uMtCK) [57]. Similar to hexokinase, creatine kinase acts as energy sensor and 
mediates antiapoptotic effect through VDAC-ANT complexes with preferential use of mito-
chondrial ATP [41, 58].

Isoenzymes are associated to subcellular structures, forming microcompartments that facilitate 
a functional coupling, e.g., a direct exchange of ADP and ATP between the association partners 
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without mixing with bulk [59]. In IMS, MtCK renders a high affinity to cardiolipin and other 
anionic phospholipids forming a cross-link of two peripheral mitochondrial membranes [60] 
and to ANT, thus forming a complex of MtCK-VDAC-ANT and cardiolipin. The MtCK-VDAC 
association is enhanced at physiological calcium concentrations [61]. MtCK associates only 
with inner membrane and ANT in the cristae space. MtCK preferentially uses mitochondrial 
ATP that is exported via ANT to phosphorylate creatine, which has a higher diffusion rate in 
comparison to ATP, thus providing spatial energy shuttle. The locally produced ADP is imme-
diately reimported into the mitochondrial matrix space via ANT, and phosphocreatine is then 
released into the cytosol via VDAC [62]. It keeps maintaining a relatively low [ATP]/[ADP] 
ratio in the mitochondrial matrix to stimulate oxidative phosphorylation. The degree of such 
metabolite channeling varies among different tissues, species, and developmental states [63].

Changed functionality of the CK essentially leads to changes in energy flows as well as cal-
cium homeostasis, leading in particular to changes in muscle activity. Up to 40% of the cel-
lular volume of the heart consists of mitochondria, with sMtCK activity being the highest 
among all tissues and representing up to 25% of CK activities [64]. Reducing its activity is the 
cause of congestive heart failure [65]. As is well reviewed in Schlattner et al. [62] with impair-
ment of the CK system, dilated cardiomyopathy, hypertrophy, and heart failure were found 
in animal models. In addition, the protective effect of creatine supplementation and hence the 
enhancement of the CK system have been found to be beneficial in human Duchenne muscu-
lar dystrophy, mitochondrial cytopathies, and phosphorylase deficiency and in animal mod-
els of amyotrophic lateral sclerosis, Huntington’s disease, Parkinsonism, and brain ischemia. 
However, as found in the study by Qian et al. [66], overexpression of uMtCK increased sur-
vival ability of cancer cells and downregulation of mitochondrial apoptotic pathway proteins.

5. Some other factors affecting VDAC conductance

Besides the aforementioned intermediate filament proteins and mitochondrial kinases, the 
conductivity of VDAC as described by Lemasters et al. [67] is regulated by a number of other 
factors, for example, Bcl-2 family members, protein kinase A, glycogen synthase 3β, protein C 
kinase ε, NADH, Ca2+, ATP, and glutamate [68].

Protein kinase A phosphorylates VDAC and thus increases its sensitivity to tubulin and 
decreases VDAC conductance [69]. Glycogen synthase 3β–mediated VDAC phosphorylation 
promotes VDAC opening [70].

The Bcl-2 protein family belongs to the key factors in the regulation of apoptosis , modulation 
of Ca2+ and signal transduction pathway. The Bcl-2 protein as anti-apoptotic protein prevents 
the release of cytochrome c and the activity of caspase. Bax, the main regulator of Bcl-2 activ-
ity, can interact with VDAC to increase VDAC aperture and increases mitochondrial perme-
ability, promoting apoptosis [71]. The proper proportion of Bax and Bcl-2 maintains the cell 
homeostasis to ensure cell survival [72].

Lemasters et al. [67] introduced a concept of aldehyde-dependent VDAC closure, mitochon-
drial uncoupling, and disruption of normal mitochondria functioning resulting from ethanol 
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formed, glucose concentration, metabolic conditions, and the presence of tubulin-like effec-
tors increasing VDAC voltage sensitivity [4]. Prevention of ATP production together with 
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of ADP in the hexokinase-catalyzed reaction and subsequent stimulation of oxidative phos-
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do not trigger insulin synthesis directly. But their permeable substrates without the need for 
VDAC transport such as short-chain fatty acids or methylpyruvate are capable of insulin syn-
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sarcomers of striated muscles (sMtCK), and in most other tissues, they are present as ubiq-
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mediates antiapoptotic effect through VDAC-ANT complexes with preferential use of mito-
chondrial ATP [41, 58].

Isoenzymes are associated to subcellular structures, forming microcompartments that facilitate 
a functional coupling, e.g., a direct exchange of ADP and ATP between the association partners 
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comparison to ATP, thus providing spatial energy shuttle. The locally produced ADP is imme-
diately reimported into the mitochondrial matrix space via ANT, and phosphocreatine is then 
released into the cytosol via VDAC [62]. It keeps maintaining a relatively low [ATP]/[ADP] 
ratio in the mitochondrial matrix to stimulate oxidative phosphorylation. The degree of such 
metabolite channeling varies among different tissues, species, and developmental states [63].

Changed functionality of the CK essentially leads to changes in energy flows as well as cal-
cium homeostasis, leading in particular to changes in muscle activity. Up to 40% of the cel-
lular volume of the heart consists of mitochondria, with sMtCK activity being the highest 
among all tissues and representing up to 25% of CK activities [64]. Reducing its activity is the 
cause of congestive heart failure [65]. As is well reviewed in Schlattner et al. [62] with impair-
ment of the CK system, dilated cardiomyopathy, hypertrophy, and heart failure were found 
in animal models. In addition, the protective effect of creatine supplementation and hence the 
enhancement of the CK system have been found to be beneficial in human Duchenne muscu-
lar dystrophy, mitochondrial cytopathies, and phosphorylase deficiency and in animal mod-
els of amyotrophic lateral sclerosis, Huntington’s disease, Parkinsonism, and brain ischemia. 
However, as found in the study by Qian et al. [66], overexpression of uMtCK increased sur-
vival ability of cancer cells and downregulation of mitochondrial apoptotic pathway proteins.

5. Some other factors affecting VDAC conductance

Besides the aforementioned intermediate filament proteins and mitochondrial kinases, the 
conductivity of VDAC as described by Lemasters et al. [67] is regulated by a number of other 
factors, for example, Bcl-2 family members, protein kinase A, glycogen synthase 3β, protein C 
kinase ε, NADH, Ca2+, ATP, and glutamate [68].

Protein kinase A phosphorylates VDAC and thus increases its sensitivity to tubulin and 
decreases VDAC conductance [69]. Glycogen synthase 3β–mediated VDAC phosphorylation 
promotes VDAC opening [70].

The Bcl-2 protein family belongs to the key factors in the regulation of apoptosis , modulation 
of Ca2+ and signal transduction pathway. The Bcl-2 protein as anti-apoptotic protein prevents 
the release of cytochrome c and the activity of caspase. Bax, the main regulator of Bcl-2 activ-
ity, can interact with VDAC to increase VDAC aperture and increases mitochondrial perme-
ability, promoting apoptosis [71]. The proper proportion of Bax and Bcl-2 maintains the cell 
homeostasis to ensure cell survival [72].

Lemasters et al. [67] introduced a concept of aldehyde-dependent VDAC closure, mitochon-
drial uncoupling, and disruption of normal mitochondria functioning resulting from ethanol 
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metabolism effects. Aldehydes derivation during lipid peroxidation, VDAC closure is probably 
a common feature leading to liver pathologies as was pointed out on almost indistinguishable 
histopathological manifestations in alcoholic liver disease, nonalcoholic fatty liver disease, non-
alcoholic steatohepatitis, and toxicant-associated steatohepatitis. Ethanol is metabolized pre-
dominantly by the liver in two-step oxidation: first to acetaldehyde (AcAld) by catalytic action 
of alcohol dehydrogenase (ALD) followed by oxidation to acetate by aldehyde dehydrogenase 
(ALDH). The first step undergoes in cytosol and peroxisomes by effect of cytochrome P4502E1 
and catalase. Although the oxidation is prevalent over ALD, the consequence of cytochrome 
P450 metabolism is overwhelmingly negative due to the formation of ROS, e.g., hydroxyethyl 
radicals. Of the 19 known mammalian ALDH genes, mitochondrial ALDH2 with high affin-
ity for AcAld (Km < 1 μM) is the most important for AcAld oxidation (and detoxification) to 
acetate [73]. In both reactions, by oxidation of 1 mole of ethanol, 2 moles of NADH are formed, 
further requiring oxidation in the respiratory chain. As little as 2.5 h after a single bolus dose 
of ethanol ingestion a swift increase of alcohol metabolism (SIAM), an adaptive increase of 
hepatic ethanol metabolism occurs [74]. Mitochondrial respiration causing NADH oxidation 
nearly doubles, but it does not lead to increased ATP generation. To the contrary, hepatic ATP 
decreases, glycolysis is stimulated, and glycogen stores are depleted. Furthermore, mitochon-
drial β-oxidation of fatty acids becomes inhibited, promoting fat accumulation within hepato-
cytes (steatosis) [75]. This is probably the result of decrease in MOM permeability most likely by 
VDAC closure, promoting selective oxidation of AcAld, since VDAC closure blocks mitochon-
drial ATP release, respiratory substrates uptake, and uptake of fatty acids for β-oxidation [67]. 
Adrenergic hormones release free fatty acids from adipose tissue, which serve as substrates for 
long-chain fatty acid peroxisomal β-oxidation. The ensuing peroxisomal H2O2 formation then 
can promote catalase-dependent alcohol metabolism [67]. AcAld is toxic to mitochondria and 
aggravates oxidative stress by binding to GSH and promoting GSH leakage [76]. Moreover, 
as mentioned before, ethanol metabolism and also NADH overproduction cause formation of 
ROS, lipid peroxidation, onset of the mitochondrial permeability transition, and apoptosis [77]. 
However, as has been showed, short- and medium-chain fatty acids can cross mitochondrial 
membrane freely using carnitine shuttle or other transport system [78] and therefore are pre-
sented in diet capable to prevent steatosis development.

5.1. Translocase of the MOM

The endosymbiotic relationship of α-proteobacteria and archaic eukaryotic cell results in 
massive loss and transfer of coding sequences from mtDNA to the nucleus and only less than 
1% is retained in today’s mtDNA. Thus, most mitochondrial proteins (1000–1500) undergo 
cytosol translation and are subsequently transferred to mitochondria, requiring membrane 
complexes of protein translocators, translocases, or translocons. They include TOM and TIM 
for large conductance channels with almost identical properties [79]. In addition, other mito-
chondria protein translocators like TOB/SAM complex in MOM and Mia40/Tim401-Erv1 
redox translocator in MIM have been identified [80, 81].

The general entry gate for mitochondrial proteins is thought to be TOM40 complex in MOM 
consisting of core sequence Tom40, Tom22, Tom7, Tom6, Tom5, peripheral associated recep-
tors Tom20, Tom70, and a minor component Tom71. Among them, only Tom40, Tom22, and 
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Tom7 commonly occur in eukaryotic organisms [82]. To prevent misfolding and aggregation, 
hydrophobic segments of mitochondrial precursor proteins are shielded in cytosol by chap-
erones that escort them to the mitochondria surface [83]. These chaperones are Hsp70 (and its 
partner J proteins), Hsp90, and mitochondrial import stimulation factor (MSF) [84]. MSF with 
precursor proteins loaded was suggested to bind to Tom70 and forward proteins to Tom20, 
with ATP consumption, while Hsp70 transfers proteins to Tom70 without ATP hydrolysis 
[85]. In addition, it was found that mitochondrial proteins are also allowed to bind Tom20 
directly without Hsp70 [86]. Except for some α-helical outer membrane proteins, virtually 
all precursors initially enter mitochondria by passing a TOM complex. As also discussed by 
Dudek et al. [2], many IMS proteins are imported by the mitochondrial intermembrane space 
import and assembly (MIA) machinery, which couples sorting of client proteins to their oxi-
dative folding through a disulfide bridge formation. Small Tim chaperones of IMS bound to 
outer membrane β-barrel proteins transfer preproteins to the sorting and assembly machinery 
(SAM), allowing their integration into the MOM. Tim chaperones also convoy mitochondrial 
metabolite carrier proteins through the IMS, which are then integrated into the MIM by trans-
locase of the inner membrane 22 (TIM22) complex in a membrane potential–driven manner. 
Preproteins of matrix-targeted proteins are directly transferred from TOM to TIM23 (pre-
sequence translocase) without IMS chaperones, ensuring their translocation into the matrix 
or later sorting into the MIM. The only source of energy for lateral membrane integration 
is membrane potential. Complete import of preproteins into the matrix requires the ATP-
dependent presequence translocase-associated import motor (PAM).

Affection by the TOM40 complex functions leads to dysfunction of mitochondria and oxida-
tive damage and is in the background of misfolding protein diseases. Bender et al. [87] found 
a significantly reduced TOM40 in the brain of Parkinson’s disease patients in connection with 
increased mtDNA damage and α-synuclein transgenic mice together with altered levels of 
complex I proteins. The stable complexes of accumulated truncated amyloid precursor pro-
tein and TOM40 cause mitochondrial dysfunction in brains of Alzheimer disease patients [88]. 
Other diseases in humans associated with abnormal mitochondrial transport of proteins, as 
reviewed in MacKenzie and Payne [89], are primary hyperoxaluria type I (caused by alanine/
glyoxylate aminotransferase 1 deficiency), pyruvate dehydrogenase deficiency, susceptibility 
to severe alcoholic liver disease (caused by increased Ala-MnSOD activity due to inability 
to transfer Val-MnSOD through MIM), deafness dystonia syndrome (caused by mutations 
in IMS protein deafness dystonia peptide 1), dilated cardiomyopathy with ataxia (caused 
by dysfunctional import of matrix proteins through the TIM23 complex), spastic paraple-
gia (dysfunction of Hsp60), and atypical mitochondria disease involving multisystem failure 
(deficiency in Hsp60 causing decrease in mitochondrial metabolic pathways).

6. Mitochondrial inner membrane carriers

The inner mitochondrial membrane is relatively low permeable to ions in order to minimize 
energy dissipation formed on complexes through generation of electrochemical proton gra-
dient, in its direct link with ADP phosphorylation. Random flow of charged metabolites 
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metabolism effects. Aldehydes derivation during lipid peroxidation, VDAC closure is probably 
a common feature leading to liver pathologies as was pointed out on almost indistinguishable 
histopathological manifestations in alcoholic liver disease, nonalcoholic fatty liver disease, non-
alcoholic steatohepatitis, and toxicant-associated steatohepatitis. Ethanol is metabolized pre-
dominantly by the liver in two-step oxidation: first to acetaldehyde (AcAld) by catalytic action 
of alcohol dehydrogenase (ALD) followed by oxidation to acetate by aldehyde dehydrogenase 
(ALDH). The first step undergoes in cytosol and peroxisomes by effect of cytochrome P4502E1 
and catalase. Although the oxidation is prevalent over ALD, the consequence of cytochrome 
P450 metabolism is overwhelmingly negative due to the formation of ROS, e.g., hydroxyethyl 
radicals. Of the 19 known mammalian ALDH genes, mitochondrial ALDH2 with high affin-
ity for AcAld (Km < 1 μM) is the most important for AcAld oxidation (and detoxification) to 
acetate [73]. In both reactions, by oxidation of 1 mole of ethanol, 2 moles of NADH are formed, 
further requiring oxidation in the respiratory chain. As little as 2.5 h after a single bolus dose 
of ethanol ingestion a swift increase of alcohol metabolism (SIAM), an adaptive increase of 
hepatic ethanol metabolism occurs [74]. Mitochondrial respiration causing NADH oxidation 
nearly doubles, but it does not lead to increased ATP generation. To the contrary, hepatic ATP 
decreases, glycolysis is stimulated, and glycogen stores are depleted. Furthermore, mitochon-
drial β-oxidation of fatty acids becomes inhibited, promoting fat accumulation within hepato-
cytes (steatosis) [75]. This is probably the result of decrease in MOM permeability most likely by 
VDAC closure, promoting selective oxidation of AcAld, since VDAC closure blocks mitochon-
drial ATP release, respiratory substrates uptake, and uptake of fatty acids for β-oxidation [67]. 
Adrenergic hormones release free fatty acids from adipose tissue, which serve as substrates for 
long-chain fatty acid peroxisomal β-oxidation. The ensuing peroxisomal H2O2 formation then 
can promote catalase-dependent alcohol metabolism [67]. AcAld is toxic to mitochondria and 
aggravates oxidative stress by binding to GSH and promoting GSH leakage [76]. Moreover, 
as mentioned before, ethanol metabolism and also NADH overproduction cause formation of 
ROS, lipid peroxidation, onset of the mitochondrial permeability transition, and apoptosis [77]. 
However, as has been showed, short- and medium-chain fatty acids can cross mitochondrial 
membrane freely using carnitine shuttle or other transport system [78] and therefore are pre-
sented in diet capable to prevent steatosis development.

5.1. Translocase of the MOM

The endosymbiotic relationship of α-proteobacteria and archaic eukaryotic cell results in 
massive loss and transfer of coding sequences from mtDNA to the nucleus and only less than 
1% is retained in today’s mtDNA. Thus, most mitochondrial proteins (1000–1500) undergo 
cytosol translation and are subsequently transferred to mitochondria, requiring membrane 
complexes of protein translocators, translocases, or translocons. They include TOM and TIM 
for large conductance channels with almost identical properties [79]. In addition, other mito-
chondria protein translocators like TOB/SAM complex in MOM and Mia40/Tim401-Erv1 
redox translocator in MIM have been identified [80, 81].

The general entry gate for mitochondrial proteins is thought to be TOM40 complex in MOM 
consisting of core sequence Tom40, Tom22, Tom7, Tom6, Tom5, peripheral associated recep-
tors Tom20, Tom70, and a minor component Tom71. Among them, only Tom40, Tom22, and 
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Tom7 commonly occur in eukaryotic organisms [82]. To prevent misfolding and aggregation, 
hydrophobic segments of mitochondrial precursor proteins are shielded in cytosol by chap-
erones that escort them to the mitochondria surface [83]. These chaperones are Hsp70 (and its 
partner J proteins), Hsp90, and mitochondrial import stimulation factor (MSF) [84]. MSF with 
precursor proteins loaded was suggested to bind to Tom70 and forward proteins to Tom20, 
with ATP consumption, while Hsp70 transfers proteins to Tom70 without ATP hydrolysis 
[85]. In addition, it was found that mitochondrial proteins are also allowed to bind Tom20 
directly without Hsp70 [86]. Except for some α-helical outer membrane proteins, virtually 
all precursors initially enter mitochondria by passing a TOM complex. As also discussed by 
Dudek et al. [2], many IMS proteins are imported by the mitochondrial intermembrane space 
import and assembly (MIA) machinery, which couples sorting of client proteins to their oxi-
dative folding through a disulfide bridge formation. Small Tim chaperones of IMS bound to 
outer membrane β-barrel proteins transfer preproteins to the sorting and assembly machinery 
(SAM), allowing their integration into the MOM. Tim chaperones also convoy mitochondrial 
metabolite carrier proteins through the IMS, which are then integrated into the MIM by trans-
locase of the inner membrane 22 (TIM22) complex in a membrane potential–driven manner. 
Preproteins of matrix-targeted proteins are directly transferred from TOM to TIM23 (pre-
sequence translocase) without IMS chaperones, ensuring their translocation into the matrix 
or later sorting into the MIM. The only source of energy for lateral membrane integration 
is membrane potential. Complete import of preproteins into the matrix requires the ATP-
dependent presequence translocase-associated import motor (PAM).

Affection by the TOM40 complex functions leads to dysfunction of mitochondria and oxida-
tive damage and is in the background of misfolding protein diseases. Bender et al. [87] found 
a significantly reduced TOM40 in the brain of Parkinson’s disease patients in connection with 
increased mtDNA damage and α-synuclein transgenic mice together with altered levels of 
complex I proteins. The stable complexes of accumulated truncated amyloid precursor pro-
tein and TOM40 cause mitochondrial dysfunction in brains of Alzheimer disease patients [88]. 
Other diseases in humans associated with abnormal mitochondrial transport of proteins, as 
reviewed in MacKenzie and Payne [89], are primary hyperoxaluria type I (caused by alanine/
glyoxylate aminotransferase 1 deficiency), pyruvate dehydrogenase deficiency, susceptibility 
to severe alcoholic liver disease (caused by increased Ala-MnSOD activity due to inability 
to transfer Val-MnSOD through MIM), deafness dystonia syndrome (caused by mutations 
in IMS protein deafness dystonia peptide 1), dilated cardiomyopathy with ataxia (caused 
by dysfunctional import of matrix proteins through the TIM23 complex), spastic paraple-
gia (dysfunction of Hsp60), and atypical mitochondria disease involving multisystem failure 
(deficiency in Hsp60 causing decrease in mitochondrial metabolic pathways).

6. Mitochondrial inner membrane carriers

The inner mitochondrial membrane is relatively low permeable to ions in order to minimize 
energy dissipation formed on complexes through generation of electrochemical proton gra-
dient, in its direct link with ADP phosphorylation. Random flow of charged metabolites 
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via MIM would lead to a reduction in the membrane potential and ATP formation [1]. The 
relative impermeability of the MIM is the basis of chemiosmotic hypothesis proposed by 
Mitchell. As discussed in O’Rourke [90], Mitchell recognized three modes of ion transport. 
Symporters cotransport multiple ions (or an ion and a metabolite) in the same direction across 
the membrane often utilizing the asymmetric electrochemical ion gradient to drive the trans-
port in a thermodynamically favorable direction, as for example mitochondrial Pi/H+carrier. 
Antiporters exchange ions on different sides of the membrane. Antiporters can be electro-
neutral (the Na+/H+ antiporter of the mitochondrial or plasma membrane) or electrogenic. 
For electrogenic transporters, ion flux is driven by both the electrochemical gradients of the 
transported ions and the membrane potential. For uniporters, the transport rates are in the 
range of 104–106 ions s−1, based on ions flowing down their electrochemical gradient.

Mitchell and Moyle [91] reported that anions, including Pi, succinate, and malonate, accelerated 
the rate of decay of the pH gradient induced by a pulse of oxygen. This suggested the presence 
of anion transport systems coupled to proton movement, leading to the identification of the 
anion/metabolite-coupled cotransporter family. Inner membrane anion uniporters have been 
less well studied, but in the 1980s, an inner membrane anion channel was postulated to account 
for anion-selective mitochondrial swelling responses [92]. Moreover, some mitochondrial mem-
brane proteins (e.g., mitochondrial uncoupling protein) were identified to display anion chan-
nel activity [90]. Based on the research, seven metabolite-specific mitochondrial transporters or 
carriers were proposed. Studies of amino acid sequence composition showed that the carriers 
form a well-defined family (in humans known as the solute carrier 25 family (SLC25)), with 
the one defining feature, a tripartite structure of three homologous sequence repeats of about 
100 amino acid residues each, which was first noted in the published sequence of the bovine 
ADP/ATP carrier [93]. A signature motif containing P-X-[D/E]-X-X-[R/K] sequence is conserved 
in all members and in all three sequence repeats [94]. According to typical sequence repeats 
and signature motif, eukaryotic mitochondria were found to contain 35–55 different carriers 
when compared to genomic DNA database [95]. The human genome encodes 48 members of 
the SLC25 family, of which 30 are identified [96]. The isoforms of carrier members are encoded 
by different genes, and only the phosphate carrier has two alternatively spliced isoforms [97].

6.1. Mitochondrial nucleotide transporter

Several proteins have been identified as carriers for purine nucleotides, their analogues, as 
well as pyrimidine nucleotides. The ANT was identified by Kramer and Klingenberg [98]. 
Other specific proteins as GTP/GDP carriers, peroxisomal adenine nucleotide transporter, 
CoA and S-adenosylmethionine transporters belong in [99–102].

6.1.1. ADP/ATP translocase

Deoxynucleotide carrier ((DNC) SLC25A19) transports all dNDPs in exchange for ATP or 
ADP [103]. The protein was later identified as thiamine pyrophosphate carrier (TPC) [104], 
transporting thiamine pyrophosphate, thiamine monophosphate, and deoxynucleotides in 
descending order of potency dNDP > dNTP > dNMP. The protein is also capable of nucleotide 
transport, though less efficiently. The protein in ubiquitously expressed within tissues, with 
the highest levels in the kidney and lung [103].
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The mutation in gene-encoded DNC (chromosomal localization 17q25.1) is known to be asso-
ciated with Amish microcephaly. Amish microcephaly has only been observed in Old Order 
Amish community in Pennsylvania, U.S.A, with a high prevalence of about 1:500. The dis-
ease is characterized by severe congenital microcephaly, elevated levels of α-ketoglutarate in 
urine, and premature death. The only non-CNS physical anomaly is moderate micrognathia. 
Patients manifest no orientation to sight or sound and no fine or gross motor development 
and have metabolic acidosis enhanced by episodic viral illnesses, and in some cases patients 
have mild hepatomegaly and difficulty maintaining normal body temperature and develop 
increasing irritability [97]. Study on SLC25A19 knock-out mice has shown that metabolic 
abnormalities in humans are due to absent TPC activity [104].

6.1.2. Deoxynucleotide carrier

Four ANT isoforms are encoded in human genome on the chromosome X. ANT1–3 are struc-
turally similar and proteins are about 90% identical, and ANT4 only shares 66–68% consis-
tency in the amino acid composition with other isoforms. Isoforms are specifically expressed 
in different types of cells and tissues. ANT1 (SLC25A4) is expressed in the skeletal muscle, 
brain, and heart. ANT2 (SLC25A5) is expressed in the liver and proliferating cells and is over-
expressed in various types of cancer cell lines. ANT3 (SLC25A6) is ubiquitous in all tissues, 
and ANT4 (SLC25A31) is specific to the testis and germ cells [105]. The translocase is highly 
selective of the adenine nucleotide and provides a continuous shift of ADP to the mitochon-
dria required to maintain oxidative phosphorylation and membrane potential. ANT is also 
implicated in leakage of protons and inducible proton leakage [106, 107].

Impaired translocase activity affects the energy metabolism of the cell by decreasing mito-
chondrial ATP synthesis and increasing mitochondrial membrane potential [108], thus 
contributing to the promotion of apoptosis. The rate-limiting factor of apoptosis is mtPTP 
formation, which is actually increased permeabilization of the mitochondrial membrane for 
all the solvents up to 1.5 kDa. It is a nonspecific pore, where ANT, VDAC, cyclophilin D, 
hexokinase, creatine kinase, and peripheral benzodiazepine receptor are effective but not as 
direct components or core structures. Moreover, there is an evidence for apoptosis regulators 
of the Bcl-2 family, Bak and Bax, requirement for mtPTP-dependent MOM permeabilization 
[109]. PTP opening is linked to mitochondrial dysfunction because its occurrence leads to the 
set of consequences that will arise, as mitochondrial depolarization, cessation of ATP synthe-
sis, Ca2+ release, pyridine nucleotide depletion, inhibition of respiration and matrix swelling, 
MOM rupture, and release of pro-apoptotic proteins such as cytochrome c, endonuclease G, 
and AIF [110, 111]. Detrimental effects are seen for long-lasting mtPTP opening, while short-
term effects are involved in physiological regulation of Ca2+ and ROS homeostasis [112, 113].

Cancer cells are able to survive suppression of mitochondrial oxidative phosphorylation under 
hypoxic conditions through higher rate of glycolysis; however, it depends on ATP uptake espe-
cially for mitochondrial potential generation and Ca2+ exchange [114]. The expression of ANT 
isoforms is related to the adaptation of metabolic properties of cancer cells. ANT2 is overex-
pressed in various types of human cancer cells and in several hormone-dependent cancers [115, 
116]. It was found that ANT2 proves properties allowing the import of ATP into mitochondria 
(in coexpression with hexokinase II and a subunit of mitochondrial F0F1-ATPase, ATPsynβ), 
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via MIM would lead to a reduction in the membrane potential and ATP formation [1]. The 
relative impermeability of the MIM is the basis of chemiosmotic hypothesis proposed by 
Mitchell. As discussed in O’Rourke [90], Mitchell recognized three modes of ion transport. 
Symporters cotransport multiple ions (or an ion and a metabolite) in the same direction across 
the membrane often utilizing the asymmetric electrochemical ion gradient to drive the trans-
port in a thermodynamically favorable direction, as for example mitochondrial Pi/H+carrier. 
Antiporters exchange ions on different sides of the membrane. Antiporters can be electro-
neutral (the Na+/H+ antiporter of the mitochondrial or plasma membrane) or electrogenic. 
For electrogenic transporters, ion flux is driven by both the electrochemical gradients of the 
transported ions and the membrane potential. For uniporters, the transport rates are in the 
range of 104–106 ions s−1, based on ions flowing down their electrochemical gradient.

Mitchell and Moyle [91] reported that anions, including Pi, succinate, and malonate, accelerated 
the rate of decay of the pH gradient induced by a pulse of oxygen. This suggested the presence 
of anion transport systems coupled to proton movement, leading to the identification of the 
anion/metabolite-coupled cotransporter family. Inner membrane anion uniporters have been 
less well studied, but in the 1980s, an inner membrane anion channel was postulated to account 
for anion-selective mitochondrial swelling responses [92]. Moreover, some mitochondrial mem-
brane proteins (e.g., mitochondrial uncoupling protein) were identified to display anion chan-
nel activity [90]. Based on the research, seven metabolite-specific mitochondrial transporters or 
carriers were proposed. Studies of amino acid sequence composition showed that the carriers 
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The mutation in gene-encoded DNC (chromosomal localization 17q25.1) is known to be asso-
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direct components or core structures. Moreover, there is an evidence for apoptosis regulators 
of the Bcl-2 family, Bak and Bax, requirement for mtPTP-dependent MOM permeabilization 
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116]. It was found that ANT2 proves properties allowing the import of ATP into mitochondria 
(in coexpression with hexokinase II and a subunit of mitochondrial F0F1-ATPase, ATPsynβ), 
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increased glycolysis, maintaining mitochondrial membrane potential, and finally prevention 
of apoptosis [115]. The effect of hexokinase has been described in Section 4.1. Similarly, the 
ATP synthasome, a complex of ANT, F0F1-ATPase, and phosphate carrier (PiC), facilitates a 
mechanism for adenine nucleotide and pyrophosphate release. Under pathological conditions, 
the imported ATP may also be hydrolyzed by F0F1-ATPase to maintain mitochondrial mem-
brane potential [115]. This type of hydrolysis has also been reported in order to prevent neuro-
degeneration [117] and in activated macrophages [118].

Roussel et al. [119] found isoforms ANT1 and 2 to mediate uncoupling by fatty acids and to 
lower mitochondrial membrane potential in heart and skeletal muscle in rats. ANT is inhib-
ited by competitive displacement of the nucleotide by long-chain acyl-carnitines (LCAC) 
[120]. LCAC may accumulate under pathological conditions with excess lipid supply, obe-
sity, and mitochondrial β-oxidation defects [121]. ANT inhibition is thought to contribute to 
mitochondrial defects in metabolic syndrome [122].

The ANT function in subcellular compartment energy supply is important and therefore it 
is not surprising that the altered structure and subsequently properties of this solute car-
rier protein associated with DNA mutations are also associated with serious clinical con-
ditions. Mutations linked to mitochondrial disorders with autosomal recessive inheritance 
cause mitochondrial myopathy and cardiomyopathy presented in childhood or early adult-
hood. It is characterized by lactic acidosis, fatigue, proximal muscle weakness, and exercise 
intolerance [123, 124]. Several different autosomal-dominant mutations in ANT1 gene have 
been associated with an adulthood-onset disorder, autosomal-dominant progressive exter-
nal ophthalmoplegia, characterized by ptosis, restriction of eye movement, and accumula-
tion of clonally expanded mtDNA deletions in postmitotic tissues [125, 126]. Thompson et al. 
[127] have recently described recurrent de novo–dominant mutation with severe early-onset 
of mitochondrial disease. Mutations in the gene encoding ANT1 are associated with the pres-
ence of mtDNA deletions. The most likely mechanism of how the defective carrier affects the 
appearance of mtDNA mutations is the unsufficient adenine nucleotide availability for dATP 
synthesis and consequent imbalance in dNTP pools [127].

6.2. Mitochondrial phosphate carrier

The role of mitochondrial phosphate carrier (PiC, SLC25A3) is importing inorganic phos-
phate into the mitochondrial matrix. A part of ATP synthasome enables efficient energy 
production, since Pi is essential for F1F0-ATP synthase to catalyze formation of ATP from 
ADP. For PiC, two isoforms differing in alternative splicing of mutually exclusive exon are 
documented in tissue-specific expression pattern. PiC-A is expressed in heart and skeletal 
muscle, while PiC-B is expressed in liver, kidney, and other tissues [128]. The PiC gene is 
located on chromosome 12q23.1. In 2007, the presence of a homozygous mutation in PiC-A 
was found in two siblings of nonconsanguineous Turkish parents. Given the role of PiC in 
energy production, the clinical manifestation of PiC deficiency is associated with multisys-
temic disorder characterized by muscle hypotonia, lactic acidosis, severe hypertrophic car-
diomyopathy, and shortened lifespan [129, 130]. Besides that, PiC has been suggested to 
impact mtPTP opening [131].
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6.3. Mitochondrial pyruvate carrier

Important one is another of the mentioned carriers. Pyruvate is the end product of glycolysis 
in the cytosol. In mitochondria, pyruvate entering the tricarboxylic acid cycle supports the ATP 
generation but also serves as a link to anabolic pathways for lipid, amino acid biosynthesis, 
and gluconeogenesis. The main sources of pyruvate in the cytoplasm are reactions catalyzed by 
pyruvate kinase. Two more sources are lactate dehydrogenase (LDH) and alanine aminotrans-
ferase (ALT), which are important to mention in terms of linking metabolic pathways between 
tissues. Reversible transamination of pyruvate and glutamate to alanine and α-ketoglutarate 
catalyzed by ALT converts the pyruvate from muscles into a transport form, alanine, which is 
reused in the liver for gluconeogenesis. LDH reversibly catalyzes reduction of pyruvate to lactate 
concurrently with oxidation of NADH to NAD+. Enzyme gains importance especially in muscle 
tissue in conditions requiring excessive energy production and in cancer cells. During increased 
need for ATP for muscle activity, the energy requirements to support continued muscle activity 
exceed mitochondrial capacity for ATP production. As glycolysis requires NAD+, ATP produc-
tion is limited when NAD+ depletes and NADH accumulates. In this case, LDH ensures ATP 
production in glycolysis by regenerating NAD+. With a steady supply of NAD+, and until aci-
dosis becomes limiting, glycolysis can produce ATP to support work rates exceeding those that 
could be supported by oxidative phosphorylation alone [132]. The lactate is transported to the 
circulatory system from where it is taken up by the liver and converted back into pyruvate.

The cross-connection of pyruvate with catabolic and anabolic pathway in mitochondria 
depends on its passage through mitochondrial membranes. Pyruvates cross MOM through 
VDAC; however, transport through MIM requires specific carrier. Although the existence of 
carrier was known earlier, the existence of genes on chromosome 6q27 encoding of mitochon-
drial pyruvate carrier (MPC) formed by hetero-oligomeric complex of two proteins, MPC1 
and MPC2, has been revealed recently. Both proteins are needed for sufficient activity [133, 
134]. Proteins do not contain any sequence homology to other mitochondrial carriers. Instead, 
they have been proposed to belong to the PQ-loop/MtN3/MPC superfamily [135]. Members 
of PQ-loop family are located in a variety of organelles performing diverse functions. They 
combine common characteristic features that are seven transmembrane domains and two 
conserved glutamine motifs. Subunits MPC1 and 2 contain three of seven transmembrane 
domains and are only half size of other PQ-loop family members [136]. Pyruvate uptake has 
been proposed to be coupled with the electrochemical gradient, occurring with the symport 
of one proton, or exchange with one hydroxide ion [137].

MPC activity increases in response to glucagon and decreases in response to insulin. 
Adrenaline and cortisol also have been found to increase pyruvate carboxylation by increas-
ing mitochondrial pyruvate import [138]. The MPC2 transcript levels have been found to 
increase up to 1.5-fold under fasting conditions. In a physiological response to fasting (e.g., 
excessive exercise or prolonged food deprivation), hepatic mitochondrial ketone export and 
pyruvate import through MPC allows to enhance hepatic gluconeogenesis and maintains 
membrane potential [132]. Conversely, unregulated rate of gluconeogenesis contributes to 
chronic hyperglycemia in diabetes. Except for some substances (e.g., α-cyano-4-hydroxy cin-
namate, UK-5099, and several thiazolidinediones) acting as specific MPC inhibitors, inhibitory  
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effects of α-ketoacids and phenylpyruvate were found [139, 140]. The accumulation of phe-
nylpyruvate in phenylketonuria prevents pyruvate transfer to mitochondria. Malate was 
shown to significantly increase mitochondrial pyruvate uptake while not affecting affinity. A 
genetic background of diminished pyruvate utilization due to pyruvate transport deficiency 
accompanied by lactic acidosis resulting also from the described metabolic possibilities of 
pyruvate are the mutations in MPC1 and/or MPC2 genomic loci [133, 141].

A 13C metabolic flux analysis of cells after transcriptional or pharmacological inhibition of MPC, 
published by Vacanti et al. [142], revealed that inhibition of MPC activity leads to shift from glucose 
to amino acid and fatty acid oxidation. Citric acid cycle and fatty acid synthesis were maintained 
due to malic enzyme flux, glutaminolysis, fatty acid, and branched chain amino acid oxidation. 
Alternatively, pyruvate interconversion into gluconeogenic substrates (e.g., alanine) that can enter 
mitochondria independently of the MPC could compensate for loss of the MPC [143].

7. Aberrant pyruvate transfer

Altered metabolism of pyruvate resulting from the inability to transfer pyruvate is present in 
cancer and other metabolic diseases. Pyruvate metabolism and carbon flux are altered in many 
cancer cells. Metabolic switch to enhanced glycolysis and decreased oxidative phosphoryla-
tion (Warburg effect) leads to elevated lactate production, which is advantageous for cancer 
cells. The first advantage is regeneration of NAD+ for the continuation of glycolysis. Another 
is proton-linked transport of lactate out of the cell, increasing the acidity of the extracellular 
space. Acidification of the extracellular environment provides protection from the immune 
system [144]. Furthermore, lactic acid appears to influence the activity of matrix metallopro-
teinases breaking down the extracellular matrix aiding in tumor proliferation and metastasis 
[145] and can be utilized as fuel source by cancer cells located at the surface of the tumor [146]. 
Schell et al. [147] found MPC1 genomic locus as the most frequently deleted region across 
cancer cells, while MPC2 locus does not appear to be frequently lost. MPC1 underexpression 
correlates with poor survival in almost all cancers examined, including colon, kidney, lung, 
bladder, and brain [147]. The correlation of survival with MPC2 expression is more variable, 
but associated with poor prognosis in kidney and colon cancer [147].

Increased pyruvate levels in cerebrospinal fluid reflecting an impaired metabolism of pyruvate 
have been detected in neurodegenerative disorders including Leigh’s syndrome, Alzheimer’s 
disease, and Parkinson’s disease [148, 149]. Neuronal metabolism depends upon the uptake 
of lactate produced by astrocytes (astrocyte-neuron lactate shuttle), its conversion to pyruvate 
by LDH, and subsequent oxidation in mitochondria to form energy. Glucose is shifted into the 
pentose phosphate pathway for the NADPH generation to maintain reduced glutathione levels 
[150]. Due to the lack of pyruvate metabolism in neurodegenerative diseases, synthesis of ace-
tylcholine is also insufficient because it requires acetyl-CoA [143]. To the present, there are not 
many findings available about MPC inhibition in neuronal cells except for α-cyano-4-hydroxy 
cinnamate or phenylpyruvate effects. Most likely, MPC efficacy and susceptibility to disease pro-
gression are also related to genetic predisposition. Mitochondrial pyruvate supply restriction can 
also display a neuroprotective effect by increase in glutamate oxidation. Maintaining the levels 
of synaptic glutamate during glutamatergic neurotransmission comes at energetic cost leading 
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to periods of increased levels of glutamate. High levels of glutamate cause complex I inhibition 
through receptor-stimulated Ca2+ overload, which is an attribute of acute neuropathologies [151].

MPC1 and MPC2 are highly expressed in brown adipose tissue compared with other tissues 
[152]. Brown adipocytes use predominantly fatty acids as an energy source for uncoupled res-
piration and thermogenesis, which requires replenishment of oxaloacetate through pyruvate 
carboxylation to enter citric acid cycle. MPC is supposed to be important in shifting between 
formation and oxidation of fatty acids in fat cell metabolism.

Alteration in pyruvate metabolism plays a conspicuous role in heart disease. Heart muscle 
predominantly metabolizes fatty acids, ketone bodies, lactate, and glucose depending on their 
availability and neurohormonal signaling. Up to 95% of the heart’s ATP generation comes from 
mitochondrial oxidation, and typically approximately 60–90% of this mitochondrial ATP pro-
duction comes from fatty acids, whereas 10–40% is from pyruvate oxidation. The myocardium 
is a significant consumer of lactate even at the maximum load, because of specific expression 
of LDH-B isoform preferring reaction catalysis toward pyruvate [153]. It was found that acute 
stress (such as ischemia) and chronic stress (hypertrophy and heart failure) change substrate 
availability and metabolism [143]. Reduction in pyruvate oxidation leads to increased anaerobic 
glycolysis and lactate formation. However, age-related decrease in MPC activity was observed 
[154]. Shift in substrate utilization in order to maintain citric acid cycle can lead to serious states 
of energy deficiency called “starved heart.“ The effect was observed in cancer treatment with 
doxorubicin reducing carnitine transport followed by reduced fatty acid oxidation [155].

7.1. Mitochondrial di- and tricarboxylic acid transport

7.1.1. Tricarboxylate carrier

The tricarboxylate carrier (SLC25A1) catalyzes an electroneutral exchange of the dibasic form 
of a tricarboxylic acid (citrate, isocitrate, and cis-aconitate) with proton for another tricarbox-
ylate-H+, dicarboxylate (malate and succinate), or phosphoenolpyruvate [156]. An importance 
of the citrate carrier (CiC) results from formation of a link between carbohydrate catabolism 
and lipogenesis. The CiC overlaps with oxoglutarate carrier ((OGC) SLC25A11) by transport-
ing the 2-oxoglutarate in exchange for malate and malonate [157]. CiC facilitates transport of 
citrate across MIM, followed by passive diffusion through VDAC in MOM into the cytosol. In 
the cytosol, fatty acids and cholesterol are synthesized from citrate. Citrate also acts as inhibitor 
of phosphofructokinase 1, thus affecting the rate of glycolysis, positive allosteric modulator of 
acetyl-CoA carboxylase in fatty acid synthesis pathway, and serves as a substrate for the forma-
tion of malate, the conversion of which into pyruvate facilitates NADPH production necessary 
for lipogenesis [158]. High CiC mRNA levels in liver, kidney, and pancreas; lower levels in 
heart, skeletal muscle, and placenta; and no detectable mRNA in brain and lung were detected 
[128]. High liver and kidney CiC mRNA levels are supposed to be due to gluconeogenesis and 
lipogenesis. Moreover, CiC plays a role in gluconeogenesis from lactate where phosphoenol-
pyruvate carboxykinase is located in mitochondria. Similarly as in other animals, mitochon-
drial phosphoenolpyruvate isoforms are present mainly in the liver, kidney, and adipose tissue 
[159]. The relatively high CiC mRNA level in pancreas could be explained with the role of 
CiC in regulation of insulin secretion. On the other hand, the low CiC mRNA level in skeletal 
muscle correlates to the very low activity of gluconeogenesis and fatty acid synthesis [160]. 
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Except for decisive interconnection between lipogenesis, gluconeogenesis, and glycolysis, CiC 
has been proposed to play a role in the maintenance of chromosome integrity and in the regula-
tion of autophagy [161]. A particularly important role played by the CiC is in the regulation of 
insulin secretion by providing isocitrate for NADP-dependent isocitrate dehydrogenase [162].

The studies have shown that the CiC activity and properties could be changed under spe-
cific conditions: starvation-induced decrease of CiC activity and considerable reduction 
of CiC mRNA in starved rats. The reduced CiC mRNA levels were ascribed to shortened 
half-life and accelerated degradation of CiC mRNA. Refeeding, however, leads to renewal 
of mRNA and increased activity of CiC [163]. The polyunsaturated fatty acid (PUFA) admin-
istration also dramatically affects CiC gene expression by transcriptional and posttranscrip-
tional mechanisms. Rat liver mitochondria showed more decreased CiC activity and reduced 
transcriptional rate of CiC mRNA when affected by n-3 PUFA than by n-6 [164]. During the 
inflammation, CiC gene expression is activated by NF-κB, which causes an increased avail-
ability of cytosolic acetyl-CoA and NADPH + H+ for synthesis and activity of compounds and 
enzymes involved in inflammatory response (e.g., COX2, iNOS, and NADPH oxidase) [156].

The human SLC25A1 gene is localized on chromosome 22, within the region associated with allelic 
losses in DiGeorge/22q11 syndrome, velo-cardio-facial syndrome, and a subtype of schizofrenia 
[165]. To date, recessive mutations of CiC gene in 20 persons with combined D,L-hydroxyglutaric 
aciduria were described. The clinical phenotype of disorder is characterized by severe develop-
mental delay, hypotonia, seizures, secondary microcephaly, hypoplasia or agenesis of the corpus 
callosum, optic nerve hypoplasia, dysmorphic feature, lactic acidosis, and recurrent apneic crises 
[166]. CIC has also been reported to be upregulated in ovarian and colon cancer [167].

7.2. Dicarboxylate carrier

Dicarboxylate carrier protein ((DIC) SLC25A10) transporting malate and succinate out of 
mitochondria in exchange for Pi is ubiquitously expressed in mammalian mitochondria. The 
carrier is inhibited by Pi and other phosphate and substrate analogues. Malate exchange for Pi 
provides a cytosolic source of malate for CiC and therefore plays a significant role in fatty acid 
synthesis [168]. DIC interacts with malate dehydrogenase by acting as an oxaloacetate shuttle, 
thus improving functional coupling of citric acid cycle with shuttle. In the cytosol, malate is 
converted into oxaloacetate following conversion into phosphoenolpyruvate by carboxyki-
nase-catalyzed reaction. The reaction is rate-limiting for gluconeogenesis. No less important 
role of the carrier is the transport of reduced glutathione into the mitochondria shared with 
OGC. Therefore, limiting protein expression results in significantly reduced levels of glutathi-
one in the mitochondria and subsequent altered redox conditions [169]. It was found that the 
activity of DIC is increased in type I diabetes, in contrast to decreased activities of CiC [170].

8. Oxoglutarate carrier

The OGC mediates transfer of oxoglutarate across MIM in exchange for dicarboxylate. OGC is a 
component of malate-aspartate shuttle; thus, dicarboxylate is usually malate. After export, malate 
is converted into oxaloacetate, which is in transamination reaction with glutamate converted into 
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oxoglutarate and aspartate. The oxoglutarate is then transported by OGC. Binding the succinate 
to the matrix side of the carrier increases the affinity for malate, while phenylsuccinate, pyridox-
alphosphate, retinoic acid, or alcohol was found to inhibit OGC [171, 172]. The OGC inhibition 
causes a decrease in mitochondrial reduced glutathione levels by 40–50% [138]. The carrier has 
also been proposed as a porphyrin transporter, and its inhibition blocks porphyrin conversion 
to heme in mitochondria. The downregulation of OGC has been reported in horse muscle with 
recurrent exertional rhabdomyolysis [173].

8.1. Mitochondrial glutamate carriers

8.1.1. Glutamate carrier

Another one from SLC25 family is a glutamate carrier. Two glutamate-transfer isoforms are 
known for the glutamate carrier: GC1 (SLC25A22) and GC2 (SLC25A18). They transport glu-
tamate across the MIM in symport with a proton or in exchange for hydroxyl ions. In mito-
chondria, glutamate is converted by glutamate dehydrogenase into α-ketoglutarate while 
reducing NAD (P)+. Ammonia is released and reduced coenzyme enters the complex I of 
respiratory chain. The mRNAs of GC1 have been found to be highly expressed than that of 
GC2 in liver, pancreas, and kidney but are similar in the brain. Moreover, the Km and Vmax 
values are higher than those of GC2 (5.2 vs. 0.26 mM; 12.2 vs. 3.9 μmol/min/g of proteins). 
Therefore, an acceptable explanation, for the expression pattern is that GC2 is responsible for 
the basic function, whereas GC1 functions in tissues with increased demands [174].

GC1 has been demonstrated to have an important physiological function in the control of glu-
cose-stimulated insulin secretion in pancreatic β cells [96]. The signaling mechanism leads to 
adjustment of insulin release to levels greater than the sole contribution of Ca2+-induced trig-
gering pathway in rats. Stimulation of β cells with high glucose might result in rapid satura-
tion of the respiratory chain [175], favored by glucokinase properties (as mentioned in Section 
4.1.) and low lactate release. Saturated electron transport chain would then promote export 
of metabolites (GTP, citrate, NADH, and glutamate) out of the mitochondria compensated by 
activity of anaplerotic pathways [176]. Energetic sufficiency favors the glutamate dehydro-
genase reaction from α-ketoglutarate toward glutamate formation. Glutamate is taken up by 
secretory granules, which are consistent with the expression of vesicular glutamate transport-
ers (VGLUT1 and 2) in insulin-secreting cells [177]. Inside the secretory granule, glutamate 
could induce pH changes and activate metabotropic receptors mGlu5, thereby mediating 
insulin release [178]. Alternative mechanisms include activation of acetyl-CoA carboxylase 
and inhibition of phosphatase activities involved in insulin exocytosis [179].

GC1 is highly expressed in astrocytes from different structures (retina, spinal cord, and cor-
tex) [180] and represents the principal gate for glutamate entry into the mitochondria of astro-
cytes. Restricting glutamate access to mitochondria results in reduced ATP and NAD(P)H 
formation. A defective glutamate carrier may lead to glutamate accumulation in the astro-
cytes cytosol and then to glutamate liberation in the synaptic cleft. The release could result in 
neuronal synchronicity, which may contribute to the generation of epileptic-like discharges 
in the brain [181]. Mutations in the human GC1 gene (localized on chromosome 11p15.5) 
are responsible for the autosomal recessive form of early infantile epileptic encephalopathy 
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caused by complete loss of transport and uniport activity of the protein [182–184]. Clinical 
manifestations are similar to epileptic spasms and focal seizures associated with suppres-
sion bursts beginning in the first days of life, microcephaly, hypotonia, abnormal retinogram 
recording, and psychomotor retardation [183].

9. Aspartate/glutamate carrier

Glutamate can also enter mitochondria through aspartate/glutamate carrier (AGC1 and 2 iso-
forms, known as aralar and citrin) combining the input of glutamate to the release of aspartate 
[185]. The export of aspartate is favored in energized mitochondria. Moreover, in increased 
cytosolic calcium concentration, respiration is strongly increased associated with the reduc-
tion of mitochondrial membrane potential [185]. A decrease in ROS production could be 
expected given the opposite relationship between the mitochondrial membrane potential 
and ROS production [186]. Another attribute contributing to this effect is glutamate entry 
through AGC1 (SLC25A12) in cotransport with proton. The loss of membrane potential is 
compensated by the extrusion of four protons by the respiratory chain when one molecule 
of glutamate is processed through the citric acid cycle generating two molecules of NADH 
[187]. AGC together with the OGC plays a crucial role in the transport of NADH from cytosol 
to the mitochondria as a part of malate-aspartate shuttle [188]. Therefore, AGC1 and AGC2 
(SLC25A13) are expressed in tissues differently according to their demands for maintenance 
of the redox balance between anaerobic and aerobic glycolysis. An interesting finding is that 
expression of AGC1 and AGC2 is almost completely restricted to neurons and photoreceptor 
cells [180, 189], in contrast to GC1 expressed in astrocytes. Cytosolic Ca2+ has a direct role in 
the regulation of AGC1 gene expression via cAMP response element-binding protein in neu-
ronal cells, underlining the key role of AGC1 in the central nervous system by upregulation 
in neuronal differentiation and downregulation in neuroinflammation [190]. AGC1 is also 
highly expressed in skeletal and heart muscle [191]. Upregulation of both isoforms was found 
in several cancers, which is also related to the change in glycolytic metabolism [187].

9.1. Ornithine carriers

Translocation of the ornithine and related substrates is mediated by mitochondrial ornithine 
carrier (ORC). The physiological importance of this carrier reclines on urea production, deliv-
ery-rate control of arginine, and interferential formation of NO, agmatine, creatine, glutamine, 
glutamate polyamines, and proline [192]. The human isoforms ORC1 (SLC25A15), ORC2 
(SLC25A2), and ORC3 (SLC25A29) [193, 194] provide transport by exchange or by exchange 
for H+ but differ in substrate transport rates, substrate specificity, and tissue expression. They 
all facilitate passage of L-ornithine, L-lysine, and L-arginine. The ORC1 prefers transport of 
amino acid substrates with shorter and noncyclized side chains. It does not enable trans-
port of L-homoarginine, D-ornithine, D-histidine, and D-arginine. The ORC2 transports all 
substrates with the same efficiency (L,D-forms of ornithine, lysine, histidine, arginine, and 
L-citrulline, L-homoarginine). The ORC3 enables transport of L-forms with longer side chains 
across MIM, e.g., lysine, arginine, and histidine [192]. The isoform expresses lower affinity to 
ornithine and does not transport citrulline [194].
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Activity of ORC1 and 2 is enhanced by Pi, malate, and dicarboxylates and inhibited by pyr-
idoxal 5′-phosphate (PLP), mercurials, spermine, and spermidine. The affinity of ORC2 to 
lysine and arginine is lower and to ornithine and citrulline is higher in comparison to ORC1. 
Moreover, ORC2 has been reported to be about three times less active than ORC1. The dis-
positions are also related to protein expression. The ORC1 is expressed in most tissues, with 
the highest levels in the liver, pancreas, lungs, kidney, and testis, unlike the ORC2 being more 
restricted to these organs [193]. ORC3 is expressed in heart, brain, liver, and kidney and is 
induced after partial hepatectomy or fasting [195, 196]. The import of arginine, lysine, and 
histidine allows for protein synthesis in mitochondria and that for ornithine enables degrada-
tion of arginine surplus. Transfer of ornithine out of the mitochondria allows for synthesis 
of polyamines reversibly inhibiting ORC activity. Ornithine is synthesized in mitochondria 
from glutamate in tissues with low arginase activity (except for the liver), from glutamine in 
intestinal mitochondria or when deficient in the diet [193]. Considering ornithine and citrul-
line transport efficiency and level of protein expression in the liver, the ORC1 isoform is of 
highest importance in urea cycle continuance [193].

Mutation in the gene encoding ORC1 isoform (localized on 13q14.1 chromosome) causes 
hyperornithinemia-hyperammonemia-homocitrullinuria (HHH syndrome), characterized by 
early-onset neurological deficits. Hyperammonemia results from impaired urea cycle due to 
ORC1 malfunction. Ornithine accumulates in the cytosol leading to hyperornithinemia and 
increases polyamine synthesis. Carbamoyl phosphate condensates with lysine in the absence 
of ornithine inside the mitochondria, leading to homocitrullinuria, or enters pyrimidine syn-
thesis, thus increasing excretion of orotic acid and uracil [97, 197]. Overexpression of ORC2 
might only partially compensate defective function of ORC1 due to lower affinity for orni-
thine and citrulline [196, 198]. ORC3 has not been found to compensate lack of ORC1 function 
but is probably responsible for lysine transport in patients with HHH syndrome [194].

9.2. Mitochondrial uncoupling proteins

Uncoupling proteins (UCP) sharing the same tripartite structure belongs to the family of 
the mitochondrial anion carriers. Six families of UCP members encoding by 45 genes have 
been described [199]. In mammals, UCPs consist of five homologs: UCP1 (SLC25A7), UCP2 
(SLC25A8), UCP3 (SLC25A9), UCP4 (SLC25A27), and UCP5 (SLC25A14, BMCP1). UCP1 genes 
are localized on human chromosome 4. The human and mouse UCP2 genes are located 7–20 kb 
downstream of the UCP3 stop codon, as the result of a duplication; the UCP3-UCP2 locus is 
located on human chromosome 11q13 (between the genetic markers D11S916 and D11S911). 
The UCP5 homolog Bmcp1 is located on Xq25–26 chromosome (between the markers DXS1206 
and DXS1047), and UCP4 on 6p11.2-q12 (close to the genetic marker SHGC-34952) [200].

UCPs are ubiquitous, except for UCP2 [201], however, exhibiting tissue-specific expression 
pattern. As reviewed in Gutérrez-Aquilar and Baines [202], UCP1 is unique to brown adi-
pose tissue, UCP3 to heart and skeletal muscle, and UCP4 and 5 are typical to the brain. The 
general designation of this carrier family is derived from observed function of the first mem-
ber, UCP1 in brown fat tissue—the heat production in the nonshivering thermogenesis [199]. 
According to Mitchell’s theory, any proton leak not coupled with ATP synthesis would pro-
voke uncoupling of respiration and thermogenesis. The discharge of proton gradient formed 
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in respiratory chain causes dissipation of energy of oxidation as heat. Besides adaptive ther-
mogenesis, uncoupling of respiration allows continuous reoxidation of coenzymes that are 
essential to metabolic pathways [203], prevents inhibition of mitochondrial respiration from 
excessive ATP production, and decreases ROS formation [204].

The activity of UCPs requires ubiquinone as a cofactor [205] and is regulated by two ligands. 
UCP1 is activated by fatty acids and inhibited by purine nucleoside di- and triphosphates. 
UCP2 and 3 can be activated by fatty acid and are less sensitive to purine inhibition. There 
are not many findings about UCP4 and 5 regulation; however, they were reported to be GDP-
sensitive [206]. The mechanism of proton transport is still controversial. The UCP is referred 
to act as a pure proton transporter activated by fatty acids, while by other mechanism, UCP 
facilitates protonated fatty acid transbilayer movements, flip-flop, to the matrix where they 
release the proton and are then transported back to the IMS by UCP [199, 206]. Consistently 
with transport of fatty acid anion, UCP1 was shown to transport a variety of ions, suggesting 
that UCP1 is a hydroxyl anion transporter rather than a proton carrier [207].

As has already been mentioned, the physiological function of UCP1 is the production of heat 
in brown adipocytes. The UCP1 induction is influenced by thyroid hormones and sympa-
thetic nerves and therefore also by drugs activating adrenoceptors [203]. Capsaicin was found 
to increase levels of all UCPs [206]. A mutation in gene encoding UCP1 is associated to dia-
betic retinopathy [208].

Although, UCP2 and 3 are not involved in thermogenesis, polymorphisms in the coding 
region of the UCP2 gene are associated with the level of energy expenditure during sleep [209]. 
These two members reduce ROS formation by mild uncoupling [208] and related to function 
to decrease mitochondrial oxidative stress load and transport fatty acid peroxides to MOM 
[210]. Cytokines and thyroid hormone upregulate UCP2 and UCP3 [211]. Thus, physiologi-
cal response of macrophages is lowering the UCP levels and enhancing the ROS production. 
Moreover, UCP2 was proposed to act as carrier for the superoxide anion [205]. The expres-
sion of UCP2 is induced under starvation when there are elevated levels of fatty acid in the 
circulation. The expression of UCP3 increases during fasting [212]. In leptin-induced lipolysis, 
fatty acids are not exported to the liver but are oxidized in adipocytes, where UCP2 initiates 
fat oxidation that is not associated with energy-requiring processes [213]. Pharmacological 
inhibition and genetic mutations in UCP2 and UCP3 have been shown to reverse damaging 
consequences of obesity and diabetes-induced pancreatic β-cell dysfunction [214, 215].

UCP4 and 5 have been shown to be upregulated by oxidative stress, while insulin downregu-
lates their levels [216]. Mutations in UCP4 gene have been linked to schizophrenia [217]. For 
all UCPs, a continuity of upregulation of the expression and incidence of tumor diseases has 
been described [202].

10. Conclusion

As it follows from this review, the proper course of metabolic processes in the mitochondria 
requires direction of transport systems to the needs of the organism. The activities of trans-
porters can be regulated differently by hormones, phosphorylation and dephosphorylation, 
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cytokines, concentration of metabolites, and individual nutrition components, which can alter 
their amount and activity. Most metabolites or their precursors can be mutually transported 
by different transport systems to provide the desired concentrations on both sides of the mito-
chondrial membranes. The specificity of transport and regulation of compounds in differ-
ent organs and tissues provide various isoforms encoded by different nuclear genes. More 
detailed knowledge of transport mechanisms can contribute to better diagnosis and treatment 
of metabolic disorders.
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Abstract

Pyrethroids are used to decrease vector-based health concerns and to increase field yield 
against agricultural pests. Their metabolism is a concern to disrupt a cell’s homeostatic 
machinery via reactive oxygen species (ROS) production. They interact with lipid mem-
branes to damage the fine balance between membrane lipids and membrane proteins, espe-
cially mitochondrial substrate transporters and electron carriers. Pyrethroids cause a shift 
in the metabolic energy production strategy, resulting in ROS production and intracellular 
lipid deposition. The change of open/closed conformation of some mitochondrial mem-
brane proteins increases the vulnerability of mitochondria to Ca2+ ions. Membrane lipid flu-
idity change is also a concern because of permeability to the substrates and ions to produce 
energy and other substrates necessary for the cell. Pyrethroids can change the Ca2+ signaling 
and its interaction with ROS signals via disruption of the fine balance between endoplasmic 
reticulum and mitochondria. They can disrupt the mitochondrial DNA (mtDNA) via their 
hydrophobic nature or their ROS production capacity. In conclusion, mitochondria are the 
center of pyrethroid toxicity, and dysfunction of this organelle via pyrethroid toxicity plays 
an important role in the fate of cell. Their lipophilic and pro-oxidative nature together with 
Ca2+ homeostasis plays a synergistic role in this mitochondrial effect.

Keywords: pyrethroids, insecticides, mitochondria, calcium, reactive oxygen species, 
mtDNA

1. Introduction

A pesticide has been described as an agent applied to kill, repel, or mitigate industry-, 
public health- and/or agriculture-related pests. They can also be used as plant growth 
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regulator or nitrogen stabilizer. We use them to reduce the risk of decreased agricultural 
and industrial yield and prevent public health concerns such as vector-borne diseases, 
asthma and allergies, and microbial contamination (for more information: https://www.
epa.gov/pesticides). Pesticides have entered into our lives more than 3000 years ago [1] 
and dried, ground Dalmatian pyrethrum flowers (contain natural pyrethrins) have been 
used against insect pests since ancient China. It has also been used in Europe more than 
200 years ago against cockroaches, bedbugs, flies, and mosquitoes [2]. A pyrethrin-derived 
synthetic pyrethroid allethrin has been synthesized in 1949 and entered the market in 1952 
to use against household pests [3]. To date, there are over 3500 pyrethroid-containing prod-
ucts registered [4].

The primary toxic effect of pyrethroids is on the voltage-gated sodium channels (VGSCs) 
like organochlorines such as DDT. The opening of these channels is extended by pyrethroid 
action and this causes the altered nerve function. According to their effect and chemical 
structure, pyrethroids divided into two types. Type I chemicals (allethrin, bifenthrin, bio-
resmethrin, permethrin, phenothrin, resmethrin, tefluthrin, and tetramethrin) do not contain 
a cyano group and they cause slowing in the closure of VGSCs. Therefore, the observed 
symptoms are tremors and seizures. On the contrary, Type II chemicals (cyfluthrin, cyhalo-
thrin, cypermethrin, cyphenothrin, deltamethrin, fenpropathrin, fenvalerate, flucythrinate, 
flumethrin, fluvalinate, and tralomethrin) are the ones that are predominantly alpha-cyano-
3-phenoxybenzyl alcohol esters and they cause a longer duration in the sodium current. The 
observed symptom is choreoathetosis accompanied by profuse salivation [5, 6]. Permethrin, a 
Type I pyrethroid, has not a disordering effect on polar head groups of phospholipids while 
it localizes within the hydrocarbon core [7]. Because of its cyano group, cypermethrin, a Type 
II, localizes preferentially in the hydrophilic/hydrophobic region of the lipid plasma mem-
brane, shows greater permanence and more fluidic effect on the membrane compared to per-
methrin [8]. Therefore, the permanence of cypermethrin can be connected to the prolonged 
opening of sodium channels. This interaction could also be related to the more reduction of 
lipid-lipid interactions compared to Type Is; therefore, it decreases plasma membrane fluid-
ity that is linked to the affected Na+-K+ ATPase activity to become the plasma membrane more 
permeable to the Na+ cations [8]. Type I pyrethroids have a higher binding affinity to the 
protein of VGSCs [9] while they penetrate more easily into the cell. Although this is another 
issue for a review, the mutations observed on the VGSCs’ protein produce more resistant 
individuals against pyrethroid intoxication (for more information, see Silva et al. [10]). There 
is also a discrimination between these types according to their effects on calcium and chloride 
channels [11]. Table 1 shows the chemical structures of pyrethroids that are mostly discussed 
in the current chapter.

Long-term health effects of pesticides such as their developmental and reproductory, endo-
crine disruption, neurobehavioral, carcinogenic, and immunological ones besides their acute 
impact have been considered by many scientists and regulatory services such as WHO, FAO, 
USEPA, and ECHA for many years. Currently, we experience the pesticides via drinking 
water, soil, food, and air. Directly ingesting of pesticide products can be assessed as a suicide 
action, but millions of acute poisoning cases occur in every year worldwide [12]. Although 

Mitochondrial Diseases294

the pyrethroid insecticides are less persistent in the environment compared to organochlo-
rines, they are highly lipophilic with their high octanol/water partition coefficient (Kow) [13]. 
Therefore, dietary exposure to these compounds trigger the safety concerns [14]. Indoor 
application to control household pests is also another path for human exposure.

Significant pyrethroid residues have been found in drinking water, human breast milk, and 
cow milk in a sample location of South Africa where indoor residual spraying was applied 
for malaria control compared to a mountain population [15]. Malaria control or agricultural 
applications have caused pyrethroid accumulation such as cypermethrin, lambda-cyhalo-
thrin, esfenvalerate/fenvalerate, and permethrin in breast milk from Brazil, Colombia, and 
Spain mothers [16]. However, the residues never exceeded the maximum daily intake levels. 
Babina et al. reported that more than one chemical and simultaneous exposure to organo-
phosphate and pyrethroids was common in South Australian preschool children [17]. Barr 
et al. surveyed the U.S. population with 5046 samples between the period of 1999 and 2002 
to detect pyrethroid residues in urine samples, and they concluded that pyrethroid expo-
sure is widespread in the U.S. population and children probably have higher exposure risk 
compared to adolescents and adults [18]. Exposure to pyrethroids in the levels common 
in Canadian children’s urine has been associated with parent-reported behavioral anoma-
lies [19]. A sex-dependent attention-deficit/hyperactivity disorder has been found in U.S. 

Allethrin1

(Type I)

IUPAC name: (2-methyl-4-oxo-3-prop-2-enylcyclopent-2-en-1-yl) 
2,2-dimethyl-3-(2-methylprop-1-enyl) cyclopropane-1-carboxylate

CAS No: 584-79-2

Metofluthrin2

(Type I)

IUPAC name: [2,3,5,6-tetrafluoro-4-(methoxymethyl) phenyl] methyl 
2,2-dimethyl-3-[(E)-prop-1-enyl] cyclopropane-1-carboxylate

CAS No: 240494-70-6

Permethrin3

(Type I)

IUPAC name: (3-phenoxyphenyl) methyl 
3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane-1-carboxylate

CAS No: 52645-53-1
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children associated with detectable levels of pyrethroid metabolites in the urine; therefore, 
abnormalities in the dopamine system that is more threatening for boys may be a result of 
growing use of pesticides, especially pyrethroids [20]. Urinary pyrethroid residues have been 
correlated with increased chronic heart disease in nonoccupational exposed Chinese people 
[21]. Occupational exposure to pyrethroids, for example, in the textile industry, is also an 
important issue throughout the world [22].

2. Reactive oxygen formation and its relation to the 
biotransformation of pyrethroids

Pyrethroids are the esters of acids like chrysanthemic acid, halo-substituted chrysanthe-
mic acid, and 2-(4-chlorophenyl)-3-methyl butyric acid and alcohols like allethrolone and 
3-phenoxybenzyl alcohol and they mostly contain more than one asymmetric carbon atom 
[3]. The stereoisomeric nature plays a significant role in the biotransformation of some pyre-
throids like fenvalerate [23]. This can also contribute to their toxic effect. For example, dif-
ferent stereoisomeric forms of permethrin have caused the increase in intracellular reactive 

Cypermethrin4

(Type II)

IUPAC name: [cyano-(3-phenoxyphenyl) methyl] 
3-(2,2-dichloroethenyl)-2,2-dimethylcyclopropane-1-carboxylate

CAS No: 52315-07-8

Deltamethrin5

(Type II)

IUPAC name: [(S)-cyano-(3-phenoxyphenyl) methyl] 
(1R,3R)-3-(2,2-dibromoethenyl)-2,2-dimethylcyclopropane-1-carboxylate

CAS No: 52918-63-5

1National Center for Biotechnology Information. PubChem Compound Database; CID = 11,442, https://pubchem.ncbi.
nlm.nih.gov/compound/11442 (accessed June 18, 2018).
2National Center for Biotechnology Information. PubChem Compound Database; CID = 5,282,227, https://pubchem.ncbi.
nlm.nih.gov/compound/5282227 (accessed June 18, 2018).
3National Center for Biotechnology Information. PubChem Compound Database; CID = 40,326, https://pubchem.ncbi.
nlm.nih.gov/compound/40326 (accessed June 18, 2018).
4National Center for Biotechnology Information. PubChem Compound Database; CID = 2912, https://pubchem.ncbi.nlm.
nih.gov/compound/2912 (accessed June 18, 2018).
5National Center for Biotechnology Information. PubChem Compound Database; CID = 40,585, https://pubchem.ncbi.
nlm.nih.gov/compound/40585 (accessed June 18, 2018).

Table 1. Chemical structures of the pyrethroids that are mostly discussed in the current chapter.
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oxygen species (ROS) and lipid peroxidation levels and decrease in superoxide dismutase 
(SOD) and catalase (CAT) activities in rat pheochromocytoma cells (PC12); but this effect is 
enantioselective, and the most effective stereoisomer is 1R-trans-permethrin [24].

Pyrethroid biotransformation in mammals including human consists oxidation, ester hydro-
lysis (both are called as Phase I reactions), and conjugation with endogenous molecules 
(Phase II reactions) [3, 25, 26]. Oxidation reactions are catalyzed by isoforms of cytochrome 
P450s (CYP450s), and ester bonds are hydrolyzed by carboxylesterase(s) [26].

The produced metabolites can be more potent endocrine disruptors than parent compound 
for humans [27]. Romero et al. found that CYP450-mediated oxidation products of deltame-
thrin (2’-OH and 4’-OH deltamethrin) are more toxic than the parent compound measured 
with cell viability, lipid peroxidation, and nitric oxide formation on human dopaminergic 
neuroblastoma SH-SY5Y cells [28]. Moreover, abnormal locomotor activity observed in prena-
tal deltamethrin exposure has been associated with increased expression of CYP450 enzymes 
in the offsprings of rats [29]. However, the pyrethroids are commonly used as a replacement 
of organophosphate and organochlorine insecticides because of their low mammalian toxic-
ity at the first time of their popularity. The low toxicity has been attributed to their rapid 
metabolism in mammals [18]. For this reason, their metabolism considered as a detoxification 
because of rapid clearance from the body [25, 30]. Most of the metabolites are highly hydro-
philic, and then rapidly excreted via urine and feces. Some of the metabolites from R-cyano-
3-phenoxybenzyl alcohol derivative pyrethroids, however, shows incomplete excretion and 
have longer bioretention in skin and stomach [25, 26]. Moreover, some of the conjugation 
metabolites are lipophilic and participate in toxicity reactions [25]. The biotransformation to 
hydrophilic compounds may also be a source of their toxicity in mammals as described below.

A single dose of cypermethrin and/or fenvalerate has caused the increase in SOD and CAT 
activities and in lipid peroxidation levels in the erythrocytes of rats [31]. As specified, non-
cyano (Type I)—cyano (Type II) discrimination can also be observed in oxidative stress-induc-
ing potential of these chemicals. For example, permethrin (a Type I) disturbed the antioxidant 
defense more than cypermethrin (a Type II) in the erythrocytes of treated rats [8]. Because of 
its cyano group, cypermethrin shows longer permanence in the membrane, while permethrin 
can pass easily from this lipid bilayer with its lipophilic nature to reach more readily to cellu-
lar subcompartments such as endoplasmic reticulum (ER) membranes that contain CYP450s. 
Although the presence of α-cyano group decreases the hydrolysis rate of ester bond [32], this 
group decomposes to cyanides and aldehydes to produce free radicals [33]. Endogenously 
formed superoxide anion radical is dismutated to hydrogen peroxide (H2O2) spontaneously 
or a SOD-catalyzed reaction. The formed H2O2 is degraded to water via CAT in peroxisomes 
and/or glutathione peroxidases (GPx) in the cytosol, mitochondria, nucleus, and also in per-
oxisomes [34, 35]. Although the H2O2 is not assessed as a ROS, it can act as a substrate for 
hydroxyl radical formation via a metal (it is mostly iron) catalyzed reaction if it cannot con-
vert to water efficiently. Hydroxyl radical is the strongest radical capable of oxidizing DNA, 
cellular membrane lipids, and proteins, and there is no effective agent to escape them in the 
cell [35]. The most important intracellular iron source is the active site of CYP450s because of 
their iron content in the catalytically active center [36–40].
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CAS No: 52918-63-5

1National Center for Biotechnology Information. PubChem Compound Database; CID = 11,442, https://pubchem.ncbi.
nlm.nih.gov/compound/11442 (accessed June 18, 2018).
2National Center for Biotechnology Information. PubChem Compound Database; CID = 5,282,227, https://pubchem.ncbi.
nlm.nih.gov/compound/5282227 (accessed June 18, 2018).
3National Center for Biotechnology Information. PubChem Compound Database; CID = 40,326, https://pubchem.ncbi.
nlm.nih.gov/compound/40326 (accessed June 18, 2018).
4National Center for Biotechnology Information. PubChem Compound Database; CID = 2912, https://pubchem.ncbi.nlm.
nih.gov/compound/2912 (accessed June 18, 2018).
5National Center for Biotechnology Information. PubChem Compound Database; CID = 40,585, https://pubchem.ncbi.
nlm.nih.gov/compound/40585 (accessed June 18, 2018).

Table 1. Chemical structures of the pyrethroids that are mostly discussed in the current chapter.

Mitochondrial Diseases296

oxygen species (ROS) and lipid peroxidation levels and decrease in superoxide dismutase 
(SOD) and catalase (CAT) activities in rat pheochromocytoma cells (PC12); but this effect is 
enantioselective, and the most effective stereoisomer is 1R-trans-permethrin [24].

Pyrethroid biotransformation in mammals including human consists oxidation, ester hydro-
lysis (both are called as Phase I reactions), and conjugation with endogenous molecules 
(Phase II reactions) [3, 25, 26]. Oxidation reactions are catalyzed by isoforms of cytochrome 
P450s (CYP450s), and ester bonds are hydrolyzed by carboxylesterase(s) [26].

The produced metabolites can be more potent endocrine disruptors than parent compound 
for humans [27]. Romero et al. found that CYP450-mediated oxidation products of deltame-
thrin (2’-OH and 4’-OH deltamethrin) are more toxic than the parent compound measured 
with cell viability, lipid peroxidation, and nitric oxide formation on human dopaminergic 
neuroblastoma SH-SY5Y cells [28]. Moreover, abnormal locomotor activity observed in prena-
tal deltamethrin exposure has been associated with increased expression of CYP450 enzymes 
in the offsprings of rats [29]. However, the pyrethroids are commonly used as a replacement 
of organophosphate and organochlorine insecticides because of their low mammalian toxic-
ity at the first time of their popularity. The low toxicity has been attributed to their rapid 
metabolism in mammals [18]. For this reason, their metabolism considered as a detoxification 
because of rapid clearance from the body [25, 30]. Most of the metabolites are highly hydro-
philic, and then rapidly excreted via urine and feces. Some of the metabolites from R-cyano-
3-phenoxybenzyl alcohol derivative pyrethroids, however, shows incomplete excretion and 
have longer bioretention in skin and stomach [25, 26]. Moreover, some of the conjugation 
metabolites are lipophilic and participate in toxicity reactions [25]. The biotransformation to 
hydrophilic compounds may also be a source of their toxicity in mammals as described below.

A single dose of cypermethrin and/or fenvalerate has caused the increase in SOD and CAT 
activities and in lipid peroxidation levels in the erythrocytes of rats [31]. As specified, non-
cyano (Type I)—cyano (Type II) discrimination can also be observed in oxidative stress-induc-
ing potential of these chemicals. For example, permethrin (a Type I) disturbed the antioxidant 
defense more than cypermethrin (a Type II) in the erythrocytes of treated rats [8]. Because of 
its cyano group, cypermethrin shows longer permanence in the membrane, while permethrin 
can pass easily from this lipid bilayer with its lipophilic nature to reach more readily to cellu-
lar subcompartments such as endoplasmic reticulum (ER) membranes that contain CYP450s. 
Although the presence of α-cyano group decreases the hydrolysis rate of ester bond [32], this 
group decomposes to cyanides and aldehydes to produce free radicals [33]. Endogenously 
formed superoxide anion radical is dismutated to hydrogen peroxide (H2O2) spontaneously 
or a SOD-catalyzed reaction. The formed H2O2 is degraded to water via CAT in peroxisomes 
and/or glutathione peroxidases (GPx) in the cytosol, mitochondria, nucleus, and also in per-
oxisomes [34, 35]. Although the H2O2 is not assessed as a ROS, it can act as a substrate for 
hydroxyl radical formation via a metal (it is mostly iron) catalyzed reaction if it cannot con-
vert to water efficiently. Hydroxyl radical is the strongest radical capable of oxidizing DNA, 
cellular membrane lipids, and proteins, and there is no effective agent to escape them in the 
cell [35]. The most important intracellular iron source is the active site of CYP450s because of 
their iron content in the catalytically active center [36–40].
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Pro-oxidant nature of CYP450-mediated pyrethroid metabolism needs further clarification 
because of superoxide and H2O2 release from CYP450 enzymatic complex by CYP450-inducers 
[35–40]. Pro-oxidative toxicity of pyrethroids has been reported in mammalian studies. Raina 
et al. suggest that the induction of oxidative stress in dermal cypermethrin exposed rats 
should be related to its biotransformation via CYP450-catalysis [41]. Metofluthrin, a known 
carcinogenic agent at high doses, induces mainly CYP2B isoforms and increases oxidative 
stress via the increase of reduced glutathione (GSH) levels (a well-known cellular antioxi-
dant molecule) in rats [42]. Without an induction of apoptosis, the authors conclude that 
the metofluthrin has reversible effects, and it may be noncarcinogenic for a human. On the 
contrary, deltamethrin and permethrin exposure has caused the induction of caspase 3/7 
activities; therefore, it has been concluded that oxidative potentials of pyrethroids can trig-
ger the apoptosis in human HepG2 cells and primary hepatocytes [43]. Deltamethrin and 
permethrin have also caused the stimulation of mRNA transcripts of CYP1A1, CYP3A4, and 
CYP2B6 isoforms and CYP3A4 protein levels. NADPH-dependent microsomal ROS forma-
tion has been observed in the liver of etofenprox exposed rats, and it has been concluded that 
observed lipid peroxidation and DNA oxidation in the liver should be related with CYP2B-
induction by etofenprox exposure [34]. CYP450-mediated cytosolic and/or mitochondrial 
ROS formation [44, 45] might cause cell death [46], and we conclude that CYP450 activa-
tion via pyrethroid exposure might cause mitochondrial damage and cell death. Therefore, 
CYP450 inducers should be evaluated with this type of side effect.

Deltamethrin exposure has caused early ROS formation and subsequent decrease in GSH 
levels, Bcl-2 protein expression, and mitochondrial membrane potential and increase in Bax, 
p38 MAPK expressions, and caspase-3 activity in isolated splenocytes from mice [47]. Similar 
results have also been found in the brain of deltamethrin exposed rats [48]. The number of 
apoptotic cells has been decreased by N-acetylcysteine, a well-known antioxidant agent, 
while buthionine sulfoximine, a GSH depleting agent, worsened the effects [47]. Therefore, 
when redox balance favors the ROS formation, it could be the main curator of mitochondrial 
dysfunction and related cell death. Not only synthetic ones but also natural pyrethrins can 
cause ROS formation and related mitochondrial dysfunction and apoptosis in human hepato-
carcinoma cell line HepG2 [49].

In fact, cells can die because of the ER stress-dependent pathways in pyrethroid intoxica-
tion. For example, Zhao et al. have suggested nonmitochondrial apoptotic pathway with an 
extracellular route [50]. According to their model, fenvalerate acts as an endocrine disruptor 
through the induction of apoptosis of mice germ cells. Fas/FasL-directed caspase-8 activa-
tion has caused the germ cell apoptosis without the change in Bcl-2, Bax, mitochondrial and 
cytosolic cytochrome c, and cleaved procaspase-9 levels.

Interestingly, ER and mitochondria have multiple contact sites called mitochondria-ER associ-
ated membranes with a characteristic set of proteins. From these domains, not only Ca2+ but 
also ROS-mediated signals may be transmitted to the mitochondria after ROS-based ER stress 
(for more details, see [51]). On these domains, inositol-1,4,5-triphosphate receptors interact 
with voltage-dependent anion channels (VDACs) on the outer membrane of mitochondria to 
transfer Ca2+. As an important second messenger, Ca2+ interacts with other signaling systems 
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such as subtoxic levels of ROS. There is a fine balance between these two signaling systems and 
dysfunction in either of these systems can affect another one. Therefore, this situation is harm-
ful or a signal for defense for a cell [52]. As stated in the review of Chirumbolo and Bjørklund 
[53], we believed that pyrethroids can exert their toxicity via the induction of ROS on ER mem-
branes via CYP450 activity and uncontrolled Ca2+ release from ER stores (and/or intracellular 
flux), which are used to conduct a fine balance between the ER and mitochondria deciding the 
autophagy or apoptosis. In this sense, we try to explain the mitochondrial effects of pyrethroids 
considering their oxidative stress-inducing potential and Ca2+ homeostasis of the cell.

3. Cellular Ca2+ stores and pyrethroids

Cellular Ca2+ stores can be a target for pyrethroid action and pyrethroid-mediated intracel-
lular Ca2+ load could be related to mitochondrial changes. For example, early life exposure to 
permethrin increased the intracellular Ca2+ influx in the heart of permethrin exposed rats [54]. 
Pyrethroids can activate the dose-dependent Ca2+-influx in the tetrodotoxin-sensitive pathway 
(a specific inhibitor of VGSCs) with different potencies and efficacies in mouse primary corti-
cal neurons [55]. However, the changes in Ca2+ dynamics could not always be dependent on 
VGSCs, at least for bifenthrin at nanomolar concentrations in mouse primary cortical neurons 
[56]. In fact, pyrethroids can modify voltage-gated Ca2+ channels at concentrations similar to 
VGSCs, and Type IIs are more potent to induce Ca2+ influx according to voltage- and patch-
clamp electrophysiological and in situ functional studies [57]. High intracellular Ca2+ levels 
can cause damage to mitochondria [58, 59], and changes in intracellular Ca2+ levels via release 
from ER stores or via Ca2+ influx triggers the ROS formation and cell death [58, 60].

Deltamethrin can inactivate the VGSCs. Downregulation of gene transcripts of these proteins 
in deltamethrin exposed human SK-N-AS neuroblastoma cells has also been observed with 
an intracellular Ca2+ elevation and calpain activation-mediated pathway [61]. Therefore, 
this situation causes the ER stress-related nonmitochondrial apoptotic pathway in human 
SK-N-AS neuroblastoma cells by deltamethrin [62]. According to this model, deltamethrin-
induced VGSC opening has been caused Ca2+ overload and activation of ER stress pathway 
engaging calpain and caspase-12 without an increase in cytosolic cytochrome c levels (an 
indicator for mitochondrial apoptotic pathway). In this way, resultant sodium influx via 
opening the VGSCs can activate the phosphatidylinositol turnover; the intermediates formed 
via this turnover will activate protein kinase C and the Ca2+ release from internal stores [63]. 
Deltamethrin can activate directly the protein kinase C enzyme at its very low dose [64]. 
According to the authors, “deltamethrin has a direct-action site likely to be on protein kinase C, 
an inositol polyphosphates-independent Ca2+ triggering site (e.g., ryanodine receptor and ER stores), 
and/or phosphoprotein phosphatase.” Interestingly, deltamethrin was able to increase the inositol 
1,4,5-triphosphate levels in rat brain slices in the presence of neomycin or LiCl [64].

Cypermethrin and fenvalerate have rescued the tsBN7 (a temperature sensitive cell type) cells 
from apoptotic death with elevated temperature compared to cyclosporine A, a mitochon-
drial membrane permeability transition pore (mtPTP) inhibitor [65]. According to the authors, 
elevation in cytosolic Ca2+ is at the core of the formation of mtPTP, and these pyrethroids 
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Pro-oxidant nature of CYP450-mediated pyrethroid metabolism needs further clarification 
because of superoxide and H2O2 release from CYP450 enzymatic complex by CYP450-inducers 
[35–40]. Pro-oxidative toxicity of pyrethroids has been reported in mammalian studies. Raina 
et al. suggest that the induction of oxidative stress in dermal cypermethrin exposed rats 
should be related to its biotransformation via CYP450-catalysis [41]. Metofluthrin, a known 
carcinogenic agent at high doses, induces mainly CYP2B isoforms and increases oxidative 
stress via the increase of reduced glutathione (GSH) levels (a well-known cellular antioxi-
dant molecule) in rats [42]. Without an induction of apoptosis, the authors conclude that 
the metofluthrin has reversible effects, and it may be noncarcinogenic for a human. On the 
contrary, deltamethrin and permethrin exposure has caused the induction of caspase 3/7 
activities; therefore, it has been concluded that oxidative potentials of pyrethroids can trig-
ger the apoptosis in human HepG2 cells and primary hepatocytes [43]. Deltamethrin and 
permethrin have also caused the stimulation of mRNA transcripts of CYP1A1, CYP3A4, and 
CYP2B6 isoforms and CYP3A4 protein levels. NADPH-dependent microsomal ROS forma-
tion has been observed in the liver of etofenprox exposed rats, and it has been concluded that 
observed lipid peroxidation and DNA oxidation in the liver should be related with CYP2B-
induction by etofenprox exposure [34]. CYP450-mediated cytosolic and/or mitochondrial 
ROS formation [44, 45] might cause cell death [46], and we conclude that CYP450 activa-
tion via pyrethroid exposure might cause mitochondrial damage and cell death. Therefore, 
CYP450 inducers should be evaluated with this type of side effect.

Deltamethrin exposure has caused early ROS formation and subsequent decrease in GSH 
levels, Bcl-2 protein expression, and mitochondrial membrane potential and increase in Bax, 
p38 MAPK expressions, and caspase-3 activity in isolated splenocytes from mice [47]. Similar 
results have also been found in the brain of deltamethrin exposed rats [48]. The number of 
apoptotic cells has been decreased by N-acetylcysteine, a well-known antioxidant agent, 
while buthionine sulfoximine, a GSH depleting agent, worsened the effects [47]. Therefore, 
when redox balance favors the ROS formation, it could be the main curator of mitochondrial 
dysfunction and related cell death. Not only synthetic ones but also natural pyrethrins can 
cause ROS formation and related mitochondrial dysfunction and apoptosis in human hepato-
carcinoma cell line HepG2 [49].

In fact, cells can die because of the ER stress-dependent pathways in pyrethroid intoxica-
tion. For example, Zhao et al. have suggested nonmitochondrial apoptotic pathway with an 
extracellular route [50]. According to their model, fenvalerate acts as an endocrine disruptor 
through the induction of apoptosis of mice germ cells. Fas/FasL-directed caspase-8 activa-
tion has caused the germ cell apoptosis without the change in Bcl-2, Bax, mitochondrial and 
cytosolic cytochrome c, and cleaved procaspase-9 levels.

Interestingly, ER and mitochondria have multiple contact sites called mitochondria-ER associ-
ated membranes with a characteristic set of proteins. From these domains, not only Ca2+ but 
also ROS-mediated signals may be transmitted to the mitochondria after ROS-based ER stress 
(for more details, see [51]). On these domains, inositol-1,4,5-triphosphate receptors interact 
with voltage-dependent anion channels (VDACs) on the outer membrane of mitochondria to 
transfer Ca2+. As an important second messenger, Ca2+ interacts with other signaling systems 

Mitochondrial Diseases298

such as subtoxic levels of ROS. There is a fine balance between these two signaling systems and 
dysfunction in either of these systems can affect another one. Therefore, this situation is harm-
ful or a signal for defense for a cell [52]. As stated in the review of Chirumbolo and Bjørklund 
[53], we believed that pyrethroids can exert their toxicity via the induction of ROS on ER mem-
branes via CYP450 activity and uncontrolled Ca2+ release from ER stores (and/or intracellular 
flux), which are used to conduct a fine balance between the ER and mitochondria deciding the 
autophagy or apoptosis. In this sense, we try to explain the mitochondrial effects of pyrethroids 
considering their oxidative stress-inducing potential and Ca2+ homeostasis of the cell.

3. Cellular Ca2+ stores and pyrethroids

Cellular Ca2+ stores can be a target for pyrethroid action and pyrethroid-mediated intracel-
lular Ca2+ load could be related to mitochondrial changes. For example, early life exposure to 
permethrin increased the intracellular Ca2+ influx in the heart of permethrin exposed rats [54]. 
Pyrethroids can activate the dose-dependent Ca2+-influx in the tetrodotoxin-sensitive pathway 
(a specific inhibitor of VGSCs) with different potencies and efficacies in mouse primary corti-
cal neurons [55]. However, the changes in Ca2+ dynamics could not always be dependent on 
VGSCs, at least for bifenthrin at nanomolar concentrations in mouse primary cortical neurons 
[56]. In fact, pyrethroids can modify voltage-gated Ca2+ channels at concentrations similar to 
VGSCs, and Type IIs are more potent to induce Ca2+ influx according to voltage- and patch-
clamp electrophysiological and in situ functional studies [57]. High intracellular Ca2+ levels 
can cause damage to mitochondria [58, 59], and changes in intracellular Ca2+ levels via release 
from ER stores or via Ca2+ influx triggers the ROS formation and cell death [58, 60].

Deltamethrin can inactivate the VGSCs. Downregulation of gene transcripts of these proteins 
in deltamethrin exposed human SK-N-AS neuroblastoma cells has also been observed with 
an intracellular Ca2+ elevation and calpain activation-mediated pathway [61]. Therefore, 
this situation causes the ER stress-related nonmitochondrial apoptotic pathway in human 
SK-N-AS neuroblastoma cells by deltamethrin [62]. According to this model, deltamethrin-
induced VGSC opening has been caused Ca2+ overload and activation of ER stress pathway 
engaging calpain and caspase-12 without an increase in cytosolic cytochrome c levels (an 
indicator for mitochondrial apoptotic pathway). In this way, resultant sodium influx via 
opening the VGSCs can activate the phosphatidylinositol turnover; the intermediates formed 
via this turnover will activate protein kinase C and the Ca2+ release from internal stores [63]. 
Deltamethrin can activate directly the protein kinase C enzyme at its very low dose [64]. 
According to the authors, “deltamethrin has a direct-action site likely to be on protein kinase C, 
an inositol polyphosphates-independent Ca2+ triggering site (e.g., ryanodine receptor and ER stores), 
and/or phosphoprotein phosphatase.” Interestingly, deltamethrin was able to increase the inositol 
1,4,5-triphosphate levels in rat brain slices in the presence of neomycin or LiCl [64].

Cypermethrin and fenvalerate have rescued the tsBN7 (a temperature sensitive cell type) cells 
from apoptotic death with elevated temperature compared to cyclosporine A, a mitochon-
drial membrane permeability transition pore (mtPTP) inhibitor [65]. According to the authors, 
elevation in cytosolic Ca2+ is at the core of the formation of mtPTP, and these pyrethroids 
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could be effective via their disruptive effect on Ca2+ balance. Ca2+ overload only can contribute 
to the formation of mtPTP; however, oxidative stress measured with excessive ROS formation 
and Ca2+ overload has a synergistic role in the formation of this pore to stimulate mitochon-
drial apoptosis [66].

Voltage-gated Ca2+-channel activation by allethrin has caused the mitochondrial cell death 
in rat Leydig cell tumor derived LC540 cells [67]. Allethrin exposure in these cell lines have 
resulted in the elevation of ROS, lipid peroxidation, intracellular Ca2+, cleaved PARP levels 
(executed by caspase-1), increased p53 gene expression, fluctuated SOD, CAT, GPx enzyme 
activities, and decreased mitochondrial membrane potential, Bcl-2, and pro-caspase-3 protein 
levels. It has been concluded that mitochondrial apoptosis by allethrin could be an important 
factor in decreased male fertility [67]. Similarly, allethrin exposure has caused the significant 
decrease in mitochondrial membrane potential and subsequent release of cytochrome c to the 
cytosol in the human corneal epithelial cell line [68]. Pro-apoptotic Bax expression has been 
increased, while anti-apoptotic Bcl-2 decreased, resulting in caspase-3 activation. Therefore, 
allethrin can trigger the mitochondrial apoptotic pathway in human corneal epithelial cells; 
although, they have not correlated their results with Ca2+ signaling.

An interesting support to these findings has been obtained with an estrogen receptor α and 
β binding studies of pyrethroids [69]. The studied chemicals have weak (fenvalerate) or no 
(permethrin, deltamethrin, and bifenthrin) binding capacity to estrogen receptor α, while per-
methrin has shown high affinity binding to estrogen receptor β. Lower but still strong binding 
to this protein has been observed with deltamethrin and fenvalerate, while bifenthrin has no 
binding capacity to this receptor. In another study, cypermethrin and permethrin exposure 
have increased the estrogen receptor α and β mRNA levels in TM4 mouse Sertoli cells to 
adapt decreased spermatogenic potential under pyrethroid toxicity [70]. Estrogen receptor β 
plays a role in preventing the mitochondrial apoptotic pathway and its suppression causes 
Bax activation, cytochrome c release, caspase 3 activation, and PARP cleavage [71].

Dissipation of mitochondrial membrane potential is an important event of apoptotic and 
necrotic cell deaths. It was observed in deltamethrin exposed rat primary hepatocytes with sub-
sequent elevation of ROS, while programmed necrosis has been measured in these cells [72]. 
A common cell death sign or toxic insult starts a common cell death progression; but the ATP 
presence determines the type of cell death, apoptosis or necrosis [66]. Pro-apoptotic potential 
via the mitochondrial pathway of pyrethroids has been reported in many studies [47, 49, 73]; 
however, necrosis can also be occurred because of the ATP demand as was seen in the kidney of 
permethrin exposed rats [74] or in the heart of cypermethrin exposed frogs (Rana cameroni) [75].

Anti-apoptotic protein Bcl-xL interacts with VDACs to transfer Ca2+ into the mitochondria [76]. 
A continuous supply of Ca2+ into mitochondria via this way is necessary to maintain mitochon-
drial bioenergetics because of pyruvate, 2-oxoglutarate, and the NAD+-dependent isocitrate 
dehydrogenases, and three intramitochondrial tricarboxylic acid cycle (TCA) enzymes are 
stimulated by Ca2+ [77]. Anti-apoptotic members of Bcl-2 proteins (Bcl-2 itself, Bcl-xL, and Mcl-
1) localized on the mitochondrial outer membrane and interact with the inositol-1,4,5-triphos-
phate receptors on the ER membrane to arrange the mitochondrial Ca2+ load during apoptotic 
signals and/or to enhance the mitochondrial metabolism for cellular resistance [76, 78].
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Endoplasmic reticulum-mediated Ca2+ to mitochondria is necessary to adequate supply of 
reducing equivalents for oxidative phosphorylation because of enhanced phosphorylation of 
pyruvate dehydrogenase complex and activated AMPK (AMP-activated protein kinase) in the 
absence of this supply [79]. Giacomello et al. proposed a schema for anti- or pro-apoptotic pro-
teins in ER-mediated Ca2+ supply to mitochondria [80]. Namely, Bax and other pro-apoptotic 
members of Bcl-2 family proteins enhance the ER Ca2+ load, and then mitochondria expose 
higher Ca2+ concentrations, mtPTP opens; while anti-apoptotic members of Bcl-2 cause the bal-
anced Ca2+ concentration from ER stores; then apoptosis is inhibited, and the needed ATP levels 
are supplied enhancing the mitochondrial metabolism. According to Distelhorst and Bootman, 
under autophagy-promoting conditions, a mitochondrial Ca2+ transfer from ER protects the cells 
from death via adequate elimination of energy demands, while the excessive accumulation of 
Ca2+ via apoptosis-inducing chemicals and/or ROS triggers the irreversible apoptosis progres-
sion [81]. In fact, differential stimulation pathway of protein kinase C may result in the desen-
sitization of inositol-1,4,5-triphosphate receptors via their phosphorylation by protein kinase C, 
which translocates to ER membranes in G-protein coupled protein subunit alpha s-cAMP path-
way. In this way, desensitization of receptor to its ligand, inositol 1,4,5-triphosphate results in 
limited Ca2+ release from ER stores [82]. Enan and Matsumura have observed the translocation 
of protein kinase C from the cytosol to the membrane fraction in pyrethroid exposed rat brain 
synaptosomes [64]. Deltamethrin has caused the intracellular Ca2+ elevation, ROS formation, 
and mitochondrial apoptosis in HGB human glioblastoma cells; while these effects have been 
reversed by protein kinase C, ER Ca2+ pump, and inositol 1,4,5 formation inhibitors [83]. On the 
contrary, increased intracellular Ca2+ levels were not dependent on the phosphoinositide path-
way in the effects of different pyrethroids in mouse primary neocortical neuron culture [55]. 
Therefore, tissue specificity and the dose-response curve of pyrethroid action on mitochondrial 
Ca2+ supply from ER and apoptosis induction should be further investigated.

4. Mitochondrial electron transport chain and energy production are 
affected by pyrethroid intoxication

Type I and type II pyrethroids could also be separated according to their toxic effects on 
different parts of the cell including mitochondria. Noncyano pyrethroid pyrethrin and per-
methrin increased the mitochondrial metabolic enzyme activities measured with the WST-1 
method at low doses probably to support the bioenergetics needs of the cell in SH-SY5Y cells 
[84] while there is no or little effect on total ATP content. Mitochondrial enzyme activities and 
total ATP content have been decreased at higher doses. However, the most pronounced effect 
has been seen with an α-cyano compound cypermethrin starting with the low doses [84]. The 
same distinction could be done by their effect on human estrogen regulated breast cancer 
cell line (MCF-7). Coadministration of oestradiol has been potentiated the effects of these 
pyrethroids measured with total ATP and mitochondrial metabolic enzyme activities; but, the 
most pronounced effect has been observed in cypermethrin exposure, also [85].

According to the study of Gassner et al., permethrin and cyhalothrin caused the inhibition of 
complex I of electron transport chain in isolated rat liver mitochondria, and there are more than 
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could be effective via their disruptive effect on Ca2+ balance. Ca2+ overload only can contribute 
to the formation of mtPTP; however, oxidative stress measured with excessive ROS formation 
and Ca2+ overload has a synergistic role in the formation of this pore to stimulate mitochon-
drial apoptosis [66].

Voltage-gated Ca2+-channel activation by allethrin has caused the mitochondrial cell death 
in rat Leydig cell tumor derived LC540 cells [67]. Allethrin exposure in these cell lines have 
resulted in the elevation of ROS, lipid peroxidation, intracellular Ca2+, cleaved PARP levels 
(executed by caspase-1), increased p53 gene expression, fluctuated SOD, CAT, GPx enzyme 
activities, and decreased mitochondrial membrane potential, Bcl-2, and pro-caspase-3 protein 
levels. It has been concluded that mitochondrial apoptosis by allethrin could be an important 
factor in decreased male fertility [67]. Similarly, allethrin exposure has caused the significant 
decrease in mitochondrial membrane potential and subsequent release of cytochrome c to the 
cytosol in the human corneal epithelial cell line [68]. Pro-apoptotic Bax expression has been 
increased, while anti-apoptotic Bcl-2 decreased, resulting in caspase-3 activation. Therefore, 
allethrin can trigger the mitochondrial apoptotic pathway in human corneal epithelial cells; 
although, they have not correlated their results with Ca2+ signaling.

An interesting support to these findings has been obtained with an estrogen receptor α and 
β binding studies of pyrethroids [69]. The studied chemicals have weak (fenvalerate) or no 
(permethrin, deltamethrin, and bifenthrin) binding capacity to estrogen receptor α, while per-
methrin has shown high affinity binding to estrogen receptor β. Lower but still strong binding 
to this protein has been observed with deltamethrin and fenvalerate, while bifenthrin has no 
binding capacity to this receptor. In another study, cypermethrin and permethrin exposure 
have increased the estrogen receptor α and β mRNA levels in TM4 mouse Sertoli cells to 
adapt decreased spermatogenic potential under pyrethroid toxicity [70]. Estrogen receptor β 
plays a role in preventing the mitochondrial apoptotic pathway and its suppression causes 
Bax activation, cytochrome c release, caspase 3 activation, and PARP cleavage [71].

Dissipation of mitochondrial membrane potential is an important event of apoptotic and 
necrotic cell deaths. It was observed in deltamethrin exposed rat primary hepatocytes with sub-
sequent elevation of ROS, while programmed necrosis has been measured in these cells [72]. 
A common cell death sign or toxic insult starts a common cell death progression; but the ATP 
presence determines the type of cell death, apoptosis or necrosis [66]. Pro-apoptotic potential 
via the mitochondrial pathway of pyrethroids has been reported in many studies [47, 49, 73]; 
however, necrosis can also be occurred because of the ATP demand as was seen in the kidney of 
permethrin exposed rats [74] or in the heart of cypermethrin exposed frogs (Rana cameroni) [75].

Anti-apoptotic protein Bcl-xL interacts with VDACs to transfer Ca2+ into the mitochondria [76]. 
A continuous supply of Ca2+ into mitochondria via this way is necessary to maintain mitochon-
drial bioenergetics because of pyruvate, 2-oxoglutarate, and the NAD+-dependent isocitrate 
dehydrogenases, and three intramitochondrial tricarboxylic acid cycle (TCA) enzymes are 
stimulated by Ca2+ [77]. Anti-apoptotic members of Bcl-2 proteins (Bcl-2 itself, Bcl-xL, and Mcl-
1) localized on the mitochondrial outer membrane and interact with the inositol-1,4,5-triphos-
phate receptors on the ER membrane to arrange the mitochondrial Ca2+ load during apoptotic 
signals and/or to enhance the mitochondrial metabolism for cellular resistance [76, 78].
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Endoplasmic reticulum-mediated Ca2+ to mitochondria is necessary to adequate supply of 
reducing equivalents for oxidative phosphorylation because of enhanced phosphorylation of 
pyruvate dehydrogenase complex and activated AMPK (AMP-activated protein kinase) in the 
absence of this supply [79]. Giacomello et al. proposed a schema for anti- or pro-apoptotic pro-
teins in ER-mediated Ca2+ supply to mitochondria [80]. Namely, Bax and other pro-apoptotic 
members of Bcl-2 family proteins enhance the ER Ca2+ load, and then mitochondria expose 
higher Ca2+ concentrations, mtPTP opens; while anti-apoptotic members of Bcl-2 cause the bal-
anced Ca2+ concentration from ER stores; then apoptosis is inhibited, and the needed ATP levels 
are supplied enhancing the mitochondrial metabolism. According to Distelhorst and Bootman, 
under autophagy-promoting conditions, a mitochondrial Ca2+ transfer from ER protects the cells 
from death via adequate elimination of energy demands, while the excessive accumulation of 
Ca2+ via apoptosis-inducing chemicals and/or ROS triggers the irreversible apoptosis progres-
sion [81]. In fact, differential stimulation pathway of protein kinase C may result in the desen-
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pyrethroids measured with total ATP and mitochondrial metabolic enzyme activities; but, the 
most pronounced effect has been observed in cypermethrin exposure, also [85].
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40 regions of complex I as potential binding sites for pyrethroids because of their hydrophobic 
nature [86]. Inhibition of complex I may be related to ROS formation; but, it should be noted 
that complex I inhibitors can be divided into two groups as ROS producers and ROS production 
inhibitors [87]. Inhibition of complex I activity by permethrin has been caused a reduction in 
superoxide radical formation in striatum submitochondrial particles of rats [88]. Inhibition of 
succinate dehydrogenase activity, which has a role in TCA and in complex II, has been decreased 
after acute and subacute bifenthrin exposure in rat brain [89]. Deltamethrin has a major inhibi-
tion site between complexes II and III because of unaffected NADH dehydrogenase (complex I) 
and cytochrome c oxidase (complex IV) activities in the isolated rat liver mitochondrial prepara-
tion [90]. In this mitochondrial preparation, NADH oxidase, succinate oxidase, succinate dehy-
drogenase (complex II), NADH-cytochrome c reductase, and succinate cytochrome c reductase 
activities have been inhibited. Deltamethrin has also caused an inhibition of ADP-stimulated 
oxygen consumption and impaired the mitochondrial membrane potential [90].

A discrepancy has been found compared to the results presented by Braguini et al. [90]. 
Cytochrome c oxidase activity has decreased within different time series in deltamethrin-
exposed rat brains in vivo [91]. In these in vivo mitochondrial preparations, deltamethrin has 
caused a decrease in mitochondrial cytochrome c levels, mitochondrial membrane perme-
ability transition, and mitochondrial membrane potential. These changes can result in a 
mitochondrial apoptosis and may reveal the neurotoxic action of pyrethroids. However, suc-
cinate cytochrome c reductase activity has not changed, while cytochrome c oxidase activity 
increased in the liver of deltamethrin-intoxicated rats in vivo [92]. In these liver preparations, 
biotransformation enzymes of pyrethroids have also not changed. In addition to their ROS 
inducing by ER-bound CYP450 activities, pyrethroids can disturb the electron transfer on the 
transport chain and can cause the altered ATP levels and ROS formation to induce mitochon-
drial dysfunction and sequential death.

Metabolic shift determined by increased lactate levels are observed in tumor cells although 
they are grown in oxygenic cultures, and this can be a strategy to avoid oxidative stress and 
apoptosis induction [93]. Pyrethroid intoxication causes a metabolic shift through the oxi-
dative phosphorylation to anaerobic glycolysis and altered lipid and protein metabolism in 
vivo. Several pyrethroids have decreased the hepatic protein levels, increased hepatic lactate 
dehydrogenase, blood and plasma urea levels in rats [94, 95]. Authors have concluded that 
pyrethroids are able to stimulate metabolic shift from oxidative phosphorylation to anaerobic 
glycolysis. A support for these observations has been obtained in the muscle and heart of 
cypermethrin exposed rats [96]. It has caused the decreased succinate dehydrogenase while 
increased glucose-6-phosphate dehydrogenase and lactate dehydrogenase activities reflect-
ing the anaerobiosis. Decreased succinate dehydrogenase activity indicates the inadequate 
substrate supply for TCA [96]. A similar metabolic shift due to succinate dehydrogenase and 
malate dehydrogenase inhibition with increased lactate formation and lactate dehydroge-
nase activity has also been observed in cypermethrin-intoxicated fish Labeo rohita [97] or in 
fenvalerate-intoxicated fish Oreochromis niloticus [98].

Hepatic aspartate aminotransferase, alanine aminotransferase, lactate dehydrogenase activities, 
total lipids, phospholipids, free fatty acids, and cholesterol levels have increased, while glyco-
gen and total protein levels decreased in beta-cyfluthrin exposed rats [95]. Aminotransferases 
produce oxaloacetate and pyruvate intermediates that are transported into the mitochondrial 
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matrix to maintain TCA or fatty acid production, and accumulation of oxaloacetate has caused 
the inhibition of malate dehydrogenase activity, a part of TCA of mitochondria in cypermethrin 
exposed rats [89].

Metabolomics approach is very effective to understand pyrethroid-induced metabolic 
changes. Reports show the metabolic shift to anaerobic fuel consumption and elevated fuel 
supply via gluconeogenesis to maintain energy levels in pyrethroid-induced stress conditions. 
For example, permethrin exposure increased urine lactate, acetate, 3-D-hydroxybutyrate, 
creatine, glycine, and formate while decreased citrate and 2-oxoglutarate levels in rats [99]. 
Elevated levels of urinary acetate and decreased TCA intermediates show the energy metabo-
lism disorders. Similarly, Liang et al. reported that permethrin and deltamethrin exposure 
can cause the disturbance in energy metabolism via the enhanced rate of anaerobic glycolysis 
and fatty acid β-oxidation, and ketogenesis [100]. They found that these pyrethroids reduced 
the excretion of TCA intermediates and increased lactate, acetate, 3-D-hydroxybutyrate levels 
in treated rats. In another study, serum and urine metabolites levels have been changed by 
deltamethrin exposure, and then it was suggested that decreased utilization of pyruvate in 
TCA and consecutive anaerobiosis in exposed rats [101]. While a shift from aerobic respi-
ration to anaerobiosis was also found in the brain of lambda-cyhalothrin exposed goldfish 
(Carassius auratus), a marked decrease has been observed in brain N-acetyl-aspartate levels, 
because of neuronal mitochondrial membrane damage via the ROS formation [102]. N-acetyl-
aspartate is considered as a marker for mitochondrial dysfunction in neurons [103]. Higher 
levels of malate and alanine in cypermethrin exposed earthworms provide an argument for 
the increased gluconeogenesis and fueling the TCA for energy [104]. These effects have also 
been observed in the former studies [100–102]. However, as an opposite of these results, per-
methrin exposure has caused an increase in TCA intermediates and cellular fatty acids and 
a decrease in glutamate levels in rat neuroblastoma cell line B50 [105]. Increased fatty acid 
β-oxidation should be a response to permethrin toxicity in these cells.

Voltage-dependent anion channels located in the mitochondrial outer membrane is the only 
way to supply TCA intermediates from cytosol to mitochondria, and its closure causes a meta-
bolic shift [106]. However, urea generation is also operated in the mitochondrial matrix, and it 
requires a bulk of substrates such as ornithine, citrulline, adenine nucleotides, respiratory sub-
strates, and other metabolites across the mitochondrial outer membrane in/out of mitochondria, 
possibly via VDACs [107]. The mitochondrial outer membrane is rich in VDACs that opens in 
normal operated mitochondria and mitochondrial hexokinase bounds to VDAC to orchestrate 
respiration, glycolytic pathway, and other metabolic pathways such as the pentose phosphate 
shunt [108]. We think that pyrethroids can be effective on these mitochondrial membrane pro-
teins via their substrate and/or membrane docking interaction(s), finally causing a metabolic 
shift in exposed cells together with their electron transfer disorder effect on transport chain.

5. Lipid metabolism is a target for pyrethroid-induced mitochondrial 
dysfunction

Reactive oxygen species reduces the oxygen consumption and decreases the fatty acid oxi-
dation in adipocytes causing the lipid accumulation [109]. According to Chirumbolo and 
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aspartate is considered as a marker for mitochondrial dysfunction in neurons [103]. Higher 
levels of malate and alanine in cypermethrin exposed earthworms provide an argument for 
the increased gluconeogenesis and fueling the TCA for energy [104]. These effects have also 
been observed in the former studies [100–102]. However, as an opposite of these results, per-
methrin exposure has caused an increase in TCA intermediates and cellular fatty acids and 
a decrease in glutamate levels in rat neuroblastoma cell line B50 [105]. Increased fatty acid 
β-oxidation should be a response to permethrin toxicity in these cells.

Voltage-dependent anion channels located in the mitochondrial outer membrane is the only 
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bolic shift [106]. However, urea generation is also operated in the mitochondrial matrix, and it 
requires a bulk of substrates such as ornithine, citrulline, adenine nucleotides, respiratory sub-
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possibly via VDACs [107]. The mitochondrial outer membrane is rich in VDACs that opens in 
normal operated mitochondria and mitochondrial hexokinase bounds to VDAC to orchestrate 
respiration, glycolytic pathway, and other metabolic pathways such as the pentose phosphate 
shunt [108]. We think that pyrethroids can be effective on these mitochondrial membrane pro-
teins via their substrate and/or membrane docking interaction(s), finally causing a metabolic 
shift in exposed cells together with their electron transfer disorder effect on transport chain.

5. Lipid metabolism is a target for pyrethroid-induced mitochondrial 
dysfunction

Reactive oxygen species reduces the oxygen consumption and decreases the fatty acid oxi-
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Bjorklund, mitochondrial ROS formation and dysfunction could play a central role in the 
machinery of lipid accumulation via the interaction with AMPK and peroxisome proliferator-
activated receptor (PPAR) pathways [110]. Stressed cells accumulate lipids and enhance the 
hypoxic stimulus, and this occurs via AMPK-signaling pathways.

Cypermethrin induces the pyruvate kinase, glucose transporter, stearoyl-CoA desaturase-1, acyl-
CoA oxidase, and carnitine palmitoyltransferase 1-α mRNA levels in the liver of mice [111]. 
PPAR-α have also increased with increased pyruvate levels. In this study, hepatic free fatty 
acid transport genes have also been upregulated; then, cypermethrin is able to defect lipid 
metabolism and can cause the lipid accumulation (evidenced by increased lipid droplets in 
histologic sections) in this organ. An interesting situation is the overexpression of stearoyl-CoA 
desaturase-1 gene because its activation is related to mitochondrial ROS generation, caspase-3 
activation, and apoptotic cell death in the heart of rats fed with saturated fatty acid rich diet 
[112]. In this study, AMPK phosphorylation has been decreased with the overexpression 
of stearoyl-CoA desaturase-1 gene. AMPK inactivation results in the activation of acetyl-CoA 
carboxylase. It increases malonyl CoA synthesis, and malonyl CoA reduces carnitine palmi-
toyltransferase activity to transport fatty acids into mitochondria for oxidation. Therefore, 
fatty acid oxidation is decelerated. It is known that mitochondrial fatty acid oxidation is an 
important ROS source [113]. However, mitochondria need fatty acids to maintain AMP/ATP 
ratio and to maintain its functions in physiological levels. Therefore, a subtle balance of fatty 
acid oxidation must be conducted. In this sense, PPAR (including all three forms) agonists 
upregulate the AMPK activity to mediate many physiological functions to protect cells from 
mitochondrial membrane potential change and ROS formation [114].

Carnitine palmitoyltransferase-1 and PPAR-α gene expressions have been upregulated by 
cypermethrin exposure in the liver of zebrafish (Danio rerio) with ROS activation [115]. The 
results reveal the importance of cypermethrin-induced oxidative stress on impaired fatty acid 
β-oxidation and mitochondrial dysfunction. PPAR-α is the most significant orchestrator of 
altered fatty acid metabolism in this process. Relation of pyrethroid-induced lipid accumula-
tion and mitochondrial dysfunction has been conducted with some newer research. While Jin 
et al. [111] has not been found up or downregulated mRNA expression of ppar-γ with cyperme-
thrin intoxication, Moustafa and Hussein [116] reported that lambda-cyhalothrin intoxication 
caused upregulation of ppar-α and ppar-γ transcripts in the liver of rats. Hepatic fat infiltration 
and periportal fatty changes have also been observed with an elevated ROS formation.

Cobalt chloride, a hypoxia mimetic agent, has caused downregulation of PPAR-γ, increased 
lipid accumulation, mitochondrial ROS production, and autophagy in mouse pre-adipocyte 
cells [117]. It is known that elevated levels of TNF-α can be found in dysfunctional neuronal 
cells. The high level exposure of TNF-α to mimic these cells has caused decreased PPAR-γ 
and AMPK proteins, ATP levels, and mitochondrial mass, while ROS levels and caspase-3 (an 
apoptotic executioner enzyme) increased in human neuronal stem cells [118]. Rosiglitazone, 
a PPAR-γ agonist, protected the cells from these adverse effects of TNF-α. Mitochondrial 
complex I activity has decreased in deltamethrin treated human dopaminergic neuroblas-
toma SH-SY5Y cells [73]. These cells had typical mitochondrial apoptotic signals. The authors 
revealed that the mitochondrial apoptosis was antagonized by PPARγ agonist rosiglitazone 
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resulting in the inhibited translocation of PTEN-induced putative kinase 1 (PINK1) to defend 
cells against ROS formation by dysfunctional mitochondria. In mitochondrial damage con-
ditions, PINK1 accumulation in outer membrane results with a selective autophagy [119]. 
Therefore, PINK1-dependent mitophagy is responsible for maintaining a healthy mitochon-
drial population for undesired excessive ROS formation [120, 121]. Exposure to deltamethrin 
has caused the apoptotic and autophagic death in rat pheochromocytoma cell line PC12 [122]. 
Although the autophagy inhibitor, 3-methyladenine exacerbated the deltamethrin toxicity, 
pre-treatment with autophagy inducer rapamycin and antioxidant N-acetylcysteine have 
increased the cell viability via the prevention of apoptosis progression.

However, autophagy itself can be responsible for the ROS formation [123, 124]; therefore com-
plex I-inhibition related cell death could be derived from PINK1-mediated mitophagy because 
of the inhibition of ROS formation and apoptosis via an antioxidant or PPAR-γ agonist treat-
ment during mitochondrial autophagosome formation [124, 125]. Mitochondrial fusion can 
constitute a link between ROS formation and lipid accumulation. Downregulation of Mfn2 
gene in human embryonic kidney cells 293 with siRNA caused triglyceride and ROS accu-
mulation and decreased oxygen consumption [126]. Interestingly, impaired mitochondrial 
dynamics and dysfunctional autophagy can also be a cause in vivo triglyceride accumulation 
in aged rat tissues [126].

Shen et al. [127] reported that mouse pre-adipocyte cells showed increased fat accumulation 
via AMPK/PPAR-γ intersection by deltamethrin exposure. Phosphorylated AMPK/AMPK 
(pAMPK/AMPK) ratio has been decreased, while PPAR-γ protein levels increased in these 
deltamethrin exposed cells. Permethrin has also caused similar changes in these cells with the 
elevation of triglyceride levels and decrement of carnitine palmitoyltransferase 1-α mRNA levels 
[128]. In this study, permethrin exposure decreased protein kinase B (Akt) and increased its 
activated phosphorylated forms (at Ser473 and Thr308) in C2C12 myotubes in the presence 
of insulin. Therefore, permethrin alters lipid metabolism in adipocytes and impaired glu-
cose metabolism in myotubes and then increases the obesity and type-2 diabetes progression 
risks in exposed individuals. Authors discussed that these changes are related to mitochon-
drial Ca2+ and ROS formation. In another study, pAMPK levels have been increased with 
increased autophagosome formation and abnormal autophagy in cypermethrin treated rats 
and SH-SY5Y neuroblastoma cells [129]. Authors indicated that increased phosphorylation 
of AMPK shows the decreased AMP/ATP ratio via mitochondrial dysfunction. Although the 
above authors revealed the mitochondrial dysfunction-related adipogenesis, Xiao et al. [130] 
have defined an intracellular Ca2+- and ER stress-related adipogenesis in permethrin exposed 
mouse pre-adipocyte cells.

Solute carrier family 25 member 25 (Slc25a25) and solute carrier family 2 member 1 (Slc2a1) 
gene expressions have been affected by deltamethrin and cyfluthrin exposure in the corti-
cal samples of rat brain in vivo with many other membrane proteins [131]. Slc25a25 serves 
as a solute carrier for adenine nucleotides in and from the mitochondrial inner membrane, 
while Slc2a1 is a major glucose transporter in the blood-brain barrier. These pyrethroids have 
also affected pyruvate dehydrogenase kinase 4 (pdk4) gene expression, which plays a role in 
glucose metabolism via inhibition of pyruvate dehydrogenase complex by phosphorylation. 

Pyrethroid Insecticides as the Mitochondrial Dysfunction Inducers
http://dx.doi.org/10.5772/intechopen.80283

305



Bjorklund, mitochondrial ROS formation and dysfunction could play a central role in the 
machinery of lipid accumulation via the interaction with AMPK and peroxisome proliferator-
activated receptor (PPAR) pathways [110]. Stressed cells accumulate lipids and enhance the 
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Therefore, PINK1-dependent mitophagy is responsible for maintaining a healthy mitochon-
drial population for undesired excessive ROS formation [120, 121]. Exposure to deltamethrin 
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activated phosphorylated forms (at Ser473 and Thr308) in C2C12 myotubes in the presence 
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cose metabolism in myotubes and then increases the obesity and type-2 diabetes progression 
risks in exposed individuals. Authors discussed that these changes are related to mitochon-
drial Ca2+ and ROS formation. In another study, pAMPK levels have been increased with 
increased autophagosome formation and abnormal autophagy in cypermethrin treated rats 
and SH-SY5Y neuroblastoma cells [129]. Authors indicated that increased phosphorylation 
of AMPK shows the decreased AMP/ATP ratio via mitochondrial dysfunction. Although the 
above authors revealed the mitochondrial dysfunction-related adipogenesis, Xiao et al. [130] 
have defined an intracellular Ca2+- and ER stress-related adipogenesis in permethrin exposed 
mouse pre-adipocyte cells.

Solute carrier family 25 member 25 (Slc25a25) and solute carrier family 2 member 1 (Slc2a1) 
gene expressions have been affected by deltamethrin and cyfluthrin exposure in the corti-
cal samples of rat brain in vivo with many other membrane proteins [131]. Slc25a25 serves 
as a solute carrier for adenine nucleotides in and from the mitochondrial inner membrane, 
while Slc2a1 is a major glucose transporter in the blood-brain barrier. These pyrethroids have 
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Therefore, pyrethroids can be effective on cells at different levels of metabolism. In a similar 
manner, permethrin caused a significant elevation of pdk4 and phosphoenolpyruvate carboxylase 
(pepck) gene transcripts in the muscle and liver of mice, respectively [132]. Permethrin expo-
sure displayed similar results [133] that were seen in the study of Kim et al. [128]. In addi-
tion, phosphorylated Akt at Thr308 and glucose transporter 4 (glut4) protein levels have been 
decreased in the muscle; therefore, authors concluded that permethrin can alter the glucose 
and lipid metabolism via an AMPK-dependent pathway and produce insulin resistance and 
obesity risk in exposed groups. In contrast, insulin-stimulated Akt phosphorylation has been 
decreased by permethrin in pAMPK-independent and the ERK-dependent manner in C2C12 
myotubes, and this mechanism could be a reason for insulin resistance development [134]. 
Therefore, the exact mechanism of lipid accumulation in different cell types may use different 
pathways; however, we believed that ER-mitochondria axis and their relation in Ca2+ and ROS 
signaling are the main curators of these effects of pyrethroids.

Affected lipid metabolism by pyrethroids has also been observed in other studies including 
fish and mammals [135, 136].

6. Mitochondrial membrane structures and dynamics in pyrethroid 
intoxication

Another effect of pyrethroids is on the structural integrity and dynamics of mitochondria 
observed in histopathological studies. cis-Permethrin has caused inner membrane disruption, 
and the cristae have been replaced with a denser matrix in Leydig cells of mice testis [137]. 
Therefore, hitching of cholesterol delivery diminished the pregnenolone formation, contribut-
ing to the endocrine disrupting function of pyrethroids. Mitochondrial swelling associated 
with ER cisternae has been observed in the liver of cypermethrin exposed rats [138]. Dilated 
round or ovoid mitochondria with short cristae and clear matrix have also been noticed 
while small damaged mitochondria containing electron dense inclusions occurred in differ-
ent time series. A similar result has also been found from an amphibian study. According 
to Yilmaz et al. [139], severely damaged cristae and loss of mitochondrial matrix have been 
found in the cypermethrin exposed sciatic nerves of Rana ridibunda. Typical tubular appear-
ance loss, perturbed fusion/fission equilibrium favoring the fission, and decreased mitochon-
drial membrane potential have been observed in tefluthrin, deltamethrin, bifenthrin, and 
α-cypermethrin exposed rat cerebral astrocytoma C6 cells with an increase in cell death ratio 
[140]. Obvious mitochondrial hypertrophy with distended membranes has been found in the 
liver of deltamethrin exposed rats [92]. Deltamethrin exposure resulted in irregular contours 
of mitochondria, tiny and few cristae, and cloudy matrix. Mitochondrial morphometry has 
also been affected by deltamethrin exposure. Therefore, mitochondria may be the most vul-
nerable organelle with its structure-function relationship for pyrethroids toxicity.

Pyrethroids can pass and interact with biological membranes because of their lipophilic nature 
[84]. As mitochondrion stand its membranous structures, mitochondrial membranes and 
other proteins in addition to the electron transport proteins are candidate structures for 
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pyrethroid action. For example, fenvalerate has not interacted with mitochondrial membrane 
proteins measured with intrinsic protein fluorescence, mainly by tryptophan fluorescence 
quenching in the isolated mitochondria from Helicoverpa armigera larvae (cotton bollworm) 
[141]. Because of its hydrophobic nature, deltamethrin has increased the mitochondrial 
membrane rigidity in the isolated rat liver mitochondrial preparation and this can cause 
the impaired transport of different ions between cytosol and mitochondrial matrix [90]. 
Permethrin has caused a decrease in mitochondrial membrane fluidity and this could be a 
reason for a bioenergetic crisis in the cell because of irregular energy transduction in striatum 
submitochondrial particles of rats [88]. Mitochondrial membrane fluidity at the hydrophilic-
hydrophobic region of the bilayer has decreased, while fluidity in the hydrophobic core 
increased in the heart of 300-day old rats exposed the permethrin between 6 and 21 days 
of their life [142]. Moreover, decreased cholesterol levels in mitochondrial membranes have 
been observed while it increased in the plasma membrane of heart cells. Therefore, these 
observations and pro-oxidative properties of permethrin could cause the altered cardiac 
ultrastructure and function. This effect of permethrin has also been found in Leydig cells of 
mice testis as discussed above [137]. As an integral membrane protein, VDAC interacts with 
membrane cholesterol [143] and ATP synthesis, ATP/ADP exchange by adenine nucleotide 
translocator (ANT) at the inner membrane, ATP/ADP and metabolite exchange by VDAC can 
be affected by associated membrane composition [93].

Effects of pyrethroids are not limited to mitochondrial membranes because of fluidity decline 
in the hydrophobic core of cypermethrin exposed rat erythrocyte plasma membrane [144]. 
Similar fluidity decline has been observed in deltamethrin exposed common carp (Cyprinus 
carpio) erythrocyte plasma membranes [145]. Phosphatidylethanolamine, phosphoglyceride, 
phosphatidic acids, and cardiolipin levels were decreased, making the membrane more rigid 
and less permeable. Decreasing these components can cause oxidative stress and cell mem-
brane ageing. Interestingly, cardiolipin is an exclusive component of the inner mitochondrial 
membrane, and it plays a significant role in governing the mitochondrial bioenergetics pro-
cesses (interaction with respiratory chain proteins and substrate carriers) and dynamics [146]. 
Cardiolipin reduction has been observed via ROS-induced lipid peroxidation in nerve growth 
factor-deprived rat sympathetic neurons and this has caused the loss of mitochondrial density 
[147]. As a membranous structure, the same finding may be observed with mitochondrial 
preparations, but it is an issue for further studies. It has been concluded that high lipophilic-
ity and pro-oxidative potential of pyrethroids can affect the biological membranes with their 
functional proteins to mediate the dysfunctional mitochondria.

While 18 kDa translocator protein (TSPO; formerly known as peripheral benzodiazepine 
receptor) ligands PK 11195 and Ro5-4864 are anti-apoptotic in the concentrations close to 
their TSPO affinity, they can also be pro-apoptotic agents at higher levels [148, 149]. It has 
been evidenced that pyrethroids can bind and interact with TSPO [150, 151], located on the 
mitochondrial outer membrane and participates to cholesterol transport as a cholesterol chan-
nel into mitochondria collectively with VDAC and ANT [152, 153]. Many type I and type II 
pyrethroids can bind this protein on rat brain membranes, while fluvalinate and fenvalerate 
have poor potency [154]. Furthermore, cis-permethrin has decreased the mRNA levels of tspo 
in mice testis [137]. In the study of Vadhana et al. [142], mitochondrial cholesterol levels have 
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been decreased, while cellular and plasma cholesterol levels increased in the heart of per-
methrin exposed rats. The pyrethroids may interact with TSPO protein with high affinity to 
affect its interaction with VDAC [93] to decrease cholesterol levels in mitochondria. Because 
mitochondrial function mostly depends on its membranous structures, a decrease in mem-
branous and inner mitochondrial cholesterol levels could be effective on ROS production and 
abnormal autophagy as is exemplified above sections. Increased TSPO to VDAC ratio has 
been correlated with increased ROS production, decreased mitophagy, and accumulation of 
damaged mitochondria [155, 156]. Therefore, oxidative-stress inducing and apoptotic poten-
tial of pyrethroids could also be originated with this capability. TSPO attends to the ROS 
formation via mitochondrial membrane potential transition [148]. Produced ROS affect the 
bonding form of cytochrome c to cardiolipin through the tightly to loosely conformation and 
results in the release of it [157] to induce mitochondrial apoptotic pathway. Interestingly, in 
the events of VDAC closure and blockage of TSPO function cause a permeability increase of 
VDAC to Ca2+ and this can accelerate the mtPTP opening [158].

7. Mitochondrial DNA and pyrethroids

There are very few studies on the mitochondrial DNA (mtDNA) alterations induced by 
pyrethroids in vertebrates. According to the results of Wang and Zhao [159] study, mtDNA 
somatic mutation frequency has been increased in the lung tissue of pesticide exposed 
(including pyrethroids) fruit growers. They have concluded that the increased frequency of 
mtDNA mutations may result from ROS formation, and the frequency has somewhat like can-
cer patients’ tissues. Because of the adjacency of mtDNA to possible ROS formation centers 
in mitochondria [160], pyrethroid-induced mtDNA mutations could be linked to their ROS 
inducing potentials. In cypermethrin exposed zebrafish larvae, ROS induction has been aug-
mented, while ogg1 (8-oxoguanine DNA glycosylase) mRNA levels decreased [161]. This gene 
is responsible for the excision of 8-oxoguanine bases occurred via ROS action on DNA. This 
enzyme has many alternative splicing variants, all of them are targeted to the mitochondria 
for localization (PUBMED Gene ID:4968; https://www.ncbi.nlm.nih.gov/gene/4968, last 
access: January 7, 2018). According to the study of Sampath et al. [162], Ogg−/− mice exhibited a 
preference to carbohydrate metabolism over fatty acid oxidation via downregulated key fatty 
acid oxidation genes’ and TCA genes’ mRNAs. Then, they are susceptible to adiposity and 
hepatic steatosis. Therefore, pyrethroids might able to change the cellular substrate metabo-
lism, and mtDNA mutations are probably involved in this process.

Pyrethroids bifenthrin, cypermethrin, and deltamethrin have increased ρ-mutation frequency 
in Saccharomyces cerevisiae culture in a dose-dependent manner [163]. This type of mutation 
occurs mainly on mtDNA by large deletions [164], and mitochondrial protein synthesis 
and electron transport are blocked [163–165]. Interestingly, there are some studies related 
to the binding of pyrethroids to DNA macromolecule via different bonding mechanisms 
[166–169]. For example, permethrin can intercalate with DNA, and it is prone to bind G-C 
base pairs [167]. On the other hand, a complexation driven mechanism mainly by hydrogen-
bond and van der Waals forces has been observed between DNA and tau-fluvalinate and 
fluvalinate molecules [169]. AT-rich sequences are more susceptible sites for this complexation. 
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We believed that pyrethroids can interact with mtDNA as seen in their electron transport 
complex bonding potential; therefore, can create mutations on mtDNA. However, further 
mechanistic research is needed.

8. Conclusion

In conclusion, pyrethroids can perform their toxic action via their oxidative potentials including 
unbalanced Ca2+ flux in/out of the organelles and cells. Mitochondria might be the most vulner-
able organelle for pyrethroid toxicity. Pyrethroids probably can change the interaction of mito-
chondrion and ER to create an imbalance between the fine equilibrium of ROS and Ca2+ signals. 
This affects the form of cellular metabolic energy production, accumulation of lipids and other 
metabolites, and cell death type. Pyrethroids can also change the mitochondrial membrane 
structures to affect their ability for metabolism and ROS production capacity. These effects may 
be related to the endocrine disruption, diabetic, dopaminergic, and obesity-induction potential 
of pyrethroids that are observed in exposed individuals as exemplified in the above sections 
such as altered lipid metabolism and cholesterol delivery into the mitochondria. However, 
there are many gaps that must be solved, such as, interaction with mitochondrial membrane 
proteins, specific mutagenesis caused by pyrethroid molecule and mtDNA interaction, etc.
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Abstract

Cancer prevalence is scaling up each year. Anthracycline groups are still the best chemo-
therapeutic agent. The most popular anticancer drug in the group is doxorubicin (DOX). 
Unfortunately, DOX has potent toxicity on noncancerous tissues, e.g., heart, kidneys, 
etc. However, it is well documented that the severest toxicity of the drug affects heart 
tissue. Of course, some reasons have been suggested why and/or how the heart is so 
vulnerable to toxicity. The primary mechanism responsible for DOX’s cardiospecific tox-
icity remains unidentified so far; however, mitochondrial dysfunction induced by DOX 
is now considered one of the leading reasons for DOX’s toxicities and undesired side 
effects. Mitochondrial reactive oxygen production in the heart is a significant contributor 
to developing mitochondrial dysfunction-exposed DOX based on a variety of evidence. 
The objective of this review chapter is to critically evaluate and highlight the role of mito-
chondria in the development of DOX-induced cardiotoxicity.

Keywords: doxorubicin, cardiotoxicity, bioenergy stress, heart, mitochondrial toxicity, 
mitochondrial membrane potential

1. Introduction

This chapter gives the state of the art on doxorubicin (DOX) toxicity in mitochondria, 
particularly heart tissue. It is well known that cancer is a global threat to human health. 
The therapeutic effect of the drug is still below expectations in  satisfaction. The drug that 
is the subject of the current chapter is a good chemotherapeutic against various soft solid 
cancer types. However, its toxic effect on noncancerous tissue, especially heart tissue, has 
not been ruled out. Therefore, even cancer patient can accomplish to fight cancer; they 
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have still kept going to fight various severe diseases related to chemotherapeutic agents. 
The clinic utilization of drug is limited due to its side effects. When the molecular mecha-
nism of the chemotherapeutic drug’s side effects is clarified, it will be possible to manage 
all side effects. Hopefully, DOX may be able to improve the lifespan of cancer patients, 
which is why the purpose of the present chapter is to summarize its toxic effects on cardiac 
mitochondria.

2. Cancer: a modern epidemic

Cancer has a very high mortality and morbidity rate worldwide [1, 2] and is scaling up every 
year. In 2012 14 million people were diagnosed with cancer and 8.2 million people died due 
to cancer and cancer-associated diseases [3]. It is estimated that these figures will double 
by the year 2030 [4]. Patients are treated with radiotherapy, chemotherapy, and combina-
tion therapy. However, radiotherapy has been reported to be toxic and chemotherapy has 
been suggested to partially reduce the number of side effects. So, a  chemotherapeutic agent is 
preferred to cure cancer [2]. Chemotherapy considerably enhances the survival rate of cancer 
patients. But, it is recognized to lead to side effect such as cardiovascular disease after grow-
ing survival population of a cancer patient with chemotherapy [5]. Therefore, cardiovascular 
diseases induced by chemotherapy are associated with high morbidity and mortality. The 
issue of heart damage caused by chemotherapy is a top priority due to the elevated cancer 
population treated with chemotherapy [6]. Anthracycline antibiotic groups are one of chemo-
therapeutic agents that is widely used in the treatment of solid and hematological cancer [7]. 
It has been indicated that the 5-year survival rate of childhood cancer patients was 30% before 
the discovery of group agents. However, this rate is around 80% today [8]. Still, extensive 
studies report that the group causes cardiotoxicity [6].

3. Anthracycline chemotherapy agents

Anthracycline antibiotics include DOX, daunorubicin, epirubicin, and idarubicin (Figure 1) 
[9]. DOX and daunorubicin are natural syntheses from Streptomyces, although epirubicin 
and idarubicin are synthetic derivatives from natural products [10]. Anthracyclines have 
a very high survival rate (~75%) within childhood cancer patients [11]. The drugs have 
been well recognized as a potential treatment against hematological cancers, including 
leukemias, lymphomas, solid carcinomas, and sarcomas [10, 12]. All these drugs have been 
reported to cause cardiotoxicity, classified as an acute and chronic effect [10]. Intracellular 
anthracycline tends to accumulate in the nucleus at the drug-sensitive cancer cell. However, 
the drug- resistant cancer cells have been outlined to find the chemotherapic agent at the 
cytoplasm [10]. Although some mechanism is proposed to explain the molecular structure, 
including oxidative stress, mitochondrial DNA (mtDNA) damage, etc., the molecular base 
of anthracycline on noncancerous tissue is still a mystery [12]. Because DOX is the most 
toxic drug in its class this chapter will evaluate only DOX toxicity, in particular heart 
damage [10].
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4. Doxorubicin: anticancer antibiotics

DOX was discovered by Farmitalia Research Laboratories, and they gave it the name 
Adriamycin after the Adriatic Sea [14]. So, DOX is also known as Adriamycin [15], discovered 
from Streptomyces peucetius (Streptomyces peucetius var. caesius) in 1967 [16–18]; however, some 
studies said it was discovered in 1969 [4, 13], and its clinical utilization began in the 1970s 
[13] after approved in 1974 by the US Food and Drug Administration [19]. DOX is a nonselec-
tive class-I anthracyline antibiotic [20]. It has positively charged groups, mannose amine, so 
that the drug can efficiently bind to a negatively charged molecule, such as nucleic acid. The 
standard cure is in the drug range 10–50 mg/m2 [18].

DOX has been widely used in the treatment of human and nonhuman tumors, including 
leukemia [15], lymphomas, soft tissue sarcomas, and solid cancer [21], e.g., breast tumors, 
osteosarcomas, Kaposi’s sarcoma, Hodgkin’s and non-Hodkin’s lymphomas [14, 22], thyroid 
and lung carcinomas, stomach, breast, bone, and ovarian cancers [23]. DOX is used for the 
treatment of solid childhood tumors too, such as non-Hodgkin’s lymphomas, Hodgkin’s dis-
ease, and soft tissue sarcomas [22].

Figure 1. The chemical differences between anthracycline antibiotics. Modified from Berthiaume et al. [13].
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DOX has been administered by intravenous infusion [13]. Peak plasma concentration and half-
life have been reported to be 5–15 μmol/L and 20–30 h, respectively [13]. Another study, however, 
stated that the peak plasma concentration of patients treated with DOX is between 2 and 6 μM 
after bolus injection, but typically 1–2 μM [24]. DOX is reported to be very low when bound to 
plasma proteins [25]. The plasma clearance of DOX is measured between 324 and 809 mL/min/m2,  
dominantly by biliary excretion; the maximum volume is around 809–1214 L/m2. Moreover, the 
half-life of the drug is around 5 min, which means that reuptake velocity is very high for tissues. 
However, elimination velocity is slow within the range 20–48 h [26]. After injection, DOX is dis-
seminated to the heart, liver, kidneys, and intestine [25].

4.1. Doxorubicin’s chemical structure

The chemical structure of DOX is {(7S, 9S)-7-[(2R, 4S, 5S, 6S)-4-amino-5-hydroxy-6-methyloxan-
2-yl] oxy-6, 9, 11-trihydroxy-9-(2-hydroxyacetyl)-4-methoxy-8, 10-dihydro-7H-tetracene-5,  
12-dione (Figure 2). Due to structural specifications with a tetracycline moiety containing a 
quinone and a conjugated amino sugar residue, DOX can undergo metabolic modification 
by enzymes dominantly in the liver and kidneys during the elimination process. Some oxi-
doreductase enzymes, especially nicotinamide adenine dinucleotide phosphate (NADPH)-
dependent cytochrome P450 reductases at the endoplasmic reticulum (ER), nicotinamide 
adenine dinucleotide (NADH) dehydrogenase (complex I) at the electron transport chain 
(ETC), and cytosolic xanthine oxidase, have been suggested to play an important role in DOX 
elimination. The oxidoreductase enzyme can convert DOX to its semiquinone form by using 
molecular oxygen [13].

DOX’s structure includes a glycoside group with anthraquinone moiety. The structure is 
responsible for its antineoplastic activity and also its toxicity [14]. DOX contains a tetracy-
clic ring with two quinone-hydroquinones and daunosamine. Though the tetracyclic sugar 
is nonsoluble in water, daunosamine sugar is soluble in water. DOX has been produced in a 
derivative form, e.g., daunorubicin. The difference between DOX and daunorubicin is only 
in the hydroxyl groups. Even though there is a slight difference between the drugs, their 

Figure 2. The chemical structure of doxorubicin antibiotics. From Imstepf et al. [27].
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activities very are different to each other. How DOX intercalates DNA is related to the drug’s 
chemical structure, including its chromophore’s hydroxyl and daunosamine sugar’s amino 
groups [22] (Figure 2).

4.2. The mechanism of doxorubicin’s anticancer activity

It is agreed that the mechanism of its anticancer activity and its toxic impact follow different 
molecular mechanisms [13, 28, 29]. The anticancer activity of DOX relies on the interaction of 
the cell nucleus, mitochondria, and membranes. There are a number of reasons that explain 
the antineoplastic efficiency of the drug [17]:

1. DOX intercalates the DNA double strand, causing DNA replication and protein synthesis 
inhibition.

2. Reactive oxygen species (ROS) are produced, leading to the destruction of DNA and eleva-
tion of lipid peroxidation.

3. DNA is cross-linked and subject to alkylation.

4. DNA strands become obstructed and divided and there is helices activity.

5. The membrane structure is affected.

6. Prevention of topoisomerase II (TOPII) results in elevation of DNA damage [17].

The anticancer effect of DOX is associated with intercalation of the DNA strands, regulatory 
protein, covalent binding to DNA, and condensation of histone protein. However, its toxic 
impact on tissue does not rely on DNA impact [15].

The therapeutic effects of DOX have been associated with binding and intercalation of DNA 
strands, resulting in the destruction of replication and transcription of DNA by topoisomer-
ase inhibition [4, 13, 30]. The reason why enzymes are so crucial is because TOPII has a role to 
play in modulating the DNA superhelical state [31], relaxing accumulated positive supercoils, 
and unlinking intertwined DNA strands. Thus, proteins are vital for complete DNA replica-
tion [22].

Also, DOX’s cardiotoxicity has been related to disrupting TOPIIβ [30]. DOX selects toxic 
cardiac mitochondria through selective accumulation and redox cycling. However, free 
DOX enters the nuclei of cancer cells without entering mitochondria, which causes lack 
of mitochondrial pathway therapy [31]. Besides nuclear DNA, DOX intercalates with the 
mtDNA double helix, binds to a protein, and has a role in DNA replication and transcrip-
tion as well [23].

To give more detailed knowledge on drug intercalation, DOX is one of the great anticancer 
drugs that kills cancerous cells by interaction with the cells’ DNA; it also produces covalent 
adducts, resulting in inhibition of DNA synthesis by DNA polymerase blocking. DOX could 
also interfere with DNA and TOPIIα, finally forming a TOPIIα/DOX/DNA complex. The 
interruption of DNA and TOPIIα by DOX causes DNA breakage and cell death. A special 
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situation has been reported whereby heart tissue does not contain TOPIIα, but expresses 
TOPIIβ [20]. So, the TOPIIβ/DOX/DNA complex could only occur in the heart tissue [20, 28]. 
It is strongly supported that DOX’s cardiotoxicity associates with TOPIIβ based on a TOPIIβ 
knockout mice study. When DNA damage occurs for some reason, e.g., by using DOX, the 
ataxia/telangiectasia-mutated protein is activated to trigger tumor suppressor protein p53. 
Activation of p53 by DOX has been indicated to elevate ROS production, double-strand DNA 
damage, and apoptotic cell death as well. Furthermore, another effect of p53 addresses one of 
the cardioprotective transcription factors, known as GATA-4. AMP-activated protein kinase 
(AMPK) plays the role of energy sensor to maintain enough available energy levels. If energy 
status drops too low by enhancing ROS production, and intracellular Ca2+ accumulates, 
AMPK can be activated and/or its phosphorylation can be elevated [20].

4.3. The risk factors of doxorubicin’s toxicity

DOX utilization is limited due to its toxic effect [27]. There are well-established factors that 
pointed to an increase in DOX-related heart damage. These factors are total cumulative dose, 
one course or a day’s full dose, radiation, especially mediastinal, age, gender, other cardio-
toxic drugs or chemicals, cardiovascular illness, and liver pathologies [17].

One of the riskiest factors for toxicity is the drug’s cumulative dose [4]. Extensive reports 
are available in the literature. The mortality of congestive heart failure-induced DOX is 
around 50% at higher than a 500 mg/m2 cumulative dose [17]. This side effect is related to 
its dose, which is reported to be between 75 and 1095 mg/m2, and the median dose of its 
toxicity is around 390 mg/m2 [10]. The risk of developing toxicity on noncancerous tissue 
has been reported to enhance the cumulative dose, e.g., at 400 mg/m2 with 3–5% [4, 10, 20], 
550 mg/m2 with 7–26% [4, 10], 700 mg/m2 with 18–48% [4, 10, 20], or 950 mg/m2 with 50% 
[10]. Furthermore, the risk of toxicity has been reported to enhance at 550 mg/m2 [10]. When 
mice are given a total of 71 mg/m2 DOX, the risk of heart damage is almost 100% [20]. Also, 
cancer type determines the risk ratio. For example, around 20% of lung cancer patients treated 
with DOX have been reported to develop heart failure [32]. DOX, an anthracycline antibiotic, 
therapy has been indicated to develop side effects in almost 35% of patients [33]. Its clinical 
utilization is, therefore, limited because many tissues become toxic when patients are treated 
with a 550–600 mg/m2 cumulative dose [15]. DOXs toxicity can reach a 50% mortality rate at 
the highest cumulative dose [14].

The detrimental effect of DOX is related to its dosage and treatment duration. Its utilization is 
recognized to develop into cachexia and cardiotoxic impact over time [4]. DOX can even cause 
cardiomyopathy after years of treatment [4]. Cardiomyopathy has been claimed to occur fol-
lowing final DOX treatment of 0–231 days (median 23 days) and final daunorubicin treatment 
of 9–192 days (median 60 days). Cardiotoxicity due to DOX therapy has been seen even after 
20 years [10]. In other words, its toxic effect is mostly dose and time dependent [13]. DOX-
induced cardiotoxicity causes death in 50% of patients within 2 years [34].

DOX is used not only for childhood cancer patient treatment, but also for adults cancer 
patients [35]. So, age is an important factor in the development of cardiotoxicity of DOX [9]. 
For example, it is reported that patients over 65 years and under 4 years treated with DOX 
are more susceptible to cardiomyopathy. Children, adolescents, and the elderly treated with 
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DOX are at high risk of developing cardiac damage. It seems that in children DOX causes 
some stem cells to vanish, including pluripotent, undifferentiated, and cardiac stem cells. The 
decreased stem cell ability in the heart by DOX results in decompensating for the decline of 
cardiac mass induced by the drug’s treatment. However, DOX has been shown to accumulate 
in cardiac tissue in elderly patients, resulting in reduced blood flow in the heart [17].

Another factor associated with DOX toxicity is gender [36]. Unusually, female cancer patients 
treated with DOX have higher mortality vs. male cancer patients, but females develop cardio-
vascular disease 10 years later than males. However, after the menopause, females become 
more vulnerable than males at the same age [37].

4.4. Cytotoxic effect of doxorubicin on noncancerous tissues

DOX is widely used for cancer therapy [38]. However, it has been recognized to have a toxic 
effect on noncancerous tissue such as the heart [13, 39], liver, kidneys [22], as well as the brain 
[40], and its poisonous effect is related to its dose [38]. This is why the drug’s use for can-
cer treatment is limited based on its undesired impact on healthy tissue. Unfortunately, the 
mechanism of its toxic effect on noncancerous tissue has been not understood so far [38, 39].

DOX side effect symptoms are nausea, vomiting, alopecia, myelosuppression, stomatitis, and 
gastrointestinal disturbances [14], which are typical of cytotoxic chemotherapic agents [28]. The 
soft side effects of drugs include nausea, fever, and vomiting. Nausea, fever, and vomiting appear 
after DOX therapy as soft side effects. However, hypotension, arrhythmias, tachycardia, and con-
gestive heart failure are also described after treatment as severe undesired side effects [17].

DOX’s cytotoxicity includes two molecular mechanisms: intercalation of nuclear DNA and 
elevation of ROS production [41]. A cancer cell’s DNA replication is well known to be faster 
than normal cells [41]. If DOX generates normal levels of ROS, it might selectively destroy 
heart pump function [41]. The most accepted mechanism leading to DOX’s toxicity is oxida-
tive stress, which causes damage to membrane lipid peroxidation products and decreases 
antioxidants as well. The most severe ROS generation by DOX is in the heart vs. other organs 
or tissues, e.g., kidneys, liver, etc. [10]. Extensive research has been suggested as to why 
DOX’s cardiotoxicity relies on oxidative stress, mitochondrial dysfunction, and mitochondrial 
energy-forming disruption [16]. DOX treatment after 3 h has been reported to cause oxidative 
stress, lipid peroxidation, as well as lipid aldehydes in cardiac tissue [42]. Selective toxicity 
of the heart by DOX will explain these reasons. There is strong evidence supporting a critical 
role of oxidative stress on DOX’s toxicological effect, though the molecular mechanism of its 
toxicity is still a mystery. According to study results from animal and human tissue, DOX 
disrupts the myofibril, mitochondrial membrane [13].

DOX’s anticancer activity is associated with intercalation to DNA by decreasing TOPII activity 
after double-strand breakage, resulting in alleviation of DNA replication and protein synthesis. 
However, it is accepted that DOX’s toxicity and anticancer efficiency are different from each 
other. The cytotoxic effect of DOX is produced by a mechanism such as ceramide synthesis 
by CREB3L1 activation, oxidative damage to DNA, losing mitochondrial membrane potential 
(MMP), caspase-3 activation, and p53 and c-Jun NH2-terminal kinase (JNK) activations. Nuclear 
factor-kappa B (NF-κB), a proapoptotic factor, could participate in DOX’s cytotoxicity [33].
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or tissues, e.g., kidneys, liver, etc. [10]. Extensive research has been suggested as to why 
DOX’s cardiotoxicity relies on oxidative stress, mitochondrial dysfunction, and mitochondrial 
energy-forming disruption [16]. DOX treatment after 3 h has been reported to cause oxidative 
stress, lipid peroxidation, as well as lipid aldehydes in cardiac tissue [42]. Selective toxicity 
of the heart by DOX will explain these reasons. There is strong evidence supporting a critical 
role of oxidative stress on DOX’s toxicological effect, though the molecular mechanism of its 
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The clinical utilization of DOX is limited because of its toxic impact, especially on heart tissues, 
e.g., heart failure, cardiomyopathy [20]. The mortality rate of congestive heart failure induced 
by DOX is estimated at around 20%. There is no explanation for how DOX causes its toxic-
ity on noncancerous tissue. However, it is thought to be multiple and complex mechanisms, 
nitrosative and nitrative stress, DNA damage, dysregulation of metabolites, and inflammation 
[16] involving DOX’s toxicity, eventually triggering apoptotic cell loss [43]. The dysfunction 
of energy production has played a critical role in the development of both acute and chronic 
DOX toxicity and is related to time-dependent mitochondrial dysfunction [43]. Also, there is 
limited knowledge of its toxic mechanism, including disruption of calcium homeostasis by 
activation of calcium-dependent kinases, phospholipases, proteases [15], myofibrillar disrup-
tion, apoptotic cell death, as well as mitochondrial dysfunction. The mitochondrial toxic effect 
of DOX relates to the generation of ROS, destroying energy production [44]. The impact on its 
mitochondrial toxicity is caused by blocking the ETC associated with cardiolipin, which is an 
inner mitochondrial membrane protein [44]. DOX’s toxicity is mainly associated with enhanc-
ing mitochondrial ROS production and decreasing mitochondrial biogenesis [38].

However, its clinical utility is limited due to irreversible myocardial damage and dysfunction. 
Apoptosis mediated by DOX contributes to heart failure. DOX’s main intracellular target is 
mitochondria, causing mitochondrial damage and ROS elevation, and initiating apoptosis 
[21]. So, DOX gives rise to degrading contractile proteins [29]. However, limited knowledge 
of how mitochondrial dysfunction triggers cardiac apoptotic cell death-mediated DOX is still 
a mystery. Therefore, further studies are needed to increase knowledge [21].

DOX has detrimental effects, classified as acute and chronic abnormalities, including arrhyth-
mias, heart failure, and ventricular dysfunction. The primary issue for DOX therapy is to over-
come and minimize its toxic effect without altering its therapeutic impact on cells with cancer. 
Knowledge of its detrimental effect remains a mystery. There are, however, disorders that may 
explain its side effect, such as mitochondrial dysfunction and ROS production. Mitochondria 
have an essential function, including energy metabolism, cellular apoptosis, and cell death 
pathways, apoptosis, and necrosis [35]. The cardiotoxicity of DOX relies on its dosage. For 
example, electrocardiologic abnormalities have been reported to occur at a low dose, although 
dilated cardiomyocytes and congestive heart failure have been reported at a high dose [13]. 
After left ventricular end diastolic pressure and left ventricular ejection fraction are suppressed, 
DOX dilates cardiomyopathy because of the decline in heart pump function. Besides cardio-
myopathy, DOX also leads to the development of cardiac remodeling, including cytoplasmic 
vacuolization, myofibrillar clutter, or sarcoplasmic reticulum (SR) swelling. This is why further 
studies are required to evaluate DOX’s toxic effects on noncancerous tissue [4]. There is no 
defined specific therapy to cope with DOX’s cardiomyopathy yet, except receiving traditional 
treatment of congestive heart failure, e.g., angiotensin converting enzyme blockers, etc. [24].

Based on our best knowledge of the mechanisms associated with apoptosis, oxidative stress, and 
mitochondrial dysfunction, to avoid undesired toxicity it has been suggested to use some form 
of antioxidant. Unfortunately, antioxidant therapy has failed to accomplish the drug’s toxicity 
effect in many tissues, particularly the heart and liver according to clinical data [39]. This is why 
any approaches to use the drug clinically may reduce its toxic effects on noncancerous mass. 
Therefore, further studies are needed to evaluate the molecular mechanism of DOX’s toxicity [45].
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5. Cardiospecific toxicity of doxorubicin

The most severe toxic effect of DOX is on the heart [17]. This toxic effect is related to mito-
chondria because DOX targets cellular mitochondria, resulting in mitochondrial damage and 
cell death [20]. Cardiomyocytes are differentiated and nondividing cells, so they would not 
be a direct target of the drug since it blocks DNA replication and synthesis [28]. Therefore, 
cardiomyocytes have an insufficient regenerative ability after significant injury [46, 47]. In 
case of severe damage, the majority of heart muscle functions can be terminally lost. DOX 
could selectively oxidize mtDNA associated with heart failure [28]. For some reasons the most 
severe detrimental effect of DOX is seen as heart based. These reasons are:

1. The heart contains a high volume of mitochondria per cardiomyocyte.

2. There is a high affinity for cardiolipin in the mitochondrial inner membrane of the heart.

3. Existing cardiospecific NADH dehydrogenase results in elevated ROS production.

4. There is lower antioxidant capacity in the cardiac tissue. The opening of the mitochondrial 
permeability transition (MPT) pore initiates apoptosis by releasing a proapoptotic factor, 
such as cytochrome, SMAC/DIABLO, and the apoptosis-inducing factor (AIF). MPT can 
form with the voltage-dependent anion channel (VDAC) and the adenine nucleotide trans-
locase (ANT) matrix chaperon cyclophilin D (Cyp D). The open probabilities of MPT can 
be enhanced by DOX, so mitochondriopathy has been related to DOX’s cardiotoxicity [23].

Cardiomyocytes contain high mitochondrial density, and one cardiomyocyte occupies 
40–45% of mitochondria [21, 34]. The organelle has a function to maintain standard cardiac 
capacity due to a high-demanding, high-energy substrate for contractile function [21]. DOX 
accumulates in mitochondria 100 times more than plasma [34]. After binding DOX, cardio-
lipin loses the cofactor role in mitochondrial enzymes [34].

DOX tends to accumulate in the nucleus and mitochondria. In heart tissue, mitochondria 
make up around 50% of its volume [48]. DOX has a high affinity to bind the inner mitochon-
drial membrane and is collected on the matrix side [3]. One of DOX’s similarities in the inner 
mitochondrial membrane is cardiolipin, which has a much higher affinity vs. other lipids 
in mitochondria (around 80 times). Phosphatidylethanolamine and cardiolipin are adaptors 
in the hexagonal (HII) phase in existent divalent cations, e.g., DOX, leading to changes in 
fluidity and functionality of mitochondrial membranes. DOX inactivates mitochondrial lipid-
dependent enzymes, such as NADH dehydrogenase, cytochrome-c oxidase, and cytochrome-
c reductase. DOX binds to cardiolipin, causing inactivation of complex I–III. DOX and NADH/
NADH dehydrogenase incubations have been suggested to reduce sequestration at the SR 
by around 80% [48]. Also, mitochondrial TOPI is also found to relate to anthracyline-based 
cardiac toxicity [11].

The heart’s mitochondria have two NADH dehydrogenases. One, known as cytosolic or inter-
membranous, is located at the outer surface of the inner mitochondrial membrane. However, 
the other one, known as matrix NADH dehydrogenase, is placed at the matrix surface of the 
inner mitochondrial membrane. Complex I relates to cytosolic NADH dehydrogenase as a 
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function to capture the electrons from the mitochondrial cytosol to the electron transport sys-
tem (ETS). Moreover, cytosolic NADH dehydrogenase probably participates in DOX-induced 
heart toxicity. The molecular weight of DOX is around 600 Da. So, DOX with a hydrophilic 
structure could smoothly transit from the outer membrane to the mitochondrial cytosol. 
However, it is difficult to pass through an inner mitochondrial membrane with a lipoidal 
structure. Therefore, DOX cannot reach the matrix NADH dehydrogenase. This is why DOX 
is almost impossible to convert its semiquinone form at most cell types, e.g., renal or hepatic 
tissues and tumor cells as well. On the other hand, heart tissue contains cytosolic NADH 
dehydrogenase at mitochondria. This is why DOX can be converted to its semiquinone form, 
leading to oxidative stress by transferring one electron to molecular oxygen [10]. Furthermore, 
the semiquinone form can produce dihydroquinone via itself by deletion of the sugar moiety 
to make its aglycone form. The primary metabolites are suggested to be of aglycone form 
because the form can easily pass through the inner membrane due to its lipoidal structure. In 
this way, the major form could substitute coenzyme-Q10 and block complex I and II as well 
at around a 100 μM concentration. Thus, this results in dissociation of coenzyme-Q10 from 
mitochondria. This is why the plasma coenzyme-Q10 level is increased in cancer patients 
receiving DOX therapy and decreased in heart tissue as well. The aglycone form of DOX 
could deliver electrons to an oxygen molecule, enhancing the superoxide radical. Superoxide 
dismutase at mitochondria can serve to convert hydrogen peroxide (H2O2) to hydroxyl radi-
cals and water, which is why heart tissue is susceptible to oxidative stress produced by ETS 
and the DOX semiquinone form as well. The other detrimental effect of the aglycone form 
breaks energy synthesis from mitochondria due to the substitution of coenzyme-Q10 acting 
as a potent antioxidant. Aglycone derivatives of DOX lose the anticancer impact of the drug 
because it does not bind to DNA [10].

Excess electrons generated are captured by oxidizing agents, such as oxygen, and the cardiac 
tissue has a very high oxygen consumption rate [36]. Heart tissue needs more energy to main-
tain contractile function and cell survival, which is why cardiomyocytes have substantial mito-
chondrial volume. The mechanism of DOX’s toxicity is still a mystery. However, many studies 
have suggested the association between ROS and reactive nitrogen species (RNS) with their 
side effects [20] (Figure 3). In other words, the heart has been extensively exposed to oxidative 
stress. The reason for this is due to the enormous volume of mitochondria and weak antioxi-
dant defense in the tissue [17]. The heart contains low-level catalase enzymes; in addition, DOX 
immediately inactivates selenium-dependent glutathione (GSH)-peroxidase-1 and cytosolic Cu–
Zn superoxide dismutase enzymes after therapy [17, 36, 42]. DOX is claimed to have a univalent 
redox potential of around −320 mV [17]. This fact can be combined with information that a 
high proton concentration might have potential to enhance mitochondrial ROS production [49]. 
Based on this potential, DOX is a suitable substrate for certain oxidoreductase enzymes, which 
are NADPH-dependent cytochrome P450 reductase, NADH dehydrogenase, and xanthine oxi-
dase. DOX is highly reduced by complex I, resulting in semiquinone. It is well determined to 
have DOX affinity to cardiolipin with phospholipids. Cardiolipin acts as a cofactor for respira-
tory chain enzymes, e.g., cytochrome-c oxidase and NADH cytochrome-c oxidoreductase [17].

The semiquinone and molecular oxygen reaction is very fast (k = 108 M−1 s−1). Semiquinone 
and H2O2 can be catalyzed under very low oxygen conditions. Cholesterol is a crucial element 
to determine the localization and/or association of the drug. If cholesterol is high, DOX can 
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lower its binding to the membrane. This knowledge is vital when the inner mitochondrial 
membrane is thought not to contain cholesterol. So, cholesterol and DOX or DOX’s deriva-
tives as semiquinone compete with binding of the hydrophobic region of the mitochondrial 
membrane. There are reasons why mitochondrial lipid peroxidation is high. The first reason 
is that the outer mitochondrial layer produces more ROS. The second reason is that the inner 
mitochondrial membrane is a very rich nonsaturated fatty acid. The third reason is that car-
diolipin exists as 18% of total lipids in the mitochondria. So, DOX has a very high affinity for 
cardiolipin [48]. DOX tends to accumulate in mitochondria; therefore, mitochondrial ROS and 
RNS can be produced [28]. Elevation of ROS causes the enhancement of NF-κB and inducible 
nitric oxide synthase (iNOS) [28]. This process could trigger a positive feedback. iNOS also 
initiates to form ROS, which will be looked at in another section of this chapter.

5.1. The acute toxic effect of doxorubicin

It is well known that DOX’s toxicity is based on its cumulative dose. It is reported that DOX 
could be lethal when mice are treated with DOX as a single dose of 12.5–25 mg/kg or two 
15 mg/kg doses. Thus, the survival rate of drug treatment is between 40 and 0% at lower and 
higher doses, respectively [10]. DOX’s toxicity has been classified as acute and chronic. Its 
acute effect occurs when patients receive drug treatment and has been reported to show tran-
sient arrhythmias, hypotension, and pericarditis. However, chronic DOX’s results are evident 
even years after treatment and give rise to more severe damage, including congestive heart 
failure and dilated cardiomyopathy [43].

Acute toxicity has been seen by electrocardiographic (ECG) alternation as suppression of myo-
cardial contractile function [10]. Another myocardial dysfunction induced by the acute DOX 

Figure 3. The formation of a semiquinone radical (SQ) from doxorubicin (DOX) by capturing one electron, which causes 
auto-oxidation in existing molecular oxygen, resulting in superoxide radical formation. Modified from Carvalho et al. 
[17].
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effect is diastolic dysfunction after therapy. Although there are no severe symptoms of diastolic 
dysfunction, it is becoming a very crucial issue for chronic DOX therapy due to concomitant 
systolic dysfunction [24]. The signs are transient electrophysiological alternations, including 
sinus tachycardia, supraventricular, and reversible arrhythmias, ST- and T-wave alternations, 
prolonged QT interval, QRS voltage decline, and flattening of the T wave, predicted at 11% 
within all cases [14, 17]. Some symptoms have been reported to appear rarely but are more 
severe, e.g., pericarditis, myocarditis, and acute left ventricular failure [17]. Also, one of the 
previous studies indicated that DOX led to pericardial, peritoneal, and pleural effusion [49]. 
The other severe side effects are hyperpigmentation of the skin veins used for drug injection, 
stomatitis, and myelosuppression [18]. Moreover, other acute effects cause loss of body, heart, 
and liver weights and also enhance lipid peroxidation [10]. Acute drug-exposure is suggested 
to cause ROS generation from complex I at ETC in mitochondria [13], as well as the initia-
tion of apoptosis [50]. With this knowledge, our previous studies have shown that antioxidant 
supplementation might be an excellent candidate to moderate DOX’s toxicity [51–56].

Interestingly, a transient DOX effect has been reported to shift mitochondrial dynamics to fis-
sion at the heart. However, acute DOX therapy at the liver tissue is reported to decrease fusion, 
but not alter fission. This means that a decrease in fusion leads to an increase in mitochondrial 
fragmentation in the liver. DOX is said to improve mitophagy at the organ. When mitochon-
drial fusion and mitophagy occur, mitochondrial content reduces. DOX also causes a decrease 
in citrate synthase. Acute DOX has been mentioned not to change proliferating cell nuclear 
antigen, which means that mitochondrial fission does not accompany cell proliferation [39].

However, all acute toxic effects are transient, occur within the first 24 h after drug therapy, 
and are spontaneously ameliorated [10]. Sometimes an acute DOX effect can transiently 
appear and disappear within a few minutes to a week. Acute DOX is prevalent in cancer 
patients receiving DOX therapy at around 20–30% [17]. The chronic toxic effects of DOX cause 
cardiomyopathy and congestive heart failure [10].

5.2. The chronic toxic effect of doxorubicin

The chronic toxic effect of DOX results in an irreversible defect in cardiomyopathy, congestive 
heart failure. A dose of DOX at 430–600 mg/m2 given to 50–60% of patients has been reported 
to develop left ventricular failure. However, a cumulative dose of DOX at 300 mg/m2 has 
been shown to increase heart failure by almost 2%. Moreover, causing heart failure induced 
by DOX is quickly enhanced after a 550 mg/m2 dose [17], which is a limited dosage because it 
induces irreversible toxicity [48]. To see the chronic effects of the drug takes a year of therapy. 
However, rapid treatment still leads to damaged heart tissue [17]. Other toxicities of DOX 
have been reported to be palmar–plantar erythrodysesthesia (also known as a hand–foot syn-
drome) [48] and typhlitis [57]. DOX’s toxic impact on tissue is associated with:

1. A high affinity to bind membrane lipid-dependent pH, resulting in membrane alternation 
of lipid structure by lipid peroxidation [48].

2. Production of a semiquione structure [48].
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3. Bioalkylation at C7 aglycone by metabolic activation, resulting in alkylation and destruc-
tion of DNA [48].

4. A high affinity for iron (both ferric and ferrous forms) and copper so the drug can reduce 
activation through metal chelating effects, leading to free radical formation [48].

Chronic DOX therapy leads to heart failure; cardiomyopathy has been reported to be associ-
ated with oxidative stress and mitochondrial dysfunction [58]. Mitochondria are essential 
organelles that synthesize ATP with a total of four membrane-associated complexes: complex 
I, II, III, and IV. The amount of ATP production is related to the complexes’ activities (Figure 3). 
For example, high activity produces more ATP, although low activity has the opposite effect. 
DOX is toxic to mitochondria; all complexes could be inhibited, leading to energy stress. A 
recent study result showed that cryptotanshinone treatment, which is obtained from Salvia 
miltiorrhiza root, could reverse the toxic compound effect of DOX, except complex II (suc-
cinate dehydrogenase) by elevation of MMP, resulting in enhanced ATP formation [58]. How 
the increase in MMP by cryptotanshinone treatment occurs can be explained by a decline in 
free radicals, particularly superoxide anion. Since the increase in oxidative stress destroys the 
reduction/oxidation balance in mitochondria, DOX has been well accepted to elevate ROS 
generation [58]. So, the cryptotanshinone mitigates the imbalance, eventually increasing both 
MMP and ATP production [58]. However, lengthy drug exposure is reported not to be related 
to drug interaction with ETC enzymes, but the molecular mechanism of extended DOX treat-
ment to produce ROS is so far not well understood. So, further studies are required to evalu-
ate the production of ROS induced by lengthy DOX treatment [13].

DOX has been reported to cause severe histological and electrophysiological (electrocardio-
gram) alternations of cardiac tissue related to cardiomyopathy, and also creatine phospho-
kinase elevation at 450 mg/m2 cumulative dose. In contrast to acute studies, body weight 
gain has been reported in animal research with chronic DOX therapy. Histopathological and 
electrophysiological, including flattened-inverted T wave and declining QRS voltage, alterna-
tions have appeared in chronic DOX therapy [10]. Chronic DOX’s toxicity led to more severe 
arrhythmias, including sudden death [59]. High blood pressure was reported after DOX 
treatment [60]. Histopathological variation of DOX’s cardiotoxicity is observed as myofibril-
lar loss, sarcoplasmic swelling, cytoplasmic, myelin, and mitochondrial vacuolization, and 
crystal degeneration in mitochondria [23]. The acute and chronic toxic effects of DOX are 
summarized in Table 1.

5.3. The mechanism of reactive oxygen species production of doxorubicin

Under the standard physiologic condition, ROS can be by synthesis only 1–5% of oxygen con-
sumption [11]. The most acceptable hypothesis of DOX’s toxicity is extensive ROS production 
[4]. The reason for elevation by DOX is associated with its accepting and donating electrons. 
DOX contains a hexose sugar with tetracycline having quinone and hydroquinone moieties, 
which are part of the capture electron, producing semiquinone. A superoxide radical can be 
provided by semiquinone from an oxygen molecule. A superoxide radical does not have a 
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effect is diastolic dysfunction after therapy. Although there are no severe symptoms of diastolic 
dysfunction, it is becoming a very crucial issue for chronic DOX therapy due to concomitant 
systolic dysfunction [24]. The signs are transient electrophysiological alternations, including 
sinus tachycardia, supraventricular, and reversible arrhythmias, ST- and T-wave alternations, 
prolonged QT interval, QRS voltage decline, and flattening of the T wave, predicted at 11% 
within all cases [14, 17]. Some symptoms have been reported to appear rarely but are more 
severe, e.g., pericarditis, myocarditis, and acute left ventricular failure [17]. Also, one of the 
previous studies indicated that DOX led to pericardial, peritoneal, and pleural effusion [49]. 
The other severe side effects are hyperpigmentation of the skin veins used for drug injection, 
stomatitis, and myelosuppression [18]. Moreover, other acute effects cause loss of body, heart, 
and liver weights and also enhance lipid peroxidation [10]. Acute drug-exposure is suggested 
to cause ROS generation from complex I at ETC in mitochondria [13], as well as the initia-
tion of apoptosis [50]. With this knowledge, our previous studies have shown that antioxidant 
supplementation might be an excellent candidate to moderate DOX’s toxicity [51–56].

Interestingly, a transient DOX effect has been reported to shift mitochondrial dynamics to fis-
sion at the heart. However, acute DOX therapy at the liver tissue is reported to decrease fusion, 
but not alter fission. This means that a decrease in fusion leads to an increase in mitochondrial 
fragmentation in the liver. DOX is said to improve mitophagy at the organ. When mitochon-
drial fusion and mitophagy occur, mitochondrial content reduces. DOX also causes a decrease 
in citrate synthase. Acute DOX has been mentioned not to change proliferating cell nuclear 
antigen, which means that mitochondrial fission does not accompany cell proliferation [39].

However, all acute toxic effects are transient, occur within the first 24 h after drug therapy, 
and are spontaneously ameliorated [10]. Sometimes an acute DOX effect can transiently 
appear and disappear within a few minutes to a week. Acute DOX is prevalent in cancer 
patients receiving DOX therapy at around 20–30% [17]. The chronic toxic effects of DOX cause 
cardiomyopathy and congestive heart failure [10].

5.2. The chronic toxic effect of doxorubicin

The chronic toxic effect of DOX results in an irreversible defect in cardiomyopathy, congestive 
heart failure. A dose of DOX at 430–600 mg/m2 given to 50–60% of patients has been reported 
to develop left ventricular failure. However, a cumulative dose of DOX at 300 mg/m2 has 
been shown to increase heart failure by almost 2%. Moreover, causing heart failure induced 
by DOX is quickly enhanced after a 550 mg/m2 dose [17], which is a limited dosage because it 
induces irreversible toxicity [48]. To see the chronic effects of the drug takes a year of therapy. 
However, rapid treatment still leads to damaged heart tissue [17]. Other toxicities of DOX 
have been reported to be palmar–plantar erythrodysesthesia (also known as a hand–foot syn-
drome) [48] and typhlitis [57]. DOX’s toxic impact on tissue is associated with:

1. A high affinity to bind membrane lipid-dependent pH, resulting in membrane alternation 
of lipid structure by lipid peroxidation [48].

2. Production of a semiquione structure [48].
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3. Bioalkylation at C7 aglycone by metabolic activation, resulting in alkylation and destruc-
tion of DNA [48].

4. A high affinity for iron (both ferric and ferrous forms) and copper so the drug can reduce 
activation through metal chelating effects, leading to free radical formation [48].

Chronic DOX therapy leads to heart failure; cardiomyopathy has been reported to be associ-
ated with oxidative stress and mitochondrial dysfunction [58]. Mitochondria are essential 
organelles that synthesize ATP with a total of four membrane-associated complexes: complex 
I, II, III, and IV. The amount of ATP production is related to the complexes’ activities (Figure 3). 
For example, high activity produces more ATP, although low activity has the opposite effect. 
DOX is toxic to mitochondria; all complexes could be inhibited, leading to energy stress. A 
recent study result showed that cryptotanshinone treatment, which is obtained from Salvia 
miltiorrhiza root, could reverse the toxic compound effect of DOX, except complex II (suc-
cinate dehydrogenase) by elevation of MMP, resulting in enhanced ATP formation [58]. How 
the increase in MMP by cryptotanshinone treatment occurs can be explained by a decline in 
free radicals, particularly superoxide anion. Since the increase in oxidative stress destroys the 
reduction/oxidation balance in mitochondria, DOX has been well accepted to elevate ROS 
generation [58]. So, the cryptotanshinone mitigates the imbalance, eventually increasing both 
MMP and ATP production [58]. However, lengthy drug exposure is reported not to be related 
to drug interaction with ETC enzymes, but the molecular mechanism of extended DOX treat-
ment to produce ROS is so far not well understood. So, further studies are required to evalu-
ate the production of ROS induced by lengthy DOX treatment [13].

DOX has been reported to cause severe histological and electrophysiological (electrocardio-
gram) alternations of cardiac tissue related to cardiomyopathy, and also creatine phospho-
kinase elevation at 450 mg/m2 cumulative dose. In contrast to acute studies, body weight 
gain has been reported in animal research with chronic DOX therapy. Histopathological and 
electrophysiological, including flattened-inverted T wave and declining QRS voltage, alterna-
tions have appeared in chronic DOX therapy [10]. Chronic DOX’s toxicity led to more severe 
arrhythmias, including sudden death [59]. High blood pressure was reported after DOX 
treatment [60]. Histopathological variation of DOX’s cardiotoxicity is observed as myofibril-
lar loss, sarcoplasmic swelling, cytoplasmic, myelin, and mitochondrial vacuolization, and 
crystal degeneration in mitochondria [23]. The acute and chronic toxic effects of DOX are 
summarized in Table 1.

5.3. The mechanism of reactive oxygen species production of doxorubicin

Under the standard physiologic condition, ROS can be by synthesis only 1–5% of oxygen con-
sumption [11]. The most acceptable hypothesis of DOX’s toxicity is extensive ROS production 
[4]. The reason for elevation by DOX is associated with its accepting and donating electrons. 
DOX contains a hexose sugar with tetracycline having quinone and hydroquinone moieties, 
which are part of the capture electron, producing semiquinone. A superoxide radical can be 
provided by semiquinone from an oxygen molecule. A superoxide radical does not have a 
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potentially harmful effect. However, superoxide radicals can be transformed by superoxide 
dismutase converting to H2O2; this is called a Fenton or Haber–Weiss reaction, and the highly 
toxic hydrogen radical can be produced from H2O2. DOX can be reduced in some intracel-
lular enzymes, e.g., xanthine oxidase and microsomal NADPH-cytochrome P450 reductase 
that expresses in almost all cells. Mitochondrial NADH dehydrogenase, which mediates to 
produce ROS when DOX is present, is not present in other tissues, except cardiac tissue. This 
is why DOX is highly toxic to heart tissue because it causes ROS to elevate [10].

Given more detailed knowledge regarding its structure and radical formation, DOX can 
be reduced at the C13 position from doxorubicinol. Although DOX can be transformed to 
doxorubicinone at its daunosamine sugar by acid-catalyzed hydrolysis, doxorubicinol can 
also undergo the same acid-catalyzed hydrolysis to form doxorubicinolone. Both can then 
experience protonation at C7, resulting in the formation of 7-deoxydoxorubicinone and 
7-deoxydoxorubicinolone, respectively, by deletion of the sugar. After double reducing DOX, 
a tautomer of C7 deoxyaglycone, that is, C-7-quinone-methide, is produced. C7-quinone-
methide can connect to DNA and form free radicals [22].

The drug can form ROS via two pathways: the first is iron dependent, and the second is 
redox cycling, which is catalyzed by NADPH oxidoreductases [30]. DOX has one of the paths, 
which produces ROS, and is mediated by iron (Fe). According to the Haber–Weiss reaction, 
the superoxide radical formed by DOX could be transformed into H2O2, and then a hydroxyl 
radical can be produced by H2O2 in existing iron. Another way is for DOX to directly inter-
play, resulting in a ferro (Fe2+) to ferric (Fe3+) form of abundant ROS [28].

Oxidative stress produced by DOX relies on nitric oxide synthase (NOS) and nicotinamide 
adenine dinucleotide phosphate-oxidase (NOX). NOX and/or NOS can transform DOX to its 
semiquinone form, causing oxidative stress. When nitric oxide is produced by NOS, peroxyni-
trite, reactively oxidizing DNA, proteins, and lipids are produced as by-products. Moreover, 
two isoforms of NOS, namely endothelial NOS and inducible NOS (iNOS), have been reported 
to play a role in DOX’s toxicity to produce RNS. Besides NOS, DOX can synthesize radicals by 
complexing with iron to produce hydroxyl radicals, which are also very dangerous for cells 
and can have a detrimental effect on DNA, proteins, and especially lipids [20].

Acute DOX treatment Chronic DOX treatment

1. Transient arrhythmias 1. More serious arrhythmias

2. Transient hypotension 2. Hypertension

3. Alternation of ECG 3. More severe ECG alternation

4. ROS production 4. High ROS production

5. Transient histopathological alternation 5. Permanent histopathological alternation

6. Induction of apoptosis 6. Induction of apoptosis

7. Alteration of mitochondrial dynamics 7. Mitochondrial dysfunction

Table 1. Comparison of some parameters of acute and chronic doxorubicin toxicities.
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DOX’s ROS production effect is capable of transferring one electron to oxygen resulting in 
superoxide radicals. So, DOX oxidizes complex I of ETC [44]. DOX contains a quinine moiety, 
so it can reduce one electron catalyzed by NADPH, resulting in production of semiquinone 
free radicals. The semiquinone can undergo oxidation by molecular oxygen to superoxide 
oxygen radicals [30, 38].

The reason why mitochondrial ROS production is crucial is because it could amplify its det-
rimental effect by triggering intracellular signal pathways. According to one previous study, 
mitogen-activated kinases (MAPK) have participated in DOX’s cardiotoxicity by ROS pro-
duction [5]. Research has suggested that cardiotoxicity induced by DOX  involves p-JNK, the 
p-ERK1/2 [61], as well as p38 [5]. Based on our previous studies, the renin–angiotensin system 
also crosstalks with DOX’s toxicity [62, 63]. However, we need to investigate which intracel-
lular signal pathways are potentially involved in DOX’s toxicity.

5.4. Apoptotic cell death induced by doxorubicin

Apoptosis plays a role in developmental and homeostatic mechanisms. So, uncontrolled 
apoptosis relies on an illness, e.g., cancer [64]. This is why apoptosis, known as programmed 
cell death [65], has a role in the development of cancer and cancer treatment [2]. Apoptotic 
pathways start as intrinsic or mitochondrial and extrinsic stimulus stimulated by the cell death 
receptor [64]. There are many ways to initiate the intrinsic apoptotic path, particularly nutrient 
deficiency, genotoxic damage induced by cytotoxic chemotherapies, and radiation [64].

Extensive research has been conducted on DOX’s apoptotic pathways. The evidence supports 
a significant role of oxidative stress induced by DOX. The difficulties in determining DOX’s 
apoptotic pathways are related to the drug’s dosage, route [26], and duration of treatment [9]. 
It is almost impossible to explain a single, unique apoptotic pathway induced by DOX [26]. 
However, literature data have suggested that DOX has been reported to trigger apoptosis in 
both pathways, intrinsic or mitochondrial and extrinsic [57, 66].

The pathways are controlled under pre- and proapoptotic factors. Apoptosis can be triggered 
by proapoptotic factors such as Bax or Bak activation by BH3-only protein, BIM, and also 
BID. When Bax and Bak become oligomerized, mitochondrial outer membrane permeabiliza-
tion occurs and results in releasing cytochrome-c to the cytosol. Then the apoptosome can be 
formed by cytochrome-c with apoptotic protease-activating factor-1 (APAF-1), resulting in a 
triggering caspase cascade, including caspase-3 (Figure 4). In contrast to proapoptotic factors, 
e.g., Bcl-2, Bcl-XL can prevent apoptotic pathways maintaining monomeric Bax/Bak or BH3-
only proteins [64]. Caspase-8 participates in extrinsic pathways, whereas caspase-3 and -9 
have a role in the intrinsic route [2].

Bax activation releases cytochrome-c by the mitochondrial permeability transition pore (PMT) 
activation, resulting in APAF-1 activation [26]. After the apoptosome complex is formed by 
APAF-1, cytochrome-c, dATP, and caspase-9, procaspase-3 can be transformed into its acti-
vated form by the apoptosome [67]. Alternatively, DOX can facilitate apoptosis through mito-
chondrial p53 by depolarizing MMP. Recently published data are suggests that p53 elevation 
by DOX treatment influences Bcl-2 decline and Bax expression [26, 67].
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potentially harmful effect. However, superoxide radicals can be transformed by superoxide 
dismutase converting to H2O2; this is called a Fenton or Haber–Weiss reaction, and the highly 
toxic hydrogen radical can be produced from H2O2. DOX can be reduced in some intracel-
lular enzymes, e.g., xanthine oxidase and microsomal NADPH-cytochrome P450 reductase 
that expresses in almost all cells. Mitochondrial NADH dehydrogenase, which mediates to 
produce ROS when DOX is present, is not present in other tissues, except cardiac tissue. This 
is why DOX is highly toxic to heart tissue because it causes ROS to elevate [10].

Given more detailed knowledge regarding its structure and radical formation, DOX can 
be reduced at the C13 position from doxorubicinol. Although DOX can be transformed to 
doxorubicinone at its daunosamine sugar by acid-catalyzed hydrolysis, doxorubicinol can 
also undergo the same acid-catalyzed hydrolysis to form doxorubicinolone. Both can then 
experience protonation at C7, resulting in the formation of 7-deoxydoxorubicinone and 
7-deoxydoxorubicinolone, respectively, by deletion of the sugar. After double reducing DOX, 
a tautomer of C7 deoxyaglycone, that is, C-7-quinone-methide, is produced. C7-quinone-
methide can connect to DNA and form free radicals [22].

The drug can form ROS via two pathways: the first is iron dependent, and the second is 
redox cycling, which is catalyzed by NADPH oxidoreductases [30]. DOX has one of the paths, 
which produces ROS, and is mediated by iron (Fe). According to the Haber–Weiss reaction, 
the superoxide radical formed by DOX could be transformed into H2O2, and then a hydroxyl 
radical can be produced by H2O2 in existing iron. Another way is for DOX to directly inter-
play, resulting in a ferro (Fe2+) to ferric (Fe3+) form of abundant ROS [28].

Oxidative stress produced by DOX relies on nitric oxide synthase (NOS) and nicotinamide 
adenine dinucleotide phosphate-oxidase (NOX). NOX and/or NOS can transform DOX to its 
semiquinone form, causing oxidative stress. When nitric oxide is produced by NOS, peroxyni-
trite, reactively oxidizing DNA, proteins, and lipids are produced as by-products. Moreover, 
two isoforms of NOS, namely endothelial NOS and inducible NOS (iNOS), have been reported 
to play a role in DOX’s toxicity to produce RNS. Besides NOS, DOX can synthesize radicals by 
complexing with iron to produce hydroxyl radicals, which are also very dangerous for cells 
and can have a detrimental effect on DNA, proteins, and especially lipids [20].

Acute DOX treatment Chronic DOX treatment

1. Transient arrhythmias 1. More serious arrhythmias

2. Transient hypotension 2. Hypertension

3. Alternation of ECG 3. More severe ECG alternation

4. ROS production 4. High ROS production

5. Transient histopathological alternation 5. Permanent histopathological alternation

6. Induction of apoptosis 6. Induction of apoptosis

7. Alteration of mitochondrial dynamics 7. Mitochondrial dysfunction

Table 1. Comparison of some parameters of acute and chronic doxorubicin toxicities.
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DOX’s ROS production effect is capable of transferring one electron to oxygen resulting in 
superoxide radicals. So, DOX oxidizes complex I of ETC [44]. DOX contains a quinine moiety, 
so it can reduce one electron catalyzed by NADPH, resulting in production of semiquinone 
free radicals. The semiquinone can undergo oxidation by molecular oxygen to superoxide 
oxygen radicals [30, 38].

The reason why mitochondrial ROS production is crucial is because it could amplify its det-
rimental effect by triggering intracellular signal pathways. According to one previous study, 
mitogen-activated kinases (MAPK) have participated in DOX’s cardiotoxicity by ROS pro-
duction [5]. Research has suggested that cardiotoxicity induced by DOX  involves p-JNK, the 
p-ERK1/2 [61], as well as p38 [5]. Based on our previous studies, the renin–angiotensin system 
also crosstalks with DOX’s toxicity [62, 63]. However, we need to investigate which intracel-
lular signal pathways are potentially involved in DOX’s toxicity.

5.4. Apoptotic cell death induced by doxorubicin

Apoptosis plays a role in developmental and homeostatic mechanisms. So, uncontrolled 
apoptosis relies on an illness, e.g., cancer [64]. This is why apoptosis, known as programmed 
cell death [65], has a role in the development of cancer and cancer treatment [2]. Apoptotic 
pathways start as intrinsic or mitochondrial and extrinsic stimulus stimulated by the cell death 
receptor [64]. There are many ways to initiate the intrinsic apoptotic path, particularly nutrient 
deficiency, genotoxic damage induced by cytotoxic chemotherapies, and radiation [64].

Extensive research has been conducted on DOX’s apoptotic pathways. The evidence supports 
a significant role of oxidative stress induced by DOX. The difficulties in determining DOX’s 
apoptotic pathways are related to the drug’s dosage, route [26], and duration of treatment [9]. 
It is almost impossible to explain a single, unique apoptotic pathway induced by DOX [26]. 
However, literature data have suggested that DOX has been reported to trigger apoptosis in 
both pathways, intrinsic or mitochondrial and extrinsic [57, 66].

The pathways are controlled under pre- and proapoptotic factors. Apoptosis can be triggered 
by proapoptotic factors such as Bax or Bak activation by BH3-only protein, BIM, and also 
BID. When Bax and Bak become oligomerized, mitochondrial outer membrane permeabiliza-
tion occurs and results in releasing cytochrome-c to the cytosol. Then the apoptosome can be 
formed by cytochrome-c with apoptotic protease-activating factor-1 (APAF-1), resulting in a 
triggering caspase cascade, including caspase-3 (Figure 4). In contrast to proapoptotic factors, 
e.g., Bcl-2, Bcl-XL can prevent apoptotic pathways maintaining monomeric Bax/Bak or BH3-
only proteins [64]. Caspase-8 participates in extrinsic pathways, whereas caspase-3 and -9 
have a role in the intrinsic route [2].

Bax activation releases cytochrome-c by the mitochondrial permeability transition pore (PMT) 
activation, resulting in APAF-1 activation [26]. After the apoptosome complex is formed by 
APAF-1, cytochrome-c, dATP, and caspase-9, procaspase-3 can be transformed into its acti-
vated form by the apoptosome [67]. Alternatively, DOX can facilitate apoptosis through mito-
chondrial p53 by depolarizing MMP. Recently published data are suggests that p53 elevation 
by DOX treatment influences Bcl-2 decline and Bax expression [26, 67].
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DOX’s toxicity is mainly thought to relate to ROS enhancement and TOPII inhibition [68]. 
Therefore, the therapy improves ROS production as described in the previous section. Cell 
death is stimulated based on transforming DOX to a semiquinone radical via complex I [15]. 
However, the heart has cardioselective external NADH dehydrogenase, which is a kind of 
alternative complex I, resulting in a long DOX redox cycle [14]. When semiquinone reverses 
to produce DOX, oxygen converts to a superoxide anion free radical. This superoxide radical 
can be scavenged by GSH, creating its oxidation form, glutathione disulfide [15]. It must be 
remembered that cardiac tissue has less antioxidant capacity than other tissues [14]. A decline 
in GSH causes oxidation of thiol groups in proteins, including MPT, resulting in depolariza-
tion of MMP. Enhancing MMP gives rise to decreased ATP production, and release of proteins 
from mitochondria to the cytosol, such as cytochrome-c. So, releasing cytochrome-c can trig-
ger apoptosis and/or necrosis. Eventually, this causes cell loss [15]. DOX, therefore, leads to 
decreased heart muscle thickness [64] due to apoptotic cell death.

DOX’s toxicity on mitochondria is dose and time dependent. The mitochondrial toxicity of 
DOX has been observed from 2 to 13 weeks at a low dose. Moreover, mitochondria play 
an essential role in the regulation of calcium homeostasis. Under the standard physiologi-
cal condition, there is little impact of mitochondria on calcium homeostasis. However, the 
mitochondrial function of calcium homeostasis is essential under pathological circumstances 
to decrease cytosolic calcium. Calcium efflux into mitochondria causes MMP to depolarize. 
DOX’s effect on calcium homeostasis in mitochondria is based on inhibition of the inward 
calcium flux and exaggeration of the release of calcium from mitochondria by swelling of 
the mitochondria–calcium-dependent pathways through MPT, resulting in enhanced cal-
cium concentration at the cytosol [15]. Cytosolic calcium concentration at 30 nM is tightly 
controlled by several pumps, channels, and exchangers [69]. Besides initiating its role in 

Figure 4. Apoptotic cell death by doxorubicin (DOX). Cyt C: Cytochrome-c. Modified from Meredith et al. [22].
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apoptosis, calcium homeostasis has a crucial function for cell metabolism. Several mitochon-
drial dehydrogenases, e.g., pyruvate dehydrogenase, isocitrate dehydrogenase, oxoglutarate 
dehydrogenase, and glycerol-3-phosphate dehydrogenase, are controlled by intracellular 
calcium concentration. As a result, the influx of calcium to mitochondria plays a central role 
in the regulation of cell metabolism. Therefore, any reason for preventing calcium entering 
mitochondria might also cause a drop-off in bioenergy production [69]. Furthermore, DOX at 
a low dose gives rise to a decline in the calcium storage capacity of mitochondria. The decline 
in mitochondria calcium storage capacity by DOX exaggerates its dosage. Eventually, the 
effects of DOX lead to the dissipation of MMP [15]. The other way that DOX disrupts both 
intracellular calcium homeostasis and mitochondrial calcium loading is via connexin 43 (Con-
43). Con-43 is one of the essential gap junction proteins, and plays a role in the regulation 
of mitochondrial function. So, when Con-43 is blocked by a gap junction blocker it releases 
cytochrome-c and induces apoptosis. According to a recent study, DOX treatment enhanced 
Con-43 from cytosol to mitochondria through heat shock protein 90 and translocase of the 
outer membrane 20 pathways [70].

MPT pore, one of the redox-sensitive proteins, has a function to regulate mitochondrial tasks 
[15]. It is thought that the pore consists of many proteins; however, this has been not fully 
understood yet [13]. So far, MPT is believed to contain VDAC [17], ANT [13], and Cyp D (also 
called Cyp F). The most crucial elements of the pore have been claimed to be Cyp D [17]. 
MPT is controlled by creatine kinase (CK), hexokinase, the Bcl-2 family, and peripheral-type 
benzodiazepine receptors [17]. DOX reduces mitochondrial calcium loading capacity based 
on triggering of the MPT pore [17]. So, oxidative stress through complex I [15], dissipation of 
MMP, and loss of mitochondrial calcium capacity trigger MPT, resulting in enhanced inner 
mitochondrial membrane permeability, and eventually augmentation of small molecules less 
than 1.5 kDa due to the opening of nonselective protein pores [13, 17]. Besides loss of MMP, 
opening the pore triggers apoptosis by releasing cytochrome-c and another apoptotic factor 
from mitochondria to cytosol and subsequent activation of caspase pathways [13]. This is why 
the opening of MPT initiates apoptosis by releasing cytochrome-c or SMAC/DIABLO. DOX 
prompts the opening of MPT through oxidation of thiol residues in mitochondrial proteins. 
The other way of initiating apoptosis by DOX is to delete GATA-4, which is a transcriptional 
factor encoding Bcl-XL antiapoptotic genes preventing mitochondrial function and integ-
rity. Anthracycline also blocks AKT phosphorylation, resulting in GSK3β activation, leading 
GATA-4 suppression in the nucleus. DOX causes bioenergetic stress by reducing mitochon-
drial ATP production and damaging CK isoenzymes and AMPK [17]. DOX is shown to change 
Bax and Bcl-2 protein levels as well [13]. Moreover, MPT opening gives rise to mitochondria-
related osmotic swelling and structural detriment. The MPT formation is needed to clarify, so 
further studies are needed to evaluate MPT structure [17].

ER and mitochondrial dysfunction have been reported to include and follow the same apop-
totic pathways [67, 71]. DOX also triggers apoptosis by ER dysfunction through activation 
of an ER stress sensor and transcription factor 6 [21]. Moreover, a study also found that 
apoptosis-related ER stress by DOX is instigated to elevate Ca2+, calpain-1 protein level, and 
caspase-12, which is a marker of ER stress [67]. Cardiac damage mediated by DOX can be 
merged with lysosome dysfunction causing autophagic flux as well. DOX damages mitochon-
dria by tending to accumulate in it, triggering apoptotic cell death [21].
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DOX’s toxicity is mainly thought to relate to ROS enhancement and TOPII inhibition [68]. 
Therefore, the therapy improves ROS production as described in the previous section. Cell 
death is stimulated based on transforming DOX to a semiquinone radical via complex I [15]. 
However, the heart has cardioselective external NADH dehydrogenase, which is a kind of 
alternative complex I, resulting in a long DOX redox cycle [14]. When semiquinone reverses 
to produce DOX, oxygen converts to a superoxide anion free radical. This superoxide radical 
can be scavenged by GSH, creating its oxidation form, glutathione disulfide [15]. It must be 
remembered that cardiac tissue has less antioxidant capacity than other tissues [14]. A decline 
in GSH causes oxidation of thiol groups in proteins, including MPT, resulting in depolariza-
tion of MMP. Enhancing MMP gives rise to decreased ATP production, and release of proteins 
from mitochondria to the cytosol, such as cytochrome-c. So, releasing cytochrome-c can trig-
ger apoptosis and/or necrosis. Eventually, this causes cell loss [15]. DOX, therefore, leads to 
decreased heart muscle thickness [64] due to apoptotic cell death.

DOX’s toxicity on mitochondria is dose and time dependent. The mitochondrial toxicity of 
DOX has been observed from 2 to 13 weeks at a low dose. Moreover, mitochondria play 
an essential role in the regulation of calcium homeostasis. Under the standard physiologi-
cal condition, there is little impact of mitochondria on calcium homeostasis. However, the 
mitochondrial function of calcium homeostasis is essential under pathological circumstances 
to decrease cytosolic calcium. Calcium efflux into mitochondria causes MMP to depolarize. 
DOX’s effect on calcium homeostasis in mitochondria is based on inhibition of the inward 
calcium flux and exaggeration of the release of calcium from mitochondria by swelling of 
the mitochondria–calcium-dependent pathways through MPT, resulting in enhanced cal-
cium concentration at the cytosol [15]. Cytosolic calcium concentration at 30 nM is tightly 
controlled by several pumps, channels, and exchangers [69]. Besides initiating its role in 

Figure 4. Apoptotic cell death by doxorubicin (DOX). Cyt C: Cytochrome-c. Modified from Meredith et al. [22].
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apoptosis, calcium homeostasis has a crucial function for cell metabolism. Several mitochon-
drial dehydrogenases, e.g., pyruvate dehydrogenase, isocitrate dehydrogenase, oxoglutarate 
dehydrogenase, and glycerol-3-phosphate dehydrogenase, are controlled by intracellular 
calcium concentration. As a result, the influx of calcium to mitochondria plays a central role 
in the regulation of cell metabolism. Therefore, any reason for preventing calcium entering 
mitochondria might also cause a drop-off in bioenergy production [69]. Furthermore, DOX at 
a low dose gives rise to a decline in the calcium storage capacity of mitochondria. The decline 
in mitochondria calcium storage capacity by DOX exaggerates its dosage. Eventually, the 
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43). Con-43 is one of the essential gap junction proteins, and plays a role in the regulation 
of mitochondrial function. So, when Con-43 is blocked by a gap junction blocker it releases 
cytochrome-c and induces apoptosis. According to a recent study, DOX treatment enhanced 
Con-43 from cytosol to mitochondria through heat shock protein 90 and translocase of the 
outer membrane 20 pathways [70].

MPT pore, one of the redox-sensitive proteins, has a function to regulate mitochondrial tasks 
[15]. It is thought that the pore consists of many proteins; however, this has been not fully 
understood yet [13]. So far, MPT is believed to contain VDAC [17], ANT [13], and Cyp D (also 
called Cyp F). The most crucial elements of the pore have been claimed to be Cyp D [17]. 
MPT is controlled by creatine kinase (CK), hexokinase, the Bcl-2 family, and peripheral-type 
benzodiazepine receptors [17]. DOX reduces mitochondrial calcium loading capacity based 
on triggering of the MPT pore [17]. So, oxidative stress through complex I [15], dissipation of 
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mitochondrial membrane permeability, and eventually augmentation of small molecules less 
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the opening of MPT initiates apoptosis by releasing cytochrome-c or SMAC/DIABLO. DOX 
prompts the opening of MPT through oxidation of thiol residues in mitochondrial proteins. 
The other way of initiating apoptosis by DOX is to delete GATA-4, which is a transcriptional 
factor encoding Bcl-XL antiapoptotic genes preventing mitochondrial function and integ-
rity. Anthracycline also blocks AKT phosphorylation, resulting in GSK3β activation, leading 
GATA-4 suppression in the nucleus. DOX causes bioenergetic stress by reducing mitochon-
drial ATP production and damaging CK isoenzymes and AMPK [17]. DOX is shown to change 
Bax and Bcl-2 protein levels as well [13]. Moreover, MPT opening gives rise to mitochondria-
related osmotic swelling and structural detriment. The MPT formation is needed to clarify, so 
further studies are needed to evaluate MPT structure [17].

ER and mitochondrial dysfunction have been reported to include and follow the same apop-
totic pathways [67, 71]. DOX also triggers apoptosis by ER dysfunction through activation 
of an ER stress sensor and transcription factor 6 [21]. Moreover, a study also found that 
apoptosis-related ER stress by DOX is instigated to elevate Ca2+, calpain-1 protein level, and 
caspase-12, which is a marker of ER stress [67]. Cardiac damage mediated by DOX can be 
merged with lysosome dysfunction causing autophagic flux as well. DOX damages mitochon-
dria by tending to accumulate in it, triggering apoptotic cell death [21].
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Extrinsic pathways involve death receptors, their ligand interaction, e.g., Fas/FasL, and then 
caspase-8 activation [57]. DOX also uses the extrinsic pathways for instigating apoptosis by 
elevation of Fas protein levels, caspase-8, and BID [67] (Figure 4). Even so, DOX’s leading 
approach to initiate apoptosis is through intrinsic, called mitochondrial, pathways. The outer 
membrane of mitochondria has a central role in the natural apoptotic route because it has 
pro- and preapoptotic factors. The elevation of ROS and depolarization of MMP by DOX 
release proapoptotic factors to the cytosol, e.g., cytochrome-c. p38, p53, Bax, and caspase-3 
have also been suggested to participate in the induction of apoptosis. p53 enhances the per-
meability of the outer membrane to release proapoptotic factors, such as Bax [57]. DOX has 
been reported to increase p53 in the nucleus and mitochondria from the heart. So, p53 local-
ization is thought to associate with mtDNA. However, there is limited knowledge available 
of nuclear and mitochondrial p53 localization by DOX in cardiac tissue. DOX has been sug-
gested to elevate 8-hydroxydeoxyguanosine (8-OHdG) and p53 levels in mitochondria within 
3 and 24 h. Cytochrome-c release is an assessment of cytosolic/mitochondrial cytochrome-c. 
DOX enhances the ratio of heart tissue by around 35%. It can trigger apoptosis through p53 
stabilization by MAPK [72].

The MAPK family has extracellular signal-regulated kinases (ERK), p38 MAPK, and JNK [73]. 
While ERK1/2 predominantly operates cell proliferation, JNK and p38 participate in cell death 
pathways. DOX has been shown to kill prostate cancer cells by phosphorylation of p38 and JNK 
[74]. One of the MAPKs is p38, which has a pivotal role in cell growth, apoptosis, and inflam-
mation. The apoptotic role of p38 depends on cell type, stimuli, or isoform activation of p38, 
which has four isoforms: p38α, β, γ, and δ. One study showed that DOX triggers apoptosis at the 
MCF-7 breast cancer cell line by elevation of caspase-3 and caspase-9 during 24 h of treatment 
[65]. So, p38 is one of the intrinsic pathway activators dependent on cellular stress, mitochon-
drial dysfunction, and caspase activation [57]. ERK1/2 probably has a role in the activation 
of caspase-3, Bax, p53, and cytochrome-c release. Moreover, ERK1/2 could contribute external 
apoptotic pathways at the caspase-8 level [75]. ERK1/2 could also phosphorylate p53. So, DOX 
activates apoptosis by the p53-dependent activation of caspases-2, -3, -8, -9, and -12 [66]. The 
release of caspase-12 activates caspase-3 [66].

Through extrinsic (receptor-mediated) or intrinsic (mitochondrial) pathways. Both pathways 
have a role in the trigger of apoptosis as upstream (initiator) caspase, e.g., caspase-8 and -9, 
and downstream (effector) caspase, e.g., caspase-3, -6 and -7 [76]. When MMP is depolarized 
and opened, mitochondrial apoptotic factors are released such as cytochrome-c and AIF to 
the cytosol [73]. Cytochrome-c can contain an apoptosome formation with APAF-1, caspase-9. 
Caspase-3 can be activated from both pathways [73]. The human fibroblast cell was used in 
one of the previous studies and reported that DOX at 3 μM concentration causes apopto-
sis through caspase-3, -7, and -9 by ROS [76]. DOX has been said to stimulate apoptosis via 
caspase-3-dependent pathways. The bcl-2 protein family is shown to play a role in apoptosis 
in cardiomyocytes as expected. Also, Bcl-2 and Bax can affect the MPT pore [68] (Figure 4).

DOX also stimulates apoptosis by an AIF. There are three sides of AIF: a NAD binding, FAD 
binding, and C-terminal. AIF is located at the intermembrane space or weakly binded to inner 
mitochondrial membrane and exhibits NADH oxidase activity. AIF can be released to the 
cytosol via PMT and translocate to the nucleus by poly (ADP-ribose) polymerase-1, resulting 
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in stimulation of chromatin condensation and DNA breakage, eventually triggering apop-
tosis by caspase-independent pathways. The other function of AIF is to repair and mature 
mitochondrial complex I and peroxide scavenging activities. Elevation of cytosolic AIF leads 
to release of cytochrome-c, resulting from depolarization of MMP. Why the molecular mecha-
nism of DOX toxicity is so crucial is based on its effective utilization of therapy against cancer. 
This is why finding an effective therapy to counteract its toxicity, especially of the heart, will 
give hope to cancer patients treated with DOX to overcome nondesired effects. The other 
mechanism of cell death mediated with DOX decreases GATA, controlling apoptosis through 
antiapoptotic Bcl-X gene activation [77].

6. Mitochondrial dysfunction induced by doxorubicin

Mitochondria have a role in regulating cell death or survival under cell stress or damage. The 
organelle has its own genome encoding 37 genes, of which 13 are complex I, III, IV; complex 
II is encoded by nuclear DNA [22]. So, mitochondrial dysfunction is associated with disease 
and aging as well.

Besides its nuclear effect, DOX has been reported to cause mitochondrial dysfunction, energy 
stress via disruption of the ETC [4]. It is well recognized that mitochondrial bioenergetics 
mechanism disruption has been thought to play an essential role in the development of the 
drug’s toxicity, especially its cardiotoxicity. Adequate ATP production is not just necessary to 
maintain contractile function, it is also crucial for protein synthesis, the protein quality control 
function of ER, cytoskeletal function, and clearing cellular waste from lysosomes as well [4]. 
Moreover, DOX’s mitochondrial effect is shown to change ultrastructure, swelling, and oxida-
tive capacity. Furthermore, DOX tends to accumulate in nuclei and mitochondria vs. plasma 
[43]. All this is needed to explain why or how DOX selectively targets mitochondria in non-
cancerous tissue rather than cancerous tissue. One reason is that cancer has been reported to 
alter a cell’s metabolic activation. A healthy cell produces energy by oxidative phosphoryla-
tion in mitochondria. However, a cancer cell synthesizes its energy by the glycolytic pathway, 
known as the Warburg effect. Enhancing glycolytic activity could be multifactorial, relying 
on mtDNA damage, oxidative phosphorylation defect, mitochondrial dysfunction, etc. [78]. 
Another reason could be that DOX is more toxic to mitochondria in noncancerous cells than 
in cancerous cells. Moreover, DOX could alter mitochondrial function in noncancerous and 
cancerous cells, resulting in different apoptotic pathways [79].

6.1. The acute mitochondrial toxic effect of doxorubicin

The acute toxic effect of DOX on mitochondria has been reported to rely on its dose, especially 
redox cycling and ETC blocking. A low concentration of DOX treatment has been reported to 
have minimal alternation to ATP production and MMP, resulting from enhancing hydroxyl 
radical (*OH), H2O2, and oxygen consumption. Although up to 160 μM DOX concentration 
has been emphasized, redox cycling is the primary process to augment ROS production; ETC 
blocking is the primary source of ROS manufacture at densities higher than 160 μM. Until it 
reaches a threshold, which means 480 μM, mitochondrial toxicity is progressively enhanced. 
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Extrinsic pathways involve death receptors, their ligand interaction, e.g., Fas/FasL, and then 
caspase-8 activation [57]. DOX also uses the extrinsic pathways for instigating apoptosis by 
elevation of Fas protein levels, caspase-8, and BID [67] (Figure 4). Even so, DOX’s leading 
approach to initiate apoptosis is through intrinsic, called mitochondrial, pathways. The outer 
membrane of mitochondria has a central role in the natural apoptotic route because it has 
pro- and preapoptotic factors. The elevation of ROS and depolarization of MMP by DOX 
release proapoptotic factors to the cytosol, e.g., cytochrome-c. p38, p53, Bax, and caspase-3 
have also been suggested to participate in the induction of apoptosis. p53 enhances the per-
meability of the outer membrane to release proapoptotic factors, such as Bax [57]. DOX has 
been reported to increase p53 in the nucleus and mitochondria from the heart. So, p53 local-
ization is thought to associate with mtDNA. However, there is limited knowledge available 
of nuclear and mitochondrial p53 localization by DOX in cardiac tissue. DOX has been sug-
gested to elevate 8-hydroxydeoxyguanosine (8-OHdG) and p53 levels in mitochondria within 
3 and 24 h. Cytochrome-c release is an assessment of cytosolic/mitochondrial cytochrome-c. 
DOX enhances the ratio of heart tissue by around 35%. It can trigger apoptosis through p53 
stabilization by MAPK [72].

The MAPK family has extracellular signal-regulated kinases (ERK), p38 MAPK, and JNK [73]. 
While ERK1/2 predominantly operates cell proliferation, JNK and p38 participate in cell death 
pathways. DOX has been shown to kill prostate cancer cells by phosphorylation of p38 and JNK 
[74]. One of the MAPKs is p38, which has a pivotal role in cell growth, apoptosis, and inflam-
mation. The apoptotic role of p38 depends on cell type, stimuli, or isoform activation of p38, 
which has four isoforms: p38α, β, γ, and δ. One study showed that DOX triggers apoptosis at the 
MCF-7 breast cancer cell line by elevation of caspase-3 and caspase-9 during 24 h of treatment 
[65]. So, p38 is one of the intrinsic pathway activators dependent on cellular stress, mitochon-
drial dysfunction, and caspase activation [57]. ERK1/2 probably has a role in the activation 
of caspase-3, Bax, p53, and cytochrome-c release. Moreover, ERK1/2 could contribute external 
apoptotic pathways at the caspase-8 level [75]. ERK1/2 could also phosphorylate p53. So, DOX 
activates apoptosis by the p53-dependent activation of caspases-2, -3, -8, -9, and -12 [66]. The 
release of caspase-12 activates caspase-3 [66].

Through extrinsic (receptor-mediated) or intrinsic (mitochondrial) pathways. Both pathways 
have a role in the trigger of apoptosis as upstream (initiator) caspase, e.g., caspase-8 and -9, 
and downstream (effector) caspase, e.g., caspase-3, -6 and -7 [76]. When MMP is depolarized 
and opened, mitochondrial apoptotic factors are released such as cytochrome-c and AIF to 
the cytosol [73]. Cytochrome-c can contain an apoptosome formation with APAF-1, caspase-9. 
Caspase-3 can be activated from both pathways [73]. The human fibroblast cell was used in 
one of the previous studies and reported that DOX at 3 μM concentration causes apopto-
sis through caspase-3, -7, and -9 by ROS [76]. DOX has been said to stimulate apoptosis via 
caspase-3-dependent pathways. The bcl-2 protein family is shown to play a role in apoptosis 
in cardiomyocytes as expected. Also, Bcl-2 and Bax can affect the MPT pore [68] (Figure 4).

DOX also stimulates apoptosis by an AIF. There are three sides of AIF: a NAD binding, FAD 
binding, and C-terminal. AIF is located at the intermembrane space or weakly binded to inner 
mitochondrial membrane and exhibits NADH oxidase activity. AIF can be released to the 
cytosol via PMT and translocate to the nucleus by poly (ADP-ribose) polymerase-1, resulting 

Mitochondrial Diseases340

in stimulation of chromatin condensation and DNA breakage, eventually triggering apop-
tosis by caspase-independent pathways. The other function of AIF is to repair and mature 
mitochondrial complex I and peroxide scavenging activities. Elevation of cytosolic AIF leads 
to release of cytochrome-c, resulting from depolarization of MMP. Why the molecular mecha-
nism of DOX toxicity is so crucial is based on its effective utilization of therapy against cancer. 
This is why finding an effective therapy to counteract its toxicity, especially of the heart, will 
give hope to cancer patients treated with DOX to overcome nondesired effects. The other 
mechanism of cell death mediated with DOX decreases GATA, controlling apoptosis through 
antiapoptotic Bcl-X gene activation [77].

6. Mitochondrial dysfunction induced by doxorubicin

Mitochondria have a role in regulating cell death or survival under cell stress or damage. The 
organelle has its own genome encoding 37 genes, of which 13 are complex I, III, IV; complex 
II is encoded by nuclear DNA [22]. So, mitochondrial dysfunction is associated with disease 
and aging as well.

Besides its nuclear effect, DOX has been reported to cause mitochondrial dysfunction, energy 
stress via disruption of the ETC [4]. It is well recognized that mitochondrial bioenergetics 
mechanism disruption has been thought to play an essential role in the development of the 
drug’s toxicity, especially its cardiotoxicity. Adequate ATP production is not just necessary to 
maintain contractile function, it is also crucial for protein synthesis, the protein quality control 
function of ER, cytoskeletal function, and clearing cellular waste from lysosomes as well [4]. 
Moreover, DOX’s mitochondrial effect is shown to change ultrastructure, swelling, and oxida-
tive capacity. Furthermore, DOX tends to accumulate in nuclei and mitochondria vs. plasma 
[43]. All this is needed to explain why or how DOX selectively targets mitochondria in non-
cancerous tissue rather than cancerous tissue. One reason is that cancer has been reported to 
alter a cell’s metabolic activation. A healthy cell produces energy by oxidative phosphoryla-
tion in mitochondria. However, a cancer cell synthesizes its energy by the glycolytic pathway, 
known as the Warburg effect. Enhancing glycolytic activity could be multifactorial, relying 
on mtDNA damage, oxidative phosphorylation defect, mitochondrial dysfunction, etc. [78]. 
Another reason could be that DOX is more toxic to mitochondria in noncancerous cells than 
in cancerous cells. Moreover, DOX could alter mitochondrial function in noncancerous and 
cancerous cells, resulting in different apoptotic pathways [79].

6.1. The acute mitochondrial toxic effect of doxorubicin

The acute toxic effect of DOX on mitochondria has been reported to rely on its dose, especially 
redox cycling and ETC blocking. A low concentration of DOX treatment has been reported to 
have minimal alternation to ATP production and MMP, resulting from enhancing hydroxyl 
radical (*OH), H2O2, and oxygen consumption. Although up to 160 μM DOX concentration 
has been emphasized, redox cycling is the primary process to augment ROS production; ETC 
blocking is the primary source of ROS manufacture at densities higher than 160 μM. Until it 
reaches a threshold, which means 480 μM, mitochondrial toxicity is progressively enhanced. 
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Eventually, mitochondrial collapse is inevitable, resulting in MMP dissipation, improvement 
in ROS production, inhibition of ATP production, and also oxygen utilization. A dose of 1 mg/kg  
of DOX has been reported to increase superoxide radicals within 2 h, although a 37 mg/m2 
dose, which equals to 5–30 μM mitochondrial concentration, has the same effect on human 
beings [44].

6.2. The chronic mitochondrial toxic effect of doxorubicin

The heart, skeletal muscle, and brain are reasonably active organs [14], so energy demand 
is very high. This is why the majority of energy production is based on mitochondria for 
maintaining heart function [80]. Therefore, organ failure can develop because of damage to 
mitochondrial function [14].

Mitochondria have a role in regulating cell survival and death, proliferation, and calcium 
and redox homeostasis. It is reported that the inner mitochondrial structure is different from 
tissue to tissue, based on their metabolic activities; even the structure is different in the same 
tissue [14]. For example, heart tissue has been indicated to have two types of mitochondria. 
One is located near the T tubule and SR, and the other is firmly located at a contractile com-
ponent of myocytes. The dynamic of the organelle is limited due to its close relation with the 
cytoskeleton [14]. So, these two mitochondria present different features, including dynamic 
organization, calcium accumulation, functional capacity, and localization. Subsarcolemmal 
mitochondria are situated at the plasma membrane and have a role in supplying ATP to the 
ion pump. However, intermyofibrillar mitochondria are situated between the myofibrillar 
structure and produce energy for the contraction/relaxation function of the tissue [80].

Mitochondria have two shapes or morphologies: long and filamentous (fused) and short 
and punctuated (fragmented). The form is vital to respond to damage. For example, fused 
mitochondria are suggested for counteracting apoptosis, while fragmented mitochondria 
are susceptible to apoptosis [81]. Mitochondria have two structures: long tubules and small 
round vesicles [82].

Mitochondria are dynamic organelles and perform trafficking, fusion, and fission, called 
mitochondrial dynamics [14, 21, 83]. The importance of mitochondrial dynamics is that mito-
chondria have to divide from existing organelles and proliferate via growth [83]. There is 
a balance between the fission and fusion processes. If the balance shifts towards fission, it 
causes damage, including mitochondrial fragmentation, mitophagy, a rise in oxidative stress, 
and cell death [21]. This equilibrium could relate to a number of factors, e.g., cell conditions 
such as stress, cell compartmentation such as neuronal axons or dendrites, and mitochondrial 
function as well. The dynamic is crucial for mitochondrial morphogenesis [82]. The impor-
tance of dynamics is to scale up because of its role in mitochondrial function, apoptosis, or 
aging [83]. DOX also leads to senescence of cardiomyocytes by inhibition of Akt Ser473 phos-
phorylation [21].

Mitochondrial morphological alternation is claimed to provide some idea about DOX’s 
degree of toxicity. For example, the morphological shift at organelles is displayed at the 
beginning of DOX toxicity on heart tissue. Mitochondria have a homeostatic balance between 
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fission (divide) and fusion. Fission could cause mitophagy, apoptosis, and cell proliferation. 
However, fusion provides a homogeneous network of mitochondria. Imbalance of the mito-
chondrial dynamic causes it to lose cell function, e.g., when the shift towards fission could 
initiate apoptotic cell death due to severe ROS production. In contrast, the change towards 
fusion would increase mitochondrial dysfunction because of extinguishment of the mitoph-
agy mechanism. The dynamic provides healthy, functional mitochondria and cells [39].

To maintain its function the heart prefers to metabolize fatty acid in mitochondria and per-
oxisomes via β-oxidation due to its high demand energy [14]. Mitochondrion starts energy 
production by the tricarboxylic acid cycle (TCA) in the ETS. Mitochondrial ATP is synthe-
sized by ETS steps. Although TCA elements are placed in the mitochondrial matrix, except 
for succinate dehydrogenase, ETS elements having a spherical shape are present at the mito-
chondrial inner membrane and project to the mitochondrial matrix. The space between the 
inner and outer layer is called the intermembrane space or mitochondrial cytosol. A molecule 
with hydrophilic structure can transit the inner membrane as a requirement of the trans-
port system. The outer membrane of mitochondria can pass through almost all particles less 
than 10,000 Da [10]. The respiratory chain is under the control of four complexes: complex I 
(NADH dehydrogenase), complex II (succinate dehydrogenase), complex III (cytochrome-c 
reductase), and complex IV(cytochrome-c oxidase) [34] (Figure 5). Complex V is ATP syn-
thase [11]. After synthesis, ATP can be transferred from the inner mitochondrial membrane to 
the cytosol through ANT and the outer membrane VDAC. MPT induction opens the nonselec-
tive pores permitting the diffusion of a 1.5 kDa small molecule [14]. Electrons can be relocated 
from complex I (NADH dehydrogenase) and II (succinate dehydrogenase) to coenzyme Q10 
with a quinine structure as DOX. Then, particles are moved to complex III, cytochrome-c, 
and complex IV. Eventually, oxygen can capture the particle, resulting in water synthesis 
(Figure 5). All ETS elements associated with the enzyme are placed near the matrix surface 
of the inner mitochondrial membranes. It has been reported that complex I and II could not 
reach the particles in the mitochondrial cytosol from any organ and any cancer cells, except 
the heart. The mitochondria of cardiac tissue has two position on the outer surface of inner 
mitochondrial membrane and faces the matrix [10]. However, overexposed DOX causes 
mitochondrial dysfunction, consisting of decreasing state 3 respiration, complex I, and ANT 
activities. Moreover, lengthy DOX treatment increases susceptibility to calcium, resulting in 
dissipation of MMP at low and high concentrations [13].

Bioenergetics failure may be primarily a mechanism of DOX cardiotoxicity [13]. So, the 
other molecular base of DOX toxicity on noncancerous tissue relies on the destruction of 
mtDNA. Oxidative stress leads to damage to mtDNA, especially heart tissue. Additionally, 
DOX represents the harmful effect of mtDNA much more than nuclear DNA. If the integrated 
knowledge that the mtDNA repair system is fragile vs. the nuclear DNA system, DOX is under-
stood to be highly toxic to mitochondria [10]. The mitochondrial genome has 13 subunits of ETC 
codes, which are almost all of the ETC complex, except complex II, a succinate dehydrogenase 
encoded by nuclear DNA [13]. mtDNA has also been encoded by mitochondrial ribosomal 
and transfer RNA [10]. DOX damages mtDNA via elevation of ROS [13]. Oxidative damage 
of DNA has been evaluated by using 8-OHdG formation. After DOX treatment, 8-OHdG has 
been reported to reach a peak value at 24 h, but a baseline value at 14 days [13]. The chronic 
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Eventually, mitochondrial collapse is inevitable, resulting in MMP dissipation, improvement 
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of DOX has been reported to increase superoxide radicals within 2 h, although a 37 mg/m2 
dose, which equals to 5–30 μM mitochondrial concentration, has the same effect on human 
beings [44].

6.2. The chronic mitochondrial toxic effect of doxorubicin
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is very high. This is why the majority of energy production is based on mitochondria for 
maintaining heart function [80]. Therefore, organ failure can develop because of damage to 
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and redox homeostasis. It is reported that the inner mitochondrial structure is different from 
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ponent of myocytes. The dynamic of the organelle is limited due to its close relation with the 
cytoskeleton [14]. So, these two mitochondria present different features, including dynamic 
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mitochondria are situated at the plasma membrane and have a role in supplying ATP to the 
ion pump. However, intermyofibrillar mitochondria are situated between the myofibrillar 
structure and produce energy for the contraction/relaxation function of the tissue [80].

Mitochondria have two shapes or morphologies: long and filamentous (fused) and short 
and punctuated (fragmented). The form is vital to respond to damage. For example, fused 
mitochondria are suggested for counteracting apoptosis, while fragmented mitochondria 
are susceptible to apoptosis [81]. Mitochondria have two structures: long tubules and small 
round vesicles [82].

Mitochondria are dynamic organelles and perform trafficking, fusion, and fission, called 
mitochondrial dynamics [14, 21, 83]. The importance of mitochondrial dynamics is that mito-
chondria have to divide from existing organelles and proliferate via growth [83]. There is 
a balance between the fission and fusion processes. If the balance shifts towards fission, it 
causes damage, including mitochondrial fragmentation, mitophagy, a rise in oxidative stress, 
and cell death [21]. This equilibrium could relate to a number of factors, e.g., cell conditions 
such as stress, cell compartmentation such as neuronal axons or dendrites, and mitochondrial 
function as well. The dynamic is crucial for mitochondrial morphogenesis [82]. The impor-
tance of dynamics is to scale up because of its role in mitochondrial function, apoptosis, or 
aging [83]. DOX also leads to senescence of cardiomyocytes by inhibition of Akt Ser473 phos-
phorylation [21].

Mitochondrial morphological alternation is claimed to provide some idea about DOX’s 
degree of toxicity. For example, the morphological shift at organelles is displayed at the 
beginning of DOX toxicity on heart tissue. Mitochondria have a homeostatic balance between 
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fission (divide) and fusion. Fission could cause mitophagy, apoptosis, and cell proliferation. 
However, fusion provides a homogeneous network of mitochondria. Imbalance of the mito-
chondrial dynamic causes it to lose cell function, e.g., when the shift towards fission could 
initiate apoptotic cell death due to severe ROS production. In contrast, the change towards 
fusion would increase mitochondrial dysfunction because of extinguishment of the mitoph-
agy mechanism. The dynamic provides healthy, functional mitochondria and cells [39].

To maintain its function the heart prefers to metabolize fatty acid in mitochondria and per-
oxisomes via β-oxidation due to its high demand energy [14]. Mitochondrion starts energy 
production by the tricarboxylic acid cycle (TCA) in the ETS. Mitochondrial ATP is synthe-
sized by ETS steps. Although TCA elements are placed in the mitochondrial matrix, except 
for succinate dehydrogenase, ETS elements having a spherical shape are present at the mito-
chondrial inner membrane and project to the mitochondrial matrix. The space between the 
inner and outer layer is called the intermembrane space or mitochondrial cytosol. A molecule 
with hydrophilic structure can transit the inner membrane as a requirement of the trans-
port system. The outer membrane of mitochondria can pass through almost all particles less 
than 10,000 Da [10]. The respiratory chain is under the control of four complexes: complex I 
(NADH dehydrogenase), complex II (succinate dehydrogenase), complex III (cytochrome-c 
reductase), and complex IV(cytochrome-c oxidase) [34] (Figure 5). Complex V is ATP syn-
thase [11]. After synthesis, ATP can be transferred from the inner mitochondrial membrane to 
the cytosol through ANT and the outer membrane VDAC. MPT induction opens the nonselec-
tive pores permitting the diffusion of a 1.5 kDa small molecule [14]. Electrons can be relocated 
from complex I (NADH dehydrogenase) and II (succinate dehydrogenase) to coenzyme Q10 
with a quinine structure as DOX. Then, particles are moved to complex III, cytochrome-c, 
and complex IV. Eventually, oxygen can capture the particle, resulting in water synthesis 
(Figure 5). All ETS elements associated with the enzyme are placed near the matrix surface 
of the inner mitochondrial membranes. It has been reported that complex I and II could not 
reach the particles in the mitochondrial cytosol from any organ and any cancer cells, except 
the heart. The mitochondria of cardiac tissue has two position on the outer surface of inner 
mitochondrial membrane and faces the matrix [10]. However, overexposed DOX causes 
mitochondrial dysfunction, consisting of decreasing state 3 respiration, complex I, and ANT 
activities. Moreover, lengthy DOX treatment increases susceptibility to calcium, resulting in 
dissipation of MMP at low and high concentrations [13].

Bioenergetics failure may be primarily a mechanism of DOX cardiotoxicity [13]. So, the 
other molecular base of DOX toxicity on noncancerous tissue relies on the destruction of 
mtDNA. Oxidative stress leads to damage to mtDNA, especially heart tissue. Additionally, 
DOX represents the harmful effect of mtDNA much more than nuclear DNA. If the integrated 
knowledge that the mtDNA repair system is fragile vs. the nuclear DNA system, DOX is under-
stood to be highly toxic to mitochondria [10]. The mitochondrial genome has 13 subunits of ETC 
codes, which are almost all of the ETC complex, except complex II, a succinate dehydrogenase 
encoded by nuclear DNA [13]. mtDNA has also been encoded by mitochondrial ribosomal 
and transfer RNA [10]. DOX damages mtDNA via elevation of ROS [13]. Oxidative damage 
of DNA has been evaluated by using 8-OHdG formation. After DOX treatment, 8-OHdG has 
been reported to reach a peak value at 24 h, but a baseline value at 14 days [13]. The chronic 

Mitochondrial Dysfunction Associated with Doxorubicin
http://dx.doi.org/10.5772/intechopen.80284

343



effect of DOX on mitochondria has been reported to appear when it destroys mtDNA [44], 
mainly developing mtDNA deletion. The prevalence of the elimination has been reported to 
be between 33 and 80% at a low and high dose of DOX, respectively [10]. When DOX oxidizes 
mtDNA, mitochondria can no longer produce high-energy substrate, resulting from destroy-
ing to reproduce mtDNA [10]. This alternation is explained by DNA repair and elimination of 
damage to the genomic material, which changes or eliminates the protein function. Alternation 
or disappearance of mitochondrial protein function elevates ROS formation as well [13]. At this 
moment, we should take time to diagnose DOX’s chronic cardiotoxic effect, e.g., heart failure, 
dilated cardiomyopathy, and congestive heart failure [10]. Moreover, mitochondrial complex I 
activity has been claimed to inhibit isolated mitochondria from cardiac tissue, but not hepatic 
tissue by chronic DOX therapy for 28 weeks. This notion has given rise to the thought that the 
drug’s toxicity in mitochondria is cardioselective [10]. One study suggested that endurance 
exercises reduce DOX toxicity based on modulation of state 3 alternation at mitochondria. 
Also, the study reported that apoptosis induced by DOX could be counteracted by endurance 
exercises giving rise to a decline in apoptotic factors, such as Bax or Bax/Bcl-2 ratio. Moreover, 
DOX alters the ultrastructure of heart tissue by mitochondrial destruction, including damag-
ing cristae and vacuoles, and causing distension and abnormal size and shape [80]. Mainly, the 
outer mitochondrial membrane plays a role in the transduction of signals, e.g., apoptotic [82]. 
Endurance exercises have been suggested to reverse the ultrastructural alternation, e.g., a rise 
in glycogen storage, and enhance cytosolic and mitochondrial sodium oxide dismutase. Due 
mostly to the sensitive oxidative stress of MPT, elevation of antioxidant by endurance exercises 
leads to decreased apoptosis induced by DOX [80].

Figure 5. The effect of doxorubicin and its derivate on the electron transport system and mitochondrial energy 
production. Modified from Govender et al. [34].
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Another chronic drug mechanism is associated with cardiolipin. DOX has high affinity for 
cardiolipin; therefore, DOX–cardiolipin complex formation interrupts the standard oxida-
tive phosphorylation mechanism. DOX can be transformed into the semiquinone form by 
NADPH reductases in mitochondria. The opening of MTP led to swelling of mitochondria 
and depolarizing mitochondria membrane potential, structural and cytoskeleton disorga-
nization, and mtDNA injury. Peroxisome proliferator-activated receptor-c coactivator-1α 
(PGC-1α) has a crucial role in mitochondrial biogenesis and oxidative metabolism [16]. Also, 
alternative posttranslational modification could participate in the alteration of mitochondrial 
function. Posttranslational modification through acetylation and deacetylation from lysine 
residues play a crucial role in regulating mitochondrial function. Mitochondrial proteins 
are modulated posttranslationally as sirtuin enzymes, sirtuin-3, -4, and -5, by deacetylation. 
Posttranslational modification can occur under redox stress and nutrient flux. Mitochondria 
express mostly sirtuin-3 and nuclear NAD+-dependent histone deacetylase [34].

6.3. Bioenergetics dysfunction induced by doxorubicin

Mitochondria have sources of bioenergetics and ROS as well. This is why mitochondria 
become the target of multiple factors such as drugs, including DOX, and environmental com-
pounds. PGC-1α plays an essential role in the regulation of mitochondrial function, including 
production of bioenergy and energy homeostasis. PGC-1α can regulate gene transcription, 
including mitochondrial services such as NRF-1, PPARa, and ERRa, which modulate and are 
divided into three groups of metabolic enzymes in the TCA cycle: antioxidant enzymes, other 
mitochondrial protein components of the ETC complexes, and mitochondrial transcription 
factor A (TFAM) [38].

When mitochondrial dysfunction occurs, i.e., enhancing ROS, reduction of ATP synthesis, 
a complex transcriptional network, including PGC-1α can be triggered to maintain cellular 
homeostasis. PGC-1α can transcript three groups of genes, which are mentioned above. 
Although PGC-1α’s effect on three groups is suggested to have a minor impact at a low mito-
chondrial toxic concentration to alter ROS and ATP production, its effect on the groups is 
essential at a high level of mitochondrial toxins. It is reported that DOX’s toxic effect is related 
to increasing mitochondrial ROS production and the most destructive impact of DOX appears 
in cardiac tissue due to its accumulation in cardiac cells [38].

It is well known that heart tissue contains a high cell volume of mitochondria, almost 35% 
due to the requirement of energy supply because of maintaining the contraction function of 
the tissue [15]. The heart produces energy requirement by using β-oxidation of fatty acid in 
mitochondria. The cardiotoxicity of DOX might be related to swelling and destroy bioenergy 
from the organelle and myofibril of cardiac tissue. DOX also increases oxidative stress, result-
ing in enhancing mitochondria dysfunction. The other mechanism of DOX on mitochondrial 
malfunction is reported to be associated with the dissipation of mitochondrial ETC at differ-
ent levels. So, NADH and succinate oxidase in cardiac tissue have been shown to be blocked 
by DOX treatment. Also, DOX separates complex I from ETC, resulting in the elevation of 
oxidative damage by producing semiquinone free radicals. Moreover, DOX might inhibit 
stage-3 and stage-4 respiration. The other mechanism for blocking mitochondrial function 
is related to the prevention of Mg-dependent F0F1-ATPase in muscle, including heart and 
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skeletal muscle. The other mechanism associates with DOX’s structure since DOX has a high 
affinity to bind cardiolipin, which is one of lipids and locates at the inner mitochondrial 
membranes. DOX’s toxicity on mitochondria is related to its dose and is time dependent. 
Mitochondrial toxicity of DOX has been observed from 2 to 13 weeks at a low dose. Moreover, 
mitochondria play an essential role in the regulation of calcium homeostasis. Under normal 
physiological conditions, there is little impact of mitochondria on calcium homeostasis. 
However, the mitochondrial function of calcium homeostasis is essential under pathological 
circumstances to decrease cytosolic calcium. So, calcium efflux into mitochondria depolarizes 
MMP. DOX’s effect on calcium homeostasis at mitochondria is based on inhibition of the 
inward calcium flux and exaggeration of the release of calcium from mitochondria by swell-
ing of the mitochondria–calcium-dependent pathways through MPT, resulting in enhancing 
calcium concentration at the cytosol. Furthermore, DOX at a low dose gives rise to a decline in 
the calcium storage capacity of mitochondria. DOX attenuates mitochondria calcium storage 
capacity exaggerated at its high dose, which means it is related to dose. Eventually, the effects 
of DOX lead to the dissipation of MMP. The mitochondrial permeability pore is highly sensi-
tive to MMP and regulated by the redox status of mitochondria. DOX also opens MPT in the 
manufacture of ROS through complex I, which is mentioned above (Figure 5). Thus, DOX’s 
MPT effect might be based on the prevention of ANT, an element of the MPT pore complex. 
It is interesting to note that DOX-treated cardiomyocytes have fewer ATP levels (~30%) vs. 
normal cardiomyocytes [15].

It is suggested that ROS produced by mitochondria has a critical role in DOX’s cardiotoxicity. 
Hepatic tissue plays a role in detoxification by the cytochrome P450 enzyme in the ER, which 
also occurs in DOX’s redox cycling. However, this bioreductive activation of DOX by cyto-
chrome P450 in the heart is much less than in the liver. So, ROS production and DOX redox 
cycling in the ER in the heart are negligible [13]. Because it is continuously working, the heart 
needs ATP by β-oxidation in mitochondria. Therefore, cardiomyocytes contain tremendous 
mitochondrial density (around 25–30%) vs. the other cell types. This is why ROS production 
by mitochondria is significant compared to the other compartments of cardiomyocytes in 
heart tissue [13]. DOX has been reported to have high affinity to bind to cardiolipin from 
inner mitochondria. Also, DOX inhibits complexes II–IV from ETS [13]. Another suggestion 
is that DOX affects complex I, II, III, and IV [42]. DOX can also alter mitochondrial membrane 
organization but not physically interact with mitochondrial enzymes. According to isolated 
mitochondria and in vivo studies, DOX can capture an electron from complex I, resulting in a 
decline in oxidative phosphorylation and elevated oxygen consumption [13].

DOX elevates the nonphosphorylating rate of oxygen consumption (state 4) and decreases 
phosphorylation-linked oxygen consumption (state 3). Therefore, DOX triggers the manufac-
ture of superoxide. Also, these impacts lead to declining ATP synthesis. Energy stress induced 
by DOX eventually prefers other pathways for producing ATP, e.g., glycolysis. However, gly-
colytic ATP does not have sufficient energy to maintain cell function. The metabolic switch 
is a requirement to make alternations such as enhancing glucose transporter type 1 (GLUT1) 
transportation to plasmalemma. So, glucose uptake increases by using GLUT1 within 1 h of 
DOX treatment [13].
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Some compensating mechanism is recommended to modulate energy supply to maintain 
cellular function, e.g., CK or AMPK. Studies have shown how to decrease ATP and phos-
phocreatine (PCr). One μM DOX concentration has indicated a decline of ~50% ATP produc-
tion within 24 h. Why is the reduction essential to utilize around 90% ATP synthesized by 
mitochondria? When mitochondrial function is destroyed, heart or tissue function is auto-
matically affected by low energy supply. DOX’s mitochondrial effect is shown to change the 
ultrastructure, swelling, and oxidative capacity as well. Although DOX inhibits state 3, state 
4 is activated by the drug. DOX is highly bound to cardiolipin, one of the anionic phospho-
lipids from the inner membrane of mitochondria. When DOX binds to cardiolipin, enzymes 
from respiration and oxidation, e.g., cytochrome-c, might be inactive due to the alternation of 
the lipid environment. After binding cardiolipin to DOX, cardiolipin-related proteins such as 
cytochrome-c and mitochondrial creatine kinase (MtCK) are released from the mitochondrial 
inner membrane to the cytosol. Besides the indirect effect of that enzyme, DOX also has a 
direct effect on these enzymes. The mitochondrial impact of DOX can amplify its toxic effect 
by using the target organelle’s enzyme system. DOX inactivates NADH dehydrogenase, 
cytochrome P-450 reductase, and xanthine oxidase. Moreover, DOX tends to accumulate in 
nuclei and mitochondria vs. plasma. The heart mainly utilizes fatty acid to generate energy 
by β-oxidation. So, DOX also destroys β-oxidation by inhibiting of consumption of palmitate, 
a long chain fatty acid, through impairment of carnitine palmitoyltransferase I (CPTI) and/or 
its substrate L-carnitine. DOX elevates glycolysis as a compensatory response to a decline in 
fatty acid oxidation. However, some studies’ results show a decrease in both fatty acid and 
glucose oxidation by using cell line and rat models. Why glucose utilization is decreased 
after DOX treatment is explained by two theories. One is that DOX might reduce glucose 
supply. It is reported that DOX treatment initially increases glycolysis (~50%; within 1 h of 
exposure to the drug), but later depresses it sharply. The second explanation is that DOX 
reduces phosphofructokinase (PFK) activity, one of the rate-limiting enzymes of glycolysis. 
So, one reason for DOX’s low-energy generation is that it disrupts cell metabolism tissue. The 
other reason is the effects of DOX’s CK system. There are two CK isoforms in the heart: cyto-
solic and mitochondrial (MtCK). CK can easily produce PCr from creatine. Transformation of 
creatine to PCr closely binds between energy generation and utilization. MtCK, an octameric, 
is accompanied by ANT) and VDAC (porin), so transforming energy by the generation of oxi-
dative phosphorylation to the cytoplasm. However, cytosolic CK isoform (MM-, MB-, BBCK), 
a dimeric, links to both energy manufacture by glycolysis and energy consumption, including 
actomyosin ATPase at myofibrils, the Ca2+-ATPase at the SR, Na+, and K+-ATPase in the sarco-
lemma [43]. DOX inactivates the entire CK system, especially MtCK. MtCK’s effects dissociate 
its structure from octamer to dimer, resulting in dissociation from the mitochondrial inner 
membrane. Moreover, cardiac MtCK has been reported to be more sensitive to DOX than 
ubiquitous MtCK, leading to selective toxicity in heart tissue. The inactivation of DOX on 
MtCK has been indicated to be linked to the drug’s dose. At a low dose below 100 μM, MtCK 
became inactive because of DOX’s redox modification from its cysteine residues. Its high 
dose, however, depresses MtCK due to ROS production. Furthermore, DOX and MtCK have 
been indicated to have a common feature, i.e., they tend to attach to an inner mitochondrial 
membrane. So, the feature provides high DOX concentration around the MtCK. Additionally, 
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MMP. DOX’s effect on calcium homeostasis at mitochondria is based on inhibition of the 
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ture of superoxide. Also, these impacts lead to declining ATP synthesis. Energy stress induced 
by DOX eventually prefers other pathways for producing ATP, e.g., glycolysis. However, gly-
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when DOX is activated by peroxidase/H2O2, CK inhibition via DOX accelerates. The inhibi-
tion link to oxidative and nitrous stress means that CK is very vulnerable to the redox status 
of cells. Even a μM DOX concentration has been reported to lead to dimerization of MtCK 
and augments inhibition and dimerization at a 20 μM concentration. Also, it is indicated that 
total CK activity has been noticed to reduce (by nearly 20%) for DOX treatment compared to 
20 μM concentrations. Even under this circumstance, CK can still maintain its function due to 
a compensatory mechanism that causes to reduce muscle-type CK (MCK) (a myofibrillar iso-
form) and elevate brain-type CK (BCK; a fetal isoform) that is raised by heart failure or cardiac 
hypertrophy. It is important to know that CK shift is reported to be within 1 h at 2 μM DOX 
treatment. So, CK system dysfunction might probably participate in DOX-mediated heart fail-
ure. MtCK inhibition by dimerization not only causes energy transfer from mitochondria to 
the cytosol but also affects the mitochondrial respiratory chain. Moreover, inhibition destroys 
the three-modal interaction between MtCK, ANT, and DAC, which means that MtCK plays 
a role in MPT. So, destruction of modal interaction could trigger apoptosis as well. Besides 
programmed cell death, myofibrillar CK functionally integrates with the sarcoplasmic Ca2+ 
pump (SERCA). When a CK defect occurs, cytosolic Ca2+ balance is destroyed, leading to 
defects in contraction and relaxation coupling due to Ca2+ accumulation. Ca2+accumulation 
could trigger apoptosis as well. This is why dysfunction of CK causes innate apoptosis in two 
ways. When energy disruption occurs such as CK dysfunction, AMPK is activated to regain 
energy balance. AMPK is one of the sensory energy proteins that compensates for shifting 
from ATP to ADP and/or AMP. It means that AMPK is highly sensitive to a ratio of AMP/
ATP and oxidative stress as well. Under energy stress, AMPK changes the metabolic activity 
of cells to increase ATP synthesis by elevation of fatty acid oxidation, glycolysis, and a decline 
in ATP utilization. All these processes are crucial to surviving cells to maintain protein, lipid, 
and carbohydrate manufacture. It is reported that DOX inhibits AMPK, resulting in energy 
stress. In a study by using isolated heart, DOX at 2 μM, which is the plasma peak value of 
the patients treated with the drug, was reported to cause to plume AMPK and acetyl-CoA 
carboxylase proteins after 1-h perfusion. Therefore, further study is needed to evaluate the 
mechanism. However, it is suggested that DOX causes energy and oxidative stress in both 
reactive and nitrogen stress. AMPK inhibition means that DOX leads to a change in metabolic 
activity of cells by a decline in fatty acid oxidant. How the fatty acid oxidant decreases relates 
to enhancing acetyl-CoA carboxylase, resulting in CPTI by malonyl-CoA, eventually leading 
to a decrease in mitochondrial fatty acid oxidation. Besides the decline of mitochondrial fatty 
acid oxidation, AMPK inhibition also causes to reduce glycolysis by decreasing of PFK and 
glucose uptake as well. Under physiological conditions, energy stress is expected to activate 
AMPK [43].One study showed that AMPK, glucose, and fatty acid is related to gene and 
protein expressions, and acetyl-CoA carboxylase have been decreased by DOX in males more 
than in females. AMPK is also a crucial function for cardiolipin synthesis and remodeling. By 
AMPK, PGC-1α/β modulates cardiolipin synthesis as well [36].

6.4. Doxorubicin’s effect on myocardial energy metabolism

It is well known that heart tissue contains a high cell volume of mitochondria nearly (25–35%) 
[3, 15] due to the requirement of energy supply to maintain the contraction function of the 
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tissue [84]. The heart produces an energy requirement by using the β-oxidation of fatty acid 
in mitochondria [15]. Adequate ATP production is not just significant to maintain contractile 
function, but is also crucial for protein synthesis, controlling the protein quality function of 
ER, cytoskeletal function, and to clear the cellular waste from lysosomes. This is why DOX 
destroys energy production systems and has been reported to destroy the protein degrada-
tion function, resulting in overwhelming the ER and mitochondria [4].

The impact of DOX on bioenergetics and oxidative stress might partially be associated with 
its structure because it has a high affinity to bind to cardiolipin, which is one of the lipids 
and locates at the inner mitochondrial membrane [13, 43]. ROS production by mitochondria 
might be a significant contributor to the drug’s toxicity in heart tissue [13]. This is why mito-
chondria is one of the targets of multiple factors such as drugs including DOX and envi-
ronmental compounds. There are defined control systems that maintain healthy, functional 
mitochondria. One of the systems is PGC-1α, which plays an essential role in the regulation of 
mitochondrial function, including production of bioenergy and energy homeostasis. PGC-1α 
can regulate gene transcription, including mitochondrial functions such as NRF-1, PPARa, 
and ERRa, which modulate and divided three groups in metabolic enzymes in the TCA cycle: 
antioxidant enzymes, other mitochondrial protein components of the ETC complexes, and 
TFAM [38]. When mitochondrial dysfunction occurs, i.e., enhancing ROS and reducing ATP 
synthesis, a complex transcriptional network, including PGC-1α, can be triggered to main-
tain cellular homeostasis. PGC-1α can transcribe three groups of genes, which are mentioned 
above. Although PGC-1α has an effect on three groups it is suggested to have a minor impact 
at a low mitochondrial toxic concentration to alter ROS and ATP production; its effect on the 
groups is important at high concentration of mitochondrial toxins. It is reported that DOX’s 
toxic effect is related to increasing mitochondrial ROS production and the most destructive 
impact of DOX can appear in cardiac tissue due to its accumulation in cardiac cells [38]. One 
study has noticed that DOX led to a decrease in PGC-1α and its related genes, including 
NRF1, TFAM, SOD2, CS, VDAC, and COXIV. PGC-1α is phosphorylated by AMPK, and is 
also modulated by acetylation by SIRT1. The posttranslational modification of PGC-1α is a 
potent mechanism for mitochondrial function by oxidative stress and apoptosis. So, SIRT1 
is suggested to decline mitochondrial dysfunction and cardiotoxicity induced by DOX [16]. 
The other control system is SIRT-3 which is one of NAD-dependent deacetylases and places 
at mitochondria. Deacetylase plays a crucial role in maintaining healthy mitochondrial func-
tion by deacetylation of metabolic, apoptotic, and ROS-production enzymes. Also, SIRT-3 
has been shown to enhance Foxo-3a, which is associated with an antioxidant mechanism. 
Thus, SIRT-3 closes the MPT by blocking Cyp D activity. SIRT-3 has a modulating effect on 
cardiac hypertrophy via strengthening the LKB1 event, which is one of the upstream kinases 
of AMPK. One study has reported that SIRT-3 is decreased by DOX treatment due to the rise 
in ROS production and mitochondrial dysfunction. So, reducing SIRT-3 leads to elevation to 
ROS and HIF1α stabilization, which is an essential factor to shift metabolism from β-oxidation 
of fatty acid to glycolysis (the Warburg effect) [85]. Further, the inhibition of protein or slicing 
of the HIF1α gene has been suggested to decrease drug resistance against DOX [86].

It is well known that the heart can produce ATP from fatty acid. However, metabolic shift is 
developed from fatty acid to glucose due to a compensating energy demand under pathologic 
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when DOX is activated by peroxidase/H2O2, CK inhibition via DOX accelerates. The inhibi-
tion link to oxidative and nitrous stress means that CK is very vulnerable to the redox status 
of cells. Even a μM DOX concentration has been reported to lead to dimerization of MtCK 
and augments inhibition and dimerization at a 20 μM concentration. Also, it is indicated that 
total CK activity has been noticed to reduce (by nearly 20%) for DOX treatment compared to 
20 μM concentrations. Even under this circumstance, CK can still maintain its function due to 
a compensatory mechanism that causes to reduce muscle-type CK (MCK) (a myofibrillar iso-
form) and elevate brain-type CK (BCK; a fetal isoform) that is raised by heart failure or cardiac 
hypertrophy. It is important to know that CK shift is reported to be within 1 h at 2 μM DOX 
treatment. So, CK system dysfunction might probably participate in DOX-mediated heart fail-
ure. MtCK inhibition by dimerization not only causes energy transfer from mitochondria to 
the cytosol but also affects the mitochondrial respiratory chain. Moreover, inhibition destroys 
the three-modal interaction between MtCK, ANT, and DAC, which means that MtCK plays 
a role in MPT. So, destruction of modal interaction could trigger apoptosis as well. Besides 
programmed cell death, myofibrillar CK functionally integrates with the sarcoplasmic Ca2+ 
pump (SERCA). When a CK defect occurs, cytosolic Ca2+ balance is destroyed, leading to 
defects in contraction and relaxation coupling due to Ca2+ accumulation. Ca2+accumulation 
could trigger apoptosis as well. This is why dysfunction of CK causes innate apoptosis in two 
ways. When energy disruption occurs such as CK dysfunction, AMPK is activated to regain 
energy balance. AMPK is one of the sensory energy proteins that compensates for shifting 
from ATP to ADP and/or AMP. It means that AMPK is highly sensitive to a ratio of AMP/
ATP and oxidative stress as well. Under energy stress, AMPK changes the metabolic activity 
of cells to increase ATP synthesis by elevation of fatty acid oxidation, glycolysis, and a decline 
in ATP utilization. All these processes are crucial to surviving cells to maintain protein, lipid, 
and carbohydrate manufacture. It is reported that DOX inhibits AMPK, resulting in energy 
stress. In a study by using isolated heart, DOX at 2 μM, which is the plasma peak value of 
the patients treated with the drug, was reported to cause to plume AMPK and acetyl-CoA 
carboxylase proteins after 1-h perfusion. Therefore, further study is needed to evaluate the 
mechanism. However, it is suggested that DOX causes energy and oxidative stress in both 
reactive and nitrogen stress. AMPK inhibition means that DOX leads to a change in metabolic 
activity of cells by a decline in fatty acid oxidant. How the fatty acid oxidant decreases relates 
to enhancing acetyl-CoA carboxylase, resulting in CPTI by malonyl-CoA, eventually leading 
to a decrease in mitochondrial fatty acid oxidation. Besides the decline of mitochondrial fatty 
acid oxidation, AMPK inhibition also causes to reduce glycolysis by decreasing of PFK and 
glucose uptake as well. Under physiological conditions, energy stress is expected to activate 
AMPK [43].One study showed that AMPK, glucose, and fatty acid is related to gene and 
protein expressions, and acetyl-CoA carboxylase have been decreased by DOX in males more 
than in females. AMPK is also a crucial function for cardiolipin synthesis and remodeling. By 
AMPK, PGC-1α/β modulates cardiolipin synthesis as well [36].

6.4. Doxorubicin’s effect on myocardial energy metabolism

It is well known that heart tissue contains a high cell volume of mitochondria nearly (25–35%) 
[3, 15] due to the requirement of energy supply to maintain the contraction function of the 
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tissue [84]. The heart produces an energy requirement by using the β-oxidation of fatty acid 
in mitochondria [15]. Adequate ATP production is not just significant to maintain contractile 
function, but is also crucial for protein synthesis, controlling the protein quality function of 
ER, cytoskeletal function, and to clear the cellular waste from lysosomes. This is why DOX 
destroys energy production systems and has been reported to destroy the protein degrada-
tion function, resulting in overwhelming the ER and mitochondria [4].

The impact of DOX on bioenergetics and oxidative stress might partially be associated with 
its structure because it has a high affinity to bind to cardiolipin, which is one of the lipids 
and locates at the inner mitochondrial membrane [13, 43]. ROS production by mitochondria 
might be a significant contributor to the drug’s toxicity in heart tissue [13]. This is why mito-
chondria is one of the targets of multiple factors such as drugs including DOX and envi-
ronmental compounds. There are defined control systems that maintain healthy, functional 
mitochondria. One of the systems is PGC-1α, which plays an essential role in the regulation of 
mitochondrial function, including production of bioenergy and energy homeostasis. PGC-1α 
can regulate gene transcription, including mitochondrial functions such as NRF-1, PPARa, 
and ERRa, which modulate and divided three groups in metabolic enzymes in the TCA cycle: 
antioxidant enzymes, other mitochondrial protein components of the ETC complexes, and 
TFAM [38]. When mitochondrial dysfunction occurs, i.e., enhancing ROS and reducing ATP 
synthesis, a complex transcriptional network, including PGC-1α, can be triggered to main-
tain cellular homeostasis. PGC-1α can transcribe three groups of genes, which are mentioned 
above. Although PGC-1α has an effect on three groups it is suggested to have a minor impact 
at a low mitochondrial toxic concentration to alter ROS and ATP production; its effect on the 
groups is important at high concentration of mitochondrial toxins. It is reported that DOX’s 
toxic effect is related to increasing mitochondrial ROS production and the most destructive 
impact of DOX can appear in cardiac tissue due to its accumulation in cardiac cells [38]. One 
study has noticed that DOX led to a decrease in PGC-1α and its related genes, including 
NRF1, TFAM, SOD2, CS, VDAC, and COXIV. PGC-1α is phosphorylated by AMPK, and is 
also modulated by acetylation by SIRT1. The posttranslational modification of PGC-1α is a 
potent mechanism for mitochondrial function by oxidative stress and apoptosis. So, SIRT1 
is suggested to decline mitochondrial dysfunction and cardiotoxicity induced by DOX [16]. 
The other control system is SIRT-3 which is one of NAD-dependent deacetylases and places 
at mitochondria. Deacetylase plays a crucial role in maintaining healthy mitochondrial func-
tion by deacetylation of metabolic, apoptotic, and ROS-production enzymes. Also, SIRT-3 
has been shown to enhance Foxo-3a, which is associated with an antioxidant mechanism. 
Thus, SIRT-3 closes the MPT by blocking Cyp D activity. SIRT-3 has a modulating effect on 
cardiac hypertrophy via strengthening the LKB1 event, which is one of the upstream kinases 
of AMPK. One study has reported that SIRT-3 is decreased by DOX treatment due to the rise 
in ROS production and mitochondrial dysfunction. So, reducing SIRT-3 leads to elevation to 
ROS and HIF1α stabilization, which is an essential factor to shift metabolism from β-oxidation 
of fatty acid to glycolysis (the Warburg effect) [85]. Further, the inhibition of protein or slicing 
of the HIF1α gene has been suggested to decrease drug resistance against DOX [86].

It is well known that the heart can produce ATP from fatty acid. However, metabolic shift is 
developed from fatty acid to glucose due to a compensating energy demand under pathologic 
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conditions. So, the expression of peroxisome proliferator-activated receptor gamma is also 
affected by the drug, resulting in decline in adipogenesis and destruction of glucose intake 
via glucose transporter type 4 (GLUT4) [34]. In contrast, according to previous study results, 
1 h after 1 μM of DOX was given to cultured adult rat cardiac cells, sarcomeric titin protein 
was reported significantly to degrade via the calpain-dependent mechanism. DOX increases 
glucose uptake by GLUT1 into plasma membrane [24], which is a requirement of the meta-
bolic switch in the first hours of treatment [13]. However, it is reported that GLUT4 was not 
affected by DOX [24]. Also, DOX impairs PFK, which is a rate-limiting glycolytic flux [24, 34]. 
Energy stress induced by DOX eventually prefers the other pathways for producing ATP, e.g., 
glycolysis. However, glycolytic ATP does not have sufficient energy to maintain cell func-
tion [13]. The cardiotoxicity of DOX might relate to swelling and destroy bioenergy from the 
organelle and myofibril of cardiac tissue. DOX also increases oxidative stress, resulting in 
enhancing mitochondrial dysfunction [15].

The other mechanism of DOX on mitochondrial dysfunction is reported to be associated with 
dissipation of mitochondrial ETC at different levels. So, NADH and succinate oxidase in car-
diac tissue has been shown to be blocked by DOX treatment. Also, DOX separates complex 
I from ETC, resulting in elevated oxidative damage by producing semiquinone free radicals 
[15]. Also, DOX inhibits complexes II–IV from ETS [13]. DOX disrupts complex I, III, and IV, 
and is especially susceptible to complex I and IV [34]. Specifically, DOX decreases the content 
of the complex I NDUFB8 subunit and the ATP synthase ATP5A subunit [87]. The opinion of 
others is that DOX can alter mitochondrial membrane organization but not physical interac-
tion with any mitochondrial enzymes [13]. In other words, DOX affects all complexes from I 
to IV [42]. There is a discrepancy between DOX’s effects on the stage of respiration. One of the 
studies suggested that DOX might inhibit state 3 and state 4 respiration [15]. Although others 
have reported that DOX impedes state 3, which is phosphorylation-linked oxygen consump-
tion, it is activated by the drug [13, 43]. Therefore, DOX triggers superoxide manufacturing. 
Also, this impact led to declining ATP synthesis [13]. The other mechanism for blocking the 
mitochondrial function is related to prevention of Mg-dependent F0F1-ATPase in muscle, 
including heart and skeletal muscle [15].

The ATP pool of cardiac tissue is reported to be 5 mmol/kg wet heart weight. When the 
demand for energy in the heart is increased, PCr (concentration around 10 mmol/kg wet 
heart weight) can compensate for the requirement. PCr can be transformed by CK, one of 
the energy reservoir regulators [34]. Interestingly, total ATP decline due to DOX treatment 
on cardiomyocytes vs. normal, healthy cardiomyocytes is reported to be ~30% [15]. Some 
compensating mechanism is recommended to modulate energy supply to maintain cellular 
function, e.g., CK or AMPK. Studies have shown that ATP and/or PCr decrease by using the 
drug. One μM DOX concentration has indicated a decline of ~50% ATP production within 
24 h [43]. PCr is destroyed by DOX treatment due to the accumulation of ferrous iron by 
the drug. So, DOX declines both ATP and PCr. Children treated with DOX for 4 years have 
been reported to have decreased PCr/ATP ratios of around 20% [34]. Why the decline is 
vital to utilize around 90% ATP synthesized by mitochondria is because heart or tissue 
function is automatically affected by low energy supply when mitochondrial function is 
destroyed [43].
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The other mechanism of energy dysfunction due to DOX treatment is AMPK destruction [87]. 
It is well known that the heart mainly utilizes fatty acid to generate energy by β-oxidation 
[43]. DOX inhibits fatty acid β-oxidation and myocardial function as well, but enhances glu-
cose intake though AMPK phosphorylation [88]. AMPK inhibition means that DOX leads to a 
change in the metabolic activity of cells by declining fatty acid oxidant, particularly palmitate 
consumption. How the fatty acid oxidant decreases relates to enhancing acetyl-CoA carbox-
ylase by AMPK inhibition, resulting in a decline in CPTI and/or its substrate L-carnitine by 
malonyl-CoA, eventually leading to a decrease in mitochondrial fatty acid oxidation [43]. 
Under physiological conditions, energy stress activates AMPK [43]. DOX elevates glycolysis 
as a compensatory response to a decline in fatty acid oxidation. However, some study results 
showed a decrease in both fatty acid and glucose oxidation by using cell line and rat models. 
Why glucose utilization is reduced after DOX treatment is explained by two theories. One is 
that DOX might minimize glucose supply. It is reported that DOX treatment initially increases 
glycolysis (~50%; within 1 h of exposure to the drug), but later causes it to depress sharply. 
The second explanation is that DOX leads to reduced PFK activity, one of the rate-limiting 
enzymes of glycolysis [43].

When energy disruption occurs such as CK dysfunction, AMPK is activated to regain energy 
balance. AMPK is one of the sensory energy proteins that compensates for shifting from ATP 
to ADP and/or AMP. It means AMPK is highly sensitive to a ratio of AMP/ATP and oxidative 
stress. Under energy stress, AMPK changes the metabolic activity of cells to increase ATP 
synthesis by elevation of fatty acid oxidation, glycolysis, and a decline in ATP utilization. All 
these processes are crucial to the surviving cell by maintaining proteins, lipids, and the manu-
facture of carbohydrate. It is reported that DOX inhibits AMPK, resulting in energy stress [43]. 
Another study noticed that AMPK can be inactivated with a 2 μM concentration of DOX. This 
explains how DOX can change substrate utilization to produce energy [24]. There is no clearly 
understood process as to how AMPK is inhibited. Therefore, further study is needed to evalu-
ate the mechanism. However, it is suggested that DOX causes energy and oxidative stress in 
both reactive and nitrogen stress [43]. Kinase is also a crucial function in cardiolipin synthesis 
and remodeling. By AMPK, PGC-1α/β modulates cardiolipin synthesis as well [36]. Moreover, 
DOX could destroy desmin interaction with mitochondria, resulting in triggering apoptosis 
[89]. When our knowledge of AMPK, cardiolipin, DOX, and PGC1α/β are superimposed, it 
can easily be understood that DOX-induced cardiac mitochondrial toxicity is more complex 
and multifactorial. Metabolic dysfunction induced by DOX might also relate to gender [36].

One pathway of DOX’s low-energy generation disrupts cell metabolism tissue. DOX destroys 
CK as an energy shuttle and storage system, AMPK as an energy-sensing and signaling sys-
tem [24], and the channel of ATP and PCr from mitochondria to the cytosol. PCr and creatine 
can regulate the ATP/ADP ratio [14]. This is why the mechanism of DOX’s mitochondrial 
energy dysfunction can be explained by DOX’s cardiac cell metabolism CK system effects 
[43]. CK in the heart has two isoforms. One is located free at the cytosol (cytosolic CK (cCK)), 
and the other is bound to sarcoplasmic or mitochondrial membranes [14, 43]. cCK has two 
subtypes: muscle-type MCK and brain-type BCK. Also, MtCK has two subtypes known as 
sarcomeric MtCK (sMtCK) that exist only in the heart and skeletal muscles and ubiquitous 
MtCK (uMtCK) that is present in other organs and tissues, such as the brain, spermatozoa, 
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conditions. So, the expression of peroxisome proliferator-activated receptor gamma is also 
affected by the drug, resulting in decline in adipogenesis and destruction of glucose intake 
via glucose transporter type 4 (GLUT4) [34]. In contrast, according to previous study results, 
1 h after 1 μM of DOX was given to cultured adult rat cardiac cells, sarcomeric titin protein 
was reported significantly to degrade via the calpain-dependent mechanism. DOX increases 
glucose uptake by GLUT1 into plasma membrane [24], which is a requirement of the meta-
bolic switch in the first hours of treatment [13]. However, it is reported that GLUT4 was not 
affected by DOX [24]. Also, DOX impairs PFK, which is a rate-limiting glycolytic flux [24, 34]. 
Energy stress induced by DOX eventually prefers the other pathways for producing ATP, e.g., 
glycolysis. However, glycolytic ATP does not have sufficient energy to maintain cell func-
tion [13]. The cardiotoxicity of DOX might relate to swelling and destroy bioenergy from the 
organelle and myofibril of cardiac tissue. DOX also increases oxidative stress, resulting in 
enhancing mitochondrial dysfunction [15].

The other mechanism of DOX on mitochondrial dysfunction is reported to be associated with 
dissipation of mitochondrial ETC at different levels. So, NADH and succinate oxidase in car-
diac tissue has been shown to be blocked by DOX treatment. Also, DOX separates complex 
I from ETC, resulting in elevated oxidative damage by producing semiquinone free radicals 
[15]. Also, DOX inhibits complexes II–IV from ETS [13]. DOX disrupts complex I, III, and IV, 
and is especially susceptible to complex I and IV [34]. Specifically, DOX decreases the content 
of the complex I NDUFB8 subunit and the ATP synthase ATP5A subunit [87]. The opinion of 
others is that DOX can alter mitochondrial membrane organization but not physical interac-
tion with any mitochondrial enzymes [13]. In other words, DOX affects all complexes from I 
to IV [42]. There is a discrepancy between DOX’s effects on the stage of respiration. One of the 
studies suggested that DOX might inhibit state 3 and state 4 respiration [15]. Although others 
have reported that DOX impedes state 3, which is phosphorylation-linked oxygen consump-
tion, it is activated by the drug [13, 43]. Therefore, DOX triggers superoxide manufacturing. 
Also, this impact led to declining ATP synthesis [13]. The other mechanism for blocking the 
mitochondrial function is related to prevention of Mg-dependent F0F1-ATPase in muscle, 
including heart and skeletal muscle [15].

The ATP pool of cardiac tissue is reported to be 5 mmol/kg wet heart weight. When the 
demand for energy in the heart is increased, PCr (concentration around 10 mmol/kg wet 
heart weight) can compensate for the requirement. PCr can be transformed by CK, one of 
the energy reservoir regulators [34]. Interestingly, total ATP decline due to DOX treatment 
on cardiomyocytes vs. normal, healthy cardiomyocytes is reported to be ~30% [15]. Some 
compensating mechanism is recommended to modulate energy supply to maintain cellular 
function, e.g., CK or AMPK. Studies have shown that ATP and/or PCr decrease by using the 
drug. One μM DOX concentration has indicated a decline of ~50% ATP production within 
24 h [43]. PCr is destroyed by DOX treatment due to the accumulation of ferrous iron by 
the drug. So, DOX declines both ATP and PCr. Children treated with DOX for 4 years have 
been reported to have decreased PCr/ATP ratios of around 20% [34]. Why the decline is 
vital to utilize around 90% ATP synthesized by mitochondria is because heart or tissue 
function is automatically affected by low energy supply when mitochondrial function is 
destroyed [43].
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The other mechanism of energy dysfunction due to DOX treatment is AMPK destruction [87]. 
It is well known that the heart mainly utilizes fatty acid to generate energy by β-oxidation 
[43]. DOX inhibits fatty acid β-oxidation and myocardial function as well, but enhances glu-
cose intake though AMPK phosphorylation [88]. AMPK inhibition means that DOX leads to a 
change in the metabolic activity of cells by declining fatty acid oxidant, particularly palmitate 
consumption. How the fatty acid oxidant decreases relates to enhancing acetyl-CoA carbox-
ylase by AMPK inhibition, resulting in a decline in CPTI and/or its substrate L-carnitine by 
malonyl-CoA, eventually leading to a decrease in mitochondrial fatty acid oxidation [43]. 
Under physiological conditions, energy stress activates AMPK [43]. DOX elevates glycolysis 
as a compensatory response to a decline in fatty acid oxidation. However, some study results 
showed a decrease in both fatty acid and glucose oxidation by using cell line and rat models. 
Why glucose utilization is reduced after DOX treatment is explained by two theories. One is 
that DOX might minimize glucose supply. It is reported that DOX treatment initially increases 
glycolysis (~50%; within 1 h of exposure to the drug), but later causes it to depress sharply. 
The second explanation is that DOX leads to reduced PFK activity, one of the rate-limiting 
enzymes of glycolysis [43].

When energy disruption occurs such as CK dysfunction, AMPK is activated to regain energy 
balance. AMPK is one of the sensory energy proteins that compensates for shifting from ATP 
to ADP and/or AMP. It means AMPK is highly sensitive to a ratio of AMP/ATP and oxidative 
stress. Under energy stress, AMPK changes the metabolic activity of cells to increase ATP 
synthesis by elevation of fatty acid oxidation, glycolysis, and a decline in ATP utilization. All 
these processes are crucial to the surviving cell by maintaining proteins, lipids, and the manu-
facture of carbohydrate. It is reported that DOX inhibits AMPK, resulting in energy stress [43]. 
Another study noticed that AMPK can be inactivated with a 2 μM concentration of DOX. This 
explains how DOX can change substrate utilization to produce energy [24]. There is no clearly 
understood process as to how AMPK is inhibited. Therefore, further study is needed to evalu-
ate the mechanism. However, it is suggested that DOX causes energy and oxidative stress in 
both reactive and nitrogen stress [43]. Kinase is also a crucial function in cardiolipin synthesis 
and remodeling. By AMPK, PGC-1α/β modulates cardiolipin synthesis as well [36]. Moreover, 
DOX could destroy desmin interaction with mitochondria, resulting in triggering apoptosis 
[89]. When our knowledge of AMPK, cardiolipin, DOX, and PGC1α/β are superimposed, it 
can easily be understood that DOX-induced cardiac mitochondrial toxicity is more complex 
and multifactorial. Metabolic dysfunction induced by DOX might also relate to gender [36].

One pathway of DOX’s low-energy generation disrupts cell metabolism tissue. DOX destroys 
CK as an energy shuttle and storage system, AMPK as an energy-sensing and signaling sys-
tem [24], and the channel of ATP and PCr from mitochondria to the cytosol. PCr and creatine 
can regulate the ATP/ADP ratio [14]. This is why the mechanism of DOX’s mitochondrial 
energy dysfunction can be explained by DOX’s cardiac cell metabolism CK system effects 
[43]. CK in the heart has two isoforms. One is located free at the cytosol (cytosolic CK (cCK)), 
and the other is bound to sarcoplasmic or mitochondrial membranes [14, 43]. cCK has two 
subtypes: muscle-type MCK and brain-type BCK. Also, MtCK has two subtypes known as 
sarcomeric MtCK (sMtCK) that exist only in the heart and skeletal muscles and ubiquitous 
MtCK (uMtCK) that is present in other organs and tissues, such as the brain, spermatozoa, 
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and skin. Cardiac cCK has two forms as a homodimer (MMCK and/or BBCK) or heterodimer 
(MBCK), which is a cardiac-specific form [24]. According to this knowledge, it is said that 
MBCK can usually be determined as an indicator of a heart attack. sMtCK is the mainly octa-
meric form [24] and places the outer intermembrane space and mitochondrial cristae between 
membranal protein ANT in the inner membrane and VDAC in the outer layer [24]). MtCK 
has high affinity to cardiolipin [14] and the outer surface of the inner mitochondrial mem-
brane [24]. It must not be forgotten that DOX has a great relationship with cardiolipin. So, 
one of DOX’s targets is MtCK. Moreover, DOX oxidizes MtCK at cysteine residues. Besides 
oxidation, DOX leads to inactivation of MtCK, resulting in enhanced embryonic CK isoform 
expression [14].

MtCK can efficiently produce PCr from creatine [24, 43]. Transformation of creatine to PCr 
firmly binds between energy generation and utilization. MtCK, an octameric, accompanies 
ANT, and VDAC (porin) [43]. ANT can transfer ADP to matrix space. Then, ADP resynthe-
sizes ATP through oxidative phosphorylation. However, PCr can be sent to the cytosol via 
VDAC [24]. PCr is utilized by cCK to maintain the subcellular local ATP/ADP ratio [24].

Although DOX inactivates all CK, MtCK is especially destroyed [43] by the drug through dis-
sociation of its structure from octamer to dimer [24, 43] or infusion of binding MtCK at mito-
chondrial membranes, such as cardiolipin [24]. Moreover, cardiac MtCK has been reported to 
be more sensitive to DOX than uMtCK, leading to selective toxicity in heart tissue. The inacti-
vation of MtCK by DOX is linked to the drug’s dosage. At a low dose below 100 μM, MtCK’s 
inactivation occurs because of DOX’s redox modification from its cysteine residues. Its high 
treatment, however, depresses MtCK due to ROS production. Furthermore, DOX and MtCK 
have been indicated to have a standard feature, they tend to attach an inner mitochondrial 
membrane, providing high DOX concentration around the MtCK. Additionally, when DOX 
is activated by peroxidase/H2O2, CK inhibition via DOX accelerates. The inhibition is linked 
to oxidative and nitrous stress, which means that CK is very vulnerable to the redox status of 
cells. Even a 2 μM DOX concentration has been reported to lead to dimerization of MtCK (ordi-
narily octameric), and augment the inhibition and dimerization at a 20 μM intensity. Also, it is 
indicated that total CK activity has been noticed to reduce (by nearly 20%) for DOX treatment 
concentrated at 20 μM. Under this circumstance, CK has still been maintaining its function due 
to a compensatory mechanism, which reduces MCK (a myofibrillar isoform) and high BCK 
(a fetal isoform) that is elevated by heart failure or cardiac hypertrophy. It is vital to know 
that CK shift is reported to be within 1 h at 2 μM of DOX. So, CK system dysfunction might 
probably participate in DOX-mediated heart failure. MtCK inhibition by dimerization not only 
causes energy transfer from mitochondria to the cytosol but also influences the mitochondrial 
respiratory chain. Moreover, this inhibition destroys the three-modal interaction between 
MtCK, ANT, and VDAC, which means that MtCK plays a role in MPT. So, damage to the 
modal interaction could first trigger apoptosis. Besides programmed cell death, myofibrillar 
CK functionally integrates with SERCA. When a CK defect occurs, cytosolic Ca2+ balance is 
destroyed, leading to defects in contraction and relaxation coupling due to Ca2+ accumulation. 
Ca2+accumulation could also trigger apoptosis. This is why dysfunction of CK causes innate 
apoptosis in two ways [43].
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Besides the CK shuttle, the malate–aspartate shuttle (MAS) has a role in declining traffic 
equivalents between mitochondria and the cytosol. Moreover, TCA and MAS have demon-
strated to be associated with each other physically. This interaction provides a direct reason 
for metabolic alternation of the mitochondrial matrix to the cytosol. MAS suppression in the 
heart has been proposed to reduce mitochondrial respiration before cardiac damage, thereby 
declining oxidative injury. A cancer cell produces energy by glycolysis known as the Warburg 
effect. So, it is suggested that MAS inhibition might be an excellent candidate for overt DOX 
toxicity, without affecting the anticancer drug’s effects [29].

DOX directly affects oxidative phosphorylation enzymes, e.g., NADH dehydrogenase, Rieske 
iron sulfur protein, succinate dehydrogenase, cyclooxygenase, CK, carnitine palmitoyltransfer-
ase, fatty acid β-oxidation-related enzymes, as well as the translocation of phosphate and pyruvate 
to the mitochondrial matrix. DOX reduces fatty acid β-oxidation by blocking fatty acid transfer 
protein to mitochondria, resulting in an increase in the pyruvate dehydrogenase complex, which 
is a rate-limiting enzyme of glycolysis. The other effect of DOX metabolism is that the triosephos-
phate isomerase enzyme essential for glucose metabolism can be inhibited by the treatment [14]. 
The anthracyline causes mitochondrial dysfunction, e.g., displacing α-enolase from mitochondria 
[30]. ATP synthesis is decreased in both the cytosol and mitochondria by DOX [90].

7. Conclusion

It is impossible to ignore DOX therapy from cancer patients’ treatment due to its inevitable 
chemotherapeutic efficiency on a variety of cancers. Unfortunately, there is limited knowledge 
available on DOX’s cardiotoxicity, particularly mitochondriopathy. This is why the molecu-
lar clarifying mechanism of DOX’s myocardial and mitochondrial toxicities will hopefully 
overcome the side effects and increase the survival rate of cancer patients as well. Therefore, 
further studies are needed to evaluate the detrimental effects of DOX on mitochondria to 
restore its limited utilization in cancer patients’ therapy.
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and skin. Cardiac cCK has two forms as a homodimer (MMCK and/or BBCK) or heterodimer 
(MBCK), which is a cardiac-specific form [24]. According to this knowledge, it is said that 
MBCK can usually be determined as an indicator of a heart attack. sMtCK is the mainly octa-
meric form [24] and places the outer intermembrane space and mitochondrial cristae between 
membranal protein ANT in the inner membrane and VDAC in the outer layer [24]). MtCK 
has high affinity to cardiolipin [14] and the outer surface of the inner mitochondrial mem-
brane [24]. It must not be forgotten that DOX has a great relationship with cardiolipin. So, 
one of DOX’s targets is MtCK. Moreover, DOX oxidizes MtCK at cysteine residues. Besides 
oxidation, DOX leads to inactivation of MtCK, resulting in enhanced embryonic CK isoform 
expression [14].

MtCK can efficiently produce PCr from creatine [24, 43]. Transformation of creatine to PCr 
firmly binds between energy generation and utilization. MtCK, an octameric, accompanies 
ANT, and VDAC (porin) [43]. ANT can transfer ADP to matrix space. Then, ADP resynthe-
sizes ATP through oxidative phosphorylation. However, PCr can be sent to the cytosol via 
VDAC [24]. PCr is utilized by cCK to maintain the subcellular local ATP/ADP ratio [24].

Although DOX inactivates all CK, MtCK is especially destroyed [43] by the drug through dis-
sociation of its structure from octamer to dimer [24, 43] or infusion of binding MtCK at mito-
chondrial membranes, such as cardiolipin [24]. Moreover, cardiac MtCK has been reported to 
be more sensitive to DOX than uMtCK, leading to selective toxicity in heart tissue. The inacti-
vation of MtCK by DOX is linked to the drug’s dosage. At a low dose below 100 μM, MtCK’s 
inactivation occurs because of DOX’s redox modification from its cysteine residues. Its high 
treatment, however, depresses MtCK due to ROS production. Furthermore, DOX and MtCK 
have been indicated to have a standard feature, they tend to attach an inner mitochondrial 
membrane, providing high DOX concentration around the MtCK. Additionally, when DOX 
is activated by peroxidase/H2O2, CK inhibition via DOX accelerates. The inhibition is linked 
to oxidative and nitrous stress, which means that CK is very vulnerable to the redox status of 
cells. Even a 2 μM DOX concentration has been reported to lead to dimerization of MtCK (ordi-
narily octameric), and augment the inhibition and dimerization at a 20 μM intensity. Also, it is 
indicated that total CK activity has been noticed to reduce (by nearly 20%) for DOX treatment 
concentrated at 20 μM. Under this circumstance, CK has still been maintaining its function due 
to a compensatory mechanism, which reduces MCK (a myofibrillar isoform) and high BCK 
(a fetal isoform) that is elevated by heart failure or cardiac hypertrophy. It is vital to know 
that CK shift is reported to be within 1 h at 2 μM of DOX. So, CK system dysfunction might 
probably participate in DOX-mediated heart failure. MtCK inhibition by dimerization not only 
causes energy transfer from mitochondria to the cytosol but also influences the mitochondrial 
respiratory chain. Moreover, this inhibition destroys the three-modal interaction between 
MtCK, ANT, and VDAC, which means that MtCK plays a role in MPT. So, damage to the 
modal interaction could first trigger apoptosis. Besides programmed cell death, myofibrillar 
CK functionally integrates with SERCA. When a CK defect occurs, cytosolic Ca2+ balance is 
destroyed, leading to defects in contraction and relaxation coupling due to Ca2+ accumulation. 
Ca2+accumulation could also trigger apoptosis. This is why dysfunction of CK causes innate 
apoptosis in two ways [43].
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Besides the CK shuttle, the malate–aspartate shuttle (MAS) has a role in declining traffic 
equivalents between mitochondria and the cytosol. Moreover, TCA and MAS have demon-
strated to be associated with each other physically. This interaction provides a direct reason 
for metabolic alternation of the mitochondrial matrix to the cytosol. MAS suppression in the 
heart has been proposed to reduce mitochondrial respiration before cardiac damage, thereby 
declining oxidative injury. A cancer cell produces energy by glycolysis known as the Warburg 
effect. So, it is suggested that MAS inhibition might be an excellent candidate for overt DOX 
toxicity, without affecting the anticancer drug’s effects [29].

DOX directly affects oxidative phosphorylation enzymes, e.g., NADH dehydrogenase, Rieske 
iron sulfur protein, succinate dehydrogenase, cyclooxygenase, CK, carnitine palmitoyltransfer-
ase, fatty acid β-oxidation-related enzymes, as well as the translocation of phosphate and pyruvate 
to the mitochondrial matrix. DOX reduces fatty acid β-oxidation by blocking fatty acid transfer 
protein to mitochondria, resulting in an increase in the pyruvate dehydrogenase complex, which 
is a rate-limiting enzyme of glycolysis. The other effect of DOX metabolism is that the triosephos-
phate isomerase enzyme essential for glucose metabolism can be inhibited by the treatment [14]. 
The anthracyline causes mitochondrial dysfunction, e.g., displacing α-enolase from mitochondria 
[30]. ATP synthesis is decreased in both the cytosol and mitochondria by DOX [90].

7. Conclusion

It is impossible to ignore DOX therapy from cancer patients’ treatment due to its inevitable 
chemotherapeutic efficiency on a variety of cancers. Unfortunately, there is limited knowledge 
available on DOX’s cardiotoxicity, particularly mitochondriopathy. This is why the molecu-
lar clarifying mechanism of DOX’s myocardial and mitochondrial toxicities will hopefully 
overcome the side effects and increase the survival rate of cancer patients as well. Therefore, 
further studies are needed to evaluate the detrimental effects of DOX on mitochondria to 
restore its limited utilization in cancer patients’ therapy.
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Abstract

Ethanol is a licit drug consumed by a large part of the population, from adolescence 
to adulthood. High ethanol consumption is a public health problem due to its addic-
tiveness and the risk it produces of developing other diseases, including cardiovascu-
lar, hepatic, and mental pathologies. Different patterns of ethanol consumption and its 
toxic effects in the brain have been reported. Current studies suggest to mitochondria, 
one of the principal mediators for ethanol neurotoxicity. In this chapter, we will review 
the effects of ethanol on neurons in different scenarios of ethanol consumption and its 
relation with mitochondrial function. Finally, we will propose a mechanism of ethanol 
toxicity in which the mitochondria are the main mediator and in which the mitochon-
drial alterations correlate with the severity of ethanol consumption. Thus, improving 
mitochondrial health of brain cells could be considered as a potential therapeutic target 
to treat ethanol-associated disorders.

Keywords: ethanol, mitochondria, oxidative stress, neurodegeneration

1. Introduction

Ethanol is the most licit addictive drug worldwide, and its consumption in excess is the third 
leading cause of death in the world [1]. Global ethanol consumption is 6.2 L of pure ethanol 
per person, with 15 years or older, which corresponds to 13.5 g of pure ethanol per day [2, 3]. 
Ethanol abuse is a health concern, which can lead to problems associated with alcoholism and 
increases the risk factor for other diseases such as cardiovascular disease, cirrhosis, dementia, 
and depression [4]. Socially, ethanol abuse can trigger other problems as well as violence, low 
productivity at work, traffic accidents, and crime [5].
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Ethanol is a licit drug consumed by a large part of the population, from adolescence 
to adulthood. High ethanol consumption is a public health problem due to its addic-
tiveness and the risk it produces of developing other diseases, including cardiovascu-
lar, hepatic, and mental pathologies. Different patterns of ethanol consumption and its 
toxic effects in the brain have been reported. Current studies suggest to mitochondria, 
one of the principal mediators for ethanol neurotoxicity. In this chapter, we will review 
the effects of ethanol on neurons in different scenarios of ethanol consumption and its 
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mitochondrial health of brain cells could be considered as a potential therapeutic target 
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1. Introduction

Ethanol is the most licit addictive drug worldwide, and its consumption in excess is the third 
leading cause of death in the world [1]. Global ethanol consumption is 6.2 L of pure ethanol 
per person, with 15 years or older, which corresponds to 13.5 g of pure ethanol per day [2, 3]. 
Ethanol abuse is a health concern, which can lead to problems associated with alcoholism and 
increases the risk factor for other diseases such as cardiovascular disease, cirrhosis, dementia, 
and depression [4]. Socially, ethanol abuse can trigger other problems as well as violence, low 
productivity at work, traffic accidents, and crime [5].
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Excessive ethanol use results in brain intoxication, leading to motor and behavior alterations, 
and eventually to death as a consequence of the depressive effects on the central nervous sys-
tem (CNS) [6]. These effects result in simultaneous alterations in neuronal circuits including 
the prefrontal cortex, which controls behavior [7]; the cerebellum, which regulates movement 
and coordination [8]; the frontal lobe, which controls emotions [9]; the reticular activating 
system, which determines the sleep-wake cycle [10]; the hippocampus, which mediates learn-
ing and memory [8]; and the medulla, which controls vital functions [6]. Ethanol intoxica-
tion induces cellular damage and neuronal death [11]. The precise mechanism participating 
in ethanol toxicity in the brain is unknown. However, at the cellular level, ethanol impairs 
the neurotransmitters signaling [12]. Also, ethanol promotes reactive oxygen species (ROS) 
production [13] and activates inflammatory processes [14]. Altogether these events could be 
responsible for ethanol-induced damage in the brain.

Mitochondria are dynamic organelles, which regulate the production of ATP, redox balance, 
and calcium homeostasis in the neuron [15]. Interestingly, many effectors described in ethanol 
toxicity are directly or indirectly related to mitochondria. Mitochondria are the main source 
of ROS in the brain, and they are mainly affected by the oxidative damage induced by ethanol 
intoxication [16]. Likewise, dysfunctional mitochondria play a role in inducing proinflam-
matory events [17]. Finally, during synaptic process, ATP production and calcium buffering 
capacity produced by mitochondria are critical [18, 19]; therefore, mitochondrial injury may 
have severe consequences on neuronal communication.

In fact, evidence suggests that ethanol produces catastrophic changes in the mitochondria of 
organs such as liver [20] and heart [21], and over the last decade, many studies have reported 
the toxicity of ethanol to the brain’s mitochondria [22, 23]. Briefly, ethanol increases ROS 
production [23], alters mitochondrial respiration [23, 24], impairs ATP production [22, 25], 
and eventually induces cell death by opening the mitochondrial permeability transition pore 
(mPTP) [26], observed both in vitro and in vivo [27].

In this chapter, we will discuss the effects of ethanol toxicity in the brain, focusing on the mito-
chondria. We will describe the specific ethanol-induced alterations to mitochondrial integrity, 
dynamics, and bioenergetics in different scenarios of ethanol exposure including:

1. Acute ethanol toxicity, corresponding to the consumption of high ethanol concentrations 
for a short period, spanning over hours, and even days [26].

2. Hangover, a common term to describe the physical effects following excessive ethanol con-
sumption. Veisalgia is the uncommonly used medical name for this condition [25].

3. Chronic ethanol consumption, a condition where ethanol intake lasts 3 months or more. 
High concentrations of ethanol consumed over time can trigger ethanol use disorder (AUD), 
commonly called alcoholism [23].

4. Ethanol withdrawal, a condition observed in individuals who have consumed a high 
amount of ethanol for a prolonged period followed by cessation in ethanol intake. Com-
mon symptoms are anxiety and shakiness, seizures, and eventually death [22].
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5. Binge drinking ethanol consumption characterized by a short period of heavy ethanol con-
sumption followed by a period of abstinence and by intermittent ethanol intake [28].

Finally, we will discuss evidence suggesting that mitochondrial dysfunction is a potential 
mechanism by which ethanol promotes neurotoxicity, placing ethanol intoxication as a mito-
chondrial disease.

2. Patterns of ethanol consumption: mitochondrial alterations

2.1. Acute ethanol consumption

Acute ethanol consumption refers to a high ingestion of ethanol at a rate faster than that at 
which the body can metabolize it. Acute ethanol intoxication leads to brain injury, resulting 
in significant alterations of brain structure and function, and induces neuronal apoptosis and 
neurodegeneration in mouse, rat, and cellular models [11, 29–33].

Although several studies have tried to explain how acute ethanol administration induces 
brain injury, data on pathophysiology and underlying molecular and cellular mechanisms 
are still insufficient [34]. One of the possible theories was shown in vitro. Acute ethanol expo-
sure induces neuronal apoptosis and changes to the neuronal structure, which could be 
related to the development of mature synapses and lead to a deficit in brain development 
[35]. Another alternative is that ethanol triggers inflammatory processes by activating toll-like 
receptor (TLR4) signaling and down-regulating autophagy pathways that trigger cell death 
[36]. However, and most importantly, oxidative stress appears to be the main mechanism for 
explaining brain injury mediated by ethanol. Oxidative stress is significantly increased fol-
lowing ethanol administration in several animal and cellular models [32, 37–39].

Rats exposed to ethanol through gavage administration showed an increase in inflammatory 
and oxidative stress markers in the brain 1 h post ethanol exposure [38]. Also, pre-treatment 
for 3 days with 150 mg/kg of antioxidant vitamin E decreased inflammation, an effect that 
is not observed with other antioxidants such as N-acetylcysteine (NAC) or selenium [38]. 
Similarly, ethanol-related increases in ROS generation are a prime factor in ethanol neuro-
toxicity. Primary cortical neurons treated with 2.5 mg/mL ethanol for 24 h elicit a rapid onset 
of oxidative stress, which resulted in mitochondria-dependent apoptotic cell death both in 
cultured fetal rat cortical neurons and during embryonic development [32, 39]. Also, ethanol 
downregulates protective cellular antioxidant content in this neuronal model, thus seriously 
disturbing the cellular redox state [32]. Indeed, pretreatment with NAC increased cellular 
glutathione and prevented apoptosis, suggesting that oxidative stress precedes a cascade of 
events mediated by mitochondria. Prevention of apoptosis with NAC antioxidant supports 
the role of oxidative stress in neuronal death [32].

The mitochondria appear to be a major target of ethanol toxicity in the brain. Some studies 
suggest that disturbances of the integrity of the mitochondrial membrane are essential for 
 ethanol-induced cell death in mitochondria isolated from ethanol-exposed fetal brains [40]. 
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and coordination [8]; the frontal lobe, which controls emotions [9]; the reticular activating 
system, which determines the sleep-wake cycle [10]; the hippocampus, which mediates learn-
ing and memory [8]; and the medulla, which controls vital functions [6]. Ethanol intoxica-
tion induces cellular damage and neuronal death [11]. The precise mechanism participating 
in ethanol toxicity in the brain is unknown. However, at the cellular level, ethanol impairs 
the neurotransmitters signaling [12]. Also, ethanol promotes reactive oxygen species (ROS) 
production [13] and activates inflammatory processes [14]. Altogether these events could be 
responsible for ethanol-induced damage in the brain.

Mitochondria are dynamic organelles, which regulate the production of ATP, redox balance, 
and calcium homeostasis in the neuron [15]. Interestingly, many effectors described in ethanol 
toxicity are directly or indirectly related to mitochondria. Mitochondria are the main source 
of ROS in the brain, and they are mainly affected by the oxidative damage induced by ethanol 
intoxication [16]. Likewise, dysfunctional mitochondria play a role in inducing proinflam-
matory events [17]. Finally, during synaptic process, ATP production and calcium buffering 
capacity produced by mitochondria are critical [18, 19]; therefore, mitochondrial injury may 
have severe consequences on neuronal communication.

In fact, evidence suggests that ethanol produces catastrophic changes in the mitochondria of 
organs such as liver [20] and heart [21], and over the last decade, many studies have reported 
the toxicity of ethanol to the brain’s mitochondria [22, 23]. Briefly, ethanol increases ROS 
production [23], alters mitochondrial respiration [23, 24], impairs ATP production [22, 25], 
and eventually induces cell death by opening the mitochondrial permeability transition pore 
(mPTP) [26], observed both in vitro and in vivo [27].

In this chapter, we will discuss the effects of ethanol toxicity in the brain, focusing on the mito-
chondria. We will describe the specific ethanol-induced alterations to mitochondrial integrity, 
dynamics, and bioenergetics in different scenarios of ethanol exposure including:

1. Acute ethanol toxicity, corresponding to the consumption of high ethanol concentrations 
for a short period, spanning over hours, and even days [26].

2. Hangover, a common term to describe the physical effects following excessive ethanol con-
sumption. Veisalgia is the uncommonly used medical name for this condition [25].

3. Chronic ethanol consumption, a condition where ethanol intake lasts 3 months or more. 
High concentrations of ethanol consumed over time can trigger ethanol use disorder (AUD), 
commonly called alcoholism [23].

4. Ethanol withdrawal, a condition observed in individuals who have consumed a high 
amount of ethanol for a prolonged period followed by cessation in ethanol intake. Com-
mon symptoms are anxiety and shakiness, seizures, and eventually death [22].
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5. Binge drinking ethanol consumption characterized by a short period of heavy ethanol con-
sumption followed by a period of abstinence and by intermittent ethanol intake [28].

Finally, we will discuss evidence suggesting that mitochondrial dysfunction is a potential 
mechanism by which ethanol promotes neurotoxicity, placing ethanol intoxication as a mito-
chondrial disease.

2. Patterns of ethanol consumption: mitochondrial alterations

2.1. Acute ethanol consumption

Acute ethanol consumption refers to a high ingestion of ethanol at a rate faster than that at 
which the body can metabolize it. Acute ethanol intoxication leads to brain injury, resulting 
in significant alterations of brain structure and function, and induces neuronal apoptosis and 
neurodegeneration in mouse, rat, and cellular models [11, 29–33].

Although several studies have tried to explain how acute ethanol administration induces 
brain injury, data on pathophysiology and underlying molecular and cellular mechanisms 
are still insufficient [34]. One of the possible theories was shown in vitro. Acute ethanol expo-
sure induces neuronal apoptosis and changes to the neuronal structure, which could be 
related to the development of mature synapses and lead to a deficit in brain development 
[35]. Another alternative is that ethanol triggers inflammatory processes by activating toll-like 
receptor (TLR4) signaling and down-regulating autophagy pathways that trigger cell death 
[36]. However, and most importantly, oxidative stress appears to be the main mechanism for 
explaining brain injury mediated by ethanol. Oxidative stress is significantly increased fol-
lowing ethanol administration in several animal and cellular models [32, 37–39].

Rats exposed to ethanol through gavage administration showed an increase in inflammatory 
and oxidative stress markers in the brain 1 h post ethanol exposure [38]. Also, pre-treatment 
for 3 days with 150 mg/kg of antioxidant vitamin E decreased inflammation, an effect that 
is not observed with other antioxidants such as N-acetylcysteine (NAC) or selenium [38]. 
Similarly, ethanol-related increases in ROS generation are a prime factor in ethanol neuro-
toxicity. Primary cortical neurons treated with 2.5 mg/mL ethanol for 24 h elicit a rapid onset 
of oxidative stress, which resulted in mitochondria-dependent apoptotic cell death both in 
cultured fetal rat cortical neurons and during embryonic development [32, 39]. Also, ethanol 
downregulates protective cellular antioxidant content in this neuronal model, thus seriously 
disturbing the cellular redox state [32]. Indeed, pretreatment with NAC increased cellular 
glutathione and prevented apoptosis, suggesting that oxidative stress precedes a cascade of 
events mediated by mitochondria. Prevention of apoptosis with NAC antioxidant supports 
the role of oxidative stress in neuronal death [32].

The mitochondria appear to be a major target of ethanol toxicity in the brain. Some studies 
suggest that disturbances of the integrity of the mitochondrial membrane are essential for 
 ethanol-induced cell death in mitochondria isolated from ethanol-exposed fetal brains [40]. 
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For example, ethanol treatment for 24 h decreased ATP production and apparently impaired 
mitochondrial function [41]. Also, ethanol treatment reduced peroxisome proliferator-
activated receptor-gamma coactivator 1alpha (PGC-1α) promoter activity and expression. 
PCG-1α [41] is a transcriptional coactivator of peroxisome proliferator-activated gamma 
receptors (PPARγ) that regulates energy metabolism and mitochondrial biogenesis in the 
brain [42, 43]. These ethanol-mediated changes in PCG-1α could be involved in mitochondrial 
dysfunction and oxidative damage. In contrast, the overexpression of PCG-1α has shown pro-
tective effects against ethanol-induced neuronal death and toxicity [41].

Several reports indicate that acute ethanol induces neuronal death [44]. Bax is a proapoptotic 
protein that when it is activated, it is translocated to the mitochondrial membrane. In pri-
mary neuronal cultures, Bax dimerizes with protein inhibitors of apoptosis, such as Bcl-2 and 
Bcl-xL, in response to ethanol exposure, leading to cell death [44]. Ethanol exposure disrupts 
the mitochondrial membrane potential, increases ROS production, and finally induced apop-
tosis in cerebellar granule cells [45–48]. Interestingly, Bax could also interact with the mPTP 
[49], a high-conductance mitochondrial channel, involved in the mitochondrial permeability 
to ions and small solutes [50–52]. These result in a reduction in mitochondrial potential [53], 
dysregulated calcium homeostasis [54], increased ROS formation [55], decreased ATP pro-
duction [56], and eventually lead to neuronal death [53].

Interestingly, ethanol treatment did not induce the mPTP opening in the isolated mitochon-
dria from mice brain, suggesting that ethanol does not affect mitochondrial health directly in 
neurons [26]. Further studies showed that ethanol administration transiently decreased the 
oxygen consumption rate of the mouse brain, an effect that disappeared 24 h after the ethanol 
treatment ceased [26]. However, this impairment of mitochondrial respiratory function could 
contribute to spatial learning and memory impairment observed in young mice [57], and to 
the deficit in the nociceptive response, showed in infant mice [26]. Interestingly, mice treat-
ment with mPTP inhibitors, such as cyclosporine A and nortriptyline, before the first ethanol 
injection improved the behavior of ethanol-exposed animals [26], highlighting the importance 
of mPTP opening in acute ethanol intoxication, despite that probably is an indirect effect.

All these evidences indicate that acute ethanol exposure induces an increase in the production 
of ROS that finally could lead to mitochondrial dysfunction through the opening of mPTP.

2.2. Hangover

In humans, a hangover is a physiological state that involves an unpleasant next day sensation 
following an evening of excessive ethanol consumption [58]. Hangover begins when ethanol 
is absent in plasma and is characterized by symptoms such as headaches, nausea, diarrhea, 
fatigue, tremor, combined with decreased functional, cognitive, or visual-spatial skill perfor-
mance [59, 60]. This state has grave implications for activities such as job performance and 
driving [61, 62]. In different animal models, the hangover has been studied to provide insights 
into the physiological and behavioral changes that occur in this period [63, 64]. Some of these 
studies have reported decreased locomotor activity in adult rats [65].
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Acetaldehyde, an ethanol metabolite, is the leading cause of hangover [66]. Acetaldehyde 
causes steatohepatitis, a condition characterized by inflammation of the liver with fat accu-
mulation in this organ, hepatic cirrhosis, and downregulation of aldehyde dehydrogenase 2 
(ALD2) expression due to mitochondrial dysfunction [67]. In the brain, an association between 
hangover and mitochondrial dysfunction has been proposed [68–70].

During the hangover state, alterations like the impairment in motor performance have been 
associated with mitochondrial dysfunction [68]. In mice studies using the ethanol hangover 
onset protocol, animals showed impaired motor performance that could be the result of dis-
turbed motor control [68]. Because motor performance is associated with the cerebellar func-
tion, the effects of the hangover were evaluated in cerebellum. Mitochondria isolated from the 
cerebellum of AHO mice revealed that at the onset of ethanol hangover, malate-glutamate- 
and succinate-supported oxygen uptake is increased, accompanied by the decreased activity 
of mitochondrial I–III and IV respiratory complexes and reduced mitochondrial membrane 
potential [69]. Additionally, the opening of mPTP was reported [69]. Furthermore, the activity 
of antioxidant enzymes was also differentially affected; superoxide dismutase (SOD) and the 
monoamine oxidase (MAO) enzyme showed increased activity [69], whereas both catalase 
(CAT) and glutathione peroxidase (GPx) had decreased activity [69]. In this same context, 
neuronal nitric oxide synthase (nNOS) expression was reduced [69], indicating a specific 
effect of ethanol against oxidative defenses in hangover.

In the brain cortex, isolated mitochondria had increased hydrogen peroxide (H2O2) levels 
in ethanol hangover conditions [68]. Moreover, mitochondrial activity of I–III, II–III, and IV 
respiratory complexes and the membrane potential are reduced in hangover [68]. Also, in 
mitochondria from the brain cortex, NO production and NOS expression were decreased [68], 
and synaptic mitochondrial function was significantly affected [68]. Finally, mitochondria 
from the brain cortex of hangover mice are more prone to suffer damage, due to the opening 
of mPTP with dramatic consequences to neural cell survival [68].

Interestingly, hangover provokes an imbalance in cellular redox homeostasis in isolated 
mitochondria in AHO mice brain cortex [70]. Decreased activity of both CAT and SOD 
enzymes accompanied by increased MAO activity was reported in mitochondria from both 
nonsynaptic extracts and synaptosome, whereas the GSH/GSSG ratio was decreased only in 
synaptosome mitochondria, with a reduction in both GPx and glutathione reductase (GR) 
and an increase in glutathione S-transferase (GST) [70]. Also, H2O2 levels were higher in 
both mitochondrial pools [70], and treatment with diphenyl (a MAO inhibitor) prevented 
this increase in AHO in both non synaptic and synaptic mitochondria [70]. Altogether, 
these results show that ethanol hangover produces an imbalance in mitochondrial redox 
state, indicated by an overproduction of ROS and a decrease of antioxidant agents [70]. 
This evidence is consistent with previous studies that described oxidative stress as a key 
element of the hangover syndrome and suggests that antioxidants could suppress the tox-
icity caused by ethanol [71]. In fact, the importance of the antioxidant imbalance was con-
firmed by the administration of natural products to treat hangover mainly in liver and 
brain [72].
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the deficit in the nociceptive response, showed in infant mice [26]. Interestingly, mice treat-
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injection improved the behavior of ethanol-exposed animals [26], highlighting the importance 
of mPTP opening in acute ethanol intoxication, despite that probably is an indirect effect.

All these evidences indicate that acute ethanol exposure induces an increase in the production 
of ROS that finally could lead to mitochondrial dysfunction through the opening of mPTP.
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In humans, a hangover is a physiological state that involves an unpleasant next day sensation 
following an evening of excessive ethanol consumption [58]. Hangover begins when ethanol 
is absent in plasma and is characterized by symptoms such as headaches, nausea, diarrhea, 
fatigue, tremor, combined with decreased functional, cognitive, or visual-spatial skill perfor-
mance [59, 60]. This state has grave implications for activities such as job performance and 
driving [61, 62]. In different animal models, the hangover has been studied to provide insights 
into the physiological and behavioral changes that occur in this period [63, 64]. Some of these 
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of antioxidant enzymes was also differentially affected; superoxide dismutase (SOD) and the 
monoamine oxidase (MAO) enzyme showed increased activity [69], whereas both catalase 
(CAT) and glutathione peroxidase (GPx) had decreased activity [69]. In this same context, 
neuronal nitric oxide synthase (nNOS) expression was reduced [69], indicating a specific 
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in ethanol hangover conditions [68]. Moreover, mitochondrial activity of I–III, II–III, and IV 
respiratory complexes and the membrane potential are reduced in hangover [68]. Also, in 
mitochondria from the brain cortex, NO production and NOS expression were decreased [68], 
and synaptic mitochondrial function was significantly affected [68]. Finally, mitochondria 
from the brain cortex of hangover mice are more prone to suffer damage, due to the opening 
of mPTP with dramatic consequences to neural cell survival [68].

Interestingly, hangover provokes an imbalance in cellular redox homeostasis in isolated 
mitochondria in AHO mice brain cortex [70]. Decreased activity of both CAT and SOD 
enzymes accompanied by increased MAO activity was reported in mitochondria from both 
nonsynaptic extracts and synaptosome, whereas the GSH/GSSG ratio was decreased only in 
synaptosome mitochondria, with a reduction in both GPx and glutathione reductase (GR) 
and an increase in glutathione S-transferase (GST) [70]. Also, H2O2 levels were higher in 
both mitochondrial pools [70], and treatment with diphenyl (a MAO inhibitor) prevented 
this increase in AHO in both non synaptic and synaptic mitochondria [70]. Altogether, 
these results show that ethanol hangover produces an imbalance in mitochondrial redox 
state, indicated by an overproduction of ROS and a decrease of antioxidant agents [70]. 
This evidence is consistent with previous studies that described oxidative stress as a key 
element of the hangover syndrome and suggests that antioxidants could suppress the tox-
icity caused by ethanol [71]. In fact, the importance of the antioxidant imbalance was con-
firmed by the administration of natural products to treat hangover mainly in liver and 
brain [72].
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In line with the anterior, melatonin pretreatment prevented the impairment of motor per-
formance and mitochondrial function during ethanol hangover [73]. Melatonin is a hor-
mone mostly secreted by the pineal gland during the night in mammals [74]. Melatonin 
and its metabolites are endogenous free-radical scavengers and antioxidants [75–77]. The 
effects of melatonin pretreatment in AHO were evaluated, and it was reported that mela-
tonin improved motor coordination [73] and partially prevent the decrease in malate-glu-
tamate-dependent oxygen uptake [73]. Interestingly, decreased mitochondrial potential 
and overproduction of H2O2 and NO induced by ethanol hangover also were prevented by 
melatonin [73].

In summary, ethanol hangover affects ROS production and reduces the antioxidant activity in 
different brain regions. These events could lead to mitochondrial membrane depolarization 
and dysfunction of the respiratory activity, reducing the ATP production and favoring the 
opening of mPTP. ATP deficiency in the cortex and cerebellar synapses could be the cause of 
deterioration of motor coordination. More studies are necessary to understand the real impli-
cations of mitochondria on brain function during hangover state.

2.3. Chronic ethanol consumption

The chronic ethanol consumption severely affects mental and physical health, including the 
development of alcohol dependence and neurological, cardiovascular, and hepatic diseases, 
among others [24, 78–80]. This type of ethanol intake is characterized by the difficulty of 
controlling the ingestion of ethanol. In this condition, the person is highly dependent and 
consumes it whenever possible, ingesting highly dangerous levels despite the negative con-
sequences [81–83]. High ethanol consumption can lead to serious health, mental, and social 
problems [84, 85]. Among these alterations, the alcohol use disorder (AUD) [78, 86] is defined 
by the diagnostic and statistical manual of mental disorders (DSM-V), as a pattern of habitual 
drinking of excessive amounts of ethanol over a prolonged period [78].

Chronic ethanol consumption or AUD produces neurobiological changes that lead to an 
increase in unsafe behaviors, impulsivity, and anxiety [78]. Researchers have shown that reg-
ular consumption of alcoholic beverages damages the CNS, affecting cerebral activity, motor 
coordination, and behavior and developing neurodegeneration and neurocognitive deficits 
through exacerbated oxidative stress and excitotoxicity [24, 87, 88].

At the cellular level, ethanol induces activation of inflammatory and degenerative processes in 
the brain [88, 89]. Ethanol affects neuronal communication by altering the synthesis, release, 
and signaling of neurotransmitters [90], including glutamate, dopamine, and GABA [88, 90, 
91]. Studies performed in human alcoholics have demonstrated that alterations in dopamine 
signaling induced by chronic ethanol consumption produce alterations in the prefrontal cor-
tex, resulting in deficits in executive functions. Altogether, these affect the quality of life and 
also increase the probability of relapse [91, 92].

Recent studies in rat brain have shown that common alterations due to chronic ethanol con-
sumption, such as neuropathies and neurocognitive deficits, are associated with mitochon-
drial dysfunction [23, 24, 85]. Ethanol is toxic, and the most vulnerable organs are the liver 
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and the brain [93]. Ethanol is metabolized to acetaldehyde by the enzyme alcohol dehydroge-
nase and cytochrome P450 2E1. Acetaldehyde is highly toxic to nerve cells as it promotes oxi-
dative stress and apoptotic events [84, 93], and its generation and accumulation cause brain 
damage [23, 94]. In the brain, acetaldehyde is capable of interacting with neurotransmitters 
and generates an environment of oxidative stress, which affects cells, organelles, and biomol-
ecules with the mitochondria being the first affected organelle [23, 94].

In rats, chronic ethanol consumption causes alterations in mitochondrial function in the 
brain, increasing the ROS and reactive nitrogen species (RNS) production through the 
activity of NADPH oxidase and NOS and altering the electron transport chain activity, 
which leads to decreased ATP production [23, 24, 84, 94, 95]. This leads to the peroxidation 
of fatty acids, resulting in increased oxidative damage [95]. The brain is the most vulner-
able organ to oxidative injury, due to the high concentration of lipids in the neural mem-
branes, especially the polyunsaturated fatty acids of the phospholipids [23, 94]. These can 
be converted into hyperperoxidized lipids, which are unstable and quickly decompose to 
form new free radicals [23, 94, 95]. Chronic ethanol exposure also results in decreased anti-
oxidant capacity, by reducing SOD, CAT, GPx, and GR activities [90, 94, 95]. This altered 
redox state leads to alterations in Ca+2 homeostasis, increasing cytoplasmic Ca+2 levels and 
mitochondria uptake, which promotes ROS formation and destabilizes the electron trans-
port chain [90].

Interestingly, mice treated chronically with ethanol for 7–8 weeks present an altered glucose 
metabolism and transport in the brain [24]. Ethanol causes hypoglycemia, limiting the avail-
ability of glucose for the ATP formation. Also, it produces alterations in the expression of 
carnitine palmitoyltransferase (cPT) 1 and 2, an internal and external membrane mitochon-
drial enzyme, respectively, that regulate β-oxidation and ATP production [24]. Furthermore, 
in a mouse model of chronic ethanol consumption treated with acetyl-L-carnitine (ALC), a 
cofactor of cPT1 and cPT2, mitochondria health was reestablished increasing the oxidative 
phosphorylation and improving ATP production in mitochondria isolated from the brain [24]. 
Complementary studies showed that chronic ethanol consumption decreased the expression 
of the mitochondrial complexes I and V (ATP synthase) [24]. Additionally, chronic ethanol 
intake significantly increased the release of cytochrome-c [24], suggesting that ethanol affects 
the physical properties and functions of the mitochondria.

Excessive ethanol consumption also represents a risk during the pregnancy, which can result 
in fetal alcohol syndrome (FAS) [96]. Brain of prenatal ethanol-exposed fetuses showed 
increased apoptosis, possibly as a consequence of impaired function of mitochondria [96], 
increased ROS [97–99], and reduced activity of electron respiratory chain, which lead to 
decreased ATP production [96]. This could contribute to the malformations and developmen-
tal abnormalities observed previously in the fetuses with FAS [100].

Altogether, these studies indicate that chronic ethanol intake affects the mitochondrial struc-
ture and function, promoting the ROS production, altering substrate transport through the 
mitochondrial membrane, expression of the electron transport chain complex I and V, and 
ATP synthesis [24]. In conclusion, excessive ethanol consumption affects cognitive function 
and damages brain cells by a mechanism that involves mitochondrial dysfunction.
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2.4. Ethanol withdrawal

When ethanol consumption stops or is abruptly reduced after a prolonged period of elevated 
ingestion, a state of physical ethanol dependence characterized by the appearance of neuro-
logical manifestations is acquired [87, 101]. The symptoms include tremors, hallucinations, 
arrhythmias, seizures, and later delirium tremens [86, 87, 102]. The severity of symptoms is 
determined mainly by the degree of ethanol intake, time of ethanol consumption, and the 
previous history of ethanol withdrawal [101].

As it was described in the previous section, ethanol produces structural and molecular changes 
in the brain. It exerts a potent effect on synaptic plasticity and dendritic spine formation in 
specific brain regions, providing a neuroanatomical substrate for the pathophysiology of alco-
holism [82]. Dendritic spines are specialized protrusions on neuronal dendrites, considered 
the postsynaptic region of the excitatory synapses [103]. These structural changes induced by 
ethanol could affect the organization and function of the neural network and could explain 
the behavioral and cognitive alterations in alcoholic individuals [82]. Several studies have 
shown that abstinence from chronic ethanol consumption, and especially repeated with-
drawal, causes an abrupt decline in the number of dendritic spines in the amygdala and other 
important regions of the brain such as the prefrontal cortex, accompanied by an increase in 
behaviors similar to anxiety [82, 92].

In synapses, the synaptic mitochondria play a fundamental role in providing the ATP nec-
essary for diverse functions including vesicle exocytosis and neurotransmitter release, res-
toration of membrane potential through active transport, and recycling of receptors and 
neurotransmitters [18, 104]. The alterations described in the mitochondria of the cerebellum 
are of particular interest because ethanol intoxication triggers altered movement of lower 
limbs and the lack of voluntary coordination of muscles [105].

Ethanol withdrawal generates an excitatory effect in neurons from the cerebellum [106]. 
Ethanol promotes the activation of inhibitory GABA neurotransmission [107]; however, 
when ethanol concentrations are completely reduced, the excitatory transmission is overac-
tivated [108]. Excitatory activation is mediated by the overly release of glutamate, which in 
turn activates its receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) and N-methyl-D-aspartate (NMDA) [108]. The binding of glutamate to its receptors 
in neurons leads to a drastic increase of Ca2+ entry, inducing excitotoxicity that eventually 
leads to neuronal death [109]. In fact, the Ca2+concentrations in a synaptosomal membrane 
fraction obtained from rat cerebellum were greater during ethanol withdrawal episodes com-
pared with the period of ethanol consumption [110, 111].

The excessive uptake of Ca2+ by the neurons results in an increased in the Ca2+ uptake by 
the mitochondria, which in turn leads to overproduction of ROS and a decreased antioxi-
dant response [22]. In a rat model of ethanol withdrawal, lipid peroxidation and mito-
chondrial protein oxidation is increased in the cortex, hippocampus and more drastically 
in the cerebellum [112]. During ethanol withdrawal, ATP production also is decreased 
in neurons from the cerebellum [113]; resulting in reduced cellular energy in this brain 
region. The high Ca2+ concentrations in the mitochondria can ultimately lead to prolonged 
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opening of mPTP [114, 115]. Therefore, ethanol withdrawal toxicity is probably medi-
ated by mitochondrial dysfunction, which implicates an imbalance in the redox state, 
decreased ATP production, and prolonged mPTP opening due to high Ca+2 overload in 
the mitochondria.

2.5. Binge drinking

Binge drinking is a recurrent pattern of ethanol consumption, characterized by a short period 
of heavy ethanol consumption followed by a period of abstinence, which continue with inter-
mittent high ethanol consumption [116]. Binge drinking is common during adolescence [117] 
and relatively little is known about its effects and potential toxicity mechanisms. Binge drink-
ing is described as the intake of four drinks in women and five drinks in men in a period less 
than 2 h [118]. It is of great interest to understand the damaging effects of binge drinking in 
the brain [119], mainly because the adolescent brain is more sensitive to ethanol toxicity than 
that of the adult brain [120, 121].

Rats trained to self-administration of binge-like ethanol is associated with the develop-
ment of depression-like symptoms [122], which could be a result of decreased survival 
and differentiation of neural progenitor cells in the hippocampus, finally resulting in 
decreased adult neurogenesis [122]. Additionally, ethanol binge drinking induces neuro-
inflammation, such as indicated by the activation of innate immune receptors TLRs and by 
an increase in the expression of the inflammatory cytokines TNFα and IL-1β, and demy-
elination suggested by significantly reducing the levels of the myelin proteins myelin basic 
protein (MBP) and myelin oligodendrocyte glycoprotein (MOG) in the prefrontal cortex 
[123]. Also, adolescent binge-like ethanol consumption produced alterations to cognitive 
processes associated with the prefrontal cortex in adulthood [124]. Changes in executive 
functions, reduced anxiety, and disinhibition in the exploratory behavior were observed 
after ethanol exposure [124]. In addition, increase in the resistance to the extinction of 
ethanol-seeking behavior in adult rats trained to self-administer ethanol [124]. Studies in 
rats that simulate the adolescent binge drinking pattern also reported memory and motor 
alterations [125].

In other murine model of binge drinking, rats pups were exposed to ethanol consumption at 
postnatal day 25 (PND25) (3.0 g⁄kg), during 2 consecutive days, with gaps of 2 days without 
injections, during 2 weeks [28]. Then, 24 h or 20 days after the final ethanol administration, the 
animals were used to evaluate cognitive and motor functions. The results revealed that binge 
drinking treatment impaired conditional discrimination learning, motor learning, and recog-
nition memory during adolescence and in the adult stage [28]. Additionally, binge drinking 
ethanol treatment increases cyclooxygenase (COX-2) and inducible NOS (iNOS) levels and 
cell death in the neocortex, hippocampus, and cerebellum 24 h after administration. These 
effects, as well as the cognitive alterations, were prevented by the administration of indo-
methacin, a COX-2 inhibitor [28]. Interestingly, new reports have showed that mitochondrial 
dysfunction promotes brain inflammatory response, which in turn could induce an additional 
mitochondrial damage in a positive feedback loop induced of toxicity induced by ethanol, 
which could be reverted by the indomethacin treatment [17].
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limbs and the lack of voluntary coordination of muscles [105].
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Ethanol promotes the activation of inhibitory GABA neurotransmission [107]; however, 
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tivated [108]. Excitatory activation is mediated by the overly release of glutamate, which in 
turn activates its receptors such as α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
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opening of mPTP [114, 115]. Therefore, ethanol withdrawal toxicity is probably medi-
ated by mitochondrial dysfunction, which implicates an imbalance in the redox state, 
decreased ATP production, and prolonged mPTP opening due to high Ca+2 overload in 
the mitochondria.

2.5. Binge drinking

Binge drinking is a recurrent pattern of ethanol consumption, characterized by a short period 
of heavy ethanol consumption followed by a period of abstinence, which continue with inter-
mittent high ethanol consumption [116]. Binge drinking is common during adolescence [117] 
and relatively little is known about its effects and potential toxicity mechanisms. Binge drink-
ing is described as the intake of four drinks in women and five drinks in men in a period less 
than 2 h [118]. It is of great interest to understand the damaging effects of binge drinking in 
the brain [119], mainly because the adolescent brain is more sensitive to ethanol toxicity than 
that of the adult brain [120, 121].

Rats trained to self-administration of binge-like ethanol is associated with the develop-
ment of depression-like symptoms [122], which could be a result of decreased survival 
and differentiation of neural progenitor cells in the hippocampus, finally resulting in 
decreased adult neurogenesis [122]. Additionally, ethanol binge drinking induces neuro-
inflammation, such as indicated by the activation of innate immune receptors TLRs and by 
an increase in the expression of the inflammatory cytokines TNFα and IL-1β, and demy-
elination suggested by significantly reducing the levels of the myelin proteins myelin basic 
protein (MBP) and myelin oligodendrocyte glycoprotein (MOG) in the prefrontal cortex 
[123]. Also, adolescent binge-like ethanol consumption produced alterations to cognitive 
processes associated with the prefrontal cortex in adulthood [124]. Changes in executive 
functions, reduced anxiety, and disinhibition in the exploratory behavior were observed 
after ethanol exposure [124]. In addition, increase in the resistance to the extinction of 
ethanol-seeking behavior in adult rats trained to self-administer ethanol [124]. Studies in 
rats that simulate the adolescent binge drinking pattern also reported memory and motor 
alterations [125].

In other murine model of binge drinking, rats pups were exposed to ethanol consumption at 
postnatal day 25 (PND25) (3.0 g⁄kg), during 2 consecutive days, with gaps of 2 days without 
injections, during 2 weeks [28]. Then, 24 h or 20 days after the final ethanol administration, the 
animals were used to evaluate cognitive and motor functions. The results revealed that binge 
drinking treatment impaired conditional discrimination learning, motor learning, and recog-
nition memory during adolescence and in the adult stage [28]. Additionally, binge drinking 
ethanol treatment increases cyclooxygenase (COX-2) and inducible NOS (iNOS) levels and 
cell death in the neocortex, hippocampus, and cerebellum 24 h after administration. These 
effects, as well as the cognitive alterations, were prevented by the administration of indo-
methacin, a COX-2 inhibitor [28]. Interestingly, new reports have showed that mitochondrial 
dysfunction promotes brain inflammatory response, which in turn could induce an additional 
mitochondrial damage in a positive feedback loop induced of toxicity induced by ethanol, 
which could be reverted by the indomethacin treatment [17].
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Mitochondrial alterations associated with binge alcohol drinking has not being described. 
For example, binge ethanol exposure in early postnatal stage induced defects in insulin and 
IGF signaling, resulting in impaired motor abilities [126]. Most important, deficiencies in 
insulin/IGF-1 signaling are associated to oxidative stress, DNA injury, loss of mitochondrial 
function, and apoptosis [126]. In other studies, rats submitted to binge alcohol drinking pro-
tocol showed an increase in the ventricular volume of the brain; reduced levels of N-acetyl 
aspartate (NAA) and creatine and increased choline-containing compound in the dorsal 
hippocampus, effects that were recovered after 7 days of alcohol treatment [127]. These 
metabolic changes could suggest transient deficiencies of mitochondrial NAA production, 
resulting finally in an impaired energy production of the brain immediately after binge etha-
nol consumption [127].

Currently, the most complete study associated to mitochondrial alterations corresponds 
to our findings [128]. In our study, adolescent rats PND25, were exposed to binge-like 
ethanol consumption using the same protocol described previously [128]. The rats were 
euthanized at 1, 3, or 7 weeks after treatment. Our results show that binge ethanol pretreat-
ment (BEP) triggers alterations in hippocampal cell structure and function [128]. We found 
increase in oxidized proteins at 1-week posttreatment, which was subsequently restored 
at 3 and 7 weeks post BEP [128]. Additionally, proteins participating in the regulation 
of mitochondrial dynamics were affected. Mitochondrial dynamics involves fission and 
fusion events [129]. Fusion is mediated by the dynamin-related GTPases mitofusins (Mfn1 
and Mfn2) and optic atrophy 1 (OPA1), which induce fusion of mitochondrial membranes 
[130]. Fission is performed by dynamin-related protein 1 (Drp1), which is recruited by the 
Fis1 protein [129] to the mitochondrial membrane to constrict mitochondria inducing its 
division [130]. BEP altered Drp1, Fis1, Mfn1, Mfn2, and Opa1 proteins levels [128], sug-
gesting that binge-like ethanol consumption favors an pro-fission state at 1–3 weeks post 
BEP, and imbalance between fusion and fission proteins was restored but animals with 
7 weeks after ethanol treatment showed reduced both mitochondrial fusion and fission 
processes compared to saline treated animals [128].

Interestingly, a decrease in ATP production was also reported in our study at 3 and 7 weeks 
post BEP [128], indicating a specific bioenergetics mitochondrial failure induced by binge 
ethanol exposure that persists over time. Finally, we observed a delayed increase in the 
expression of inflammatory markers such as NF-κB, Iba1, and GFAP, 7 weeks post BEP [128], 
suggesting a late inflammatory response due to adolescent ethanol consumption. Despite the 
damage present in the hippocampus of BEP rats, we detected the activation of a mechanism 
that could possibly protect the brain. These mechanisms include decreased expression of 
proteins that are key to mPTP formation, such as voltage-dependent anion channel (VDAC) 
and cyclophilin D (Cyp-D) [128], and the increased levels of nuclear factor erythroid-2 
related factor 2 (Nrf2) [128], a transcription factor that is activated under stress conditions 
regulating the expression of antioxidant, anti-inflammatory, and detoxification enzymes that 
prevent mitochondrial impairment [131]. The increased Nrf2 levels were mainly observed at 
3 and 7 weeks [128] suggesting that this signaling pathway could be involved in restoring 
redox balance.
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In summary, our and others studies about adolescent ethanol consumption indicate that ado-
lescent binge-like ethanol exposure results in severe structural and functional alterations in 
the brain that persist until the adult stage, affecting mainly to mitochondria. The mitochon-
dria plays a key role in binge ethanol toxicity, since it alters the redox balance of the cell and 
reduces ATP availability to vital functions such as synaptic communication.

3. Mitochondrial impairment as a possible mechanism of ethanol 
toxicity in the brain

In the previous sections, we described the effects of ethanol on neuronal cells, focusing our 
attention on alterations to the mitochondria. In all patterns of ethanol consumption described 
above, we reported changes associated with mitochondrial injury [11, 27, 132], therefore 
strongly suggesting that mitochondria is an important mediator of ethanol neurotoxicity and 
could be considered as a potential therapeutic approaches for treating ethanol-associated dis-
orders. In this section, we will summarize the effects of ethanol linked to mitochondrial func-
tion, and finally, we propose a mechanism in which mitochondrial impairment plays a central 
role in the neurotoxicity induced by ethanol.

Figure 1. Alterations of mitochondrial health during ethanol consumption. A representative scheme is summarizing 
the mitochondrial alterations described in the different patterns of ethanol consumption. The severity of mitochondrial 
dysfunction is associated with the amount and time of ethanol exposure, starting with an imbalance in redox response, 
accompanied by decreased ATP production and the opening of the mPTP (1. Acute ethanol toxicity). Additionally, 
decreased activity of the electron transporter chain and the loss of mitochondrial membrane potential are observed (2. 
Hangover); following of high Ca+2 concentrations (3. Chronic ethanol toxicity) that lead finally to prolonged opening of 
mPTP that eventually triggers neuronal death (4. Withdrawal).
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BEP, and imbalance between fusion and fission proteins was restored but animals with 
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post BEP [128], indicating a specific bioenergetics mitochondrial failure induced by binge 
ethanol exposure that persists over time. Finally, we observed a delayed increase in the 
expression of inflammatory markers such as NF-κB, Iba1, and GFAP, 7 weeks post BEP [128], 
suggesting a late inflammatory response due to adolescent ethanol consumption. Despite the 
damage present in the hippocampus of BEP rats, we detected the activation of a mechanism 
that could possibly protect the brain. These mechanisms include decreased expression of 
proteins that are key to mPTP formation, such as voltage-dependent anion channel (VDAC) 
and cyclophilin D (Cyp-D) [128], and the increased levels of nuclear factor erythroid-2 
related factor 2 (Nrf2) [128], a transcription factor that is activated under stress conditions 
regulating the expression of antioxidant, anti-inflammatory, and detoxification enzymes that 
prevent mitochondrial impairment [131]. The increased Nrf2 levels were mainly observed at 
3 and 7 weeks [128] suggesting that this signaling pathway could be involved in restoring 
redox balance.
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In summary, our and others studies about adolescent ethanol consumption indicate that ado-
lescent binge-like ethanol exposure results in severe structural and functional alterations in 
the brain that persist until the adult stage, affecting mainly to mitochondria. The mitochon-
dria plays a key role in binge ethanol toxicity, since it alters the redox balance of the cell and 
reduces ATP availability to vital functions such as synaptic communication.

3. Mitochondrial impairment as a possible mechanism of ethanol 
toxicity in the brain

In the previous sections, we described the effects of ethanol on neuronal cells, focusing our 
attention on alterations to the mitochondria. In all patterns of ethanol consumption described 
above, we reported changes associated with mitochondrial injury [11, 27, 132], therefore 
strongly suggesting that mitochondria is an important mediator of ethanol neurotoxicity and 
could be considered as a potential therapeutic approaches for treating ethanol-associated dis-
orders. In this section, we will summarize the effects of ethanol linked to mitochondrial func-
tion, and finally, we propose a mechanism in which mitochondrial impairment plays a central 
role in the neurotoxicity induced by ethanol.

Figure 1. Alterations of mitochondrial health during ethanol consumption. A representative scheme is summarizing 
the mitochondrial alterations described in the different patterns of ethanol consumption. The severity of mitochondrial 
dysfunction is associated with the amount and time of ethanol exposure, starting with an imbalance in redox response, 
accompanied by decreased ATP production and the opening of the mPTP (1. Acute ethanol toxicity). Additionally, 
decreased activity of the electron transporter chain and the loss of mitochondrial membrane potential are observed (2. 
Hangover); following of high Ca+2 concentrations (3. Chronic ethanol toxicity) that lead finally to prolonged opening of 
mPTP that eventually triggers neuronal death (4. Withdrawal).
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Figure 1 summarizes the mitochondrial alterations described after the different patterns of 
ethanol consumption (Figure 1). Acute ethanol exposure triggers mitochondrial toxicity, 
increasing ROS production and decreasing antioxidant defenses [38]. In turn, this leads to 
reduced ATP production [41] and finally to the opening of mPTP [26]. All these events could 
eventually lead to apoptotic neuronal death [32, 39] (Figure 1.1). After ethanol consump-
tion, a hangover condition can be produced [58]. In this state, the mitochondrial alterations 
described in acute ethanol conditions are also accompanied by a period of reduced activity of 
the electron respiratory chain complexes [69] and a loss of mitochondrial membrane potential 
[69] that suggests a major state of mitochondrial dysfunction (Figure 1.2).

When ethanol consumption implicates the ingestion of a high amount of ethanol on repeated 
occasions and cannot be controlled, this is considered a pattern of chronic ethanol con-
sumption [81–83]. This condition is pathological, and therefore the mitochondrial altera-
tions are also more complex. In addition to redox imbalance [23, 94], deficiency in ATP 
generation and a loss of mitochondrial membrane potential can be detected by a reduc-
tion in the expression of respiratory complexes and increased levels of mitochondrial 
 calcium [23, 94, 95]. Altogether, these events lead to severe loss of mitochondrial function 
(Figure 1.3). Chronic ethanol consumption implicates the development of addictive behav-
iors; therefore, in the absence of ethanol, those affected present ethanol withdrawal symptoms 
[87, 101]. In this state, the mitochondrial effects already described in chronic  consumption are 

Figure 2. Ethanol binge-drinking affects mitochondrial structure and function. Binge-like ethanol consumption during 
the adolescence induces changes in the structure and function of the mitochondria that persist on time until adulthood. 
One week after binge ethanol pretreatment (BEP), rat hippocampus has increased expression of fission proteins and 
protein oxidation, accompanied by reduced expression of Cyp-D. Three weeks after BEP, addition is possibly observed 
decreased ATP production and reduced expression of VDAC. Finally, at adulthood (7 weeks post BEP), the levels of 
both fission and fusion proteins suggest decreased mitochondrial dynamics, and the deficiency in ATP production is 
more severe.
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aggravated, mainly by the high amount of Ca+2 that enters to the mitochondria [110, 111], 
which leads to a prolonged opening of mPTP [114, 115] and neuronal death [22] (Figure 1.4).  
In summary, the mitochondrion plays a central role in all these patterns of ethanol con-
sumption, and its alterations gradually increase according to the amount and time of etha-
nol exposure.

Binge drinking ethanol is associated with the adolescent population [116]. Diverse molecu-
lar alterations have been reported; however, the cellular mechanism involved in this pro-
cess are unknown [11]. We recently indicated that adolescent binge ethanol consumption 
triggers cellular damage by a mechanism that probably involves the mitochondria [128]. 
Also, the mitochondrial alterations persist over time until adulthood [128]. Figure 2 sum-
marizes the mitochondrial changes induced by adolescent binge ethanol exposure. One 
week after BEP, the mitochondria showed increased protein oxidation, reduced expression 
of Cyp-D, and increased expression of proteins involved in mitochondrial fission, sug-
gesting a mitochondrial pro-fission state [128]. Then, 3 weeks after BEP challenging the 
mitochondrial pro-fission state is less severe, indicated by a lower reduction in the expres-
sion of fission proteins; however, a decrease in VDAC protein, and a significant reduction 
of ATP, is also observed [128]. Finally, during adulthood, the balance in the fission/fusion 
state is restored, but the dynamics are decreased compared with the control condition. 
Also, the ATP deficiency persists and becomes even more drastic [128]. Nevertheless, the 
reduced expression of VDAC and Cyp-D suggests the activation of a protective mechanism 
that could prevent the opening of mPTP [128]. Altogether, these alterations indicate that 
mitochondria have an important role in the binge ethanol toxicity in the hippocampus of 
adolescent rats.

4. Future perspectives

We propose that the mitochondrion is the main mediator of ethanol neurotoxicity where mito-
chondrial alterations reveal the severity of ethanol toxicity. The initial effect of ethanol expo-
sure implicates an imbalance in the cellular redox state, followed by changes in the respiratory 
complexes from the electron transport chain that leads to the reduction in ATP production 
and the opening of mPTP. Persistent ethanol consumption also induced the loss of mitochon-
drial membrane potential and increased Ca+2 entries into the mitochondria that provoke the 
prolonged opening of mPTP and finally promote neurodegeneration. Interestingly, these 
mitochondrial alterations ethanol-associated may could occur mainly in glial cells, inducing 
inflammation and interfering with the glial-neuronal communication in specific brain areas 
[119]. The hippotalamus, important to ethanol dependence, and the hippocampus, associated 
to learning and memory, are particularly vulnerable; possibly due to the downregulation of 
melanocortin system induced by ethanol [119]. Therefore, the description of all these events 
highlights the importance of maintaining the function of the mitochondria to prevent the 
harmful effects of ethanol consumption and propose a new potential treatment for the patho-
logical condition related to ethanol use and abuse.
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triggers cellular damage by a mechanism that probably involves the mitochondria [128]. 
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marizes the mitochondrial changes induced by adolescent binge ethanol exposure. One 
week after BEP, the mitochondria showed increased protein oxidation, reduced expression 
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gesting a mitochondrial pro-fission state [128]. Then, 3 weeks after BEP challenging the 
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that could prevent the opening of mPTP [128]. Altogether, these alterations indicate that 
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complexes from the electron transport chain that leads to the reduction in ATP production 
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drial membrane potential and increased Ca+2 entries into the mitochondria that provoke the 
prolonged opening of mPTP and finally promote neurodegeneration. Interestingly, these 
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inflammation and interfering with the glial-neuronal communication in specific brain areas 
[119]. The hippotalamus, important to ethanol dependence, and the hippocampus, associated 
to learning and memory, are particularly vulnerable; possibly due to the downregulation of 
melanocortin system induced by ethanol [119]. Therefore, the description of all these events 
highlights the importance of maintaining the function of the mitochondria to prevent the 
harmful effects of ethanol consumption and propose a new potential treatment for the patho-
logical condition related to ethanol use and abuse.
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reported in subjects on statin therapy. Pro- and anti-oxidant effects of statins have been 
reported, thus fostering a debate. Previously reported data provide evidence that statins 
induce alterations in intracellular calcium homeostasis and mitochondrial dysfunctions that 
can be counteracted by antioxidants (e.g., CoQ10, creatine, and L-carnitine). Therefore, we 
have proposed that statin-induced inhibition of mitochondrial respiration leads to oxidative 
stress that opens a calcium-dependent permeability transition pore, an event that may lead to 
cell death. In addition, mitochondrial oxidative stress caused by statin treatment may be a sig-
nal for cellular antioxidant system responses such as catalase upregulation, possibly explain-
ing the alleged statins’ antioxidant properties. Muscle mitochondrial dysfunction induced by 
statin treatment may be associated with the peripheral insulin resistance and may explain 
statins-induced new onset of diabetes. Together, the data presented in this review suggest 
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since birth. This cholesterol disorder was first described in the 1960s, and the existence of a 
mutated LDL receptor (LDLr) in FH patients was later discovered by Brown and Goldstein [1]. 
They observed that FH fibroblasts did not specifically bind and internalize LDL when com-
pared with normal fibroblasts; that finding was the beginning of decades of work and discover-
ies concerning cholesterol metabolism regulation that led the pair to Nobel Prize award in 1985. 
Although the homozygous mutants for LDLr have an early cardiac death in the first or second 
decade of life, heterozygous FH patients usually do not present any early severe symptoms. 
The lack of diagnosis and treatment may have severe consequences considering the lifetime 
exposure to high LDLc concentrations. Increased LDLc levels are a well-established indepen-
dent risk factor for cardiovascular diseases [2], and lowering LDL serum levels remains the 
primary treatment target in hypercholesterolemia [3, 4] that is undertaken in order to prevent 
and reduce cardiovascular and coronary heart diseases [5, 6].

Cholesterol is synthesized from acetyl-CoA by a 30-step pathway, in which 3-hydroxy-3-meth-
ylglutaryl coenzyme-A (HMG-CoA) reductase is the rate-limiting enzyme, converting HMG-
CoA into mevalonate. However, besides being involved in cholesterol synthesis, mevalonate 
is also a precursor for isoprenoids farnesyl diphosphate. Geranyl- (GPP), farnesyl- (FPP) and 
geranylgeranyl-pyrophosphate (GGPP) are precursors of sterols, dolichols, CoQ10, isopren-
oids, and carotenoids. These important metabolites are involved in membrane structures, pro-
tein glycosylation and prenylation, electron transport in mitochondrial respiratory chain, and 
scavenging of ROS [7].

The first cholesterol-lowering agent, citrinin, was discovered in the 1970s. It was derived from 
fungal cultures, but this product was discontinued due to its hepatotoxicity [8, 9]. After this, 
another fungal-derived compound called compactin was purified and tested in rats; however, 
it failed to reduce plasma cholesterol because it had the rebound effect of inducing HMG-
CoA reductase activity a few hours after administration [10]. At the end of the 1970s, a very 
potent compound chemically similar to compactin was synthesized based on independent 
studies from Endo and Alberts [11, 12], and after several trials, this potent compound, lovas-
tatin, was approved and commercially available in 1986 [13]. Presently, there are seven natu-
ral (fungal-derived) or synthetic statins that are commercially available; this group consists of 
three hydrophilic (pravastatin, rosuvastatin, and pitavastatin) and four lipophilic (lovastatin, 
simvastatin, fluvastatin, and atorvastatin) [14–16]. Cerivastatin was approved by the Food and 
Drug Administration in 1998, but it was removed from the market in 2001 after reports of fatal 
rhabdomyolysis [17].

Statins are one of the most successful drugs for reducing cardiovascular diseases. High-intensity 
statins treatment is associated with the greatest reduction in mortality [18]. In addition to lower-
ing plasma cholesterol, various studies have reported that statins have pleiotropic effects such 
as antioxidant, anti-inflammatory, and anti-tumorigenesis. Regarding statins redox effects, some 
groups have demonstrated protective roles of these compounds against cell oxidative damage 
[19, 20], whereas others have reinforced their toxic effects [21, 22]. Despite these discrepancies 
in these results over the last decade, accumulated data have indicated that alterations in mito-
chondrial energy-linked functions such as respiration, oxidative phosphorylation, redox state, 
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Ca2+-dependent permeability transition underlie statins toxicity. The impact on cell or tissue 
pathophysiology will depend on the intensity of statins’ effects on mitochondria. In this chapter, 
we review the literature data on the statins effects on mitochondrial functions and consequent 
toxic tissue events.

1.1. Mitochondrial energy-linked functions and reactive oxygen generation

Mitochondria participation in the process of statin toxicity adds to the numerous roles of these 
organelles in cell pathophysiology [23, 24]. Considering that statin-mediated mitochondrial dys-
functions include many aspects of mitochondrial physiology such as inhibition of respiration, 
depletion of ubiquinone, redox imbalance, opening of the mitochondrial permeability transition 
pore (PTP) and disruption of energy conservation, we next outline some of these mitochondrial 
properties in the following sections.

During the last several decades, mitochondria have emerged as the center of attention in pro-
cesses of cell signaling, cell injury, and cell death [25, 26]. According to the concept of coupling 
between respiration and oxidative phosphorylation through a transmembrane proton electro-
chemical potential that was introduced by Peter Mitchell [27], it is not difficult to understand 
that any condition that interferes with the ability to sustain the inner membrane proton poten-
tial leads to mitochondrial dysfunction [28]. In addition, the continuous oxygen reduction by 
the mitochondrial electron transport chain to build up the transmembrane proton gradient also 
generates a well-regulated amount of superoxide [23, 29]. Therefore, mitochondria have devel-
oped a complex antioxidant defense system composed of Mn-superoxide dismutase that con-
verts the superoxide radical generated during respiration into hydrogen peroxide (H2O2). H2O2 
is then reduced to water by glutathione and thioredoxin peroxidase or catalase [30]. Oxidized 
glutathione (GSSG) and thioredoxin (TSST) generated by peroxidases are converted to their 
reduced forms by glutathione and thioredoxin reductases, using NADPH as reducing power. 
NADH then reduces NADP+, in a reaction catalyzed by NADP transhydrogenase that is pres-
ent in the inner mitochondrial membrane [31–33]. Therefore mitochondria redox state is tightly 
regulated and connected with whole cell redox balance [34–36]. Furthermore, it is now gener-
ally accepted that superoxide as well as other forms of ROS can function as a signal for either 
adaptation or maladaptation to stress conditions [35]. In this regard, mitochondrial ROS genera-
tion leads to a nonlinear dose-response relationship called mitohormesis. In mitohormesis, high 
reactive oxygen concentrations exert devastating and irreversible effects on cell function and 
structures, whereas low concentrations may be associated with protective effects due to activa-
tion of cellular defense mechanisms [37, 38]. In fact, at progressively increasing physiological 
levels, ROS may successively regulate cellular processes such as proliferation and differentia-
tion, activate adaptive programs such as transcriptional upregulation of antioxidant genes, and 
at higher levels, ROS may be a signal for senescence and regulated cell death [35]. In addition 
to the physiological processes, it seems that mitochondrial oxidative stress is responsible for the 
development and progression of a series of diseases such as cancer, diabetes, inflammatory dis-
eases, hypertension, neurodegenerative and ischemia-related diseases, and aging [39–46]. Statin 
toxicity may also include the participation of mitochondrial generated ROS [47–49].
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1.2. Mitochondrial Ca2+ transport and mitochondrial membrane permeability 
transition (MPT)

Ca2+ modulates several metabolic pathways through transient changes in its free concentrations in 
different cell compartments [50, 51]. In order to fulfill these physiological roles, Ca2+ movements 
across cell membranes are driven directly or indirectly by ATP hydrolysis. Therefore, defects in 
processes that supply cellular ATP may lead to deregulation in Ca2+ signaling that may compro-
mise cell functioning, redox balance, and mitochondrial membrane permeability transition (MPT) 
[51, 52]. In this review, we briefly describe how mitochondrial Ca2+ load promotes MPT [53].

MPT is characterized by the opening of a high conductance, nonspecific proteinaceous pore, 
the PTP. It was first described by Hunter and collaborators [54] and then demonstrated by 
Vercesi’s group to be dependent on redox imbalance promoted either by thiol oxidants or oxi-
dative stress [55]. Matrix Ca2+ participates in at least two steps in the process of PTP opening: 
(a) stimulates superoxide generation by mitochondria and (b) binds to membrane sites expos-
ing specific buried thiols to the oxidants (Figure 1) [55]. Accordingly, Ca2+ binding to cardio-
lipin alters mitochondria inner membrane lipid organization characterized by increased lipid 
packing and domain formation. As a consequence, the electron transfer along the respiratory 
complexes is impaired favoring superoxide generation [56].

Robust data has provided evidence that PTP opening is a main step in the mitochondrial path-
way leading to cell death either by apoptosis or necrosis [57, 58], and is a major cause of cell 
death under a variety of pathophysiological conditions, including ischemia/reperfusion injury, 
traumatic brain injury, neurodegenerative diseases, metabolic diseases, muscular dystrophy, 
and drug toxicity [59–67].

Since mitochondrial Ca2+ overload stimulates superoxide generation and MPT, the mecha-
nisms of Ca2+ transport by mitochondria will be outlined next. The inner mitochondrial 
membrane possesses three different carriers for Ca2+ influx and efflux [68]. A mitochondrial 
calcium uniporter (MCU) located in the inner membrane mediates the influx of Ca2+ down 
its electrochemical gradient without coupling Ca2+ transport to the flux of another ion. This 
mechanism was discovered in the 1960s [69, 70], but the molecular nature of the channel was 
only recently identified [71, 72]. Ca2+ release from mitochondria occurs via Ca2+/3Na+ or a 
Ca2+/2H+ exchangers [73–75] depending on the tissue [68, 76].

The high loads of matrix Ca2+ that stimulate ROS production in mitochondria [55] appear to 
be associated with either dysregulation of cellular Ca2+ homeostasis or regulated release from 
endo(sarco)plasmic reticulum [77–79] (Figure 1). Under both conditions, the opening of the 
PTP can occur allowing for the movements of molecules up to 1.5 KDa. The entry of solutes 
and water to the matrix causes large amplitude mitochondrial swelling. These conditions dis-
rupt both the electrochemical proton potential and oxidative phosphorylation [23, 55]. When 
PTP opens in a large number of mitochondria, cell death occurs by necrosis due to the lack of 
ATP, and when PTP is limited to a small number of mitochondria, apoptosis is triggered by the 
release of cytochrome c [80]. Anti-apoptotic proteins (members of Bcl-2 family) or cyclosporine 
A inhibits the opening of PTP [81, 82]. Evidence has been provided that high intracellular Ca2+ 
levels and ROS have additive effects in the process of PTP opening [23, 53, 55, 83–88].

It is well recognized that mitochondrial Ca2+ is essential for PTP opening [54, 55, 89, 90], 
whereas oxidative modifications of inner membrane protein thiols, oxidative stress, presence 
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of  inorganic phosphate [53, 55, 83, 85, 91], and Bcl-2 family proteins [81, 82] participate in PTP 
modulation. The close location of mitochondria and the endoplasmic reticulum (ER) [75] per-
mits mitochondria to take up large amounts of Ca2+ that are released from the ER. This pro-
cess seems to be controlled via a redox-regulated cross talk between mitochondria and ER that 
is mediated by NADPH oxidases [36]. Such redox interactions may link PTP opening to the 
induction of Ca2+ signals specifically for cell death [26]. Considering the understanding on how 
Ca2+ and ROS act synergistically in the mechanism of PTP opening, it should be emphasized 
that mitochondria are more susceptible to MPT when their antioxidant systems are exhausted, 
especially due to an oxidized state of NADPH and GSH [55]. Accordingly, mitochondria iso-
lated from mice deficient in nicotinamide nucleotide transhydrogenase (NNT), which cannot 
sustain NADPH in the reduced state, present defective antioxidant capacity and increased sus-
ceptibility to MPT [92, 93]. Thus, MPT can be induced by pro-oxidants and prevented or even 
reversed by antioxidants [85, 86, 94, 95].

Figure 1. Statins triggers mitochondrial oxidative stress and calcium-dependent permeability transition. Statins diminishes 
the respiratory capacity at the level of complexes I, II and III of the respiratory chain, increasing superoxide generation 
(O2

.-). The Fe-S clusters present in these respiratory complexes are vulnerable to superoxide attack, thus inhibiting their 
activity and diminishing their resistance to Ca2+ induced MPT. Superoxide is dismutated in hydrogen peroxide (H2O2). 
When not metabolized by mitochondrial antioxidant systems, H2O2 can induce (directly or indirectly) membrane protein 
sulfhydryl-disulfide transitions, a process involved in PTP opening. Statins also impair cellular Ca2+ homeostasis, inducing 
Ca2+ release from the ER via IP3R and increasing cytosolic Ca2+ levels. Thus, mitochondria uptake the excessive cytosolic Ca2+ 
via VDAC and MCU channels, leading to its accumulation in mitochondrial matrix. Ca2+ binds to membrane sites exposing 
specific buried thiols to the oxidants and also impairs mitochondrial respiration, increasing O2

.- formation. The association 
of ROS and mitochondrial Ca2+ overload, PTP may open and trigger cell death. In addition, a decrease in the levels of CoQ10 
that acts as an electron carrier and antioxidant also occurs due to inhibition of the mevalonate pathway by statins. The 
antioxidants CoQ10, L-carnitine and creatine prevent PTP opening induced by statins.
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the respiratory capacity at the level of complexes I, II and III of the respiratory chain, increasing superoxide generation 
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.-). The Fe-S clusters present in these respiratory complexes are vulnerable to superoxide attack, thus inhibiting their 
activity and diminishing their resistance to Ca2+ induced MPT. Superoxide is dismutated in hydrogen peroxide (H2O2). 
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2. Statins pleiotropic effects

Statins are among the most commonly prescribed medicines worldwide. They are safe and 
well-tolerated and seem to present a range of cholesterol-independent protective actions 
called pleiotropic effects. Indeed, several studies claim that statins act as antioxidants [19, 96], 
anti-inflammatory agents [97], and can increase stability of the atherosclerotic plaque [98], 
improve endothelial function [99], and induce cancer cell death [100].

2.1. Antioxidant responses triggered by statins

Extensive literature reports have indicated that antioxidant effects can be attributed to statins. 
It has been postulated that statins decrease systemic or local oxidative stress and this appears 
to confer additional vascular protection. The first possible mechanism for this protective effect 
could be secondary to statins’ main target effect, which is to decrease the concentration of the 
oxidizable substrate, LDLc. This decrease may lead to a reduction in oxidized-LDL, which 
constitutes a very early step involved in atherosclerosis development [101–103].

Another antioxidant mechanism frequently attributed to statins is the upregulation of cellular 
antioxidant defenses. For instance, atorvastatin treatment decreased the expression of essential 
NAD(P)H oxidase subunits and upregulated catalase expression in cultured rat vascular smooth 
muscle cells and in the vasculature of spontaneous hypertensive rats (SHR) [104]. Simvastatin 
treatment restored endothelial function in SHR by increasing superoxide dismutase and gluta-
thione peroxidase activities [105].

Other studies have demonstrated a protective effect by statins against oxidative damage of 
biomolecules. In whole blood leukocytes of non-treated dyslipidemic diabetic type 2 patients, 
simvastatin treatment [19] protected against DNA oxidative damage. Similarly, rosuvastatin 
inhibited lipid peroxidation and attenuated the oxidative damage to DNA in treated rat liver 
[106]. Rosuvastatin-treated HL-60 cells exhibited a glutathione-dependent protective mechanism 
against DNA oxidation [107]. In addition, simvastatin or fluvastatin administration prevented 
lipid peroxidation, superoxide generation, cytokine production, and neutrophil accumulation in 
a rat colitis model [108].

With respect to statins’ effects on specific mitochondrial redox homeostasis, literature reports are 
more controversial. It was shown that atorvastatin and simvastatin reduced oxidative stress trig-
gered by Ca2+ and prevented MPT and cytochrome c release in rat liver mitochondria [96]. On the 
other hand, results from our group and others suggest that statins, when administered to mito-
chondria, muscle biopsies, or in vivo exert pro-oxidant activities (this will be discussed in more 
detail in the next section) [47, 49, 109]. Thus, our hypothesis for the alleged statin antioxidant 
effects is based on the mitohormesis concept [37, 38]: mild mitochondrial oxidative stress caused 
by statins may function as a signal that leads to a cellular adaptive response such as increasing 
the expression and activity of cellular antioxidant systems in order to overcome this stress.

2.2. Statins and cancer

Statins have been proposed as adjuvant in cancer therapy since the 1990s and, until then, several 
mechanisms have been proposed for this specific function depending on the type of cancer and 
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statins lipophilicity [100, 110–112]. In this regard, literature reports suggest that the mevalonate 
pathway inhibition is associated with anti-proliferative, pro-apoptotic, and anti-metastatic statins 
effects [113]. In addition, statins may impair cell membrane function, due to the lowering of cho-
lesterol levels and inhibition of the tumor cell cycle, and may lead to cell death by distinct path-
ways, including the mitochondrial pathway (for more details, see Ref. [114] and other reviews).

Prostate cancer is one of the most commonly diagnosed cancer in men and is a significant 
cause of male morbidity and mortality [115]. Literature reports have shown that statins pro-
tect against prostate cancer in human patients [116, 117], and some of these effects may be 
attributed to a decreased isoprenoid synthesis due to mevalonate pathway inhibition. As a 
consequence, Ras proteins that regulate signaling pathways of cell proliferation, angiogen-
esis, and metastasis are not able to be isoprenylated, thus reducing their function and trigger-
ing apoptosis [118]. Statins also stimulate the mitochondrial apoptosis pathway [119, 120] via 
an increase in pro- and decrease in anti-apoptotic Bcl-2 proteins [121], activation of caspases 
3, 7, 8, and 9 [122–124], and decrease in the formation of lipid rafts, membrane microdo-
mains involved in several regulatory functions, including cell survival [125, 126]. In addition, 
statins have a dose-dependent effect on cell death. For instance, simvastatin at concentrations 
below 10 μM induced PC3 prostate cancer cells apoptosis [21] via a mechanism sensitive to 
mevalonate but not to cyclosporin A (CysA), an MPT inhibitor. On the other hand, necrosis 
is stimulated by higher doses of simvastatin (≥60 μM) and is preceded by an increase in free 
cytosolic Ca2+ concentration and PTP opening, sensitive to CysA, but not to mevalonate [21]. 
Both MPT and necrosis induced by simvastatin (60 μM) are sensitive to L-carnitine (antioxi-
dant) and piracetam (membrane stabilizer) in an additive manner. When combined, these 
compounds act at lower doses than when each compound is used separately [22]. These 
data provide evidence that statin toxicity to tumor cells is not only the result of HMG-CoA 
reductase inhibition but also is mediated by the increase in free cytosolic Ca2+ concentration, 
stimulation of ROS generation, and PTP opening [21, 22]. Although many studies show that 
statins which are efficient in inducing tumor cell death claim their potential use as adjuvant 
therapy, there are no robust data that non-tumor cells are less affected by statins’ toxic effects 
than tumor cells. Therefore, it is still premature to conclude that statins are anti-tumorigenic 
agent.

3. Statins adverse effects

After decades of statins’ use, some side effects have been consistently described in a minority 
of patients, particularly regarding muscle function. Adverse effects other than muscle symp-
toms such as headache, digestive problems, liver enzymes abnormalities, and neurological 
dysfunction may occur in some patients [127, 128]. The side effects are often the decisive 
factor for the noncompliance to statins treatment [129, 130] and its discontinuation usually 
makes the side effect symptoms disappear [131].

The precise mechanisms involved in statins toxicity and the reasons why only a few subjects 
are affected remain unclear. Several groups, including ours, have proposed that mitochondria 
are the main players in statin-induced toxicity.
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3.1. Mitochondrial dysfunction caused by statins treatment

Mitochondrial redox imbalance is associated with aging, degenerative disorders, and drug-
induced toxicity [26, 132]. Several reports concerning statin in vitro effects on isolated tissues or 
mitochondria from experimental models demonstrated that statins promote inhibition of mito-
chondrial respiration, mitochondrial oxidative stress, and cell death [47, 49, 109, 133]. It has been 
previously shown that lipophilic (cerivastatin, fluvastatin, atorvastatin, and simvastatin) and 
hydrophilic (pravastatin) statins-induced mitochondrial membrane potential decrease in rat 
skeletal muscle cell line (L6) [133]. The four lipophilic statins also induced mitochondrial swell-
ing, cytochrome c release, and DNA fragmentation in these L6 cells. Mitochondrial β-oxidation 
enzymes activities were strongly impaired by all lipophilic statins, but in the case of pravastatin, 
it occurred only at high concentrations. In isolated rat skeletal muscle mitochondria, glutamate-
supported state 3 respiration and respiratory control ratios were decreased by all lipophilic 
statins, but not by pravastatin [133]. According to the authors, this mitochondrial dysfunction 
caused by lipophilic statins in skeletal muscle might partially explain the muscle symptoms pre-
sented by some patients. Abdoli and coworkers demonstrated in isolated rat liver mitochondria 
that atorvastatin, simvastatin, and lovastatin increased ROS formation followed by lipid peroxi-
dation, inner mitochondrial membrane depolarization, and a decreased GSH/GSSG ratio [47].

More recently, mitochondrial redox imbalance [67, 134] was observed in a genetic human 
familial hypercholesterolemia mouse model, the LDL receptor knockout mouse (LDLr−/−) 
[135]. Mitochondria isolated from several tissues of these mice (liver, heart, and brain) and 
intact spleen mononuclear cells presented higher ROS production and higher susceptibility 
to MPT. In addition, these mitochondria showed lower capacity to sustain reduced NADPH 
[67, 134], which is the most important reducing power involved in reconstituting mitochon-
drial antioxidant systems [132]. As a consequence, H2O2 accumulates and PTP opens [67, 
134]. Since cholesterol synthesis consumes a large amount of NADPH, we have proposed 
that the increased steroidogenesis observed in these mice would be partially responsible for 
the lower mitochondrial content of NADPH and Krebs cycle intermediates observed in their 
liver mitochondria [67, 134]. Therefore, we hypothesized that inhibition of cholesterol syn-
thesis by statins treatment could prevent the decrease in NADPH oxidation in LDLr−/− mice 
mitochondria. Unexpectedly, liver mitochondria from wild type and LDLr−/− mice treated 
with lovastatin presented a higher susceptibility to PTP opening, and in vitro experiments 
revealed a drug dose- and class-dependence of this effect [109]. Statin induced PTP opening 
was shown to be Ca2+-dependent and associated with oxidation of protein thiol groups. Thus, 
statins induced a direct oxidative damage in mitochondrial proteins [109].

3.2. Ca2+ and statins toxicity

It has been proposed by our group and others that statins impair cellular Ca2+ homeosta-
sis, leading to mitochondrial dysfunction. Increased cytosolic Ca2+ levels were observed after 
simvastatin treatment of myoblasts culture [136], rat skeletal muscle [137], and human skel-
etal muscle fibers, and this was followed by mitochondrial Ca2+ accumulation [138]. Indeed, 
Hattori and coworkers [139] proposed that statins induced Ca2+ release from the endoplasmic 
reticulum to the cytosol in human CD19+ primary lymphocytes. As a consequence of high 
Ca2+ levels in the cytosol, Ca2+ enters the mitochondria and induces MPT as demonstrated by 
our group in PC3 cells after simvastatin treatment [21, 22].
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3.3. Statins effects on respiratory chain complexes

It is well known that enzymes containing 4Fe-4S clusters are particularly vulnerable to dam-
age by superoxide or peroxynitrite radicals [140–145]. Complexes I and II present six and one 
of these 4Fe-4S clusters, respectively, thus showing a high superoxide-sensitivity. Some stud-
ies have demonstrated that superoxide generation inhibits respiration at complex I and II lev-
els as a result of 4Fe-4S clusters damage. These alterations diminish resistance to Ca2+-induced 
MPT and induce necrotic cell death [65, 145]. As mentioned before, our group demonstrated 
that mitochondrial dysfunction caused by simvastatin incubation in permeabilized skeletal 
muscle was L-carnitine and CoQ10 sensitive [49]. L-carnitine did not protect against CoQ10 
depletion, indicating that both CoQ10 and L-carnitine are protecting mitochondrial respira-
tion due to its ROS scavenging properties. Since L-carnitine also binds Fe2+ [146], it is fea-
sible that this antioxidant molecule interacts with 4Fe-4S clusters in complexes I and II of the 
respiratory chain, protecting these sites against superoxide attack. Simvastatin lowered the 
ADP-stimulated respiration supported by substrates of complexes I and II in primary human 
skeletal myotubes and increased susceptibility to MPT, mitochondrial oxidative stress, and 
apoptosis [48]. These results are in agreement with a decrease in complex I activity in muscle 
of patients undergoing statin treatment [147].

Another study performed in myoblasts culture (C2C12) incubated with several statins (ator-
vastatin, cerivastatin, fluvastatin, lovastatin, pitavastatin, pravastatin, rosuvastatin, and sim-
vastatin) showed that the respiratory capacity is reduced not only at the levels of respiratory 
chain complexes I and II but also in complex III [148]. In this case, it was suggested that statins 
in the lactone form binds to Qo site of complex III, inhibiting its activity. Similarly, complex III 
activity of muscle from patients presenting myopathies induced by statins was also reduced 
[148]. On the other hand, statins do not seem to affect the complex IV-supported respiration 
[49, 148].

4. Muscle sensitivity to statins

It is well known that about 10% of patients undergoing statin treatment develop mild myo-
pathic symptoms such as weakness, muscle pain, exercise intolerance, and other symptoms that 
are usually with normal or minimally elevated creatine kinase (CK) serum levels [149, 150]. 
Moreover, myositis, defined as muscle symptoms associated with increased CK, is usually pres-
ent [151, 152]. Rhabdomyolysis, the most severe adverse effect of statins, is a very rare condi-
tion affecting 1.6/100,000 patients-years. It may result in acute renal failure and disseminated 
intravascular coagulation, leading to death. This condition is frequently related to drug interac-
tions and occurs with CK levels 10-fold higher than the normal limit and elevated levels of cre-
atinine [153, 154]. Increased intracellular lipid stores, cytochrome oxidase-negative myofibers, 
ragged red fibers, and subsarcolemmal accumulation of mitochondria were found in patients 
with muscle symptoms during statin therapy [155, 156]. Schick and colleagues also observed 
reduced mitochondrial DNA levels in patients treated with simvastatin [157]. Muscle-associated 
statin toxicity seems to be more severe with increasing lipophilicity, whereas more hydrophilic 
statins exert only mild or no toxicity [133, 153]. The myotoxic effect is attributed to their ability to 
penetrate and accumulate in cell membranes and alter their structural conformation [158–160]. 
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On the other hand, high statin sensitivity may also be related to genetic factors; for instance, the 
activity of specific liver transporters may be impaired, thus reducing statins hepatic uptake and 
increasing its plasma concentrations that may potentially affect muscles [161–163].

Skeletal muscles are highly heterogeneous and present distinct fiber types classified as 
I or II and their respective subtype spectrum as determined by the myosin heavy chain 
isoforms. Type I and II fibers present relatively distinct metabolic, contractile, and motor 
properties in addition to antioxidant defense capacity. Thus, type I fibers appear red due to 
high myoglobin content, extensive mitochondrial content, and oxidative capacity, whereas 
type II fibers have relatively low myoglobin and mitochondrial content that depends mostly 
on glycolytic activity [164, 165]. In this regard, our group observed that respiratory rates 
were inhibited in the presence of Ca2+ in permeabilized plantaris muscle (predominantly 
type II fibers) in LDLr−/− mice chronically treated with pravastatin and catalase activity 
increased. In contrast, no alterations were observed in soleus muscle (predominantly type 
I fibers) [166]. Similarly, previous studies reported a distinct sensitivity of different muscle 
fiber types to lovastatin [162]. After 10 days of lovastatin administration, rat gastrocnemius 
muscles showed organelle degeneration, microvacuolization, and 20–50% necrosis, whereas 
soleus muscle was spared, suggesting that type II fibers are more vulnerable to lovastatin-
induced myopathy [167]. In line with this finding, Westwood and colleagues characterized 
time-dependent muscle necrosis triggered by simvastatin or cerivastatin in rats after 10 days 
of treatment. The authors demonstrated that glycolytic fibers were more prone to necrosis 
than oxidative fibers, which in turn were consistently spared even when myotoxicity was 
severe. Since these fibers present distinct metabolism and MPT may precede necrosis, it is 
conceivable that mitochondria exert a central role in this process. In fact, it was observed that 
the first subcellular alterations were found in mitochondria of type II fibers, characterized 
by vacuolization as well as myeloid and vesicular body accumulation in sarcolemma areas 
[168]. Later, the same group performed a similar study using rosuvastatin in rats. Although a 
much higher statin dose was required to achieve muscle necrosis in comparison to the earlier 
study, the same pattern of muscle damage was observed and the soleus muscle remained 
unaffected [169]. Specific soleus-insensitivity to statin toxicity has also been demonstrated 
by other groups. Schaefer and coworkers demonstrated necrosis and inflammation in mus-
cles with predominance of type II fibers in rats after 15 days of cerivastatin administration. 
Sarcomere disruption and altered mitochondria was also found in degenerated fibers, while 
these alterations were not found in type I fibers [170]. Similarly, cerivastatin-induced degen-
eration was evident in several muscles but not in the soleus muscle of female rats after the 
same treatment time (15 days). After 15 days of treadmill exercises, the severity of muscle 
damage had increased, but the soleus remained unaltered. Degenerated mitochondria were 
also observed with no changes in contractile elements such as endoplasmic reticulum and 
other subcellular compartments [171]. Although the role of mitochondria in myotoxicity in 
type II fibers is well established, there is no consensus as to whether this involvement pre-
cedes myofiber degeneration, thus justifying further studies to clarify this matter [170, 171]. 
In addition, MPT is associated with apoptosis or necrosis in several diseases [172] and is 
probably an important statin-induced event in muscle necrosis.
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5. Statins toxicity to liver

Although rare, the main liver injury studies have reported statins toxicity alone [173–176] or in 
combination with other drugs with variable patterns of injury [177–181]. Some cases exhibited 
autoimmune features [180, 182, 183] and a range of latencies to onset [184] and progression 
was also observed [182, 185]. Liver adverse symptoms are unspecific and most patients remain 
asymptomatic [186]. A 3-fold increase in serum aspartate (AST) and alanine (ALT) aminotrans-
ferases activities have been described in less than 1% of patients receiving starting and inter-
mediate statins doses [187–191] and this alteration may be accompanied by bilirubin elevation 
[192]. Two factors are frequently related to the hepatotoxic effects of statins: (a) the lipophilic-
ity of these medicines and (b) alterations in cytochrome P450 system [193–195]. Accordingly, 
lipophilic statins (atorvastatin and simvastatin) are associated with more than 130 cases of liver 
injury, and a few cases progress to liver transplantation and death [173, 174, 178]. Rare cases 
of portal inflammation or fibrosis and mild necrosis were also described in patients undergo-
ing lovastatin treatment [196] or atorvastatin treatment [197]. On the other hand, hydrophilic 
statins are minimally metabolized by the cytochrome P450 pathway [193–195] and are gener-
ally less toxic [109, 198]. A multicenter report also showed that pravastatin was well-tolerated in 
patients with compensated chronic liver disease [199]. Our group also attributes statin-induced 
liver toxicity to mitochondrial dysfunction associated with oxidative stress and MPT [193].

6. Statins and new onset of diabetes

Recent studies suggest that chronic use of statins is associated with risk of developing type 2 
diabetes [200–202]. Meta-analyses of large-scale statin trials support the concept of the diabe-
togenic effect of statins, but the precise mechanisms have not yet been identified [203, 204]. 
We have recently revealed diabetes-related mechanisms induced by statin treatment in a 
familial hypercholesterolemia animal model, the LDLr−/−. We demonstrated that pravastatin-
treated LDLr−/− mice exhibit marked reductions of insulinemia and of glucose-stimulated insulin 
secretion by isolated pancreatic islets. These effects were associated with increased oxidative 
stress and apoptosis [205] and were counteracted by co-treatment with CoQ10 (Lorza-Gil 
et al., unpublished data). Therefore, we have proposed that pancreatic toxic effects of pravas-
tatin could be caused by statin inhibition of CoQ10 biosynthesis. On the other hand, we and 
others have hypothesized that insulin signaling in their target tissues (such as muscle) could 
also be impaired by chronic statin treatment. However, studies relating statins therapy and 
insulin sensitivity are controversial [206–208]. A meta-analysis by Baker and colleagues shows 
that while pravastatin improved insulin sensitivity, atorvastatin, simvastatin, and rosuvastatin 
worsened it [209]. Experimental studies suggest that atorvastatin leads to reduced expression 
of GLUT4 in adipocytes in vivo and in vitro [210] and that simvastatin decreases IGF-1 signaling 
(pAKT, pERK) in muscle cells [211]. Kain et al. [212] showed that myotubes treated with simv-
astatin and atorvastatin presented impaired insulin signaling pathway and glucose uptake. We 
have evidence that long-term pravastatin treatment of hypercholesterolemic mice also induces 
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marked insulin resistance and increased muscle protein degradation (Lorza-Gil et al., unpub-
lished data). Therefore, toxic effects on insulin secreting cells in conjunction with impaired mus-
cle insulin signaling may explain the new onset of diabetes reported in statin-treated subjects.

7. Antioxidant supplement and statins toxicity

The cholesterol biosynthesis pathway generates several products including CoQ10 [213]. 
CoQ10 is an essential component of the electron transport chain where it acts as an electron 
carrier [214]. Ubiquinol, the reduced form of ubiquinone, when associated with proteins in 
the inner mitochondrial membrane, has an important function as a lipophilic antioxidant 
[215, 216]. CoQ10 also has additional functions such as regeneration of reduced intra- and 
extracellular forms of ascorbic acid and tocopherol (vitamin E) [217, 218], participation in 
redox processes associated with PTP opening [219], and regulation of muscle uncoupling 
proteins [220]. It is also known that the reduced form of ubiquinone occurs in all cellular 
membranes [221–223] as well as in serum lipoproteins and DNA, protecting them from oxida-
tive damage [224]. CoQ10 content is larger in tissues such as cardiac and skeletal muscles that 
have high energy demand [223]. Therefore, decreased synthesis of ubiquinone may result in 
two harmful conditions: (a) insufficient rates of mitochondrial ATP synthesis [225] and (b) 
decreased mitochondrial antioxidant capacity [49].

Some studies have proposed that statin-induced mitotoxicity may be mediated by diminished 
CoQ10 content with consequent impairment of mitochondrial respiration [111, 226–234]. On 
the other hand, our group has provided evidence that under our experimental conditions, the 
reduction of mitochondrial respiration associated with CoQ10 depletion was mainly due to 
its free radical scavenging action rather than its electron carrier function. Indeed, it has been 
demonstrated that incubation of permeabilized rat soleus muscle with simvastatin inhibited 
both ADP and FCCP-stimulated oxygen consumption supported by complex I or II substrates. 
Additionally, ubiquinone content was diminished by 40% and the H2O2 content was signifi-
cantly increased. Under these conditions, all of the following compounds, including mevalonate, 
CoQ10, or L-carnitine protected against H2O2 generation but only mevalonate prevented CoQ10 
depletion. Thus, independent of CoQ10 levels, L-carnitine prevented the toxic effects of simvas-
tatin. This allows for the conclusion that L-carnitine antioxidant action prevailed in the protec-
tion against simvastatin-induced respiratory inhibition [49]. Therefore, it can be concluded that 
CoQ10 also acted as a free radical scavenger in this mechanism. Accordingly, Kettawan and 
coworkers previously demonstrated that a decrease in ubiquinone levels in serum, liver, and 
heart in mice undergoing simvastatin treatment increased lipoperoxidation. Simvastatin also 
reduced NADPH-CoQ reductase activity, whereas the co-administration of CoQ10 and simvas-
tatin to mice diminished these deleterious effects [235]. Another study revealed that simvastatin 
reduced mitochondrial CoQ10 levels associated with DNA oxidative damage and reduced ATP 
synthesis followed by cell death in hepatocytes (HepG2). All of these alterations were reversed 
by CoQ10 supplementation [236]. Furthermore, it was recently shown that CoQ10 supplemen-
tation improved respiratory control in liver mitochondria isolated from rats treated with high 
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doses of atorvastatin and/or a cholesterol-rich diet [237]. Despite all data correlating CoQ10 
depletion with statin toxicity, the efficacy of ubiquinone supplementation in patients with side 
effects is still under debate [231, 238–240].

Creatine is a guanidine compound synthesized endogenously [241] and widely and safely used 
as supplement by athletes to increase their performance [242]. The role of creatine on the main-
tenance of ATP/ADP ratio by activating CK is very well known, but it also exerts other actions. 
Creatine participates on a protein complex involved in MPT regulation [55, 243, 244] and was 
firstly mentioned as antioxidant in 1998 [245]. A few years later, Lawler and coworkers showed 
that this compound was capable of scavenging radicals such as superoxide and peroxynitrite 
[246]. In our recent work, we showed that diet supplementation with creatine protected LDLr−/− 
mice against pravastatin sensitization to Ca2+-induced MPT [166].

L-carnitine stimulates β-oxidation by increasing carnitine palmitoyltransferase 1A mRNA expres-
sion. This action prevents mitochondrial oxidative stress induced by free fatty acids, increasing 
mitochondrial function [22, 247]. Another property of L-carnitine is to bind Fe2+ [248] that partici-
pates in the mitochondrial oxidative stress involved in MPT [249]. Thus, it is feasible to propose 
that L-carnitine protects complexes I and II of the respiratory chain against superoxide attack 
by interacting with 4Fe-4S clusters in these sites. In a previous work performed in PC3 prostate 
cancer, we showed that L-carnitine and piracetam (a membrane stabilizer) prevented MPT and 
necrosis induced by simvastatin (60 μM) [22].

Taken together, these experimental results suggest that ROS generation and mitochondrial 
oxidative stress play an important role on statins toxicity.

8. Conclusions

Cardiovascular benefits of statins therapy are undoubted and appear to be present across 
diverse demographic and clinical groups. However, the side effects may affect a minority of 
patients. In this review, we addressed the cellular and molecular mechanisms related to statin 
side effects. Mitochondrial oxidative stress seems to be the main cause of toxicity in statin sensi-
tive tissues (Figure 1). The levels and consequences of mitochondrial oxidative stress seem to be 
more deleterious in skeletal muscle. This effect is secondary to: (a) inhibition of electrons flow 
at the levels of respiratory complexes I, II, and III, and (b) decrease in the levels of CoQ10 due 
to inhibition of the mevalonate pathway. In association with mitochondrial Ca2+ overload due 
to increased cytosolic free Ca2+ concentrations, the PTP may open and trigger cell death. In vitro 
experiments provide evidence that this can be blocked in a concerted manner by L-carnitine 
plus the membrane stabilizer piracetam. Experiments performed with muscle biopsies taken 
from hypercholesterolemic mice, chronically treated with pravastatin, show that either CoQ10 
or creatine can protect against statin-induced mitochondrial muscle toxicity both in vitro and  
in vivo. Statin treatment may also result in pro- or antioxidant actions depending on statin class 
(lipophilicity), dose, and patient’s background. We suggest that mitochondrial oxidative stress 
caused by statin treatment may be a signal for cellular antioxidant system response (such as 
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catalase upregulation) possibly explaining the alleged statin antioxidant properties. Together, 
the experimental evidence presented in this review suggests that statins’ detrimental effects 
could be prevented by antioxidants administration such as CoQ10, L-carnitine, and creatine.
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Ketamine, one of the commonly used agents in pediatric anesthesia, has been linked to 
neurodegeneration and cognitive dysfunction in developing animal models. Previous 
studies on developing neurons derived from human embryonic stem cells (hESCs) 
indicate that ketamine induces neuroapoptosis and the mechanisms remain largely 
unknown. This study aims to investigate the effect of ketamine on intracellular calcium, 
mitochondrial signaling, and microRNA profiles in hESCs-derived 2-week-old neurons. 
The neurons were exposed to ketamine for 6 or 24 hours. Neuroapoptosis was assessed 
by TUNEL staining. Intracellular calcium level was analyzed using Fluo-4 AM staining. 
The mitochondria-related neuroapoptosis pathway including mitochondrial membrane 
potential, cytochrome c release from mitochondria to cytosol, and mitochondrial fission 
was also investigated. miScript miRNA arrays were used in microRNA target identifica-
tion studies. The results showed that ketamine exposure induced neuroapoptosis and 
alterations in intracellular calcium levels. In addition, ketamine decreased mitochondrial 
membrane potential, resulted in cytochrome c release from mitochondria into cytosol, 
and increased mitochondrial fission. Among 88 microRNAs investigated, let-7a/e, miR-
21, miR-23b, miR-28-5p, and miR-423-5p were found downregulated, while miR-96 was 
upregulated in the neurons treated with ketamine. Collectively, our findings indicate 
that ketamine induces neuroapoptosis possibly through the dysregulated intracellular 
calcium, mitochondria, and microRNA pathway.
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1. Introduction

Studies performed in a variety of animal models including mice and rhesus monkeys have 
found that prolonged exposure of developing animals to most inhalational and intravenous 
anesthetic agents including sevoflurane, isoflurane, ketamine, propofol and anesthetic com-
binations induce neuroapoptosis [1–3]. The period of rapid synaptogenesis has been linked 
to the time of greatest vulnerability in developing brains to anesthetic-induced neurotoxicity 
[4–6]. The period of rapid brain growth in mice peaks at roughly 7 days after birth while 
this time frame in humans ranges from late in pregnancy until the 2nd or 3rd year of life 
[7, 8]. The neuroapoptosis observed in the growing brains of the young animals was also 
found to be coupled to long-term memory and learning deficits. For example, Shen and col-
leagues noted significant deficiencies in both memory and spatial learning in postnatal day 
3 Sprague–Dawley rats following exposure to 1% sevoflurane. Their studies relied on the 
Morris water maze test to assess spatial learning/memory in the animals. Additionally, they 
found that these effects were both exposure number and dose dependent. They also observed 
that 7-week-old (adult) rats were insensitive to sevoflurane exposure with both the control 
and sevoflurane exposed animals displaying comparable results in the Water maze test [3]. 
The results of this study confirm that vulnerability to anesthetics is confined to an early period 
in development.

The many animal studies have raised concerns regarding the applicability of the models to 
humans. Of particular concern are the many rodent studies in which hemodynamic proper-
ties were not properly controlled. While extensive studies in rhesus macaques, a non-human 
primate model have been performed [9–14], a suitable human model in the study of anes-
thetic-induced neurotoxicity is currently lacking and exposure of young children to anesthet-
ics for study purposes would be unethical. Several human epidemiologic studies have been 
performed and many have suggested a link between anesthetic exposure in young children 
and learning and behavioral abnormalities when compared to their unexposed counterparts 
[15–17]. However, the human epidemiologic studies face many confounding variables that 
are often difficult to properly account for, leaving the results of these studies uncertain. While 
many of these studies are still ongoing, it is imperative to develop a proper human model to 
assess the effects of anesthetics in young children. Our study aimed to identify an appropriate 
human model to assess the effects of anesthetics on the developing human brain and also to 
dissect out the mechanisms behind the toxicity.

Human embryonic stem cells (hESCs) are derived from the inner cell mass of a human blasto-
cyst. In 1998 James Thompson and colleagues at the University of Wisconsin-Madison devel-
oped a technique to isolate and culture hESCs in vitro [18]. The formative work of this group 
opened up the possibility for mechanistic-based studies using a human cell line, effectively 
eliminating the potential concerns regarding the relevancy of studies using animal models to 
humans. hESCs are immature, divide indefinitely and are capable of generating cells from all 
three germ layers which makes these cells an ideal model of early human neurons once dif-
ferentiated. Using hESC-derived neurons has provided us with a reasonable human model by 
which to study anesthetic-induced developmental neurotoxicity.
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While many anesthetic agents are used clinically in the pediatric population, we choose to 
study the effects of the widely used anesthetic ketamine on our model of hESC-derived neu-
rons. Ketamine is an N-methyl-D-aspartate-receptor antagonist and provides pain relief and 
sedation in children undergoing a variety of procedures. Additionally, ketamine is a drug 
that is often abused and abuse of ketamine during pregnancy is of concern for the developing 
brain of the fetus [19]. Despite the many studies implicating the negative effects of anesthetic 
agents on developing brains, the mechanisms behind the toxicity remain largely unknown. 
Possible roles of neuroinflammation, reactive oxygen species production, epigenetic changes, 
and calcium signaling in the mechanism of anesthetic-induced neurotoxicity have all been 
suggested [20–23]. However, considerable work remains to fully elucidate the mechanisms 
behind the neuronal toxicity. In this study, we investigated the effect of ketamine on the cell 
viability, intracellular calcium level, mitochondrial signaling, and microRNA profile using 
the hESC-derived developing human neuron model.

Proper maintenance of intracellular calcium levels is critical for nearly every cellular process. 
In neurons, calcium is involved in the regulation of electrical activity, cell growth, metabolic 
activity, and many other processes [24]. Several studies have suggested that aberrant intra-
cellular calcium level in neurons plays a critical role in the neuronal degeneration observed 
in many different neurological disorders [25]. The dysregulated intracellular calcium might 
induce the neurotoxicity through mitochondrial signaling. Mitochondria are highly dynamic 
organelles that undergo continuous cycles of fusion and fission in order to maintain cellu-
lar homeostasis. Mitochondrial fusion and fission result in a change in mitochondrial shape: 
either elongated, tubular, interconnected mitochondrial networks, or fragmented and dis-
continuous mitochondria, respectively. Unbalanced fission-fusion can lead to various patho-
logical processes including neurodegeneration [26–29]. Shifting the balance towards fission 
has been associated with neuronal death in age-related neurodegenerative disease and brain 
injury [30, 31]. Inhibition of mitochondrial fission attenuated glutamate-induced neuronal 
death [31], translating to an increase in cell survival in the presence of oxidative stress [32]. 
Recent studies from Dr. Jevtovic’s groups have shown that mitochondrial fission plays an 
important role in anesthetic neurotoxicity. The increased mitochondrial fission was found in 
neonatal rat brains after a sedative dose of midazolam followed by combined nitrous oxide 
and isoflurane anesthesia for 6 h [33].

MicroRNAs are small, non-coding RNAs that function as negative regulators of gene expres-
sion. MicroRNAs are transcribed in hairpin structures in the nucleus by RNA polymerase 
II and the pri-miRNA produced is processed by the enzyme Drosha to cleave off a single 
hairpin loop. This forms the pre-miRNA which is exported to the cytoplasm. Once in the cyto-
plasm, the pre-miRNA is further processed to remove the hairpin loop and forms the mature 
microRNA strand. The mature microRNA strand then incorporates into an RNA-induced 
silencing complex where it can act to promote silencing of its target genes [34, 35]. Over 1000 
microRNAs have been discovered in humans and they have been shown to play an important 
role in nearly every cellular process. Dysregulation of microRNAs has also been linked to 
several diseases including certain cancers [36]. The role of microRNAs in anesthetic-induced 
neurotoxicity is just beginning to be studied.
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This chapter will outline: (1) the use of hESCs as a model system to study anesthetic-induced neu-
rotoxicity in the developing human brain, (2) the protocols involved in dissecting the mechanisms 
behind anesthetic-induced developmental neurotoxicity. We have focused on the role of dereg-
ulated intracellular calcium, mitochondrial signaling (e.g., mitochondrial membrane potential, 
cytochrome c release from mitochondria into cytosol, and mitochondrial fission), and microR-
NAs, and (3) a brief discussion on the possible role of intracellular calcium levels, mitochondrial 
signaling, and altered microRNA profiles in ketamine-induced developmental neurotoxicity.

2. Materials and methods

2.1. Stem cell culture and neuronal differentiation

hESCs (H1 cell line, WiCell Research Institute Inc., Madison, WI) were cultured on a 
feeder layer of mouse embryonic fibroblasts (MEFs) that were mitotically inactivated 
using mitomycin C (Sigma-Aldrich, St. Louis, MO) in hESC media containing DMEM/
F12 supplemented with, 1% nonessential amino acids, 20% Knockout serum (Gibco), 
1 mM L-glutamine, 4 ng/mL human recombinant basic fibroblast growth factor (bFGF, 
Invitrogen), 1% penicillin–streptomycin (Invitrogen) and 0.1 mM β-mercaptoethanol 
(Sigma-Aldrich). The media was changed daily and the cells were mechanically passaged 
every 5–6 days. For the studies described in this chapter, hESCs at passage 55–70 were 
used. To generate neurons, the hESCs were taken through a four-step differentiation pro-
tocol. The hESCs were dissociated using the protease Dispase (1.5 unit/mL, Invitrogen). 
The hESCs were then cultured in ultra-low attachment six-well plates (Corning Inc., 
Corning, NY) in a normoxic incubator (20% O2/5% CO2, 37°C). The media was changed 
once per day and spherical embryoid bodies (EBs) were present 24 h after dispase diges-
tion. Five days after digestion, EBs were moved to neural induction media containing 
DMEM/F12 supplemented with 1% N2 (Invitrogen), 1% nonessential amino acids, 1 mg/
mL heparin (Sigma) and 5 ng/mL bFGF. On day 9, the EBs were plated to matrigel-coated 
35-mm dishes. Rosette-like structures were present within 5 days of the EBs plating down. 
The rosettes were manually separated from the surrounding cells using a serological 
pipette approximately 2 days after the morphology was clearly visible. The rosette cells 
were then transferred to matrigel-coated culture dishes and cultured in neural expan-
sion media containing DMEM/F12 supplemented with 2% B27 without vitamin A, 1% N2 
(Invitrogen), 1% nonessential amino acids, 20 ng/mL bFGF and 1 mg/mL heparin. The 
neural stem cells (NSCs) were passaged enzymatically every 5 days. NSCs were cultured 
in 60-mm matrigel-coated dishes (500,000 cells/dish) in neuron differentiation media con-
taining neurobasal media (Gibco) supplemented with 2% B27, 100 ng/mL ascorbic acid 
(Sigma-Aldrich), 0.1 μM cyclic adenosine monophosphate, 10 ng/mL brain-derived neuro-
trophic factor, 10 ng/mL insulin-like growth factor 1 (PeproTech Inc., Rocky Hill, NJ) and 
10 ng/mL glial cell-derived neurotrophic factor. The media was changed every other day. 
Following 2 weeks of culture, the cells displayed clear neuronal morphology and were 
used for the studies.
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2.2. Neuronal characterization by immunofluorescence staining

hESC-derived neurons cultured on matrigel-coated, glass coverslips for 2 weeks were fixed 
for 30 min in 1% paraformaldehyde at room temperature. The cells were then washed with 
phosphate-buffered saline (PBS). Next, the cells were incubated for 15 min in 0.5% Triton 
X-100 (Sigma-Aldrich) in PBS. The cells were washed once again with PBS and blocked for 
20 min with 10% donkey serum at room temperature. The cells were then incubated with the 
primary antibodies [microtubule-associated protein 2 (MAP2), β-tubulin III or doublecortin 
(Abcam, Cambridge, MA)] for 1 h in a humidified, 37°C incubator. The cells were washed 
with PBS and incubated for 45 min with Alexa Fluor 488 or 594 donkey anti-mouse or rabbit 
immunoglobulin G (Invitrogen) secondary antibodies at 37°C. The cell nuclei were stained 
with Hoechst 33342 (Invitrogen). The coverslips were then mounted onto glass slides and 
imaged using a laser-scanning confocal microscope (Nikon Eclipse TE2000-U, Nikon Inc., 
Melville, NY).

2.3. Ketamine exposure

While the brain concentration of ketamine in humans during the induction and mainte-
nance of anesthesia is not well understood, reports have found that the peak blood levels 
of ketamine could be as high as 103 μM. The levels required to maintain anesthesia are 
typically in the range of 10–20 μM. hESC-derived neurons were exposed to 6 h of 20 μM 
ketamine or neurobasal media as a vehicle-control in a 5% CO2 incubator with normoxic 
conditions only for the microRNA studies. For all remaining studies, the cells were exposed 
to 24 h of 20 or 100 μM ketamine or neurobasal media as the vehicle control in the same 
incubator.

2.4. Assessment of cell death by TUNEL staining

Apoptosis of the hESC-derived neurons was assessed using a cell death detection kit (Roche 
Applied Bio Sciences, Indianapolis, IN) based on terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate in situ nick end labeling (TUNEL) following directions 
provided by the manufacturer. This kit identifies single or double-stranded DNA breaks by 
labeling the free 3′-OH termini with altered nucleotides in a reaction with terminal deoxy-
nucleotidyl transferase (TdT). Cells cultured on glass coverslips were exposed to ketamine 
or control conditions, rinsed and fixed with 1% paraformaldehyde. DNA fragmentation was 
analyzed using TdT, which incorporates into sites of DNA breaks. The nuclei were stained 
with Hoechst 33342 and the cells were imaged using the confocal microscope. Apoptosis/
necrosis was quantified by assessing the ratio of TUNEL-positive nuclei to total cell nuclei 
in a field.

2.5. Calcium imaging

Neurons were plated on matrigel-coated glass coverslips for the calcium imaging studies. 
Intracellular calcium was assayed using Fluo-4AM (Thermo Fisher Scientific). Neurons were 
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(Invitrogen), 1% nonessential amino acids, 20 ng/mL bFGF and 1 mg/mL heparin. The 
neural stem cells (NSCs) were passaged enzymatically every 5 days. NSCs were cultured 
in 60-mm matrigel-coated dishes (500,000 cells/dish) in neuron differentiation media con-
taining neurobasal media (Gibco) supplemented with 2% B27, 100 ng/mL ascorbic acid 
(Sigma-Aldrich), 0.1 μM cyclic adenosine monophosphate, 10 ng/mL brain-derived neuro-
trophic factor, 10 ng/mL insulin-like growth factor 1 (PeproTech Inc., Rocky Hill, NJ) and 
10 ng/mL glial cell-derived neurotrophic factor. The media was changed every other day. 
Following 2 weeks of culture, the cells displayed clear neuronal morphology and were 
used for the studies.
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2.2. Neuronal characterization by immunofluorescence staining

hESC-derived neurons cultured on matrigel-coated, glass coverslips for 2 weeks were fixed 
for 30 min in 1% paraformaldehyde at room temperature. The cells were then washed with 
phosphate-buffered saline (PBS). Next, the cells were incubated for 15 min in 0.5% Triton 
X-100 (Sigma-Aldrich) in PBS. The cells were washed once again with PBS and blocked for 
20 min with 10% donkey serum at room temperature. The cells were then incubated with the 
primary antibodies [microtubule-associated protein 2 (MAP2), β-tubulin III or doublecortin 
(Abcam, Cambridge, MA)] for 1 h in a humidified, 37°C incubator. The cells were washed 
with PBS and incubated for 45 min with Alexa Fluor 488 or 594 donkey anti-mouse or rabbit 
immunoglobulin G (Invitrogen) secondary antibodies at 37°C. The cell nuclei were stained 
with Hoechst 33342 (Invitrogen). The coverslips were then mounted onto glass slides and 
imaged using a laser-scanning confocal microscope (Nikon Eclipse TE2000-U, Nikon Inc., 
Melville, NY).

2.3. Ketamine exposure

While the brain concentration of ketamine in humans during the induction and mainte-
nance of anesthesia is not well understood, reports have found that the peak blood levels 
of ketamine could be as high as 103 μM. The levels required to maintain anesthesia are 
typically in the range of 10–20 μM. hESC-derived neurons were exposed to 6 h of 20 μM 
ketamine or neurobasal media as a vehicle-control in a 5% CO2 incubator with normoxic 
conditions only for the microRNA studies. For all remaining studies, the cells were exposed 
to 24 h of 20 or 100 μM ketamine or neurobasal media as the vehicle control in the same 
incubator.

2.4. Assessment of cell death by TUNEL staining

Apoptosis of the hESC-derived neurons was assessed using a cell death detection kit (Roche 
Applied Bio Sciences, Indianapolis, IN) based on terminal deoxynucleotidyl transferase-
mediated deoxyuridine triphosphate in situ nick end labeling (TUNEL) following directions 
provided by the manufacturer. This kit identifies single or double-stranded DNA breaks by 
labeling the free 3′-OH termini with altered nucleotides in a reaction with terminal deoxy-
nucleotidyl transferase (TdT). Cells cultured on glass coverslips were exposed to ketamine 
or control conditions, rinsed and fixed with 1% paraformaldehyde. DNA fragmentation was 
analyzed using TdT, which incorporates into sites of DNA breaks. The nuclei were stained 
with Hoechst 33342 and the cells were imaged using the confocal microscope. Apoptosis/
necrosis was quantified by assessing the ratio of TUNEL-positive nuclei to total cell nuclei 
in a field.

2.5. Calcium imaging

Neurons were plated on matrigel-coated glass coverslips for the calcium imaging studies. 
Intracellular calcium was assayed using Fluo-4AM (Thermo Fisher Scientific). Neurons were 
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loaded with 2 μM Fluo-4AM for 30 min in the presence/absence of ketamine at 37°C followed 
by a 20-min washout deesterification. The coverslips were placed in a polycarbonate record-
ing chamber (Warner Instruments) on the stage of a laser-scanning confocal microscope. 
Fluo-4AM fluorescence (λex/λem = 485/520 nm) was visualized using the confocal microscope 
and the studies were completed in under 8 min to ensure minimal confounding stress to the 
cells. Fluorescent intensity was then quantified using ImageJ software 1.41 (Wayne Rasband; 
National Institutes of Health).

2.6. Mitochondrial membrane potential (ΔΨm) assay

hESC-derived neurons cultured on glass coverslips were incubated with 50 nM tetrameth-
ylrhodamine ethyl ester (TMRE) (Thermo Fisher Scientific) for 20 min at room temperature. 
TMRE fluorescent intensity representing ΔΨm was recorded using the confocal microscope 
(Nikon). Images were obtained from six random fields per coverslip. The data were analyzed 
using ImageJ software.

2.7. Analysis of release of cytochrome c from mitochondria into cytosol

NSCs were cultured in neuronal differentiation medium. Ten days later, the differentiated 
neurons were transduced with the virus CellLight™ mitochondria-green fluorescence pro-
tein (GFP) (Thermo Fisher Scientific) for 24 h to label mitochondria. This fluorescent protein-
based reagent contains the leader sequence of E1-α pyruvate dehydrogenase fused to emerald 
GFP. The transduced neurons expressed GFP within mitochondria. Four days later, the 
labeled neurons were used for analysis of the effect of ketamine on the cytochrome c transloca-
tion. Virus transduction efficiency was calculated as the ratio between GFP-positive cells and 
total cells. GFP expression in mitochondria was confirmed by the colocalization of GFP and 
TMRE fluorescence signals within cells. The distribution of cytochrome c in the neurons was 
analyzed using immunofluorescence staining with antibody against cytochrome c (Abcam).

2.8. Assessment of mitochondrial shape by electron microscopy

hESC-derived neurons were cultured on matrigel-coated plastic coverslips and were exposed 
to either 20 μM or 100 μM ketamine or control conditions for 24 h. The cells were fixed at 4°C 
with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer and postfixed for 1 h on ice with 1% 
osmium tetroxide. The cells were rinsed with distilled water and dehydrated using acetonitrile 
and graded methanol (50%, 20 min; 70%, 20 min; 95%, 20 min; 100% 3×, 20 min). The cells were 
embedded in epoxy resin (EMbed-812, Electron Microscopy Sciences, Hatfield, PA) and polym-
erized at 70°C overnight. Thin (60 nm) sections were cut and the sections were stained with lead 
citrate and uranyl acetate. The samples were imaged using a Hitachi H600 Electron Microscope.

2.9. RNA extraction and cDNA preparation

Following exposure to ketamine or control conditions, total RNA was extracted using an RNeasy 
mini kit (Qiagen, Valencia, CA). Briefly, the cells were rinsed with PBS and lysed with QIAzol lysis 
reagent (Qiagen). Chloroform was added and the lysates were centrifuged. The upper phase was 
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removed and RNA was precipitated from it with 100% ethanol. The RNA was collected using the 
RNeasy spin columns (Qiagen). The samples were rinsed with buffer RPE. To elute the RNA from 
the column, 30 μL of RNase-free water (Qiagen) was added. An Epoch nanodrop spectrophotom-
eter (BioTek Instruments Inc., Winooski, VT) was used to assess the quantity and quality of the 
RNA in each sample. Each RNA sample was then diluted to 100 ng/μL in RNase-free water. The 
RNA was reverse transcribed to cDNA using the miScript II RT kit (Qiagen) following the manu-
facturer’s directions. Briefly, a mixture containing 1 μg of RNA, RNase-free water, 10× miScript 
nucleics mix, reverse transcriptase mix and 5× HiSpec buffer (Qiagen) was prepared. The RT reac-
tion mixture was incubated for 1 h at 37°C and for 5 min at 95°C to stop the reaction. The RT product 
was diluted in 200 μL in RNase-free water which yielded a final RNA concentration of 4.5 ng/μL  
in each sample.

2.10. Quantitative reverse transcription-PCR (qRT-PCR) analysis of MicroRNAs

To screen for potential microRNAs contributing to the ketamine-induced neurotoxicity, we 
used human miFinder miRNA PCR arrays (Qiagen) which screen 84 microRNAs. For the 
arrays, a master mix (25 μL/well) containing the template cDNA (4.5 ng/well), RNase-free 
water, universal primer and miScript SYBR Green (Qiagen) was prepared according to the 
manufacturer’s instructions. The primers for each microRNAs to be analyzed come lyophi-
lized in the wells of the array plates. To confirm the array results, validation assays were 
performed in which the three cDNA samples used for the arrays were each run in triplicate 
on the same PCR run. The PCR was run using a BioRad iCycler for 15 min at 95°C followed 
by 40 cycles of: denaturation (15 s at 94°C), annealing (30 s at 55°C) and extension (30 s at 
70°C). Melt curve and reverse transcriptase controls were run to ensure sample purity and 
primer specificity, respectively. The epoch nanodrop spectrophotometer was also used to 
assess RNA quality using the A260:A280 ratio. To be considered pure, the A260:A280 for an 
RNA sample must fall between 1.8 and 2.2. Samples with an A260:A280 ratio outside of this 
accepted range were not used for the studies. MicroRNAs that displayed a 1.3 fold change in 
expression between the ketamine and control treated cells were considered to be of interest.

2.11. Statistical analysis

The data presented in this chapter was all collected from at least 3 independent neuronal dif-
ferentiations. Values were reported as means ± the standard deviation with normal distribu-
tions. Statistical analysis was completed using the Student’s t-test when comparing 2 groups. 
All statistical analysis was performed using the SigmaStat 3.5 software (Systat Software, Inc., 
San Jose, CA).

3. Results and discussion

3.1. Neuronal differentiation and characterization

To generate neurons from the hESCs, the cells were taken through a four-step differentia-
tion protocol as outlined in Figure 1A and described previously [20, 37, 38]. The neurons 
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loaded with 2 μM Fluo-4AM for 30 min in the presence/absence of ketamine at 37°C followed 
by a 20-min washout deesterification. The coverslips were placed in a polycarbonate record-
ing chamber (Warner Instruments) on the stage of a laser-scanning confocal microscope. 
Fluo-4AM fluorescence (λex/λem = 485/520 nm) was visualized using the confocal microscope 
and the studies were completed in under 8 min to ensure minimal confounding stress to the 
cells. Fluorescent intensity was then quantified using ImageJ software 1.41 (Wayne Rasband; 
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2.6. Mitochondrial membrane potential (ΔΨm) assay

hESC-derived neurons cultured on glass coverslips were incubated with 50 nM tetrameth-
ylrhodamine ethyl ester (TMRE) (Thermo Fisher Scientific) for 20 min at room temperature. 
TMRE fluorescent intensity representing ΔΨm was recorded using the confocal microscope 
(Nikon). Images were obtained from six random fields per coverslip. The data were analyzed 
using ImageJ software.

2.7. Analysis of release of cytochrome c from mitochondria into cytosol

NSCs were cultured in neuronal differentiation medium. Ten days later, the differentiated 
neurons were transduced with the virus CellLight™ mitochondria-green fluorescence pro-
tein (GFP) (Thermo Fisher Scientific) for 24 h to label mitochondria. This fluorescent protein-
based reagent contains the leader sequence of E1-α pyruvate dehydrogenase fused to emerald 
GFP. The transduced neurons expressed GFP within mitochondria. Four days later, the 
labeled neurons were used for analysis of the effect of ketamine on the cytochrome c transloca-
tion. Virus transduction efficiency was calculated as the ratio between GFP-positive cells and 
total cells. GFP expression in mitochondria was confirmed by the colocalization of GFP and 
TMRE fluorescence signals within cells. The distribution of cytochrome c in the neurons was 
analyzed using immunofluorescence staining with antibody against cytochrome c (Abcam).

2.8. Assessment of mitochondrial shape by electron microscopy

hESC-derived neurons were cultured on matrigel-coated plastic coverslips and were exposed 
to either 20 μM or 100 μM ketamine or control conditions for 24 h. The cells were fixed at 4°C 
with 2% glutaraldehyde in 0.1 M sodium cacodylate buffer and postfixed for 1 h on ice with 1% 
osmium tetroxide. The cells were rinsed with distilled water and dehydrated using acetonitrile 
and graded methanol (50%, 20 min; 70%, 20 min; 95%, 20 min; 100% 3×, 20 min). The cells were 
embedded in epoxy resin (EMbed-812, Electron Microscopy Sciences, Hatfield, PA) and polym-
erized at 70°C overnight. Thin (60 nm) sections were cut and the sections were stained with lead 
citrate and uranyl acetate. The samples were imaged using a Hitachi H600 Electron Microscope.

2.9. RNA extraction and cDNA preparation

Following exposure to ketamine or control conditions, total RNA was extracted using an RNeasy 
mini kit (Qiagen, Valencia, CA). Briefly, the cells were rinsed with PBS and lysed with QIAzol lysis 
reagent (Qiagen). Chloroform was added and the lysates were centrifuged. The upper phase was 
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removed and RNA was precipitated from it with 100% ethanol. The RNA was collected using the 
RNeasy spin columns (Qiagen). The samples were rinsed with buffer RPE. To elute the RNA from 
the column, 30 μL of RNase-free water (Qiagen) was added. An Epoch nanodrop spectrophotom-
eter (BioTek Instruments Inc., Winooski, VT) was used to assess the quantity and quality of the 
RNA in each sample. Each RNA sample was then diluted to 100 ng/μL in RNase-free water. The 
RNA was reverse transcribed to cDNA using the miScript II RT kit (Qiagen) following the manu-
facturer’s directions. Briefly, a mixture containing 1 μg of RNA, RNase-free water, 10× miScript 
nucleics mix, reverse transcriptase mix and 5× HiSpec buffer (Qiagen) was prepared. The RT reac-
tion mixture was incubated for 1 h at 37°C and for 5 min at 95°C to stop the reaction. The RT product 
was diluted in 200 μL in RNase-free water which yielded a final RNA concentration of 4.5 ng/μL  
in each sample.

2.10. Quantitative reverse transcription-PCR (qRT-PCR) analysis of MicroRNAs

To screen for potential microRNAs contributing to the ketamine-induced neurotoxicity, we 
used human miFinder miRNA PCR arrays (Qiagen) which screen 84 microRNAs. For the 
arrays, a master mix (25 μL/well) containing the template cDNA (4.5 ng/well), RNase-free 
water, universal primer and miScript SYBR Green (Qiagen) was prepared according to the 
manufacturer’s instructions. The primers for each microRNAs to be analyzed come lyophi-
lized in the wells of the array plates. To confirm the array results, validation assays were 
performed in which the three cDNA samples used for the arrays were each run in triplicate 
on the same PCR run. The PCR was run using a BioRad iCycler for 15 min at 95°C followed 
by 40 cycles of: denaturation (15 s at 94°C), annealing (30 s at 55°C) and extension (30 s at 
70°C). Melt curve and reverse transcriptase controls were run to ensure sample purity and 
primer specificity, respectively. The epoch nanodrop spectrophotometer was also used to 
assess RNA quality using the A260:A280 ratio. To be considered pure, the A260:A280 for an 
RNA sample must fall between 1.8 and 2.2. Samples with an A260:A280 ratio outside of this 
accepted range were not used for the studies. MicroRNAs that displayed a 1.3 fold change in 
expression between the ketamine and control treated cells were considered to be of interest.

2.11. Statistical analysis

The data presented in this chapter was all collected from at least 3 independent neuronal dif-
ferentiations. Values were reported as means ± the standard deviation with normal distribu-
tions. Statistical analysis was completed using the Student’s t-test when comparing 2 groups. 
All statistical analysis was performed using the SigmaStat 3.5 software (Systat Software, Inc., 
San Jose, CA).

3. Results and discussion

3.1. Neuronal differentiation and characterization

To generate neurons from the hESCs, the cells were taken through a four-step differentia-
tion protocol as outlined in Figure 1A and described previously [20, 37, 38]. The neurons 
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exhibited a characteristic neuronal morphology with small cell bodies and long projections. 
The neurons also formed extensive, interconnected networks over time. The cells displayed 
a very distinct morphology at each stage of the differentiation protocol. The hESCs formed 
tight colonies when cultured on a feeder layer and the EBs formed three-dimensional aggre-
gates when suspended in culture media. At the neural rosette stage, the NSCs formed tightly 
packed arrangements with a characteristic design and were bordered by several additional 
cell types. Once mechanically separated from the surrounding non-NSCs and digested, the 
NSCs separated from one another and spread out on the matrigel-coated dishes. At this point, 
the cells proliferated extensively.

The neurons were immunostained after 2 weeks in differentiation media and expressed the 
neuron-specific markers MAP2 and β-tubulin III and formed synapses as assessed by the 
positive staining of Synapsin I. Based upon the immunostaining, the differentiation protocol 
was 90–95% efficient in the generation of neurons. In an attempt to better gauge the maturity 
level of the hESC-derived neurons, the cells were also immunostained for doublecortin, a 
marker of immature/migrating neurons. In assessing the staining results, most of the neu-
rons in culture (90–95%) were positive for this marker of immature neurons (Figure 1B) 
which suggests that this model system is a valuable representation of developing human 
neurons.

Figure 1. Differentiation protocol and confocal images of immunolabeled human embryonic stem cell (hESC)-derived 
neurons. (A) Neurons were derived from hESCs through a four step differentiation protocol. (B) Neurons were stained 
with antibodies against the neuron-specific proteins, microtubule-associated protein 2 (MAP2) and β-tubulin III to assess 
the differentiation efficiency, and doublecortin to confirm the immaturity of the neurons [37].
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3.2. Ketamine-induced apoptosis

TUNEL staining was used to assess cell death in hESC-derived neurons following ketamine 
exposure by labeling breaks in the DNA. The cells were exposed to 100 μM ketamine or con-
trol conditions for 24 h. The number of TUNEL-positive cells was significantly increased 
when compared to control treated cells following ketamine exposure (Figure 2). These find-
ings confirm many of the previously published animal studies which have shown increased 
neuronal cell death following exposure of the developing brain to ketamine [39]. We focused 
on the investigation of the effect of ketamine on the intracellular calcium level, mitochon-
drial signaling, and microRNA expression in order to understand the mechanisms governing 
ketamine-induced cell death.

3.3. Alterations in intracellular calcium levels

Following exposure of 2-week-old hESC-derived neurons to 100 μM ketamine or control 
conditions for 24 h, the intracellular calcium levels in the cells were assessed using Fluo-4AM 
fluorescence. The intracellular calcium levels were significantly elevated in the ketamine-
treated cells when compared to control treatment (Figure 3). Calcium is a critical ion in the 
body and is fundamental in proper neuronal functioning. In neurons, calcium is crucial in 
synaptic activity and plasticity, cell signaling, neurotransmitter release and is involved in 
nearly every aspect of the cell cycle [24]. The careful balance of intracellular calcium levels is 
crucial to cell survival. Calcium homeostasis dysregulation, in particular calcium overload 
in the cell, has been linked to many different neurodegenerative diseases [25]. The findings 
from this study suggest that disrupted intracellular calcium homeostasis may also be linked 
to ketamine-induced cell death in developing neurons which could prove to be a novel thera-
peutic target.

3.4. Ketamine induces neuronal apoptosis via mitochondrial pathway

The mitochondria are extremely important organelles involved in many cellular processes 
including energy production, cell signaling, and apoptosis [40–46]. Given that ketamine may 

Figure 2. Exposure to 100 μM ketamine for 24 h induced significant cell death in the hESC-derived neurons. Ketamine 
induced an increase in the number of TUNEL-positive cells indicating significant cell death when compared to control-
treated cells. *P < 0.05 vs. control. n = 3 for each group.
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exhibited a characteristic neuronal morphology with small cell bodies and long projections. 
The neurons also formed extensive, interconnected networks over time. The cells displayed 
a very distinct morphology at each stage of the differentiation protocol. The hESCs formed 
tight colonies when cultured on a feeder layer and the EBs formed three-dimensional aggre-
gates when suspended in culture media. At the neural rosette stage, the NSCs formed tightly 
packed arrangements with a characteristic design and were bordered by several additional 
cell types. Once mechanically separated from the surrounding non-NSCs and digested, the 
NSCs separated from one another and spread out on the matrigel-coated dishes. At this point, 
the cells proliferated extensively.

The neurons were immunostained after 2 weeks in differentiation media and expressed the 
neuron-specific markers MAP2 and β-tubulin III and formed synapses as assessed by the 
positive staining of Synapsin I. Based upon the immunostaining, the differentiation protocol 
was 90–95% efficient in the generation of neurons. In an attempt to better gauge the maturity 
level of the hESC-derived neurons, the cells were also immunostained for doublecortin, a 
marker of immature/migrating neurons. In assessing the staining results, most of the neu-
rons in culture (90–95%) were positive for this marker of immature neurons (Figure 1B) 
which suggests that this model system is a valuable representation of developing human 
neurons.

Figure 1. Differentiation protocol and confocal images of immunolabeled human embryonic stem cell (hESC)-derived 
neurons. (A) Neurons were derived from hESCs through a four step differentiation protocol. (B) Neurons were stained 
with antibodies against the neuron-specific proteins, microtubule-associated protein 2 (MAP2) and β-tubulin III to assess 
the differentiation efficiency, and doublecortin to confirm the immaturity of the neurons [37].
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3.2. Ketamine-induced apoptosis

TUNEL staining was used to assess cell death in hESC-derived neurons following ketamine 
exposure by labeling breaks in the DNA. The cells were exposed to 100 μM ketamine or con-
trol conditions for 24 h. The number of TUNEL-positive cells was significantly increased 
when compared to control treated cells following ketamine exposure (Figure 2). These find-
ings confirm many of the previously published animal studies which have shown increased 
neuronal cell death following exposure of the developing brain to ketamine [39]. We focused 
on the investigation of the effect of ketamine on the intracellular calcium level, mitochon-
drial signaling, and microRNA expression in order to understand the mechanisms governing 
ketamine-induced cell death.

3.3. Alterations in intracellular calcium levels

Following exposure of 2-week-old hESC-derived neurons to 100 μM ketamine or control 
conditions for 24 h, the intracellular calcium levels in the cells were assessed using Fluo-4AM 
fluorescence. The intracellular calcium levels were significantly elevated in the ketamine-
treated cells when compared to control treatment (Figure 3). Calcium is a critical ion in the 
body and is fundamental in proper neuronal functioning. In neurons, calcium is crucial in 
synaptic activity and plasticity, cell signaling, neurotransmitter release and is involved in 
nearly every aspect of the cell cycle [24]. The careful balance of intracellular calcium levels is 
crucial to cell survival. Calcium homeostasis dysregulation, in particular calcium overload 
in the cell, has been linked to many different neurodegenerative diseases [25]. The findings 
from this study suggest that disrupted intracellular calcium homeostasis may also be linked 
to ketamine-induced cell death in developing neurons which could prove to be a novel thera-
peutic target.

3.4. Ketamine induces neuronal apoptosis via mitochondrial pathway

The mitochondria are extremely important organelles involved in many cellular processes 
including energy production, cell signaling, and apoptosis [40–46]. Given that ketamine may 

Figure 2. Exposure to 100 μM ketamine for 24 h induced significant cell death in the hESC-derived neurons. Ketamine 
induced an increase in the number of TUNEL-positive cells indicating significant cell death when compared to control-
treated cells. *P < 0.05 vs. control. n = 3 for each group.
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cause mitochondrial damage, we measured ΔΨm and distribution of cytochrome c in the cells. 
Treatment of hESC-derived neurons with 100 μM ketamine for 24 h significantly decreased 
ΔΨm (Figure 4A). In order to investigate the distribution of cytochrome c within the cells, 
the neurons were transduced with the virus CellLight™ mitochondria-GFP (green). GFP and 
TMRE signals were colocalized in the cells (Figure 4B), confirming that successfully labeling 
of mitochondria with GFP. GFP-positive cells reached 40% (Figure 4C). The distribution of 
cytochrome c in mitochondria and cytosol was examined using immunofluorescence stain-
ing. The results showed that cytochrome c was located within mitochondria in the control 
culture (Figure 4D). However, in the ketamine-treated cells, cytochrome c was released from 
the mitochondria into cytosol.

Neuroapoptosis is a commonly recognized harmful effect by anesthetics with mecha-
nisms that are not fully understood. Apoptosis is a programmed cell death. Cytochrome 
c release from mitochondria precededing the loss of ∆Ψm is a key event in initiating mito-
chondria-involved apoptosis [47], eventually leading to the typical alterations related to 
apoptosis such as DNA fragmentation in cell nuclei [48, 49]. In this study, following ket-
amine exposure, there was a significantly increase in the TUNEL-positive apoptotic cells 
(Figure 2). Ketamine-induced cell death was accompanied by the significant decrease in 
∆Ψm and the increased cytochrome c release from mitochondria into cytosol (Figure 4). 
These data were in agreement with those previously reported by others [48, 50–52], sug-
gesting that ketamine induces human neuron to undergo mitochondria-mediated apop-
tosis pathway.

To maintain proper cellular function, the mitochondria continuously undergo cycles of fusion 
and fission. Unbalanced fusion/fission, particularly excessive fission/fragmentation can lead 
to various pathological conditions including neurodegeneration [53]. To assess mitochon-
drial fission shape in the hESC-derived neurons following exposure to ketamine, electron 
microscopy was used. The neurons were exposed to either 20 μM or 100 μM ketamine or 
control conditions for 24 h. The cells were then prepared and imaged on an electron micro-
scope. The mitochondria appeared considerably fragmented in the ketamine- treated neurons 
when compared to control cells (Figure 5). Increased mitochondrial fission has been linked 
to the propofol-induced cell death in hESC-derived neurons as previously published by our 
group [54]. Our findings suggest that ketamine exposure results in an increase of mitochon-
drial fission within the developing neurons, which may contribute to the increased cell death 
observed in the ketamine-treated group.

Figure 3. Ketamine exposure for 24 h induced elevated cytosolic Ca2+ [(Ca2+)c] of neurons. (A) Ketamine increased (Ca2+)c. 
Neurons were loaded with the Ca2+ indicator Fluo-4AM. The fluorescence images of free cytosolic Ca2+ in the 2-week-old 
differentiated neurons are shown. (B) Ketamine (100 μM, 24 h) significantly increased (Ca2+)c (**P < 0.01, n = 3).
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Figure 4. Ketamine decreases mitochondrial membrane potential (ΔΨm) and increases cytochrome c release from mitochondria 
into cytosol. (A) ΔΨm assay. Ketamine (100 Μm) treatment for 24 h decreased ΔΨm (*P < 0.05 vs. control, n = 3). (B) Labeling 
mitochondria of neurons with CellLight™ mitochondria-green fluorescence protein (GFP) reagent. The GFP-positive cells 
were loaded with TMRE. GFP expression in mitochondria was confirmed by the colocalization of tetramethylrhodamine 
ethyl ester (TMRE/mitochondrial probe) and GFP signals within the cells. (C) Representative fluorescent images of the 
neurons transduced with CellLight™ mitochondria-GFP reagent. Blue are cell nuclei. 40% cells were GFP positive. (D) the 
effect of ketamine on the distribution of cytochrome c in neurons. Cells were labeled with CellLight™ mitochondria-GFP 
reagent expressed GFP in mitochondria and then treated with ketamine (100 μM, 24 h). The distribution of cytochrome c 
in cells was analyzed by immunofluorescence staining. Column 1 is the image of mitochondria; column 2 is the image of 
cytochrome c; and column 3 is the merged image. The inset in the top corner of each image is the magnified box indicated 
by white arrows. The orange signals in the merged images indicate the existence of cytochrome c inside the mitochondria, 
and the signals in the merged images indicate the existence of cytochrome c outside the mitochondria. Ketamine treatment 
(100 μM, 24 h) increased cytochrome c release from mitochondria into cytosol. Note: The cytochrome c signals (indicated by blue 
arrows) that do not overlap with GFP florescence were from non-transduced cells. Scale bar = 10 μm [20].
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cause mitochondrial damage, we measured ΔΨm and distribution of cytochrome c in the cells. 
Treatment of hESC-derived neurons with 100 μM ketamine for 24 h significantly decreased 
ΔΨm (Figure 4A). In order to investigate the distribution of cytochrome c within the cells, 
the neurons were transduced with the virus CellLight™ mitochondria-GFP (green). GFP and 
TMRE signals were colocalized in the cells (Figure 4B), confirming that successfully labeling 
of mitochondria with GFP. GFP-positive cells reached 40% (Figure 4C). The distribution of 
cytochrome c in mitochondria and cytosol was examined using immunofluorescence stain-
ing. The results showed that cytochrome c was located within mitochondria in the control 
culture (Figure 4D). However, in the ketamine-treated cells, cytochrome c was released from 
the mitochondria into cytosol.

Neuroapoptosis is a commonly recognized harmful effect by anesthetics with mecha-
nisms that are not fully understood. Apoptosis is a programmed cell death. Cytochrome 
c release from mitochondria precededing the loss of ∆Ψm is a key event in initiating mito-
chondria-involved apoptosis [47], eventually leading to the typical alterations related to 
apoptosis such as DNA fragmentation in cell nuclei [48, 49]. In this study, following ket-
amine exposure, there was a significantly increase in the TUNEL-positive apoptotic cells 
(Figure 2). Ketamine-induced cell death was accompanied by the significant decrease in 
∆Ψm and the increased cytochrome c release from mitochondria into cytosol (Figure 4). 
These data were in agreement with those previously reported by others [48, 50–52], sug-
gesting that ketamine induces human neuron to undergo mitochondria-mediated apop-
tosis pathway.

To maintain proper cellular function, the mitochondria continuously undergo cycles of fusion 
and fission. Unbalanced fusion/fission, particularly excessive fission/fragmentation can lead 
to various pathological conditions including neurodegeneration [53]. To assess mitochon-
drial fission shape in the hESC-derived neurons following exposure to ketamine, electron 
microscopy was used. The neurons were exposed to either 20 μM or 100 μM ketamine or 
control conditions for 24 h. The cells were then prepared and imaged on an electron micro-
scope. The mitochondria appeared considerably fragmented in the ketamine- treated neurons 
when compared to control cells (Figure 5). Increased mitochondrial fission has been linked 
to the propofol-induced cell death in hESC-derived neurons as previously published by our 
group [54]. Our findings suggest that ketamine exposure results in an increase of mitochon-
drial fission within the developing neurons, which may contribute to the increased cell death 
observed in the ketamine-treated group.

Figure 3. Ketamine exposure for 24 h induced elevated cytosolic Ca2+ [(Ca2+)c] of neurons. (A) Ketamine increased (Ca2+)c. 
Neurons were loaded with the Ca2+ indicator Fluo-4AM. The fluorescence images of free cytosolic Ca2+ in the 2-week-old 
differentiated neurons are shown. (B) Ketamine (100 μM, 24 h) significantly increased (Ca2+)c (**P < 0.01, n = 3).
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Figure 4. Ketamine decreases mitochondrial membrane potential (ΔΨm) and increases cytochrome c release from mitochondria 
into cytosol. (A) ΔΨm assay. Ketamine (100 Μm) treatment for 24 h decreased ΔΨm (*P < 0.05 vs. control, n = 3). (B) Labeling 
mitochondria of neurons with CellLight™ mitochondria-green fluorescence protein (GFP) reagent. The GFP-positive cells 
were loaded with TMRE. GFP expression in mitochondria was confirmed by the colocalization of tetramethylrhodamine 
ethyl ester (TMRE/mitochondrial probe) and GFP signals within the cells. (C) Representative fluorescent images of the 
neurons transduced with CellLight™ mitochondria-GFP reagent. Blue are cell nuclei. 40% cells were GFP positive. (D) the 
effect of ketamine on the distribution of cytochrome c in neurons. Cells were labeled with CellLight™ mitochondria-GFP 
reagent expressed GFP in mitochondria and then treated with ketamine (100 μM, 24 h). The distribution of cytochrome c 
in cells was analyzed by immunofluorescence staining. Column 1 is the image of mitochondria; column 2 is the image of 
cytochrome c; and column 3 is the merged image. The inset in the top corner of each image is the magnified box indicated 
by white arrows. The orange signals in the merged images indicate the existence of cytochrome c inside the mitochondria, 
and the signals in the merged images indicate the existence of cytochrome c outside the mitochondria. Ketamine treatment 
(100 μM, 24 h) increased cytochrome c release from mitochondria into cytosol. Note: The cytochrome c signals (indicated by blue 
arrows) that do not overlap with GFP florescence were from non-transduced cells. Scale bar = 10 μm [20].
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3.5. qRT-PCR analysis of microRNA expression

Our lab was the first to show the role of microRNAs, specifically miR-21 in propofol-induced 
neurotoxicity in hESC-derived neurons [37]. Using a similar approach, we have identified 
several microRNAs with altered expression profiles in ketamine-treated hESC-derived neu-
rons when compared to control-treated cells suggesting a role of microRNAs in ketamine-
induced neurotoxicity. A total of 84 of the most abundantly expressed microRNAs were 
analyzed using the miFinder miRNA PCR arrays. A fold change of 1.3 between the control 
and ketamine-treated cells was considered significant. The data are expressed as percent of 
control with the control group set to 100%. The expression of seven microRNAs was found 
to be significantly altered following exposure to 6 h of ketamine when compared to control-
treated cells. Of these seven, only miR-96 was found to be significantly upregulated with 
ketamine treatment. The remaining microRNAs (miRs-Let 7A, Let 7E, 21, 23b, 28-5p, 423-5p) 
were significantly downregulated with ketamine exposure compared to control-treated cells 
(Figure 6). Of these microRNAs, the downregulation of miR-21 was of particular interest since 
miR-21 is protective against ischemic injuries [55]. Downregulation of a protective microRNA 
may provide a mechanism by which ketamine is inducing neuronal toxicity in the hESC-
derived neurons. Interestingly, we also reported a significant downregulation of miR-21 in 
hESC-derived neurons following exposure to the anesthetic propofol and went on to confirm 
a functional role of this expression change in the propofol-induced neurotoxicity [37]. This 
research suggests that the mechanism of anesthetic-induced neurotoxicity among multiple 
anesthetic agents might converge on altered expression of microRNAs such as miR-21. While 
the other 6 microRNAs identified through these array studies have not been implicated pre-
viously in neuronal diseases, this approach has the potential to uncover novel roles of these 
microRNAs in ketamine-induced neurotoxicity. An aim of future studies will include func-
tional studies to further elucidate the role of these microRNAs and the signaling components 
connecting these altered microRNAs and attenuated mitochondrial function in ketamine-
induced neurotoxicity. Additionally, the current microRNA studies were done using a dif-
ferent time point (6 h) than the cell death and mitochondrial studies previously mentioned 
which used a time point of 24 h. This was done to ensure any potentially transient changes in 
microRNA expression were observed. Future studies will include the addition of microRNA 

Figure 5. Ketamine increases mitochondrial fission as evidenced by the electron microscope images of differentiated 
neurons treated with the indicated concentrations (20 and 100 μM) of ketamine for 24 h. Scale bars = 500 nm.
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expression changes following exposure to 24 h of ketamine along with additional cell death 
and mitochondrial signaling assays following 6 h of exposure to ketamine which will allow 
for proper interpretation of the results.

3.6. Summary

The mechanisms governing anesthetic-induced neurotoxicity in the developing brain are 
currently not well understood and this research has been limited by the lack of an appropri-
ate human model. Collectively, the findings from this study indicate that (1) hESC-derived 
neurons represent a promising model to investigate the effects of anesthetic exposure 
in the developing human brain, (2) ketamine induces neuroapoptosis via mitochondrial 
pathway, and (3) dysregulation of intracellular calcium, increased mitochondrial fission, 
and altered microRNA expression might play important roles in ketamine-induced neu-
roapoptosis. The role of microRNAs in anesthetic-induced neurotoxicity is just beginning 
to be understood. Functional studies including knockdown and overexpression of microR-
NAs of interest will further establish their role in the ketamine-induced neurotoxicity. 
Additionally, much work remains to establish a functional link between dysregulation of 
intracellular calcium, increased mitochondrial fission, decreased mitochondrial membrane 
potential, altered microRNA expression, and the observed neuroapoptosis. These studies 
are very promising and may reveal novel mechanisms of ketamine-induced developmental 
neurotoxicity.
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Abstract

Mitochondria are organelles critical for cell survival because they produce ATP and mod-
ulate programmed cell death (PCD) pathways. PCD pathways are important in many 
clinical disorders, such as ischemia/reperfusion injuries, trauma, and toxic/metabolic syn-
dromes, as well as in chronic neurodegenerative conditions, such as amyotrophic lateral 
sclerosis, Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Moreover, 
many viruses and other pathogens target the mitochondria. Viruses induce the produc-
tion of various proteins in their hosts that have proapoptotic and anti-apoptotic activities, 
depending on the cellular environment. More specifically, many viruses that target mito-
chondria regulate the balance between the anti- and proapoptotic Bcl-2 family proteins 
and thereby increase their own survival within the host cell. Recent studies indicated that 
mitochondria centralize several critical innate immune responses based on the presence 
of several important signaling proteins within the mitochondria: mitochondrial antiviral 
signaling (MAVS), stimulation of interferon genes (STING), and NLR family member X1. 
Therefore, mitochondria are not only vital because they regulate cell survival and death 
but also they have broad roles in the control of cell functions following pathogen inva-
sion. This chapter highlights the tight interplay between viral infection and mitochondria.

Keywords: virus, apoptosis, mitochondria, mitochondrial membrane potential (MMP), 
diseases, Bcl-2 family, viral death genes

1. Introduction

1.1. Viruses and hosts

Viral diseases are becoming increasingly common worldwide, so it is important to identify the 
causative species and examine the underlying pathogenesis to prevent future epidemics and 
reduce the spread of new diseases. Although many host responses can contribute to the patho-
genesis of viral diseases, little is known about the role of mitochondria in viral pathogenesis. 
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Mitochondria are suitable targets for infectious microorganisms, such as viruses, because they 
act as powerhouses of the cell and have various other important functions. Therefore, “hijack-
ing” the mitochondria disrupts overall cell function and makes it easy for a virus to control 
the cell and propagate. The host, in turn, has several responses that it uses to protect itself 
from viral invasions. One defense mechanism is based on the immune system, and another is 
based on cell autonomy, in which cells undergo certain physiological changes upon the onset 
of infection, such as unscheduled activation of the cell cycle following induction by certain 
viral proteins. When an infected cell undergoes programmed cell death (PCD), which includes 
apoptosis, autophagy, and necroptosis, this can prevent the spread of the virus infection to 
neighboring cells. A further complication is that viruses often promote apoptosis, but they can 
also block apoptosis by interacting with different signaling molecules of the host cell. Many 
viruses, especially human viruses, can perform either function, depending on the underlying 
conditions. Recent studies have shown that most viruses force cells to undergo apoptosis. 
However, from the perspective of the virus, apoptosis of the host seems to provide no benefit, 
so this is a topic of the current research. Therefore, additional studies that elucidate the mecha-
nisms underlying the induction of the virus-induced PCD and cell lysis may help to identify 
new drug targets for the treatment of viral infections.

1.2. Intrinsic and extrinsic pathways of apoptosis in viral infections

Programmed cell death has a key role in the pathogenesis of many conditions including viral 
diseases, cancer, inflammation, and neurodegenerative diseases. Apoptosis is a highly complex 
process that is controlled by numerous cell signaling pathways [1]. The common event at the 
end point is activation of a set of cysteine-aspartic proteases (caspases) [2, 3]. Apoptosis may 
benefit host cells by limiting the production and dissemination of viruses [4]. However, apoptosis 
may benefit viruses if it allows them to increase production and dissemination of progeny [5, 6]. 
The PCD induced by a virus infection is often described as “typical apoptosis” [7]. However, 
recent studies reported that nonapoptotic forms of PCD are important for the pathogenesis of 
certain RNA viruses, including the JC virus, hepatitis C virus (HCV), coxsackievirus B3, entero-
virus, and dengue virus [8]. The mechanism of DNA virus-induced nonapoptotic cell death 
is not well understood. Although not all signaling pathways that induce apoptosis are fully 
understood, the fate of a cell undergoing apoptosis mainly depends on the balance between the 
Bcl-2 family sensor proteins, which can promote and inhibit apoptosis (Figure 1) [9–11]. Recent 
studies have shown viral pathogenesis that involves oxidative damage and apoptosis.

1.3. Role of ROS in viral diseases

Recent studies have shown that mitochondria are the targets of the reactive oxygen species 
(ROS) that are produced inside a cell during viral infections, and that mtDNA is a major target 
of these ROS [11]. Mitochondrial ATP generation requires proteins from the nuclear and mito-
chondrial genomes. ROS disrupt the oxidative production of ATP, which is required for nor-
mal cellular function, because damage of mtDNA disrupts the normal synthesis of proteins 
needed for mitochondria function and making them suitable targets for attack by ROS pro-
duced during infections by viruses and other microorganisms, although ROS also have other 
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cellular targets. In HIV and hepatitis C virus infections, oxidative stress (OS) always plays 
a dominant pathogenic role. Peterhen and other researchers showed that almost all viruses 
(DNA/RNA viruses) cause cell death by generating oxidative stress in infected cells [12–14]. 
The OS generated during chronic hepatitis is associated with hepatic damage, a decrease in 
reduced glutathione (GSH) and decrease in plasma and hepatic zinc concentration [15, 16]. 
In case of influenza virus infection, the activated phagocytes release not only produces ROS 
but also cytokine and TNF. The pro-antioxidant effect of TNF may be relevant to influenza 
virus as shown by children with Rey’s syndrome [17]. OS ultimately results in decrease in the 
functioning of the immune system.

Figure 1. Modulation of cell death pathways in mitochondria by different viral infections or different viral proteins. In 
the extrinsic apoptosis pathway (middle left) [2], is activation of Fas death receptors at the cell surface by its ligand for 
activating the caspase-8 for either cleaved Bid to tBid for targeting into mitochondria [24] or activates the ROS/RIP3-
mediated necroptosis via a nonmitochondria-mediated cell death process [2, 85]. In the intrinsic apoptosis pathway (top 
left), some death factors trigger death signals on disrupting mitochondrial function via loss of MMP and release the 
cytochrome c and activate the downstream caspase-3 for further triggering apoptotic cell death, but these mitochondria-
mediated death signaling also regulated by anti-apoptotic family members such as Bcl-2 and Bcl-xL for rescuing host 
cells [8, 10, 11, 87]. On the other hand, IAP can inhibit the caspase-3 activation [88] but it is suppressed by the Smac/
DIABLO molecule, which is released from mitochondria [24]. Finally, if viruses entering or expressing, they can also 
trigger proapoptotic signaling (indicated by black lines) or block anti-apoptotic signaling (indicated by red lines) via 
whole virus or viral gene productions in mammalian viruses, which is associated with activation of caspase-dependent [9] 
and caspase-independent executioner mechanisms [2], leads to cell death by viral genes from RNA and DNA viruses, 
respectively for inducing some damaged or human diseases [4, 27].
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2. Mitochondrial functions

Mitochondria are multifunctional organelles that are covered by an outer membrane (OM), 
within which lie the intermembrane space (IMS) and the inner membrane (IM). The IM is 
folded into special structures called cristae, so its surface area is much greater than that of the 
OM. The cristae function as matrices for protein complexes required for the electron transport 
chain (ETC), and they contain many integral membrane proteins, including adenine nucleotide 
translocator (ANT) and ATP synthase. The IM remains almost entirely impermeable under 
normal physiological conditions, thereby allowing the respiratory chain to create an electro-
chemical gradient. This electric potential is important for maintaining the mitochondrial mem-
brane potential (MMP, Δψm) of the IM. The pumping of protons by the ETC out of the IM 
activates ATP synthase, which phosphorylates ADP to ATP. The ATP generated on the matrix 
side of the IM is then exported by ANT in exchange for ADP. The OM has many voltage-
dependent anion channels (VDACs), which maintains permeability of solutes up to 5000 Da in 
size under normal physiological conditions. The IMS is chemically equivalent to the cytosol in 
terms of low molecular weight solutes and has its own special set of proteins. The human mito-
chondrial genome (about 16,500 bp), which is in the matrix (within the IM), only codes for 13 
subunits of the respiratory chain. More than 99% of mitochondrial proteins are encoded by the 
nuclear genome and then selectively imported into one of the mitochondrial compartments. 
Thus, the mitochondrial OM, IM, IMS, and matrix have highly unique protein compositions.

Mitochondria act “powerhouse” of the cell and have several other important functions. The 
numerous functions of mitochondria make them indispensable to the cell, so when a virus 
“hijacks” mitochondrial function, it allows it to control the whole cell. Mitochondria have 
important roles in several signal transduction pathways [18, 19], the process of aging [20], 
regulation of different biochemical pathways related to cell metabolism [21, 22], PCD [23, 24], 
development [25, 26], the pathogenesis of numerous diseases immune responses [19], and cell 
cycle control [19, 27]. The circular mitochondrial genome encodes 13 polypeptides, 2 rRNAs, 
and 22 tRNAs. All of these mtDNA products are essential for function of the ETC and the gen-
eration of ATP by oxidative phosphorylation [9, 27], although many proteins from the nuclear 
genome are also required. Thus, any injury to mtDNA can affect the whole cell. The mtDNA is 
more susceptible to damage from ROS because it lacks protective histones, the mitochondrion 
has more limited DNA repair enzymes, and it is close to ETC, the main center of ATP and 
ROS production. The matrix of IMS, which contains cytochrome c oxidase (Cyt C, encoded 
by mtDNA), SMAC/DIABLO (encoded by nuclear DNA), and endonuclease G (encoded by 
nuclear DNA), acts as a buffer zone between the IM and OM. This matrix region contains 
many of the enzymes needed for aerobic respiration, dissolved oxygen, water, carbon diox-
ide, and recyclable intermediates that serve as energy shuttles and have other functions.

2.1. Loss of mitochondrial membrane potential

A loss of the MMP (Δψm) leads to imbalances in the membrane potentials of the IM and OM, 
and then to arrest of normal cellular biosynthetic function and bioenergetics, and finally to a 
“crisis” within the cell. A loss of the MMP (Δψm) also leads to release of several proapoptotic 
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proteins from the IMS, such as Cyt C and Smac/DIABLO, as well as caspase independent 
death effectors, such as apoptosis-inducing factor (AIF) and endonuclease G (EndoG) [9], 
which have important roles in caspase-independent and caspase-dependent cell death [9]. 
The MMP (Δψm) transition occurs during the pathogenesis of exogenous factors (e.g., viral 
proteins, toxins, and prooxidants [9, 10]). A prolonged loss of the MMP (Δψm) leads to serious 
cell damage, from which the cell cannot recover. Therefore, in the intrinsic pathway of apop-
tosis, any viral factor that influences the MMP (Δψm) has a major impact on cell fate, either by 
inducing or by blocking cell death [9].

In recent years, there has been an increasing focus on the role of the MMP (Δψm) in dis-
ease and health. Thus, several recent models based on in vivo and in vitro studies explain the 
mechanisms underlying the maintenance and loss of the MMP. A loss of the MMP by any 
mechanism leads to functional and structural collapse of the mitochondria and cell death [27]. 
A recent study for first time has shown that dengue virus (DV) infection of human hepatoma 
cell line (HepG2) leads alteration in the bioenergetic function of mitochondrial morphology 
leading to MMP loss [28]. The alteration in respiratory properties of HepG2 cells in DV infec-
tion results due to decrease in respiratory control ratio (PCR) and ADP/O ratio, which sug-
gest significant alteration in mitochondrial morphology. Another additional feature observed 
by an increase in proton leak termed mitochondrial uncoupling which occurs by leaking of 
protons through FoF1 ATP synthase from inner membrane into matrix resulting in decrease in 
MMP loss. Thus, creating an imbalance in ATP synthesis ultimately affects the bioenergetic 
functions of cell. The biochemical mitochondrial damage induced in cell infected with HCV 
showed that E1 Protein together with core and NS3 are responsible for ROS production. Core 
and NS3 induce NO production which causes MMP loss by opening of transition pore [29]. 
NO could also interact with another free radical superoxide (O2

−) to form strong peroxynitrite 
anion (ONOO–), which irreversibly inhibits multiple respiratory complexes (complexes I, II 
and IV) and aconitase, and activate proton leak and permeability transition pore [30, 31]. 
Therefore, interfering with energy metabolism by disrupting the ATP synthesis of cell results 
in modulation of mitochondrial function.

2.2. Effects of viral infections on mitochondrial processes

Mitochondria undergo a number of processes, such as fusion and fission, in normally function-
ing healthy cells. However, when mitochondria develop abnormalities, the cell can destroy it by 
the process of mitophagy [32]. Cells typically eliminate unhealthy mitochondria by mitochon-
drial fission; they typically use mitochondrial fusion to recycle matrix metabolites, including 
mtDNA and mitochondrial membranes, for the assembly of new and healthy mitochondria. 
Therefore, these three processes—mitophagy, fission, and fusion—are interlinked, and they all 
play prominent roles in maintaining healthy cells [33]. Mitophagy plays an important role in 
maintaining mitochondrial homeostasis, but can also eliminate healthy mitochondria in cases 
such as cell starvation, viral invasion, and erythroid cell differentiation [34, 35]. The mitochon-
drial fusion and fission are highly dynamic. Viruses interfere with these processes to distort 
mitochondrial dynamic to facilitate their proliferation. Thus, interfering with these processes 
promotes the interference of different cellular signaling pathways [36–38]. New castal virus 
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(NDV) uses strategy that interferes with P62-mediated mitophagy to promote viral propaga-
tion [39]. The severe acute respiratory syndrome coronovirus (SARS-CoV) escapes the innate 
immune response by translocating its ORF-9b to mitochondria and promotes proteosomal 
degradation of dynamin-like protein (Drp1) leading to mitochondrial fission [40]. However, 
still more studies are needed to explain the exact role of mitophagy in the viral disease patho-
genesis, which regulates the cell death process [41].

2.3. Role of mitochondria in host immune response

During the coevolution of viruses and hosts, some viruses have evolved proteins that mimic 
the activity of host proteins, thereby allowing the virus to complete its life cycle without induc-
ing an immune response in the host. For example, Mimivirus, a genus with a single species in 
the newly created Mimiviridae, has genes for many proteins, including a viral mitochondrial 
carrier protein (VMC-I) [42], which mimics the host cell’s mitochondrial carrier protein, allow-
ing it to control mitochondrial transport in infected cells. Therefore, this virus takes control of 
the host cell’s transportation of ADP, dADP, TTP, dTTP, and UTP in exchange for dATP, which 
the virus uses as an energy source for genome replication and production of progeny [27].

2.4. Viruses target mitochondrial DNA and disable host cells

Numerous viruses appear to have adopted a “strategy” of damaging the host cell mitochondrial 
DNA to control the whole cell. For example, the herpes simplex virus (HSV) causes productive 
and latent infections in human hosts by disruption of mitochondrial function. The HSV-1UL12 
gene encodes two distinct yet similar proteins, UL12 and UL12.5. UL12 is an alkaline nuclease, 
and UL12.5 is an N terminally truncated 500-aa polypeptide that lacks the first 126 residues 
of UL12. UL12 plays a crucial role in viral genome replication and processing; UL12.5 also 
has nuclease and strand-exchange activities but does not accumulate in the host cell nucleus. 
Instead, UL12.5 localizes predominantly to the mitochondria, where it triggers massive deg-
radation of mitochondrial DNA during early HSV replication. In particular, UL12.5 occurs 
directly within the mitochondrial matrix, and its nuclease activity degrades mtDNA [43]. HIV 
and hepatitis C virus infections cause metabolic stress due to mtDNA depletion in coinfected 
patients [44]. The Zta protein encoded by Ebola virus (EBV) genome translocates into mitochon-
dria and interacts with mitochondrial single-strand protein, which ultimately affects mtDNA 
replication [45]. The OS generated during HCV infection also interferes with mtDNA [31].

3. Human viruses in mitochondria-mediated diseases

3.1. Epstein: Barr virus

The Epstein–Barr virus (EBV) is an oncovirus that is associated with breast cancer, gastric can-
cer, and numerous other cancers. Recent studies showed that EBV-encoded latent membrane 
protein 2A (LMP2A) leads to increased mitochondrial fission [46]. Further, molecular studies 
showed that LMP2A activates the NOTCH pathway, which alters the expression of Drp1 and 
then increases mitochondrial fission. Although increased Drp expression does not directly 
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increase mitochondrial fission, the recruitment of Drp by mitochondria and activation of GTPase 
leads to mitochondrial fission. Therefore, the EBV-induced changes in mitochondrial function, 
due to the LMP2A protein, may play a major role in the pathogenesis of several cancers [47].

3.2. Herpes simplex virus (alphaherpesvirus)

Infections by the herpes simplex virus type 1 (HSV-1) and pseudorabies virus (PRV) lead 
to imbalances in the calcium homeostasis of host cells. A study on rodents indicated that 
this calcium imbalance leads to disruption of mitochondrial function in the cervical ganglion 
neurons [48]. An imbalance in the cellular calcium pool affects the Miro protein (a calcium-
binding protein), altering its interaction with kinesin-1. Therefore, HSV-1 and PRV “hijack” 
host cell proteins, and this disrupts mitochondrial dynamics, thereby allowing the viruses to 
replicate and spread to neighboring cells.

3.3. Influenza A virus

3.3.1. Influenza A virus induces oxidative stress in mitochondria

Reactive oxygen species have important roles in the overall function of normal cells and play 
a vital role in the host adaptive immune response [49, 50]. For example, production of O2

.− is 
an important defense against microbial infections. However, a large increase in the produc-
tion of O2

.−during influenza A virus infection leads to damage of lung parenchyma cells [51]. 
Further studies that OS increased lung injuries caused by the influenza virus and viral replica-
tion, irrespective of the viral strain [52, 53]. Excessive and nonspecific knockdown of stress-
related enzymes, such as superoxide dismutase 2 (SOD2), led to T-cell apoptosis and many 
developmental defects, resulting in overall weakening of the adaptive immune system and an 
increased susceptibility to influenza A virus subtype H1N1 [54, 55].

3.3.2. Influenza A virus-encoded protein PB1-F2 targets mitochondria

Influenza A viruses encode the proapoptotic protein PB1-F2, which localizes to the mitochon-
dria due to a target sequence on its C terminal domain. PB1-F2 is conserved within the influenza 
family [56]. After PB1-F2 binds to mitochondria, it interacts with two important mitochondrial 
proteins, VDAC1 on the OM and ANT3 on the IM [57, 58]. This leads to alterations in mito-
chondria morphology, release of proapoptotic proteins, loss of MMP, and then cell death.

3.4. HCV virus

3.4.1. HCV induces oxidative stress that damages mitochondria

HCV infection typically leads to generation of ROS, which interferes with the calcium signal-
ing pathways of the cell [9]. This disruption of calcium homeostasis alters the structure of the 
endoplasmic reticulum, and increased calcium is taken up by the mitochondria, leading to 
disruption of the MMP. Recent molecular studies have shown that many other HCV proteins, 
such as E2 [59], and NS4B [60], are important in generating oxidative stress. In addition, the 
nonstructural HCV protein NS5A is an integral membrane protein that is important for viral 
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and UL12.5 is an N terminally truncated 500-aa polypeptide that lacks the first 126 residues 
of UL12. UL12 plays a crucial role in viral genome replication and processing; UL12.5 also 
has nuclease and strand-exchange activities but does not accumulate in the host cell nucleus. 
Instead, UL12.5 localizes predominantly to the mitochondria, where it triggers massive deg-
radation of mitochondrial DNA during early HSV replication. In particular, UL12.5 occurs 
directly within the mitochondrial matrix, and its nuclease activity degrades mtDNA [43]. HIV 
and hepatitis C virus infections cause metabolic stress due to mtDNA depletion in coinfected 
patients [44]. The Zta protein encoded by Ebola virus (EBV) genome translocates into mitochon-
dria and interacts with mitochondrial single-strand protein, which ultimately affects mtDNA 
replication [45]. The OS generated during HCV infection also interferes with mtDNA [31].

3. Human viruses in mitochondria-mediated diseases

3.1. Epstein: Barr virus

The Epstein–Barr virus (EBV) is an oncovirus that is associated with breast cancer, gastric can-
cer, and numerous other cancers. Recent studies showed that EBV-encoded latent membrane 
protein 2A (LMP2A) leads to increased mitochondrial fission [46]. Further, molecular studies 
showed that LMP2A activates the NOTCH pathway, which alters the expression of Drp1 and 
then increases mitochondrial fission. Although increased Drp expression does not directly 
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increase mitochondrial fission, the recruitment of Drp by mitochondria and activation of GTPase 
leads to mitochondrial fission. Therefore, the EBV-induced changes in mitochondrial function, 
due to the LMP2A protein, may play a major role in the pathogenesis of several cancers [47].

3.2. Herpes simplex virus (alphaherpesvirus)

Infections by the herpes simplex virus type 1 (HSV-1) and pseudorabies virus (PRV) lead 
to imbalances in the calcium homeostasis of host cells. A study on rodents indicated that 
this calcium imbalance leads to disruption of mitochondrial function in the cervical ganglion 
neurons [48]. An imbalance in the cellular calcium pool affects the Miro protein (a calcium-
binding protein), altering its interaction with kinesin-1. Therefore, HSV-1 and PRV “hijack” 
host cell proteins, and this disrupts mitochondrial dynamics, thereby allowing the viruses to 
replicate and spread to neighboring cells.

3.3. Influenza A virus

3.3.1. Influenza A virus induces oxidative stress in mitochondria

Reactive oxygen species have important roles in the overall function of normal cells and play 
a vital role in the host adaptive immune response [49, 50]. For example, production of O2

.− is 
an important defense against microbial infections. However, a large increase in the produc-
tion of O2

.−during influenza A virus infection leads to damage of lung parenchyma cells [51]. 
Further studies that OS increased lung injuries caused by the influenza virus and viral replica-
tion, irrespective of the viral strain [52, 53]. Excessive and nonspecific knockdown of stress-
related enzymes, such as superoxide dismutase 2 (SOD2), led to T-cell apoptosis and many 
developmental defects, resulting in overall weakening of the adaptive immune system and an 
increased susceptibility to influenza A virus subtype H1N1 [54, 55].

3.3.2. Influenza A virus-encoded protein PB1-F2 targets mitochondria

Influenza A viruses encode the proapoptotic protein PB1-F2, which localizes to the mitochon-
dria due to a target sequence on its C terminal domain. PB1-F2 is conserved within the influenza 
family [56]. After PB1-F2 binds to mitochondria, it interacts with two important mitochondrial 
proteins, VDAC1 on the OM and ANT3 on the IM [57, 58]. This leads to alterations in mito-
chondria morphology, release of proapoptotic proteins, loss of MMP, and then cell death.

3.4. HCV virus

3.4.1. HCV induces oxidative stress that damages mitochondria

HCV infection typically leads to generation of ROS, which interferes with the calcium signal-
ing pathways of the cell [9]. This disruption of calcium homeostasis alters the structure of the 
endoplasmic reticulum, and increased calcium is taken up by the mitochondria, leading to 
disruption of the MMP. Recent molecular studies have shown that many other HCV proteins, 
such as E2 [59], and NS4B [60], are important in generating oxidative stress. In addition, the 
nonstructural HCV protein NS5A is an integral membrane protein that is important for viral 
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replication, apoptosis, immune responses (such as interferon resistance), and changes in cel-
lular calcium [61]. The proteins NS5Aand NS3 have roles in increasing calcium uptake and in 
the oxidation of glutathione (GSH) to glutathione disulfide (GSSG) in mitochondria, which 
ultimately leads to oxidative stress [61–63]. The imbalance of ROS created in the mitochon-
dria leads to activation and translocation of NF-𝜅𝜅B and STAT3 to the nucleus, as part of dis-
ease progression. Antioxidants block the NS5A-mediated activation of NF-𝜅𝜅B and STAT3 [64]. 
NS4B also promotes translocation of NF-𝜅𝜅B to the nucleus in a PTK-mediated pathway. The 
resulting production of ROS and nitric oxide (NO) causes oxidative damage and inhibits DNA 
repair [60] and leads to apoptosis. ROS-mediated disruption of mitochondria is believed to be 
the sole cause of liver inflammation in HCV infections [9].

3.4.2. HCV-encoded proteins target mitochondria

HCV remains persistent in its host because it lowers the host cell immune response. The HCV 
protein NS3/4A is a serine protease that inhibits interferon beta production by the retinoic 
acid-inducible gene I (RIG-I) pathway. Studies of the NS3/4A protein show that this protease 
cleaves MAVS at Cys-508, a few residues before its mitochondrial targeting domain. Cleavage 
of MAVS inactivates this protein because its soluble form is not functional. NS3/4A has a 
mitochondrial localizing signal, so it can directly cleave MAVS in the mitochondria [65, 66]. 
Substitution of Cys-508 with arginine prevents cleavage of MAVS. Cleavage of MAVS is thus 
an important mechanism by which HCV reduces host cell defenses [66].

3.5. Hepatitis B virus targets mitochondria

Hepatitis B virus x protein (HBx) is potentially essential for viral replication, and it has onco-
genic properties in animal models [67]. HBx sensitizes hepatocytes to apoptosis induced by 
stimuli such TNF-α [68]. Studies of the overexpression of HBx showed that this protein causes 
apoptosis by causing a perinuclear clustering of mitochondria and a loss of the MMP [69]. 
Studies of HBx mutants identified that certain hydrophobic residues (a mitochondrial tar-
geting sequence, MTS) are important for its induction of mitochondrial localization, loss of 
MMP, and cell death [70]. The HBx protein usually interacts with at least two mitochondrial 
proteins, heat shock protein 60 (HSP60) [71] and HVDAC3 [72]. The interaction of HBx with 
these two proteins (which are important in maintaining mitochondrial integrity) ultimately 
disrupts mitochondrial function in infected cells. These two mitochondrial proteins play 
major roles in chronic liver disease and carcinogenesis. Therefore, HBx plays a major role in 
the pathogenesis of HBV infection due to its alteration of host cell mitochondria.

4. Control strategies

4.1. RNA interference treatment of viral diseases that target mitochondria

Despite the many advances in molecular biology and in treatment of viral diseases, the pre-
vention and control of viral infections remains a challenge. Alteration of the interaction of the 
virus and host is one general strategy. Therefore, a complete understanding of the interactions 
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of the host and virus at the molecular level is needed to develop new antiviral drugs and vac-
cines. There is an urgent need to find more effective therapeutic agents for the treatment of 
viral infections. Researchers have recently started testing treatments based on RNA interfer-
ence (RNAi), using either microRNA (miRNA) or small interfering RNA (siRNA). Although 
this approach is still in its infancy, there has been some success in silencing the viral genes 
responsible for virulence [73, 74].

RNAi is an endogenous defense that cells use as a defense against harmful nucleic acids, 
either generated by the cell itself or from external environment (such as a viral invasions) [75]. 
RNAi is successful against many virus infections, but the delivery and stability of RNAi mol-
ecules within the cell are major concerns. The stability of RNAi is affected by its charge and 
biochemical activity within a cell, so these two parameters must be considered when design-
ing RNAi-based therapies. In addition, the effectiveness of RNAi-based therapies depends on 
the delivery route [76], target gene [77, 78], target pathogen [75, 78], and target tissue [75]. The 
adverse effects of using RNAi-based treatment on the environment and treatment costs must 
also be considered, and we must have a deeper understanding of RNAi at the molecular level. 
The growing interest of molecular virologists in the use of RNAi suggests that this is one of 
the most exciting new therapeutic approaches for treatment of viral diseases [75].

4.2. Host antioxidant defense system fights viral invasion

The increased generation of ROS and reactive nitrogen species (RNS) is a key part of the 
pathogenesis of many virus infections. OS induces loss of the MMP, so mitochondria are 
become more susceptible to ROS damage. However, cells also have defenses against ROS, 
such as reduced glutathione (GSH),which acts as an antioxidant during the oxidative produc-
tion of ATP in healthy cells [9, 79–81]. An imbalance between the generation of ROS and ROS 
quenching by the cell’s endogenous antioxidant defense system usually leads to a disease and 
is common during viral invasion. In recent years, due to the unavailability of antiviral drugs, 
researchers have proposed a number of new strategies to protect against free radical-induced 
OS. These strategies may be characterized as repair and protection. Protection is achieved by 
enzymes and by nonenzymatic compounds, such as carotenoids, vitamin C, vitamin E, GSH, 
and flavonoids [82]. Recent studies have shown the importance of both classes of these mol-
ecules in defense against oxidative stress [9, 83–86].

5. Concluding remarks

Identifying the main cause of a new epidemic is the most important factor in controlling 
disease outbreak. Many host responses appear to contribute to the pathogenesis of viral infec-
tions, and recent cellular and molecular studies have shown that many viruses specifically 
target mitochondria. Several different host responses and viral proteins directly or indirectly 
act on the mitochondria and lead to loss of the MMP. Mitochondria play important roles 
in cell survival and cell death, so a better understanding how different viruses use mito-
chondrial responses to control cells may provide a foundation for the development of new 
treatments for different viral diseases. More specifically, clarification of the roles of viruses 
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replication, apoptosis, immune responses (such as interferon resistance), and changes in cel-
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the oxidation of glutathione (GSH) to glutathione disulfide (GSSG) in mitochondria, which 
ultimately leads to oxidative stress [61–63]. The imbalance of ROS created in the mitochon-
dria leads to activation and translocation of NF-𝜅𝜅B and STAT3 to the nucleus, as part of dis-
ease progression. Antioxidants block the NS5A-mediated activation of NF-𝜅𝜅B and STAT3 [64]. 
NS4B also promotes translocation of NF-𝜅𝜅B to the nucleus in a PTK-mediated pathway. The 
resulting production of ROS and nitric oxide (NO) causes oxidative damage and inhibits DNA 
repair [60] and leads to apoptosis. ROS-mediated disruption of mitochondria is believed to be 
the sole cause of liver inflammation in HCV infections [9].

3.4.2. HCV-encoded proteins target mitochondria

HCV remains persistent in its host because it lowers the host cell immune response. The HCV 
protein NS3/4A is a serine protease that inhibits interferon beta production by the retinoic 
acid-inducible gene I (RIG-I) pathway. Studies of the NS3/4A protein show that this protease 
cleaves MAVS at Cys-508, a few residues before its mitochondrial targeting domain. Cleavage 
of MAVS inactivates this protein because its soluble form is not functional. NS3/4A has a 
mitochondrial localizing signal, so it can directly cleave MAVS in the mitochondria [65, 66]. 
Substitution of Cys-508 with arginine prevents cleavage of MAVS. Cleavage of MAVS is thus 
an important mechanism by which HCV reduces host cell defenses [66].

3.5. Hepatitis B virus targets mitochondria

Hepatitis B virus x protein (HBx) is potentially essential for viral replication, and it has onco-
genic properties in animal models [67]. HBx sensitizes hepatocytes to apoptosis induced by 
stimuli such TNF-α [68]. Studies of the overexpression of HBx showed that this protein causes 
apoptosis by causing a perinuclear clustering of mitochondria and a loss of the MMP [69]. 
Studies of HBx mutants identified that certain hydrophobic residues (a mitochondrial tar-
geting sequence, MTS) are important for its induction of mitochondrial localization, loss of 
MMP, and cell death [70]. The HBx protein usually interacts with at least two mitochondrial 
proteins, heat shock protein 60 (HSP60) [71] and HVDAC3 [72]. The interaction of HBx with 
these two proteins (which are important in maintaining mitochondrial integrity) ultimately 
disrupts mitochondrial function in infected cells. These two mitochondrial proteins play 
major roles in chronic liver disease and carcinogenesis. Therefore, HBx plays a major role in 
the pathogenesis of HBV infection due to its alteration of host cell mitochondria.

4. Control strategies

4.1. RNA interference treatment of viral diseases that target mitochondria

Despite the many advances in molecular biology and in treatment of viral diseases, the pre-
vention and control of viral infections remains a challenge. Alteration of the interaction of the 
virus and host is one general strategy. Therefore, a complete understanding of the interactions 
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of the host and virus at the molecular level is needed to develop new antiviral drugs and vac-
cines. There is an urgent need to find more effective therapeutic agents for the treatment of 
viral infections. Researchers have recently started testing treatments based on RNA interfer-
ence (RNAi), using either microRNA (miRNA) or small interfering RNA (siRNA). Although 
this approach is still in its infancy, there has been some success in silencing the viral genes 
responsible for virulence [73, 74].

RNAi is an endogenous defense that cells use as a defense against harmful nucleic acids, 
either generated by the cell itself or from external environment (such as a viral invasions) [75]. 
RNAi is successful against many virus infections, but the delivery and stability of RNAi mol-
ecules within the cell are major concerns. The stability of RNAi is affected by its charge and 
biochemical activity within a cell, so these two parameters must be considered when design-
ing RNAi-based therapies. In addition, the effectiveness of RNAi-based therapies depends on 
the delivery route [76], target gene [77, 78], target pathogen [75, 78], and target tissue [75]. The 
adverse effects of using RNAi-based treatment on the environment and treatment costs must 
also be considered, and we must have a deeper understanding of RNAi at the molecular level. 
The growing interest of molecular virologists in the use of RNAi suggests that this is one of 
the most exciting new therapeutic approaches for treatment of viral diseases [75].

4.2. Host antioxidant defense system fights viral invasion

The increased generation of ROS and reactive nitrogen species (RNS) is a key part of the 
pathogenesis of many virus infections. OS induces loss of the MMP, so mitochondria are 
become more susceptible to ROS damage. However, cells also have defenses against ROS, 
such as reduced glutathione (GSH),which acts as an antioxidant during the oxidative produc-
tion of ATP in healthy cells [9, 79–81]. An imbalance between the generation of ROS and ROS 
quenching by the cell’s endogenous antioxidant defense system usually leads to a disease and 
is common during viral invasion. In recent years, due to the unavailability of antiviral drugs, 
researchers have proposed a number of new strategies to protect against free radical-induced 
OS. These strategies may be characterized as repair and protection. Protection is achieved by 
enzymes and by nonenzymatic compounds, such as carotenoids, vitamin C, vitamin E, GSH, 
and flavonoids [82]. Recent studies have shown the importance of both classes of these mol-
ecules in defense against oxidative stress [9, 83–86].

5. Concluding remarks

Identifying the main cause of a new epidemic is the most important factor in controlling 
disease outbreak. Many host responses appear to contribute to the pathogenesis of viral infec-
tions, and recent cellular and molecular studies have shown that many viruses specifically 
target mitochondria. Several different host responses and viral proteins directly or indirectly 
act on the mitochondria and lead to loss of the MMP. Mitochondria play important roles 
in cell survival and cell death, so a better understanding how different viruses use mito-
chondrial responses to control cells may provide a foundation for the development of new 
treatments for different viral diseases. More specifically, clarification of the roles of viruses 
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and viral proteins in host mitochondria may help to develop methods that protect against 
pathogenic viruses. Therefore, molecular examination of the exact roles of viruses and viral 
proteins on mitochondria may help to guide the discovery of novel therapeutic strategies and 
provide important insights into different mitochondrial viral diseases. However, there are 
major unanswered questions regarding the mechanism of virus- and protein-induced loss of 
the MMP. Answering these questions may lead to the discovery of key molecules or pathways 
involved in loss of MMP, a common feature in the pathogenesis of many viral diseases. The 
research summarized in this review clearly shows that mitochondria are the main target of 
invading viruses, and that disruption of mitochondrial function is a major part of the patho-
genesis of viral diseases. Although the prevention and treatment of viral diseases is challeng-
ing, molecular pathogenesis studies examining virus-host interactions will help in the design 
of new drugs and therapeutic strategies against different viral diseases.
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Abstract

Anecdotal and scientific evidence suggest that the sex hormone estrogen provides signifi-
cant health benefits in women. Women have higher estrogen levels than men. Circulating 
estrogen reaches its highest level during the reproductive period and steadily declines 
with the onset of menopause. The role of estrogen and estrogen receptors in both cellular 
physiology and pathophysiology has been controversial. Estrogen has anti-inflammatory 
and anti-oxidant effects, which preserve cell viability during cardiovascular incidents, 
but it enhances disease progression in the context of breast cancer. Estrogen mediates 
these responses via activation of estrogen receptor subtypes located in the cell mem-
brane, nucleus, and mitochondrion. Further, transcription of nuclear and mitochondrial 
genes by estrogen yields products that play an important role in regulating mitochon-
drial function. Mitochondria are part of a highly dynamic network and undergo fission 
and fusion, produce cellular energy, adenosine 5′ triphosphate (ATP), and regulate cell 
death. Herein, we review the cell and receptor specific effects of estrogen on mitochon-
drial structure, function, and cell death under normal physiological conditions and in the 
context of cardiovascular disease, inflammation, neurodegeneration, and cancer. Further 
research is needed to elucidate the specific role of estrogenic control of mitochondria in 
health and disease.

Keywords: estrogen, mitochondria, aging, menopause, estrogen receptors

1. Introduction

The term estrogen refers to a family of chemically similar steroid hormones that include 
estrone, estradiol, and estriol. Estrogens are synthesized primarily by the ovarian follicles 
[1]. An important rate limiting step in steroid hormone synthesis is the production of preg-
nenolone in follicular granulosa cells. Cholesterol is transported from the outer to the inner 
mitochondrial membrane by the steroidogenic acute regulatory (StAR) protein, followed  
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by conversion to pregnenolone by cytochrome P450 side chain cleavage (CYP11A1). 
Pregnenolone then diffuses to the theca cells where it is converted to androstenedione and 
then re-routed to the granulosa cells for the aromatase-mediated conversion to estrogen. 
Androstenedione can also be converted to testosterone. Thus, mitochondria play an impor-
tant role in estrogen biosynthesis.

Estrogen serves a major role in determining female secondary sex characteristics during 
development and in regulating the estrous cycle. During puberty and throughout the female 
reproductive cycle, estrogen levels fluctuate, and as women age, sex steroid production 
decreases [1]. Estrogen levels oscillate during the estrous cycle. They are lowest during men-
struation, steadily rise during the follicular stage and reach a maximal level during ovulation. 
If a woman becomes pregnant, estrogen levels will remain high, but if fertilization does not 
occur, hormone levels decline during the luteal phase. Following the luteal phase, menstrua-
tion occurs, and the cycle resumes. As estrogen levels fluctuate during the estrous cycle, mito-
chondria alter the production of pregnenolone accordingly.

Estrogen is a pleiotropic hormone that exerts its effects via both transcriptional and non-
genomic mechanisms. In addition to regulating reproductive function, estrogen exerts 
numerous cytoprotective effects. With respect to atherosclerosis, estrogen regulates levels of 
circulating lipids by stimulating the formation of high density lipoprotein (HDL) and decreas-
ing expression of low density lipoprotein (LDL) [2]. It exerts antioxidant and anti-inflamma-
tory effects by preventing the oxidation of LDL, inhibiting the expression of endothelial cell 
adhesion molecules and stimulating nitric oxide formation [3]. As discussed in this chapter, 
differential responses to estrogen are due to activation of different receptor subtypes. Recent 
studies also suggest that many of the protective responses to estrogen are related to the abil-
ity of the hormone to maintain normal mitochondrial function. Mitochondrial localization of 
estrogen receptors has been shown to regulate mitochondrial gene expression. In this manner, 
estrogen plays an important role in the supporting mitochondrial respiration and adenos-
ine 5′ triphosphate (ATP) production, reducing reactive oxygen species (ROS) formation and 
inhibiting activation of mitochondrial cell death pathways. The goal of this chapter is to dis-
cuss mechanisms by which estrogen regulates mitochondrial signaling and function under 
normal physiological conditions and in the context of disease.

2. Estrogen receptor types

Estrogen modulates cellular function via activation of one of four receptor subtypes: estro-
gen receptor alpha (ERα), estrogen receptor beta (ERβ), G-protein coupled estrogen receptor 
(GPER), and ER-X. ERα was first described in the 1950s as a ligand-activated receptor for 
estrogen, while ERβ was discovered more recently in 1996 [4]. ERs are located throughout the 
cell [5]. Two distinct genes encode ligand-activated ERα and ERβ. These genes and their prod-
ucts are subject to epigenetic modifications and alternative RNA splicing [6–11]. Nuclear ERα 
and ERβ can modulate gene transcription, while localization of these receptors on the cell 
membrane results in the rapid activation of signaling cascades via non-genomic mechanisms. 
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Studies utilizing ERα and ERβ knockout (KO) mice have provided insight into the function of 
each receptor type. Male and female ERα KO mice are infertile, while ERβ KO mice are fertile 
but produce small litters [12–14]. These studies highlight the importance of estrogen in the 
development of reproductive systems of both sexes [14, 15].

ERα and ERβ are also found on the membranes of cellular organelles, including the endo-
plasmic reticulum and the mitochondrion, where they mediate various cellular functions. 
Localization to mitochondria was first confirmed using radioligand binding methods in 
mitochondria isolated from rat uterus and later by immunocytochemistry in rat pancreatic 
acinar cells [16]. MALDI-TOF mass spectrometry studies have shown that mitochondrial 
ERs are identical to ERs located in the nucleus [17]. ERβ is the predominant mitochondrial 
receptor in most tissues: for example ovary, uterus, spermatocytes, cerebral and hippocam-
pal neurons, cardiomyocytes, and endothelial cells [17, 18]. In contrast, the identification of 
mitochondrial ERα has been limited to the uterus, ovary, and the MCF-7 breast cancer cell 
line [18]. The presence of ERs on mitochondria and estrogen responsive elements on the 
mitochondrial DNA suggests a role for estrogen in regulating the structure and/or function 
of the organelle [19].

Estrogen also binds to a GPER on the plasma membrane. GPER specifically binds to estradiol 
and mediates numerous responses including cell proliferation, vasodilation, and regulation 
of glucose metabolism by non-genomic mechanisms [20]. GPER has also been localized to 
intracellular sites. In the endoplasmic reticulum, GPER activation induces calcium release and 
activation of the phosphoinositide 3-kinase (PI3K)-Akt pathway, which induces cell prolifera-
tion [21, 22]. While GPER is not associated with the mitochondria, its regulation of cellular 
calcium handling indirectly impacts mitochondrial function and mitochondrial-induced cell 
death [22, 23]. Calcium uptake by mitochondria results in the opening of the mitochondrial 
permeability transition pore (mPTP) and induction of the intrinsic cell death pathway. GPER-
specific agonist G1 binding to GPER has been shown to attenuate these responses in a rodent 
model of ischemia/reperfusion (I/R) by preventing endoplasmic reticulum calcium release 
[23]. ER-X is an additional estrogen receptor type that is associated with the cell membrane. 
This novel receptor shares sequence homology with ERα and ERβ, which is expressed pri-
marily in the brain during development and becomes re-expressed in response to ischemic 
brain injury [24]. While little is known regarding the function of ER-X, some data suggest that 
it exerts a cytoprotective role in the brain [24].

3. Mitochondrial function

The mitochondria are classically described as the powerhouse of the cell by virtue of its abil-
ity to generate ATP. Physiological processes underlying mitochondrial bioenergetics and 
respiration have been previously reviewed [25]. Under aerobic conditions, mitochondria 
utilize electron transport and a protomotive force to produce ~36 ATP molecules for every 
glucose molecule. Reducing equivalents produced by the Krebs cycle (NADH and FADH2) 
are accepted by the respiratory chain at Complex I (NADH Dehydrogenase) and Complex 
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II (Succinate Dehydrogenase), respectively. Electrons are shuttled through the complexes 
with oxygen acting as the final electron acceptor at Complex IV. Concurrently, hydrogen ions 
are pumped from the electronegative mitochondrial matrix into the more positively charged 
inner membrane space by Complexes I, III (cytochrome C reductase), and IV (cytochrome 
C oxidase). The protomotive force thus generated allows hydrogen ions to flow down their 
concentration gradient at Complex V (ATP Synthase), resulting in the formation of ATP. This 
chemiosmotic process is tightly regulated and highly efficient. Although ATP is the primary 
(and often most studied) product of cellular respiration, ROS and thermal energy/heat are 
also generated by mitochondria. ROS include chemical species produced by the incomplete 
reduction of O2. These molecules include superoxide anion (O2

•−), hydrogen peroxide (H2O2), 
and hydroxyl radical (•OH). Mitochondrial ROS are thought to perform a variety of cell sig-
naling functions under normal physiological conditions.

Mitochondria are highly dynamic organelles that are components of a constantly changing, 
dynamic mitochondrial network. Damaged or old mitochondria can be cleared from the 
cell by autophagy/mitophagy or bulk clearance and degraded by lysosomal enzymes [26]. 
Furthermore, mitochondria can also undergo fission and fusion. Fission is the process by 
which mitochondria bud off from the mitochondrial network. This is regulated by the pro-
teins DRP-1 and FIZZ1. Fusion represents the incorporation of mitochondria in the mitochon-
drial network and is regulated by mitofusin1 (Mfn1), mitofusin2 (Mfn2), or optic atrophy 
1 (OPA1) [27]. These regulatory proteins help to maintain the balance between fission and 
fusion that is required to preserve cell viability. In different disease states, however, this bal-
ance can be disrupted causing mitochondrial dysfunction and cell death.

4. Mitochondria, cell injury, and apoptosis

Manganese superoxide dismutase (MnSOD) and glutathione represent endogenous mol-
ecules that minimize mitochondrial-derived ROS. Mitochondrial injury occurs, however, 
when ROS formation exceeds the capacity for their removal by these antioxidant mecha-
nisms. ROS biochemically modify other molecules to produce cytotoxic species that induce 
cellular injury [28]. For example, ROS induce the formation of 4-hydroxynonenal (HNE), 
a reactive lipid species that is associated with neuronal damage in brains of Parkinson’s 
disease patients [29, 30]. ROS production also leads to cell death via the induction of 
apoptosis. Activation of the intrinsic apoptotic pathway occurs in response to a decrease 
in mitochondrial membrane potential, opening of the mPTP and release of cytochrome C 
[23]. Cytochrome C initiates the pro-apoptotic cascade by activating the initiator caspase 9, 
which in turn cleaves the final effector caspase 3. There are also a number of proteins that 
regulate apoptosis, including anti-apoptotic Bcl-2, and pro-apoptotic Bax and Bad proteins 
[31]. When cytosolic Bax binds to the outer mitochondrial membrane, it induces apoptosis 
by stimulating cytochrome C release. Further, the binding of Bax to Bcl-2 inhibits the anti-
apoptotic effects of Bcl-2, resulting in cell death. The dimerization and localization of this 
group of proteins modulate apoptosis under both basal and pathological conditions and 
can be modified by the cellular microenvironment.
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5. Mitochondrial responses to estrogen

Both nuclear and mitochondrial genes are subject to regulation by estrogen [32]. Nuclear DNA 
encodes proteins that are incorporated in mitochondria and influence their function. For exam-
ple, the binding of estrogen to nuclear ERα induces the expression of peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC1α) [33]. This protein plays an important 
role in mitochondrial biogenesis, a process by which new mitochondria are formed. The mito-
chondrion also contains its own maternally inherited DNA, which encodes 37 genes [25]. A 
recent study in MCF-7 cells showed that estrogen regulates mitochondrial RNA production 
under serum starvation conditions [34]. Subsequent to estrogen treatment, ERα translocated 
to the mitochondria and increased expression of mitochondrial tRNAs used to translate mito-
chondrial proteins. In GH4C1 pituitary cells, treatment with estrogen increases expression of 
mitochondrial-encoded RNA for subunit II of cytochrome C oxidase [35]. In female rats, levels 
of mitochondrial-encoded 16S RNA, a housekeeping gene used as a marker for mitochondrial 
number, are four times higher than males of the same age [36, 37]. Ovariectomy (OVX) in rats 
is characterized by an increase in liver and brain peroxide production and formation of 8-oxo-
2′deoxyguanosine, a marker of mitochondrial DNA damage. These changes were associated 
with a reduction in the antioxidant protein GSH and MnSOD [36]. Estrogen treatment in OVX 
rats reversed these responses [36]. Collectively, these data suggest that increased estrogen lev-
els regulate mitochondrial and nuclear anti-oxidant protein expression.

Estrogen plays an important role in the regulation of apoptosis by stimulating Bcl-2 protein 
expression and translocation to the mitochondria. This is achieved via the Ca2+ regulated ERK 
pathway [38]. The regulation of both Bcl-2 and Bax expression by estrogen has been reported 
in THP-1 macrophages and human monocyte-derived macrophages. Pre-treatment with 
estrogen increased the Bcl-2: Bax ratio, thus increasing cell viability in the presence of pro-
apoptotic stimuli. Estrogen treatment of cortical neurons has also been shown to inhibit glu-
tamate toxicity and improve cell viability by upregulating Bcl-2 expression [39]. In SH-SY5Y 
neuroblastoma cells over-expressing ERβ, the receptor has been shown to interact with the 
pro-apoptotic protein Bad and prevent its binding to Bax, thereby inhibiting apoptosis [40]. 
These data suggest that both estrogen and ERs per se are anti-apoptotic and modulate disease 
pathogenesis. Estrogen also preserves cell viability by altering mitochondrial dynamics. In 
the myocardium of ischemia reperfusion injury rodents, OVX rodents display an increase 
in mitochondrial fusion after injury, which is reversed by estrogen treatment [41] Work in 
isolated cortical astrocytes from male and female postnatal day 1 mice shows that estrogen 
regulates fission and fusion genes in a gender-specific manner [42]. Further, estrogen stimu-
lated mitochondrial biogenesis in skeletal muscle and adipocytes [43, 44]. These data suggest 
that estrogen can strengthen the mitochondrial network by increasing mitochondrial fusion, 
thus preserving mitochondrial function and cell viability.

Estrogen effects on mitochondrial function vary in different cell types. For example, estrogen 
binds specifically to the oligomycin-sensitivity conferring protein of ATP-synthase (Complex 
V) in brain mitochondria and inhibits ATP production [45]. In contrast, another study showed 
that the enzymatic activity of F0F1-ATPase, a Complex V subunit, is higher in mitochondria 
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isolated from the heart than other tissues. Estrogen induced a further increase in cardiac 
ATPase activity implying a direct link between estrogen stimulation and ATP production [45, 
46]. Estrogen can therefore exert different effects on mitochondria from different cell types. 
These differential responses may impact disease pathogenesis.

6. Estrogen, mitochondria, and cardiovascular disease

Cardiovascular disease (CVD) is the leading cause of death in men and women, and American 
Heart Association statistics reveal a significant increase in CVD mortality in women com-
pared to men [47]. Mitochondrial dysfunction has been implicated as a causative factor in 
CVD, with mitochondrial DNA damage being significantly increased in the heart and aorta 
of patients with CVD compared to healthy controls [25, 48–50]. Women do not generally pres-
ent with CVD until the seventh decade, while the incidence of death due to CVD is high in 
men throughout life. This age-dependent increase in CVD in women has been linked to the 
onset of menopause and a reduction in circulating estrogen levels. The “Free Radical Theory 
of Aging” proposes that, with increased age, an increase in free radical formation initiates a 
vicious cycle of ROS formation that causes progressive cell injury [51]. Data suggest that loss 
of the antioxidant and anti-inflammatory effects of estrogen after menopause contributes to 
the development of mitochondrial injury [52, 53]. Thus, maintaining high levels of estrogen 
may increase lifespan and/or health in postmenopausal women.

Studies using experimental animal models of CVD show that OVX increases vascular inflam-
mation/injury in a manner that is prevented by estrogen treatment [54, 55]. Analysis of 
mitochondria isolated from hearts of OVX rats reveals increased levels of apoptotic mark-
ers compared to mitochondria of intact animals. Administration of estrogen to these animals 
significantly attenuated apoptosis [56]. Since mitochondrial damage and apoptosis can be 
mediated by ROS, it has been hypothesized that the estrogen can decrease ROS by activating 
the antioxidant pathway. Treatment of human aortic endothelial cells (HAECs) with estradiol 
upregulates the mitochondrial antioxidant MnSOD by an ERα-dependent mechanism. The 
ability of estrogen to increase MnSOD levels is ablated in ERα KO mice but not in ERβ KO 
mice. Interestingly, while ERβ does not regulate MnSOD expression, it was shown to be essen-
tial for preventing atherosclerotic progression in vivo [57, 58]. These data show that ERs modu-
late mitochondrial antioxidant production and have distinctive vasoprotective mechanisms.

Gender differences have been identified in mitochondrial genes isolated from rat hearts [59]. 
Whole genome microarray analysis showed that expression of genes associated with mito-
chondrial apoptosis pathways is significantly elevated in male mice compared to females. 
In contrast, genes associated with fatty acid and glucose metabolism were upregulated in 
females. Female rats also displayed higher transcription levels for mitochondrial Complexes I 
and IV. These data suggest that genes related to cellular metabolism, including mitochondrial 
respiration, are upregulated in cardiac mitochondria from female rats while genes associ-
ated with mitochondrial apoptosis are increased in males. Whether this difference is directly 
related to the circulating levels of estrogen in vivo is unclear.
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Mitochondrial structure in the heart is influenced by estrogen. The hearts of OVX rats that 
underwent I/R injury had lower levels of mitochondrial respiratory function and increased 
myocardial cell death compared to intact animals. Transmission electron microscopy showed 
that the mitochondria in cardiomyocytes from OVX rats were more disordered within the cell 
and structurally damaged compared to mitochondria from intact animals [41]. Interestingly, 
even male ERα KO mice that underwent cardiac I/R injury display lower coronary blood flow 
rates, increased calcium accumulation, and reduced nitrite production compared to non-isch-
emic hearts. Further, electron microscopic analysis revealed that the mitochondria from ERα KO 
mice were abnormally shaped [60]. These studies suggest that estrogen signaling plays a role in 
regulating mitochondrial structure in both females and males. In another model of I/R injury, 
female wild-type mouse hearts were shown to have better functional recovery and an attenuated 
inflammatory response compared to female ERα KO mice and wild-type male mice [61]. These 
data further suggest the importance of ER signaling as a cardioprotective mechanism in females.

Effects of estrogen on mitochondrial function have been tested in a genetic model of hypertro-
phic cardiomyopathy (cTnT-Q92). Estrogen treatment improved ATP production, the mitochon-
drial respiratory ratio, and diastolic function in OVX cTnT-Q92 mice compared to untreated 
OVX mice [62]. OVX in cTnT-Q92 mice attenuated the expression of the mitochondrial biogen-
esis genes PGC1α, peroxisome proliferator-activated receptor alpha (PPARα), mitochondrial 
transcription factor A (tFAM), and the antioxidant protein nuclear respiratory factor 1 (NRF-
1). Estrogen treatment improved cardiac mitochondrial organization and cristae structure and 
increased mitochondrial biogenesis. These data directly show that estrogen exerts cytoprotective 
effects at the level of the mitochondrion that translate into an improvement in cardiac function.

7. Estrogen, mitochondria, and inflammation

Macrophages contribute to the chronic inflammation associated with many diseases including 
CVD and neurodegeneration. Macrophages display plasticity in that they may adopt various 
phenotypes. The differentiation of these cells is highly dependent on the local microenviron-
ment in which they are situated. M1 macrophages are pro-inflammatory and are induced by 
cytokines and lipopolysaccharide (LPS). M2 macrophages are anti-inflammatory, play a role 
in wound healing, and are induced by IL-4 and IL-13 [63, 64]. The metabolic characteristics 
of M1 and M2 macrophages are different. M1 macrophages rely on glycolysis for ATP forma-
tion while M2 macrophages are dependent on mitochondrial oxidative phosphorylation for 
energy [63, 64]. Damage to mitochondria induced by inflammatory stimuli can exacerbate 
cellular injury [65]. It was shown that both ERα knockout and mitochondrial dysfunction 
inhibit the IL-4 mediated conversion to macrophages from an M1 to an M2 phenotype [64, 66].

Treatment of macrophages with LPS/interferon-γ (IFN-γ) favors an increase in the M1 pheno-
type. In macrophages isolated from premenopausal women, estrogen treatment was shown 
to reduce the M1/M2 ratio in cells exposed to LPS/IFN-γ to a greater extent than macrophages 
isolated from postmenopausal women [67]. Recent studies from our group have shown 
that there is a significant decrease in ERα expression in macrophages from postmenopausal 
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isolated from the heart than other tissues. Estrogen induced a further increase in cardiac 
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of Aging” proposes that, with increased age, an increase in free radical formation initiates a 
vicious cycle of ROS formation that causes progressive cell injury [51]. Data suggest that loss 
of the antioxidant and anti-inflammatory effects of estrogen after menopause contributes to 
the development of mitochondrial injury [52, 53]. Thus, maintaining high levels of estrogen 
may increase lifespan and/or health in postmenopausal women.

Studies using experimental animal models of CVD show that OVX increases vascular inflam-
mation/injury in a manner that is prevented by estrogen treatment [54, 55]. Analysis of 
mitochondria isolated from hearts of OVX rats reveals increased levels of apoptotic mark-
ers compared to mitochondria of intact animals. Administration of estrogen to these animals 
significantly attenuated apoptosis [56]. Since mitochondrial damage and apoptosis can be 
mediated by ROS, it has been hypothesized that the estrogen can decrease ROS by activating 
the antioxidant pathway. Treatment of human aortic endothelial cells (HAECs) with estradiol 
upregulates the mitochondrial antioxidant MnSOD by an ERα-dependent mechanism. The 
ability of estrogen to increase MnSOD levels is ablated in ERα KO mice but not in ERβ KO 
mice. Interestingly, while ERβ does not regulate MnSOD expression, it was shown to be essen-
tial for preventing atherosclerotic progression in vivo [57, 58]. These data show that ERs modu-
late mitochondrial antioxidant production and have distinctive vasoprotective mechanisms.

Gender differences have been identified in mitochondrial genes isolated from rat hearts [59]. 
Whole genome microarray analysis showed that expression of genes associated with mito-
chondrial apoptosis pathways is significantly elevated in male mice compared to females. 
In contrast, genes associated with fatty acid and glucose metabolism were upregulated in 
females. Female rats also displayed higher transcription levels for mitochondrial Complexes I 
and IV. These data suggest that genes related to cellular metabolism, including mitochondrial 
respiration, are upregulated in cardiac mitochondria from female rats while genes associ-
ated with mitochondrial apoptosis are increased in males. Whether this difference is directly 
related to the circulating levels of estrogen in vivo is unclear.
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female wild-type mouse hearts were shown to have better functional recovery and an attenuated 
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data further suggest the importance of ER signaling as a cardioprotective mechanism in females.
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drial respiratory ratio, and diastolic function in OVX cTnT-Q92 mice compared to untreated 
OVX mice [62]. OVX in cTnT-Q92 mice attenuated the expression of the mitochondrial biogen-
esis genes PGC1α, peroxisome proliferator-activated receptor alpha (PPARα), mitochondrial 
transcription factor A (tFAM), and the antioxidant protein nuclear respiratory factor 1 (NRF-
1). Estrogen treatment improved cardiac mitochondrial organization and cristae structure and 
increased mitochondrial biogenesis. These data directly show that estrogen exerts cytoprotective 
effects at the level of the mitochondrion that translate into an improvement in cardiac function.

7. Estrogen, mitochondria, and inflammation

Macrophages contribute to the chronic inflammation associated with many diseases including 
CVD and neurodegeneration. Macrophages display plasticity in that they may adopt various 
phenotypes. The differentiation of these cells is highly dependent on the local microenviron-
ment in which they are situated. M1 macrophages are pro-inflammatory and are induced by 
cytokines and lipopolysaccharide (LPS). M2 macrophages are anti-inflammatory, play a role 
in wound healing, and are induced by IL-4 and IL-13 [63, 64]. The metabolic characteristics 
of M1 and M2 macrophages are different. M1 macrophages rely on glycolysis for ATP forma-
tion while M2 macrophages are dependent on mitochondrial oxidative phosphorylation for 
energy [63, 64]. Damage to mitochondria induced by inflammatory stimuli can exacerbate 
cellular injury [65]. It was shown that both ERα knockout and mitochondrial dysfunction 
inhibit the IL-4 mediated conversion to macrophages from an M1 to an M2 phenotype [64, 66].

Treatment of macrophages with LPS/interferon-γ (IFN-γ) favors an increase in the M1 pheno-
type. In macrophages isolated from premenopausal women, estrogen treatment was shown 
to reduce the M1/M2 ratio in cells exposed to LPS/IFN-γ to a greater extent than macrophages 
isolated from postmenopausal women [67]. Recent studies from our group have shown 
that there is a significant decrease in ERα expression in macrophages from postmenopausal 
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women compared to premenopausal women while estrogen therapy was able to preserve 
ERα expression [68]. These data imply that estrogen and ER levels play a crucial role in mac-
rophage polarization, but the role of estrogen on the mitochondrial function in these groups is 
still unknown. Determining the role of estrogen on the mitochondria and how it affects mac-
rophage phenotype can help us to better understand the anti-inflammatory roles of estrogen.

8. Estrogen, mitochondria, and neurodegeneration

Neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) 
are characterized by the progressive deterioration and death of specific neuron types in the 
brain [69]. It is well known that mitochondrial dysfunction plays a pathogenic role in neurode-
generation [69]. AD is characterized by atrophy of the cortex and hippocampus. Additionally, 
increases in glucose metabolism and a reduction in the activities of mitochondrial Complexes 
I, III, and IV in the brain have been reported [69, 70]. Plaques containing amyloid beta and 
tau protein can become incorporated in the remaining brain cells [69]. These inclusions are 
known to increase oxidative stress and mitochondrial dysfunction.

In PD, the loss of dopaminergic neurons in the substantia nigra contributes to the devel-
opment of motor disturbances. The protein alpha synuclein becomes entangled with these 
neurons, resulting in ROS production, mitochondrial dysfunction, and neuronal cell death 
[71]. A decrease in mitochondrial Complex I activity has been observed in postmortem brains 
of PD patients that is linked to a reduction in oxidative phosphorylation [72]. In vivo and in 
vitro models of PD utilize Complex I inhibitors, such as rotenone, to induce PD-like systems 
to study disease mechanisms [73, 74]. Most PD cases are of unknown etiology; however, data 
suggest that defects in the expression of the mitochondrial clearance genes parkin, pink1, and 
DJ-1 may be an underlying mechanism [69].

Gender differences have been identified in the pathology of both AD and PD [75, 76]. These 
include alterations in brain weight, regional atrophy, distribution of white and gray matter, 
cerebral blood flow, expression of neurotransmitter transporters and receptors, and age of onset 
[77]. In the case of PD, there is also an increased incidence of the disease in men compared to 
women [78, 79]. The gender difference in neurodegenerative phenotypes has led to the hypoth-
esis that estrogen exerts neuroprotective effects and that these effects are mediated at the level 
of the mitochondrion [80]. In mouse spinal cord neurons, estrogen treatment increased mRNA 
levels of nuclear-encoded mitochondrial electron transport chain genes ND1, CytB, Cox2, and 
ATP6 [80]. ERα has been identified in the mitochondria of endothelial cells in the brain and 
forebrain. In these cells, estrogen increased expression of cytochrome C and reduced ROS for-
mation [81]. ERβ has been localized to hippocampal mitochondria [17, 81, 82]. Hippocampal 
cells isolated from ERβ KO mice had lower mitochondrial membrane potential and were more 
resistant to oxidative stress compared to control mice [83]. Taken together, these data suggest 
opposing effects of ERα and ERβ in the brain. More cell-type specific studies are needed to 
better understand the role of these ERs in the brain and to help clarify these opposing views.

Estrogen also interacts with mitochondrial proteins in a non-genomic manner. Under in vitro 
conditions, estrogen had no effect on sodium dependent calcium influx from mitochondria 
isolated from synaptosomes and increased mitochondrial calcium efflux [84]. Thus, estrogen 
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prevented mitochondrial calcium overload. Higher levels of cytoplasmic calcium increase 
mitochondrial ATP production and cause neuron-specific changes in cellular signaling. In 
aged, post-reproductive rodents, loss of estrogen is associated with a decrease in brain weight 
and a concomitant increase in the utilization of ketone bodies and fatty acids [85]. This was 
associated with a decrease in metabolic substrates for mitochondrial ATP production that 
was further decreased in an AD mouse model [85]. Taken together, we and others propose 
that reductions in estrogen levels that cause decreased mitochondrial function during the 
postmenopausal period may explain the increased incidence of AD in women at this stage.

Estrogen preserves mitochondrial structure/function by upregulating the mitochondrial anti-
oxidant enzyme MnSOD in the brain of female rodents [37, 86, 87]. In SK-N-SH neuroblastoma 
cells, estrogen inhibits the effects of the mitochondrial Complex II inhibitor, 3-nitroprionic 
acid (3-NPA), by preserving mitochondrial ATP production and inhibiting the 3-NPA induced 
hydrogen peroxide and peroxynitrite formation [88]. These data suggest that estrogen also 
plays an anti-oxidant role in the brain. This has led many to hypothesize that the anti-oxidant 
effects of estrogen may play a role in slowing disease pathogenesis.

Estrogen also regulates mitochondrial dynamics in astrocytes in a gender-dependent manner. 
It reduces expression of the fusion protein Mfn1 in astrocytes isolated from male rodents but 
has no effect on astrocytes obtained from females [80]. Treatment of cortical primary astro-
cytes with estrogen increases the expression of fission (Dyn 1 and Fis 1) and fusion (Mfn2) 
proteins to a greater extent in female mice than males. The upregulation of both fission and 
fusion proteins suggests that mitochondrial network is more dynamic in females than males. 
Although the exact mechanisms and reasons for the differences in fission and fusion regula-
tion between male and female rodents are unknown, these responses may explain the sexual 
dimorphism seen in neurodegenerative diseases and other pathologies.

9. Estrogen, mitochondria, and cancer

Cancer is the second leading cause of death in the United States, and, among all cancers, 
breast cancer is the second most commonly diagnosed cancer in women. Breast tumor cells 
that express estrogen receptors are classified as ER-positive and account for 80% of all breast 
cancers [89]. Further, the Women’s Health Initiative Study showed that menopausal hormone 
therapy (MHT) increases the incidence of breast cancer in women compared to controls [90]. 
Modern day cancer treatment principally focuses on identifying estrogen signatures in breast 
cancers, and suppression of estrogen receptor function is a routine therapeutic strategy.

Estrogen is known to regulate mitochondrial function in the context of breast cancer by several 
mechanisms. First, it has been shown to alter mitochondrial morphology. Administration of 
physiologically relevant doses of estrogen to MCF-7 breast cancer cell lines results in enlarge-
ment of mitochondria [91]. Mitochondrial cristae adopt an abnormal structure that is reminiscent  
of mitochondria that are oxygen-deprived and rely on glycolysis for ATP formation. This change 
in structure was associated with a 2.5-fold increase in the mitochondrial content of ERα and 
ERβ and an increase in the mitochondrial expression of cytochrome C oxidase subunits I and 
II. Alternatively, activation of cell membrane estrogen receptors is reported to induce changes 
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women compared to premenopausal women while estrogen therapy was able to preserve 
ERα expression [68]. These data imply that estrogen and ER levels play a crucial role in mac-
rophage polarization, but the role of estrogen on the mitochondrial function in these groups is 
still unknown. Determining the role of estrogen on the mitochondria and how it affects mac-
rophage phenotype can help us to better understand the anti-inflammatory roles of estrogen.

8. Estrogen, mitochondria, and neurodegeneration

Neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) 
are characterized by the progressive deterioration and death of specific neuron types in the 
brain [69]. It is well known that mitochondrial dysfunction plays a pathogenic role in neurode-
generation [69]. AD is characterized by atrophy of the cortex and hippocampus. Additionally, 
increases in glucose metabolism and a reduction in the activities of mitochondrial Complexes 
I, III, and IV in the brain have been reported [69, 70]. Plaques containing amyloid beta and 
tau protein can become incorporated in the remaining brain cells [69]. These inclusions are 
known to increase oxidative stress and mitochondrial dysfunction.

In PD, the loss of dopaminergic neurons in the substantia nigra contributes to the devel-
opment of motor disturbances. The protein alpha synuclein becomes entangled with these 
neurons, resulting in ROS production, mitochondrial dysfunction, and neuronal cell death 
[71]. A decrease in mitochondrial Complex I activity has been observed in postmortem brains 
of PD patients that is linked to a reduction in oxidative phosphorylation [72]. In vivo and in 
vitro models of PD utilize Complex I inhibitors, such as rotenone, to induce PD-like systems 
to study disease mechanisms [73, 74]. Most PD cases are of unknown etiology; however, data 
suggest that defects in the expression of the mitochondrial clearance genes parkin, pink1, and 
DJ-1 may be an underlying mechanism [69].

Gender differences have been identified in the pathology of both AD and PD [75, 76]. These 
include alterations in brain weight, regional atrophy, distribution of white and gray matter, 
cerebral blood flow, expression of neurotransmitter transporters and receptors, and age of onset 
[77]. In the case of PD, there is also an increased incidence of the disease in men compared to 
women [78, 79]. The gender difference in neurodegenerative phenotypes has led to the hypoth-
esis that estrogen exerts neuroprotective effects and that these effects are mediated at the level 
of the mitochondrion [80]. In mouse spinal cord neurons, estrogen treatment increased mRNA 
levels of nuclear-encoded mitochondrial electron transport chain genes ND1, CytB, Cox2, and 
ATP6 [80]. ERα has been identified in the mitochondria of endothelial cells in the brain and 
forebrain. In these cells, estrogen increased expression of cytochrome C and reduced ROS for-
mation [81]. ERβ has been localized to hippocampal mitochondria [17, 81, 82]. Hippocampal 
cells isolated from ERβ KO mice had lower mitochondrial membrane potential and were more 
resistant to oxidative stress compared to control mice [83]. Taken together, these data suggest 
opposing effects of ERα and ERβ in the brain. More cell-type specific studies are needed to 
better understand the role of these ERs in the brain and to help clarify these opposing views.

Estrogen also interacts with mitochondrial proteins in a non-genomic manner. Under in vitro 
conditions, estrogen had no effect on sodium dependent calcium influx from mitochondria 
isolated from synaptosomes and increased mitochondrial calcium efflux [84]. Thus, estrogen 
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prevented mitochondrial calcium overload. Higher levels of cytoplasmic calcium increase 
mitochondrial ATP production and cause neuron-specific changes in cellular signaling. In 
aged, post-reproductive rodents, loss of estrogen is associated with a decrease in brain weight 
and a concomitant increase in the utilization of ketone bodies and fatty acids [85]. This was 
associated with a decrease in metabolic substrates for mitochondrial ATP production that 
was further decreased in an AD mouse model [85]. Taken together, we and others propose 
that reductions in estrogen levels that cause decreased mitochondrial function during the 
postmenopausal period may explain the increased incidence of AD in women at this stage.

Estrogen preserves mitochondrial structure/function by upregulating the mitochondrial anti-
oxidant enzyme MnSOD in the brain of female rodents [37, 86, 87]. In SK-N-SH neuroblastoma 
cells, estrogen inhibits the effects of the mitochondrial Complex II inhibitor, 3-nitroprionic 
acid (3-NPA), by preserving mitochondrial ATP production and inhibiting the 3-NPA induced 
hydrogen peroxide and peroxynitrite formation [88]. These data suggest that estrogen also 
plays an anti-oxidant role in the brain. This has led many to hypothesize that the anti-oxidant 
effects of estrogen may play a role in slowing disease pathogenesis.

Estrogen also regulates mitochondrial dynamics in astrocytes in a gender-dependent manner. 
It reduces expression of the fusion protein Mfn1 in astrocytes isolated from male rodents but 
has no effect on astrocytes obtained from females [80]. Treatment of cortical primary astro-
cytes with estrogen increases the expression of fission (Dyn 1 and Fis 1) and fusion (Mfn2) 
proteins to a greater extent in female mice than males. The upregulation of both fission and 
fusion proteins suggests that mitochondrial network is more dynamic in females than males. 
Although the exact mechanisms and reasons for the differences in fission and fusion regula-
tion between male and female rodents are unknown, these responses may explain the sexual 
dimorphism seen in neurodegenerative diseases and other pathologies.

9. Estrogen, mitochondria, and cancer

Cancer is the second leading cause of death in the United States, and, among all cancers, 
breast cancer is the second most commonly diagnosed cancer in women. Breast tumor cells 
that express estrogen receptors are classified as ER-positive and account for 80% of all breast 
cancers [89]. Further, the Women’s Health Initiative Study showed that menopausal hormone 
therapy (MHT) increases the incidence of breast cancer in women compared to controls [90]. 
Modern day cancer treatment principally focuses on identifying estrogen signatures in breast 
cancers, and suppression of estrogen receptor function is a routine therapeutic strategy.

Estrogen is known to regulate mitochondrial function in the context of breast cancer by several 
mechanisms. First, it has been shown to alter mitochondrial morphology. Administration of 
physiologically relevant doses of estrogen to MCF-7 breast cancer cell lines results in enlarge-
ment of mitochondria [91]. Mitochondrial cristae adopt an abnormal structure that is reminiscent  
of mitochondria that are oxygen-deprived and rely on glycolysis for ATP formation. This change 
in structure was associated with a 2.5-fold increase in the mitochondrial content of ERα and 
ERβ and an increase in the mitochondrial expression of cytochrome C oxidase subunits I and 
II. Alternatively, activation of cell membrane estrogen receptors is reported to induce changes 
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in the cytoskeleton that indirectly influences mitochondrial structure [92]. Alteration in mito-
chondrial structure not only affects the capacity of the energy production but also influences 
other crucial functions such as calcium signaling, ROS production, or biosynthetic processes.

Second, estrogen induces cellular ROS production in cancer cells by three main pathways: 
(1) direct inhibition of respiratory chain complexes; (2) accumulation of calcium within mito-
chondria; and (3) inhibition of the antioxidant response element (ARE) [92]. The increase in 
ROS generation by the mitochondria and the decrease in antioxidant capacity cause a cellular 
shift to high ROS production that plays an important role in cancer cell proliferation and cell 
damage. Estrogen also promotes ROS formation in breast cancer cells by inducing cyclin D1 
gene expression [93]. NRF-1 regulates the expression of several nuclear-encoded mitochon-
drial genes [94] that encode respiratory protein subunits, mtDNA transcription/replication 
machinery, components of heme biosynthesis, and mitochondrial protein import [95]. Cyclin 
D1 phosphorylates NRF-1, resulting in repression of its activity. This inactivation of NRF-1 
reduces mitochondrial activity and shift glucose metabolism toward glycolysis [96]. The 
reduction in mitochondrial ATP production, in part, increases mitochondrial ROS production.

Another characteristic of cancer cells is that they highjack apoptotic pathways in order to 
evade cell death. When normal cells are exposed to UV radiation, the generation of mito-
chondrial ROS activates c-jun N-terminal kinase (JNK) and protein kinase C (PKC)-δ. These 
signaling molecules trigger the translocation of Bax to the mitochondria and induce apopto-
sis. In breast cancer cells exposed to UV radiation, estrogen attenuates cytochrome C release, 
preserves mitochondrial membrane potential, and inhibits apoptotic cell death [97]. Other 
data show that addition of estrogen to MCF-7 breast cancer cells induced apoptotic signaling 
through the extrinsic cell death Fas ligand pathway. This response was accompanied by an 
increase in the expression of anti-apoptotic Bcl-2 [98].

The role of estrogen receptors in breast cancer development has been known for almost over 
30 years. Subsequent studies strongly suggested that ER status is the single most important 
predictive and prognostic biomarker in breast cancer. Clinicians use several strategies to 
battle estrogen-sensitive breast cancer, which affect not only estrogen levels but also mito-
chondrial function. One approach is to block ovarian function. Ovarian ablation can either be 
performed surgically to remove the ovaries (oophorectomy) or by radiation. An alternative 
approach is to temporarily suppress the ovarian function pharmacologically using gonado-
tropin-releasing hormone (GnRH) agonists. GnRH interferes with signals that are produced 
by the pituitary gland that stimulate the ovaries to produce estrogen. GnRH agonists also 
act by inducing mitochondrial depolarization, thereby decreasing mitochondrial oxidative 
capacity. Aromatase inhibitors represent another pharmacological approach to inhibit estro-
gen synthesis. Addition of aromatase inhibitors to MCF-7 cells was shown to induce caspase 
9 expression [99]. Thus, activation of the intrinsic cell death pathway may be an alternative 
mechanism by which aromatase inhibitors decrease cancer progression. Selective estrogen 
receptor modulators (SERMs) are another class of drugs that are used for treatment of breast 
cancers. The SERM tamoxifen blocks the ability of estrogen to stimulate the growth of breast 
cancer cells. Tamoxifen has also been shown to induce mitochondrial ROS and apoptosis by 
increasing mitochondrial nitric oxide synthase (mtNOS) [100]. Tamoxifen decreases cellular 
respiration, increases mitochondrial cytochrome C release, and increases mitochondrial lipid 
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peroxide formation. These data suggest that tamoxifen induces the mitochondrial cell death 
pathway. While current breast cancer therapeutics inhibit both estrogen signaling and mito-
chondrial function, the development of next generation drugs that can more efficiently inhibit 
these processes is required.

10. Conclusions

Estrogen is a multi-functional hormone that exerts its effects by both transcriptional and non-
genomic mechanisms. Nuclear transcriptional responses are classically induced by binding of 
estrogen to ERα and ERβ. Estrogen-dependent gene transcription plays an important role in 
the development of female reproductive structures and regulation of the estrous cycle. The 
local production of estrogen is now also thought to regulate physiological responses in males. 
Non-genomic responses to estrogen are more rapid and include induction of signaling path-
ways that promote cell proliferation. The differential expression of ERs in different cell types 
and cellular loci dictates their specific function.

Studies in recent years have defined a role for estrogen in the regulation of mitochondrial 
structure and function. Estrogen increases expression of respiratory complexes, antioxidant 
molecules, and anti-apoptotic factors that directly impact mitochondrial structure and func-
tion. Aging in women is associated with a reduction in estrogen formation and the develop-
ment of mitochondrial dysfunction. An increase in free radical damage in cells also occurs 
with aging. Damaged mitochondria are more likely to produce additional ROS, thus initiating 
a vicious cycle that progressively degrades cellular function. This includes estrogen biosyn-
thesis. Transgenic mice with a mutation in the inner mitochondrial membrane peptidase-2 
(IMMP-2) had hyperpolarized mitochondria, which produced increased levels of superoxide 
and ATP and resulted in impaired ovulation and reduced fertility [101]. Other data show that 
defective mitochondrial DNA polymerase activity induces mitochondrial dysfunction and 
infertility in mice [102]. It follows that cytoprotective responses to estrogen at the level of the 
mitochondrion are ablated. Thus, a reciprocal relationship exists between estrogen and mito-
chondrial function. Under normal physiological conditions, mitochondria are critical media-
tors of estrogen biosynthesis and are also targets for estrogen action.

Strong evidence suggests that estrogen plays a major role in promoting the proliferation of 
both normal and the neoplastic breast cancer cells. However, cancer represents a unique sce-
nario in which estrogen exerts tumorigenic responses in susceptible cells. Prolonged expo-
sure to high levels of estrogen is associated with an increased incidence of breast cancer, 
which supports models of estrogen-induced carcinogenesis. In breast cancer cells, estrogen is 
shown to not only stimulate the cell proliferation but also inhibit apoptotic pathways, which 
can therefore lead to uncontrolled tumor growth. Estrogen increases mitochondrial ROS pro-
duction that can also promote cancer progression. Further research is needed to expand our 
understanding of how estrogen induces carcinogenesis.

Estrogen and ER signaling in the mitochondria play an important role in health and disease. 
We have shown that estrogen effects are cell type and receptor type specific, which explains 
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in the cytoskeleton that indirectly influences mitochondrial structure [92]. Alteration in mito-
chondrial structure not only affects the capacity of the energy production but also influences 
other crucial functions such as calcium signaling, ROS production, or biosynthetic processes.

Second, estrogen induces cellular ROS production in cancer cells by three main pathways: 
(1) direct inhibition of respiratory chain complexes; (2) accumulation of calcium within mito-
chondria; and (3) inhibition of the antioxidant response element (ARE) [92]. The increase in 
ROS generation by the mitochondria and the decrease in antioxidant capacity cause a cellular 
shift to high ROS production that plays an important role in cancer cell proliferation and cell 
damage. Estrogen also promotes ROS formation in breast cancer cells by inducing cyclin D1 
gene expression [93]. NRF-1 regulates the expression of several nuclear-encoded mitochon-
drial genes [94] that encode respiratory protein subunits, mtDNA transcription/replication 
machinery, components of heme biosynthesis, and mitochondrial protein import [95]. Cyclin 
D1 phosphorylates NRF-1, resulting in repression of its activity. This inactivation of NRF-1 
reduces mitochondrial activity and shift glucose metabolism toward glycolysis [96]. The 
reduction in mitochondrial ATP production, in part, increases mitochondrial ROS production.

Another characteristic of cancer cells is that they highjack apoptotic pathways in order to 
evade cell death. When normal cells are exposed to UV radiation, the generation of mito-
chondrial ROS activates c-jun N-terminal kinase (JNK) and protein kinase C (PKC)-δ. These 
signaling molecules trigger the translocation of Bax to the mitochondria and induce apopto-
sis. In breast cancer cells exposed to UV radiation, estrogen attenuates cytochrome C release, 
preserves mitochondrial membrane potential, and inhibits apoptotic cell death [97]. Other 
data show that addition of estrogen to MCF-7 breast cancer cells induced apoptotic signaling 
through the extrinsic cell death Fas ligand pathway. This response was accompanied by an 
increase in the expression of anti-apoptotic Bcl-2 [98].

The role of estrogen receptors in breast cancer development has been known for almost over 
30 years. Subsequent studies strongly suggested that ER status is the single most important 
predictive and prognostic biomarker in breast cancer. Clinicians use several strategies to 
battle estrogen-sensitive breast cancer, which affect not only estrogen levels but also mito-
chondrial function. One approach is to block ovarian function. Ovarian ablation can either be 
performed surgically to remove the ovaries (oophorectomy) or by radiation. An alternative 
approach is to temporarily suppress the ovarian function pharmacologically using gonado-
tropin-releasing hormone (GnRH) agonists. GnRH interferes with signals that are produced 
by the pituitary gland that stimulate the ovaries to produce estrogen. GnRH agonists also 
act by inducing mitochondrial depolarization, thereby decreasing mitochondrial oxidative 
capacity. Aromatase inhibitors represent another pharmacological approach to inhibit estro-
gen synthesis. Addition of aromatase inhibitors to MCF-7 cells was shown to induce caspase 
9 expression [99]. Thus, activation of the intrinsic cell death pathway may be an alternative 
mechanism by which aromatase inhibitors decrease cancer progression. Selective estrogen 
receptor modulators (SERMs) are another class of drugs that are used for treatment of breast 
cancers. The SERM tamoxifen blocks the ability of estrogen to stimulate the growth of breast 
cancer cells. Tamoxifen has also been shown to induce mitochondrial ROS and apoptosis by 
increasing mitochondrial nitric oxide synthase (mtNOS) [100]. Tamoxifen decreases cellular 
respiration, increases mitochondrial cytochrome C release, and increases mitochondrial lipid 
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peroxide formation. These data suggest that tamoxifen induces the mitochondrial cell death 
pathway. While current breast cancer therapeutics inhibit both estrogen signaling and mito-
chondrial function, the development of next generation drugs that can more efficiently inhibit 
these processes is required.

10. Conclusions

Estrogen is a multi-functional hormone that exerts its effects by both transcriptional and non-
genomic mechanisms. Nuclear transcriptional responses are classically induced by binding of 
estrogen to ERα and ERβ. Estrogen-dependent gene transcription plays an important role in 
the development of female reproductive structures and regulation of the estrous cycle. The 
local production of estrogen is now also thought to regulate physiological responses in males. 
Non-genomic responses to estrogen are more rapid and include induction of signaling path-
ways that promote cell proliferation. The differential expression of ERs in different cell types 
and cellular loci dictates their specific function.

Studies in recent years have defined a role for estrogen in the regulation of mitochondrial 
structure and function. Estrogen increases expression of respiratory complexes, antioxidant 
molecules, and anti-apoptotic factors that directly impact mitochondrial structure and func-
tion. Aging in women is associated with a reduction in estrogen formation and the develop-
ment of mitochondrial dysfunction. An increase in free radical damage in cells also occurs 
with aging. Damaged mitochondria are more likely to produce additional ROS, thus initiating 
a vicious cycle that progressively degrades cellular function. This includes estrogen biosyn-
thesis. Transgenic mice with a mutation in the inner mitochondrial membrane peptidase-2 
(IMMP-2) had hyperpolarized mitochondria, which produced increased levels of superoxide 
and ATP and resulted in impaired ovulation and reduced fertility [101]. Other data show that 
defective mitochondrial DNA polymerase activity induces mitochondrial dysfunction and 
infertility in mice [102]. It follows that cytoprotective responses to estrogen at the level of the 
mitochondrion are ablated. Thus, a reciprocal relationship exists between estrogen and mito-
chondrial function. Under normal physiological conditions, mitochondria are critical media-
tors of estrogen biosynthesis and are also targets for estrogen action.

Strong evidence suggests that estrogen plays a major role in promoting the proliferation of 
both normal and the neoplastic breast cancer cells. However, cancer represents a unique sce-
nario in which estrogen exerts tumorigenic responses in susceptible cells. Prolonged expo-
sure to high levels of estrogen is associated with an increased incidence of breast cancer, 
which supports models of estrogen-induced carcinogenesis. In breast cancer cells, estrogen is 
shown to not only stimulate the cell proliferation but also inhibit apoptotic pathways, which 
can therefore lead to uncontrolled tumor growth. Estrogen increases mitochondrial ROS pro-
duction that can also promote cancer progression. Further research is needed to expand our 
understanding of how estrogen induces carcinogenesis.

Estrogen and ER signaling in the mitochondria play an important role in health and disease. 
We have shown that estrogen effects are cell type and receptor type specific, which explains 
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the varied effects of estrogen treatment described in this review. We also understand that 
despite the protective role of estrogen in inflammation, cardiovascular disease, and neuro-
degeneration, it promotes breast cancer through both nuclear and mitochondrial regulation. 
Further research is needed to understand the specific mechanisms of estrogen-induced mito-
chondrial changes in health and disease.
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