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A B S T R A C T   

Excessive mitochondrial ROS production has been causally linked to the pathophysiology of aging in the heart 
and other organs, and plays a deleterious role in several age-related cardiac pathologies, including myocardial 
ischemia-reperfusion injury and heart failure, the two worldwide leading causes of death and disability in the 
elderly. However, ROS generation is also a fundamental mitochondrial function that orchestrates several 
signaling pathways, some of them exerting cardioprotective effects. In cardiac myocytes, mitochondria are 
particularly abundant and are specialized in subcellular populations, in part determined by their relationships 
with other organelles and their cyclic calcium handling activity necessary for adequate myocardial contraction/ 
relaxation and redox balance. Depending on their subcellular location, mitochondria can themselves be differ
entially targeted by ROS and display distinct age-dependent functional decline. Thus, precise mitochondria- 
targeted therapies aimed at counteracting unregulated ROS production are expected to have therapeutic bene
fits in certain aging-related heart conditions. However, for an adequate design of such therapies, it is necessary to 
unravel the complex and dynamic interactions between mitochondria and other cellular processes.   

1. Introduction 

Aging hearts show a progressive decline in structure, function and 
metabolism [1]. In large part this is due to the impairment in mito
chondrial function and accumulating mitochondrial DNA (mtDNA) 
mutations/deletions, features that have been closely correlated with an 
excessive reactive oxygen species (ROS) formation. Indeed, ROS are 
central to the Mitochondrial Free Radical Theory of Aging postulating 
that oxidative damage to mitochondrial proteins and DNA is the key 
event leading to organelle dysfunction and further exacerbation of ROS 
formation [2]. Aged hearts show impairments in redox status, metabolic 
flexibility and organelle dynamics, and a decrease in mitochondrial 
respiration and content [1]. Supporting the central role of mitochondria 
in aging is the observation that accelerated aging is driven by mtDNA 

mutations [3,4]. Although those studies did not find a clear-cut corre
lation between mutations in mtDNA and oxidative stress, the importance 
of mitochondrial ROS in cardiac aging was demonstrated by studies 
using mice overexpressing mitochondria-targeted catalase. These mice 
show improved organelle redox status, attenuated cardiac aging and 
increased lifespan [5]. Similarly, deletion of p66Shc, a cytosolic protein 
that can translocate to mitochondria and lead to hydrogen peroxide 
(H2O2) formation, results in increased resistance to stress and a 30% 
extension in lifespan [6]. 

While the key contribution of mitochondria to the aging process 
remains unequivocal, the Mitochondrial Free Radical Theory of Aging 
has been expanded in more recent years to accommodate the possibility 
that ROS can also exert protective and signaling roles [7]. In this regard, 
the mitohormesis hypothesis proposes that, rather than being simply 
deleterious byproducts, ROS may act as signaling molecules and have 
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beneficial effects on cell functions, resulting in the extension of 
health/lifespan [7,8]. This concept holds true also in the context of 
cardioprotection induced by ischemic preconditioning (IPC), whereby 
ROS produced during short and intermittent periods of ischemia/r
eperfusion (IR) induces a series of adaptive changes that lead to pro
tection against the main ischemic insult [9]. The key role for ROS in this 
process is supported by the observation that antioxidants abolish this 
cardioprotective effect [10]. On the other hand, excessive oxidant pro
duction in the aged and failing hearts begs for the development of 
therapies that can counteract deleterious ROS formation and re-establish 
an optimal redox balance. However, clinical studies employing general 
antioxidant therapy did not report any beneficial effects in that regard 
[7,11]. This suggests that the relationship between mitochondria, ROS 
and other cellular processes is more complex than what was previously 
thought. 

In this review, we will discuss the involvement of mitochondria and 
mitochondrial ROS formation in aging and aging-related cardiac pa
thologies. We will also illustrate the intricate interplay between mito
chondria, mitochondrial ROS and other cellular processes and 
organelles, such as calcium and sarco/endoplasmic reticulum (SR/ER), 
and how alterations in this equilibrium may impact on cardiac physi
ology and disease. Finally, we will argue how a better understanding of 
these processes is required for an appropriate design of successful 
therapeutic strategies to combat aging-related alterations in the heart. 

2. Aging, mitochondria and cardioprotection 

From a biochemical viewpoint, aging can be defined as a time- 

dependent decline in the efficiency of cells to maintain their homeo
stasis, leading to deleterious and cumulative effects on the organism 
and, ultimately, increasing the likelihood of disease and death. It follows 
an irreversible progression through a multifactorial process that shares 
common molecular hallmarks among species [12], although our un
derstanding of the cause-effect relationship between them remains 
incomplete and controversial. In the heart, aged cardiomyocytes 
develop cytoarchitectural and biochemical alterations that may underlie 
their reduced adaptive reserve capacity to respond to exercise, stress and 
damage [13]. Due to their uninterrupted contractile activity, which re
lies on an enormous and dynamic energy supply, cardiomyocytes are 
particularly dependent on the adequate maintenance of mitochondrial 
integrity and fitness. Indeed, some of the age-dependent functional 
changes in cardiomyocytes, i.e., mismatch between energy demand and 
supply under metabolically demanding conditions, altered calcium 
handling and increased pro-oxidative status, largely involve mitochon
dria and resemble those of failing cardiomyocytes [14,15]. Although the 
causative role of mitochondria in cardiomyocyte senescence is still a 
matter of debate, they appear to be important mediators of the transition 
between health and disease in different age-related pathological 
conditions. 

In the context of ischemic heart disease, one of the main responsible 
for the impact of cardiovascular diseases on death and disability among 
the elderly, the aged heart becomes less tolerant to IR injury, both in 
males and females, by mechanisms that go beyond the higher burden of 
comorbidities usually present in aging [14,16]. After an acute throm
botic coronary occlusion, the gold-standard treatment is the timely 
reopening of the culprit artery by an emergency angioplasty. However, 
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- 4-HNE 4-hydroxynonenal 
- AGEs advanced glycation end products 
- Ang-II angiotensin II 
- BH4 tetrahydrobiopterin 
- CaMKII calcium/calmodulin-dependent protein kinase II 
- CMA chaperone-mediated autophagy 
- CML carboxymethyl lysine 
- Drp1 dynamin related protein 1 
- EC excitation-contraction 
- EPR electro-paramagnetic resonance 
- ETC electron transport chain 
- GLO1 glyoxalase-1 
- GPCR G-protein-coupled receptor 
- GPX glutathione peroxidase 
- GR glutathione reductase 
- GSH reduced-glutathione 
- H2O2 hydrogen peroxide 
- HDAC4 histone deacetylase 4 
- HF heart failure 
- HIF-1α hypoxia inhibitory factor-1α 
- IDH isocitrate dehydrogenase 
- IPC ischemic preconditioning 
- IR ischemia/reperfusion 
- lncRNAs long non-coding RNAs 
- LV left ventricle 
- MAO monoamine oxidase 
- MCU mitochondrial calcium uniporter 
- MDA malondialdehyde 
- ME malic enzyme 
- MEF2 myocyte enhancer factor 2 
- Mfn mitofusin 
- MitoPQ MitoParaquat 

- MnSOD manganese superoxide dismutase 
- mPTP mitochondrial permeability transition pore 
- mtDNA mitochondrial DNA 
- NADPH nicotinamide adenine dinucleotide phosphate 
- NCX sodium/calcium exchanger 
- NKA sodium-potassium ATPase 
- Nnt nicotinamide nucleotide transhydrogenase 
- NO nitric oxide 
- NOS nitric oxide synthase 
- NOX NADPH oxidases 
- O2 superoxide 
- OH hydroxyl radical 
- Opa1 optic atrophy 1 
- PGC1α peroxisome proliferator-activated receptor-gamma 

coactivator 1 alpha 
- PKA protein kinase A 
- PRX peroxiredoxin 
- RAAS renin-angiotensin-aldosterone system 
- RAGE receptor for advanced glycation end products 
- RET reverse electron transport 
- RIRR ROS-induced ROS release 
- ROS reactive oxygen species 
- RyR2 ryanodine receptor 2 
- SAMP8 senescence-accelerated mouse model 
- SAMR1 senescence-resistant mouse model 
- SDH succinate dehydrogenase 
- SR/ER sarco/endoplasmic reticulum 
- TPP triphenylphosphonium 
- TRX2 thioredoxin 2 
- TRXR thioredoxin reductases 
- XO xanthine oxidases 
- β-AR β-adrenergic receptor 
- ΔΨm mitochondrial membrane potential  

D. Bou-Teen et al.                                                                                                                                                                                                                              



Free Radical Biology and Medicine 167 (2021) 109–124

111

and even though restoring blood flow is the most efficient way to salvage 
an ischemic myocardium, the abrupt normalization of oxygen and pH, as 
well as the osmotic gradient secondary to metabolite washout, impose 
an additional tissue damage, known as reperfusion injury [17]. Even 
after a successful reperfusion, advanced age is considered one of the 
most prominent confounding factors, negatively influencing the exten
sion of the myocardial infarction and the efficiency of some therapeutic 
interventions [18]. Mitochondria are important players in IR injury, and 
they specifically contribute to this age-dependent heart vulnerability to 
damage, both as triggers and targets of other cell deleterious processes 
[19]. On the one hand, they determine cardiomyocyte survival after 
normalization of oxygen by reactivating the ATP generation and 
through their participation in primary and secondary signaling cascades 
involved in some cardioprotective strategies, like ischemic and phar
macological conditioning [20]. On the other hand, mitochondria can 
themselves precipitate cell death through a series of complex and 
interrelated mechanisms that eventually lead to energy collapse and 
sarcolemmal rupture (see section 5) [21]. 

The contribution of mitochondrial ROS to cardiomyocyte death 
during myocardial IR has been established by studies in which in
terventions addressed to alleviate the initial burst of mitochondrial ROS 
upon reperfusion resulted in a significant reduction of myocardial 
infarct size and better contractile recovery [22]. However, the disturbed 
redox status already present in aging may synergistically contribute to 
IR-induced mitochondrial ROS production and aggravate car
diomyocyte death in the aged hearts [23]. Some endogenous car
dioprotective pathways mediated by mitochondria become less effective 
or ineffective in the aged heart [13]. Thus, ischemic preconditioning and 
other pharmacological conditioning strategies trigger a cascade of 
signaling events that are at least partially mediated by the release of 
mitochondrial ROS [24]. Whether this age-dependent loss of car
dioprotective efficiency is due to changes in mitochondrial ROS pro
duction is still a matter of debate. This is because the complexity of both 
spatial organization and functional specialization of mitochondria 
within cardiomyocytes makes the interpretation of their pathophysio
logical contribution more difficult. Several lines of evidence are coin
cident in demonstrating that mitochondrial sensitivity to injury (either 
ischemic or toxic) and cardioprotection varies depending on mito
chondrial subcellular location (subsarcolemmal or interfibrillar) [25,26] 
(see section 4.1). Therefore, although the role of mitochondria as ther
apeutic targets in cardioprotection is beyond doubt, especially in elderly 
patients [27], the intersection between aging, mitochondrial ROS and 
cardioprotection is much more complicated than was initially 
considered. 

3. ROS in the aged heart 

3.1. Mitochondrial ROS production and elimination 

ROS have important roles in cellular homeostasis and signaling 
pathways in mammals. Intracellular ROS are generated in multiple 
compartments through the contribution of various macromolecules and 
their production increases with aging. Some of those macromolecules, 
such as the family of NADPH oxidases (NOXs), are located within cell 
membranes, while others such as cyclooxygenases are in the cytosol. 
Although these membrane and cytosolic contributors participate in the 
overall oxidative processes of the cells, up to 90% of physiologically 
generated ROS are of mitochondrial origin (mitochondrial ROS) [28]. 

Within cardiomyocytes, ROS are generated in different compart
ments by different enzymes, including NOX2 and NOX4 [29], uncoupled 
nitric oxide synthase [30], and xanthine oxidases (XO) in the cytosol 
[31], the p66Shc in the mitochondrial intermembrane space and mono
amine oxidase (MAO) in the mitochondrial outer membrane [32]. The 
p66Shc may generate ROS through the catalysis of electron transfer from 
cytochrome c to oxygen. MAO is responsible for the degradation of 
endogenous monoamine neurotransmitters and dietary amines in a 

process that generates H2O2 and aldehydes as intermediate products 
[33]. MAO overactivation has been recognized as an important cause of 
oxidative stress in the heart during aging [34,35]. Nevertheless, the 
mitochondrial electron transport chain (ETC) is considered the most 
relevant source of cellular ROS by many authors [36–38], but not all 
[39]. At the ETC, mitochondrial ROS are mainly generated as 
by-products of oxidative phosphorylation at complexes I (NADH: 
ubiquinone-oxidoreductase) and III (ubiquinol: cytochrome c-oxidore
ductase; cytochrome bc1-complex) [40] and contribute to retrograde 
redox signaling from the organelle to the cytosol and nucleus. Although 
these respiratory complexes are generally considered as the main pro
ducers of superoxide (O2

•− ) radicals released into the mitochondrial 
matrix and the intermembrane space, other components of the respira
tory chain, especially complex II (succinate dehydrogenase, SDH) and 
the redox state of the ubiquinone pool (Q-pool) also contribute to O2

•−

production [40,41]. Mitochondrial ROS are generated in large part from 
single electrons escaping the ETC complexes. Here, the O2

•− is produced 
when the reduced forms of flavin mononucleotide or ubiquinone pass an 
electron to O2, thereby generating O2

•− [42,43]. O2
•− can react with and 

damage many macromolecules, including components of the Krebs cycle 
compromising mitochondrial energetics [44,45]. The rate of O2

•− for
mation is increased when damage to the respiratory chain or low ATP 
demand increases the ratio of NADH/NAD+ [46,47]. Furthermore, 
mitochondria may potentiate ROS from neighboring mitochondria and 
other sources through a process termed “ROS-induced ROS release” 
(RIRR) [48] (Fig. 1). This concept involves ROS-induced activation of 
the mitochondrial inner membrane anion channel [49], the mitochon
drial permeability transition pore (mPTP) [50], and ATP-sensitive 
K+-channels [51]. Dynamic balances between production and con
sumption regulate the levels of O2

•− and H2O2 in the mitochondrial 
matrix and the cytosol. When ROS production increases over physio
logical levels, exceeding the detoxification capacity of the cells, molec
ular damage arises. This phenomenon may underlie different 
pathophysiological contexts, including aging [52,53]. Therefore, over
production of O2

•− and H2O2 by mitochondria is an important player of 
the altered mitochondrial redox signaling [54]. 

Mitochondria are protected against mitochondrial ROS over
production by several mitochondrial antioxidants and other defense 
systems, such as glutathione peroxidases, thioredoxin peroxidases, dis
mutases, peroxiredoxins, oxidized cytochrome c, glutathione, thio
redoxin 2 (TRX2), glutaredoxin 2, complex IV, coenzyme Q, ascorbic 
acid, tocopherol, vitamin E, and carotene [55]. Specifically, loss of 
endogenous oxidized cytochrome c after mitochondrial outer membrane 
permeabilization has been shown to increase oxidative stress during IR 
in the heart [55]. Manganese superoxide dismutase (MnSOD) converts 
O2
•− to H2O2 in the mitochondrial matrix, while copper- and zinc-SOD 

detoxifies O2
•− in the mitochondrial intermembrane space and/or 

cytosol [56,57]. The H2O2 generated in the mitochondrial matrix is 
converted to hydroxyl radical by mitochondrial aconitase [57]. The 
NADPH/NADP+ ratio is important for antioxidant defense through its 
role as a donor of redox potential to glutathione and thioredoxin re
ductases (TRXR) and for the regulation of the activities of 
glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydro
genase [58]. Glycolysis and the pentose phosphate pathway are also 
involved in mitochondrial ROS detoxification [59]. Some studies suggest 
that ROS generated by Nox4 can induce oxidation of mitochondrial 
proteins, thereby exacerbating mitochondrial ROS formation through 
RIRR [58]. During aging, Nox4 is upregulated while the mitochondrial 
antioxidant mechanisms are downregulated. Excessive ROS production 
via Nox4 exceeds the capacity of the antioxidants, a mechanism that 
contributes to further ROS accumulation and mitochondrial damage 
during aging. In addition, the peroxisome proliferator-activated recep
tor-gamma coactivator 1 alpha (PGC1α), which is a master regulator of 
energy metabolism and mitochondrial biogenesis, also controls the 
expression of mitochondrial antioxidant genes [60,61]. Its dysregulation 
has been shown to exacerbate oxidative stress and inflammatory 
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response in some metabolic disorders such as obesity and diabetes [61]. 
There is also a close relationship between cellular oxidative stress 

and intracellular levels of some cations, although the underlying 
mechanism for cation-induced mitochondrial ROS generation is not fully 
understood. Early studies demonstrated a cross-talk between transition 
metals and increased oxygen and nitrogen species in biological systems 
[62]. Some metals, like iron, copper, chromium, vanadium, and cobalt, 
undergo redox cycling reactions (usually through Fenton reaction and 
generation of superoxide radical and the hydroxyl radical, while others, 
like mercury, cadmium, and nickel lead to depletion of antioxidants and 
protein damage through bonding to sulfhydryl groups [63]. Moreover, 
redox metals can react with lipid peroxides producing toxic dicarbonyl 
intermediates (malondialdehyde [MDA], 4-hydroxynonenal [4-HNE]) 
that eventually form irreversible chemical adducts with proteins. 
Other cations, like calcium, interact with ROS through different cell 
pathophysiological pathways. Available evidence indicates that mito
chondrial membrane depolarization contributes to the loss of calcium 
homeostasis, which in turn increases the sensitivity of mitochondria to 
undergo mPTP opening and to increase ROS production [64]. Other 
studies have demonstrated that increased mitochondrial calcium and 
zinc [65,66] (with an interactive role among them), mPTP opening, 
alterations in function and/or expression of ion transporters located in 
mitochondrial membranes and opening of mitochondrial 
KATP-channels [64] can exacerbate mitochondrial ROS generation. All 
this evidence indicates that most of these alterations could be reversed 
and/or prevented with antioxidant treatments targeting mitochondrial 
ROS. 

Apart from direct cardiac stressors that increase oxidative stress in 
aging, coexisting non-hemodynamic alterations and other extra-cardiac 

triggers can also play a role. For example, low-grade inflammation 
observed in elderly patients has been related to several sources of ROS 
over-production secondary to the senescence of immune cells, mainly 
neutrophils and macrophages [67,68]. Also, obesity and diabetes are 
well documented triggers of oxidative stress and the pathophysiology of 
some age-related conditions, such as chronic kidney disease and hy
pertension, is also related to a pro-oxidant status [69]. 

3.2. ROS (dys)regulation and oxidative stress 

The free radical theory of aging proposed by Harman (1956) and 
further refined by Miquel and colleagues (1980) suggests that mito
chondrial ROS emanating from ETC damages macromolecules, espe
cially mtDNA. In turn, this can cause mitochondrial dysfunction and 
contribute to pathologies associated with aging, including cardiovas
cular diseases [70,71]. This ROS imbalance can affect nuclear gene 
expression, ion handling, and mitochondrial metabolism [72,73]. In 
addition, oxidative stress can cause the activation of an inflammatory 
response, apoptotic signaling, and endoplasmic reticulum (ER) stress in 
different tissues, including the heart [74]. Many studies [75,76], but not 
all [77,78], suggest that antioxidant capacity becomes compromised 
with age. However, despite discrepancies among different studies, most 
data agree that there is an increase in oxidative damage in the heart 
associated with aging. Some of the factors reported to cause uncon
trolled mitochondrial ROS production during aging are summarized in 
the Table. 

To limit the oxidative damage, the MnSOD converts O2
− into H2O2, 

which can be further reduced to hydroxyl radical (OH•) in the presence 
of reduced metal atoms unless H2O2 is transformed to water (H2O) by 

Fig. 1. Altered mitochondrial calcium cycling, 
ROS production and bioenergetics during aging. 
Functionally deficient ETC, overactive MAO, 
decreased GSH and TRX regeneration and defective 
SR-mitochondria communication are proposed as 
prominent players of the uncoupling between cal
cium cycling, mitochondrial energy production and 
ROS balance present in aged cardiomyocytes. The 
deleterious pro-oxidant environment creates a self- 
amplifying loop and contributes to glycative dam
age (glycooxidation stress). AGE: advanced glyca
tion end products; ETC: electron transport chain; 
GLO: glyoxalase; GSH: glutathione; MAO: mono
amine oxidase; MCU: mitochondrial calcium uni
porter; Nnt: nicotinamide nucleotide 
transhydrogenase; RIRR: ROS-induced ROS release; 
RyR2: type 2 ryanodine receptor; SERCA: sarco
plasmic reticulum calcium ATPase; SR: sarco
plasmic reticulum; VDAC: voltage-dependent anion 
channel.   

D. Bou-Teen et al.                                                                                                                                                                                                                              



Free Radical Biology and Medicine 167 (2021) 109–124

113

glutathione peroxidase (GPX) and peroxiredoxin (PRX). The scavenging 
reaction of PRX requires other cellular dithiol proteins such as TRX, 
whereas the enzymatic reaction of GPX requires reduced-glutathione 
(GSH) [43,79]. In turn, TRX and GSH are regenerated by thioredoxin 
reductase (TR) and glutathione reductase (GR), respectively, using 
reduced nicotinamide adenine dinucleotide phosphate (NADPH) as an 
electron donor [79]. Three enzymes regenerate NADPH, including 
nicotinamide nucleotide transhydrogenase (Nnt), NADP + -dependent 
isocitrate dehydrogenase (IDH), and malic enzyme (ME). These enzymes 
in turn require Krebs cycle products to exert their reaction [80]. 
Therefore, the Krebs cycle is important not only for providing the 
reducing equivalents NADH and FADH2 necessary for ATP production at 
the FoF1 ATP synthase, but also to provide substrates to regenerate 
NADPH and therefore, to maintain the antioxidative capacity of the 
mitochondrial [81]. Despite compartmentalization, ROS scavenging 
systems of the mitochondrial matrix significantly contribute to cyto
plasmic ROS handling [51]. 

Numerous studies underscore the role of mitochondrial ROS pro
duction and oxidative stress in cardiac aging [43,79]. An age-related 
increase in the expression and activity of both XO and MAO has also 
been described in the hearts of aged rats [82]. However, even though 
these enzymes play an important role in cardiovascular ROS generation, 
the most important sources of ROS in the aged heart are NOX and the 
mitochondrial ETC [36–38]. The role of NOX-derived ROS production 
and oxidative stress in the aged heart was demonstrated in Fischer 344 
(F344) rats. In this study, the authors reported an age-dependent in
crease in the expression and activity of NOX2 isoform. These changes 
were accompanied by increased renin-angiotensin-aldosterone system 
(RAAS) activation and oxidative stress that could be attenuated by the 
pharmacological inhibition of NOX activity [83]. A similar mechanism 
has been suggested to play a causal role in endothelial dysfunction 
observed in the aged heart [84]. For instance, Outdo and colleagues [85] 
reported an increased NOX activity and expression in aortas from aged 
rat heart as well as decreased cardiac function and oxidative damage. 
Elevated mitochondrial ROS production and enhanced mitochondrial 
NOX4 expression were reported in vascular smooth muscle cells from 
aged mouse hearts, and this was accompanied by increased aortic 
stiffness and cardiac dysfunction. Besides, ROS can activate fibrogenic 
pathways in cardiac fibroblasts and modulate matrix metalloproteinase 
activity and collagen synthesis, suggesting an important role of oxida
tive stress in age-related cardiac fibrosis [86–88]. Besides these mech
anisms, loss of the capacity to undergo mild IMM depolarization appears 
to be responsible for enhanced ROS formation with age [89]. Mito
chondrial membrane-bound hexokinases or creatine kinase activities 
result in the formation of ADP that is transported to the mitochondrial 
matrix to drive ATP synthesis. This causes a small drop in the mito
chondrial membrane potential (ΔΨm) and reduced ROS generation by 
the respiratory complexes [90,91]. A recent study showed that this 
mechanism of mitochondrial redox control is lost in short-lived mice vs 
long-lived animals [89], suggesting that it may represent a universal 
anti-aging mechanism characterizing several tissues, including the 
heart. 

In cardiomyocytes, a large fraction of ROS (up to 90%) is produced 
by the leakage of electrons from the mitochondrial ETC [92]. 
Age-related changes in mitochondrial function have been correlated 
with a decline in the activities of ETC complexes and a higher rate of 
ROS production associated with oxidative stress and thus contributing to 
cardiac aging [93,94]. For instance, Kumaran and colleagues [95] re
ported a decrease in the activity of complex I, III, and IV in heart 
mitochondria from aged rats. The authors suggested that age-related 
decline in the activity of these enzymes results in partial blockage of 
electron flow, which alters the reducing potential of electron carriers 
favoring their autoxidation and further ROS generation, thus establish
ing a vicious cycle that aggravates oxidative stress and promotes cardiac 
aging. In support of a central role of oxidative stress in cardiac aging are 
studies examining hearts from a mouse model that display a phenotype 

of accelerated or resistant aging. Rodriguez and colleagues [96] 
demonstrated an age-dependent oxidative stress in the heart of the 
senescence-accelerated mouse model (SAMP8) compared to 
senescence-resistant (SAMR1) mice, as evidenced by an increased level 
of lipid peroxidation products (malondialdehyde [MDA] and 4-hydrox
ynonenal [4-HNE]). Moreover, aged hearts from SAMP8 mice exhibited 
a lower mitochondrial GSH/GSSG ratio compared to aged hearts from 
SAMR1 mice, suggesting a pro-oxidative redox environment because of 
depleted ROS scavengers pool [96,97]. In addition, the increase in 
oxidative stress markers was accompanied by reduced activity of the 
respiratory complexes II, III, and IV in heart mitochondria from aged 
SAMP8 mice. 

Oxidative stress can contribute to cardiac aging through oxidative 
modification of intracellular proteins, which ultimately may lead to 
defective mechano-energetic coupling and age-related cardiac 
dysfunction. Hence, the activities of the Krebs cycle enzymes IDH, a- 
ketoglutarate dehydrogenase, SDH and malate dehydrogenase have 
been shown to be decreased in aged rat hearts due to the loss of thiol 
groups (-SH) [95,98]. Furthermore, the authors report reduced enzyme 
activity of mitochondrial complex I [98]. Because several subunits of 
complex I are encoded in mtDNA [99], and the mtDNA is highly 
vulnerable to oxidative damage, the authors proposed that decreased 
complex I activity might be explained, to some extent, by mtDNA mu
tations mediated by oxidative stress. Further evidence supporting a 
direct role of oxidative stress in cardiac aging was obtained using 
transgenic mice overexpressing mitochondria-targeted catalase [5], in 
which age-related changes (accumulation of oxidized mitochondrial 
proteins oxidation and increased mtDNA damage) could be significantly 
attenuated, supporting the role of chronic ROS exposure and mito
chondrial ROS in cardiac aging. Increased ROS/RNS levels have also 
been correlated with changes in mitochondrial morphology [59]. In an 
experimental study performed in fibroblasts and skeletal muscle myo
blasts, cell exposure to H2O2 led to ubiquitination in mitochondrial 
fusion/fission proteins (Mfn1 and Mfn2), loss of mitochondrial ΔΨm and 
mitochondrial fragmentation [100]. It has been demonstrated that two 
of the fusion/fission proteins, dynamin related protein 1 (Drp1) and 
optic atrophy 1 (Opa1), are post-translationally modified by redox 
regulation (via both ROS and RNS), a mechanism that may also be 
involved in mitochondrial fragmentation [101]. Whether this mecha
nism takes place in cardiac aging deserves further investigation. 

3.3. Can mitochondrial ROS be protective? 

Given that ROS may act as second messengers, it is likely that this 
feature could be exploited to induce activation of cardioprotective 
signaling pathways and adaptive changes that could protect the heart 
from damage in pathological circumstances. Intermittent and/or mod
erate ROS formation is the key mechanism underlying the car
dioprotective effects elicited by IPC against IR injury [102]. Yet, 
whether a primary increase in ROS within the mitochondrial compart
ment can yield the same result is less clear. A recent study has shown 
that a careful titration of the mitochondrial redox cycler MitoParaquat 
(MitoPQ), leading to a gradual O2

•− generation, can induce diametrically 
opposite effects in cardiomyocytes or hearts subjected to stress in vitro or 
in vivo [103]. Low concentrations of MitoPQ (i.e., 0.01 μM) caused a 
moderate increase in mitochondrial ROS formation that had no impact 
on mitochondrial function or the frequency of calcium transients, but it 
did increase the SR calcium load. This mild increase in mitochondrial 
O2
•− protected isolated cardiomyocytes from anoxia/reoxygenation 

injury in vitro and reduced infarct size in mice subjected to IR injury in 
vivo. In contrast, higher doses of MitoPQ (>0.05 μM) led to a severe 
increase in mitochondrial ROS, loss of ΔΨm, mPTP opening and 
impairment in calcium homeostasis. Therefore, an excessive mitochon
drial ROS formation is a determining and primary cause of cardiac loss 
of function and viability. These findings demonstrate that different 
amounts of O2

•− produced within mitochondria may lead to utterly 
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opposite effects not only at the mitochondrial level, but also in the 
cytosol and SR thereby affecting cardiomyocyte survival. It is also 
important to bear in mind that mitochondrial ROS exert profoundly 
different effects in young vs aged subjects. Indeed, overexpression of 
mitochondria-targeted catalase is beneficial in pathological conditions 
or in aged mice [104,105], but the cardiac proteome of young mito
chondrial catalase overexpressing mice closely resembles that of older 
wild-type animals [106]. This suggests that reducing mitochondrial ROS 
levels at a young age when basal ROS are already at low levels, is likely 
not beneficial. 

Mitochondrial ROS contribute to the maintenance of tissue homeo
stasis also by regulating autophagy, a process responsible for the lyso
somal removal of damaged or unnecessary proteins or organelles [107]. 
If this mechanism of quality control is impaired, the accumulation of 
damaged/undegraded material may lead to cell dysfunction and pre
mature aging [108,109]. In fact, deletion of Atg5 in cardiomyocytes 
results in left ventricle (LV) dilation, contractile dysfunction and early 
mortality [110], while whole-body Atg5 overexpression attenuates signs 
of aging and prolongs lifespan [111]. Interestingly, autophagy attenu
ation is associated with cardiac senescence [112], while stimulation of 
the autophagic process significantly reduces cardiac aging and extends 
lifespan by removing dysfunctional mitochondria through mitophagy 
[113]. Also, chaperone-mediated autophagy (CMA) is a selective form of 
autophagy critical for the maintenance of hepatic tissue homeostasis 
during aging or in conditions of oxidative stress, among others [114]. 
However, whether CMA plays a role in cardiac pathophysiology remains 
unknown. ROS-dependent modulation of autophagy may be direct, 
through oxidation of Atg4 cysteine residue that allows for autophago
some formation, or indirect, by inducing lysosomal calcium release that 
in turn stimulates autophagy [107,115]. Furthermore, cytosolic calcium 
can inhibit autophagy as well [116]. Thus, elucidating the intricate 
interplay between calcium and ROS-dependent autophagy modulation 
will allow identifying efficient therapeutic strategies to target these 
processes in aging or disease. 

4. The interplay between ROS and calcium 

4.1. Mitochondrial spatial heterogeneity and interaction with 
sarcoplasmic reticulum 

Adult cardiomyocytes are organized by a complex cytoarchitecture 
for efficient and finely controlled con-traction so that mitochondrial 
movements are significantly restricted. 

Because the heart is the organ with the highest energy requirement of 
the entire organism, cardiac mitochondria occupy as much as 40% of 
cardiomyocyte volume and are differentiated into specific sub
populations (i.e., subsarcolemmal, interfibrillar and perinuclear mito
chondria) with distinct biochemical, morphological and functional 
properties [117]. The high intracellular compartmentalization present 
in adult cardiomyocytes and the restrictions in mitochondrial move
ments imposed by cell cytoarchitecture, has led to the development of a 
significant subcellular mitochondrial specialization and heterogeneity 
that has consequences in their ROS production capacity, participation in 
cardioprotective signaling, sensitivity to injury and development of the 
aging phenotype. Thus, subsarcolemmal mitochondria have a greater 
contribution to the overall ROS production within the cells than inter
fibrillar mitochondria [118], are less tolerant to calcium overload and 
more vulnerable to IR injury [16,119], and appear to be more responsive 
to the protective effect of some pharmacological strategies [25]. Indeed, 
connexin 43, a protein whose translocation to mitochondrial mem
branes has been implicated in cardioprotection [120] is only present in 
subsarcolemmal mitochondria [121]. On the other hand, the deleterious 
consequences of aging are preferentially manifested in interfibrillar 
mitochondria, in which a more pronounced reduction of the respiratory 
capacity has been described [26,122], as well as an increased amount of 
calcium precipitation in their matrix [123], and changes in the inner 

membrane lipid composition that favor unregulated ROS production at 
complex III associated with aging [19]. 

Interfibrillar mitochondria contribute more to the cellular ATP pro
duction due to higher respiratory capacity [117], and unlike sub
sarcolemmal mitochondria, are functionally and anatomically linked to 
the SR (10–50 nm interorganelle distance) through several bridging 
proteins [124]. This close communication allows a rapid and localized 
calcium exchange from SR to mitochondria, necessary for the coupling 
of mitochondrial energy production with the highly variable cardiac 
energy demand [106]. Importantly, SR-dependent mitochondrial cal
cium uptake also regulates the rate of GSH regeneration (see section 4.2) 
[125]. Therefore, adequate SR-mitochondria communication provides 
the basis for the balance between mitochondrial ROS generation and 
mitochondrial ROS scavenging capacity and contributes to the existence 
of spatially restricted ROS generation areas within the cells (“ROS 
microdomains”) involved in cell signaling processes [126]. The fact that 
age-dependent functional decline preferentially impacts on interfibrillar 
mitochondria [26,127] has led to the assumption that SR may contribute 
to it. Previous studies have demonstrated that SR-mitochondria 
communication is partially disrupted in the cardiomyocytes of aging 
mice [26] resulting in a defective interorganelle calcium exchange and a 
concomitant mismatch between mitochondrial ROS production and GSH 
regeneration under energy demanding conditions [26]. More recently, 
glycation of ryanodine receptor 2 (RyR2), one of the proteins involved in 
SR-mitochondria bridging, has been proposed to mediate, at least in 
part, the functional mismatch between calcium homeostasis, energy 
coupling and antioxidant regeneration at the SR-mitochondria micro
domains in the myocardium of aged mice and humans [128] by a 
mechanism involving an increased non-regulated SR-dependent calcium 
leak and a subsequent mitochondrial calcium accumulation. Such excess 
of mitochondrial calcium can, in turn, disrupt the reciprocal and 
necessary balance between ROS and calcium, following a positive 
feedback where more ROS production aggravates calcium dysregulation 
[128] (Fig. 1). In agreement with this, it has been described that 
excessive mitochondria-derived ROS production can contribute to 
aberrant calcium handling during aging through thiol oxidation of RyR 
[129]. Indeed, the pro-oxidative status present in the microenvironment 
around the SR-mitochondria contact sites has been linked to several 
age-related cardiac pathologies, including atrial fibrillation [130] and 
heart failure (HF) [131], and may have a role in IR injury, in which 
abnormal SR-dependent calcium oscillations have been shown to pre
cipitate mPTP opening and cell death [132]. 

Overall, these observations support the concept that preservation of 
the functional coupling between SR and mitochondria might be an 
important biological target to reduce oxidative stress and maintain 
calcium homeostasis in aged cardiomyocytes. 

4.2. ROS, calcium and mitochondrial bioenergetics 

During physiological workload transitions, the heart needs to in
crease cardiac output to match demand, and this is accomplished by 
sympathetic activation through β-adrenergic receptor (β-AR) stimula
tion, which increases the amplitude and frequency of cytosolic calcium 
transients, resulting in more ATP hydrolysis at the myofilaments [133, 
134]. At the same time, the increased ADP flux to mitochondria accel
erates the FoF1 ATP synthase to regenerate ATP, therefore, dissipating 
the proton-motive force. To counterbalance this, the ETC hastens the 
oxidation of NADH and FADH2 and consequently, accelerates electron 
flux and O2 consumption [135]. To match the elevated demand for 
NADH and FADH2 during cardiac workload transition, the increase in 
cytosolic calcium facilitates mitochondrial calcium uptake via the 
mitochondrial calcium uniporter (MCU). In the mitochondrial matrix, 
calcium stimulates rate-limiting enzymes of the Krebs cycle: pyruvate 
dehydrogenase, IDH, and α-ketoglutarate [136–138]. This 
calcium-dependent stimulation accelerates the regeneration of NAD+ to 
NADH, and FAD to FADH2, and therefore, maintains their redox states 
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avoiding deprivation of reducing equivalents for ATP production. 
In HF, defects in ion handling and pathological workload impose an 

elevated energetic demand, which can cause a mismatch between 
reducing equivalents production by the Krebs cycle (due to impaired 
mitochondrial calcium accumulation) and oxidation at the ETC. In turn, 
this imposed a pro-oxidative redox state that can compromise mito
chondrial energetics, but also antioxidative capacity [92]. In this regard, 
experiments using C57BL/6 N mice demonstrated that in conditions of 
pathological metabolic demand (e.g. pathological elevation of after
load), impaired NADH regeneration by the Krebs cycle can be 
compensated by the reverse mode of the Nnt. The reversal mode of this 
enzyme consumes NAD+ and NADPH to restore NADH and therefore, 
support ATP production. However, although this partially compensates 
for the elevated energetic demand, depletion of NADPH pool compro
mised NADPH-dependent antioxidative capacity [139]. Since the heart 
has a constant high ATP demand and high rate of ROS production, the 
concept of “redox-optimized ROS balance” by Aon and colleagues 
(2010) integrates, within a single framework, that the cellular redox 
environment is the main intermediary between mitochondrial ener
getics and ROS balance [92]. 

Using isolated cardiomyocytes and mitochondria from guinea pigs 
the authors suggested that in highly pro-oxidative conditions, such as 
pathological cardiac workload, NADH/NAD+ redox couple pool be
comes significantly oxidized and thereby compromises the mitochon
drial antioxidative system, in agreement with the concept of reverse 
mode of the Nnt [139]. In highly pro-reductive conditions, such as 
cardiac ischemia, electron flux along the ETC becomes minimal, and the 
concentration of reduced NADH/NAD+ pool increases. In this scenario, 
mitochondrial ROS production can outweigh the scavenging capacity, 
even at high level of NADPH, and therefore can cause ROS imbalance 
[92,140]. The authors postulate that “mitochondria have been evolu
tionarily optimized to maximize energy output while keeping ROS 
overflow to a minimum by operating in an intermediate redox state”. 

The importance of mitochondrial redox state was underscored in a 
different study using a guinea pig model of HF and sudden cardiac death. 
In this study, the authors demonstrated that preserving mitochondrial 
ROS balance by improving calcium-induced stimulation of the Krebs 
cycle and thereby, NAD(P)H/NAD(P)+ redox state, abrogated oxidative 
stress during increased energy demand (e.g. workload transition). Be
sides, improving mitochondrial calcium accumulation could prevent 
pathological heart remodeling, and sudden cardiac death [141]. 

Understanding the fine-tuning regulation of mitochondrial ener
getics and redox state under oxidative stress has critical importance 
because of the increasing evidence demonstrating that age-related pa
thologies such as cardiovascular disease associate with the progressive 
deterioration of the redox state of cells and therefore, the organism [69, 
142,143]. The concept of redox-optimized ROS balance supports also 
the important role of mitochondrial calcium uptake and 
calcium-induced stimulation of Krebs cycle dehydrogenases to match 
energy supply, but also to sustain the regeneration of NADPH pool, and 
hence the main antioxidative system of the cell [26,136]. 

4.3. ROS and AGEs: the glycooxidative damage 

The deleterious effects of oxidative stress on the development and 
progression of many cardiovascular diseases, including atherosclerosis 
and diabetic cardiovascular complications, have often been linked to the 
simultaneous accumulation of glycative post-translational modifications 
[144]. Glycation occurs when a sugar non-enzymatically reacts with an 
amine group of a protein to yield advanced glycation end products 
(AGEs), irreversible compounds that compromise the structure and 
function of intra- and extracellular proteins, in addition to binding their 
signal-transducing receptor (receptor for advanced glycation end prod
ucts, RAGE) and causing a set of deleterious down-stream effects [145]. 
Accumulation of glycated and oxidized proteins is increased in the aging 
heart, and the generation of both AGEs and ROS are intertwined 

processes since many AGEs, including carboxymethyl lysine (CML) and 
pentosidine, are generated by a combination of oxidation and glycation 
[38,123,146]. It has been described that the production of ROS can lead 
to the generation of AGEs which, in turn, increases ROS production 
leading to a harmful positive feedback loop of malignant AGE and ROS 
accumulation known as glycoxidative stress [144,147]. Of note, during 
aging the heart decreases its metabolic capacity to oxidize fatty acids 
and becomes more reliant on glucose oxidation as a source of energy [1]. 
This metabolic shift leads to an increased generation of chemical in
termediates (such as methylglyoxal) that favor protein glycation and 
exacerbate the oxidative stress present in aging. 

In cultured neonatal rat cardiomyocytes and in H9c2 cardiomyocyte 
cell line, in vitro treatment with glycated albumin (AGE-BSA) led to the 
activation of a Nox2-containing NAPDH oxidase secondary to a protein 
kinase C-dependent translocation of RAC1 to the membrane, therefore 
stimulating ROS production in a manner independent of RAGE binding 
[147,148]. Other studies evidence the activation of NADPH through the 
binding of AGEs to their receptor RAGE; AGE-RAGE binding activates 
NOX and upregulates redox-sensitive transcription factor NF-ĸB, which 
consequently increases transcription and expression of RAGE and feeds 
the vicious cycle [144,146]. The use of a respiratory complex III in
hibitor decreased ROS levels while AGE treatment increased ROS pro
duction in the mitochondrial compartment, which indicates a 
contribution of the mitochondria to AGE-induced ROS production [146, 
149]. 

AGEs may also increase ROS by overloading antioxidant systems, 
particularly GSH (Fig. 2). GSH plays several critical roles in car
diomyocytes: 1) it is the major intracellular ROS scavenger, 2) it is a 
cofactor of GPX, which is the most important enzyme for H2O2 detoxi
fication, and 3) it is a cofactor of glyoxalase-1 (GLO1), the rate-limiting 
enzyme of the glyoxalase system that detoxifies major AGE precursors 
methylglyoxal and glyoxal. Therefore, depleting GSH stores will also 
trigger the vicious cycle of ROS and AGE generation [146]. It is 
important to remark that the myocardial concentration of GSH is 
reduced in the aged heart in several species, including humans [26,123]. 
GLO1 overexpression decreased both ROS and methylglyoxal-modified 
protein levels significantly in glucose treated cells, while GLO1 
knockout increased RAGE expression as well as ROS and methylglyoxal 
modified proteins, which confirms again the relationship between AGEs 
and ROS [150]. Importantly, during aging glycative and oxidative 
damage is exacerbated by deficient GLO1 enzyme activity [123]. Anti
oxidant enzymes also include a group that can bind redox-active tran
sition metals such as iron (Fe2+) and cupper (Cu+), which may otherwise 
lead to highly reactive hydroxyl radical production and accelerated AGE 
formation [146]. In addition, an early in vitro study disclosed that the 
incubation of anti-oxidants superoxide dismutase (SOD) and catalase 
with different sugars leads to the loss of antigenicity and their inacti
vation, pointing to a direct effect of AGEs on increased ROS accumula
tion [151]. 

Finally, accumulation of copious amount of oxidatively damaged 
proteins can overwhelm the proteasomal and lysosomal systems which 
are already deficient in the aged heart, therefore allowing for increased 
AGEs accumulation by saturating the apparatus accountable for elimi
nation of damaged and dysfunctional proteins, and vice versa [13,146]. 
Although ROS have a short lifetime and can be removed by endogenous 
anti-oxidant enzymes, their harmful action is augmented by their role in 
increasing AGEs whose irreversible nature favors their long term accu
mulation and toxic consequences [144]. 

5. Contribution of ROS to IR injury 

During acute myocardial infarction, cardiomyocyte death resulting 
from interrupted circulation and oxygen starvation can only be halted by 
restoring the blood flow to the area at risk, however, and paradoxically, 
this precise therapeutic maneuver produces additional cell death 
denominated as IR injury by a series of interrelated and/or independent 
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mechanisms that have been extensively reviewed elsewhere [152]. Solid 
evidence suggests that cytosolic calcium overload and concomitant 
calcium-dependent calpain activation are important triggers of cell 
fragility and hypercontraction that eventually lead to sarcolemmal 
rupture and necrosis during the first minutes of reperfusion [152]. 
Importantly, the occurrence of an abrupt mitochondrial failure due to 
sudden membrane permeabilization (mPTP opening) upon oxygen 
restoration further contributes to myocardial necrosis. Opening of mPTP 
uncouples mitochondrial respiration and causes drastic depolarization 
that culminates in an energetic collapse and cell death [16] (Fig. 2). 
Nevertheless, the relative contribution of hypercontraction, calpain 
activation and mPTP to the final extent of myocardial necrosis is a 
matter of debate and seems to depend on several factors, including the 
duration of the previous ischemic period [153], the degree of mito
chondrial calcium concentration [154] and the rate of pH normalization 
[155] among others. ROS play a fundamental regulatory role in most of 
these events by several mechanisms. 

Tissue reoxygenation refuels mitochondrial oxidative phosphoryla
tion leading to massive ROS production which places mitochondria, 
specifically the ETC, as the major source of ROS during reperfusion in 
the highly metabolic heart [156]. Mitochondrial ROS produced by 
complexes I and III contribute to oxidative damage in IR injury [157], 
however an important role for ROS production has also been attributed 
to complex II both in forward mode and reverse mode through the 
reverse electron transport (RET) from complex II to I [158]. During the 
ischemic phase, SDH functions in reverse mode, producing succinate 
from fumarate thus leading to succinate accumulation, which upon 
reperfusion is rapidly re-oxidized by SDH initiating massive ROS gen
eration by RET, where electrons are transported backward to complex I 
instead of forward to complex III [22,159]. Reversible inhibition of SDH 
by malonate has been shown to prevent succinate accumulation and 
ROS production, significantly reducing myocardial infarct size in both 
mouse and pig models subjected to IR injury [22,160]. Besides 
mitochondria-derived ROS, increased expression of NOX following 
reperfusion of the heart and decreased cell death in the presence of NOX 
inhibitors suggest a role for this enzyme in reperfusion injury as well 

[156]. Finally, ROS can itself activate other ROS producing enzymes or 
pathways which exacerbate oxidative damage. For instance, although 
hypoxia inhibitory factor-1α (HIF-1α) exerts multiple cardioprotective 
effects, like regulation of angiogenesis and redox homeostasis [161, 
162], in certain conditions (including aging) its role is more ambiguous, 
and a study demonstrated that the stimulation of HIF-1α production by 
ROS can activate NOX, leading to a positive feedback loop [163]; also 
tetrahydrobiopterin (BH4), the nitric oxide synthase (NOS) cofactor, can 
become oxidized leading to reduced BH4 levels and the consequent 
uncoupling of NOS which switches to the production of O2

•− instead of 
nitric oxide (NO) [164]. 

ROS have also been found to participate in cell death during IR injury 
by mechanisms other than direct oxidative damage on proteins. Accu
mulating evidence indicates that ROS are one of the main triggers of 
mPTP during IR; in fact, part of the protection offered upon the 
reversible inhibition of SDH by malonate is due to decreased mPTP 
opening upon reduced ROS production [160]. The diminished ΔΨm 
secondary to mPTP further increases ROS production by the ETC, which 
are released into the cytosol where they trigger RIRR in adjacent mito
chondria [50]. It is important to mention however, that beyond their 
role as drivers of mPTP opening, ROS can increase secondary to mPTP, 
as suggested by studies using Langendorff-perfused rat hearts subjected 
to transient IR [165], in which reperfusion-induced ROS production 
could only be detected after the occurrence of mPTP. ROS can also 
exacerbate calcium deregulation during IR by altering intracellular 
calcium handling properties. In fact, a mutual interplay between cal
cium and ROS signaling pathways exists such that on the one hand ROS 
can modulate redox-sensitive calcium channels and ATPases activities 
leading to further increase in intracellular calcium levels and aggrava
tion of calcium deregulation, while on the other hand calcium can 
induce the activity of ROS-producing enzymes and increase mitochon
drial ROS generation, therefore initiating a self-amplifying loop [128]. 
Heterogeneously damaged mitochondria within the same cell may 
contribute to damage through this calcium-ROS amplification loop. This 
hypothesis was tested in rat cardiomyocytes exposed to controlled ROS 
damage (laser irradiation), in which ROS-mediated opening of mPTP in 

Fig. 2. Pathophysiological pathways involved in acute (myocardial IR injury) and chronic (aging) outcomes of altered mitochondrial ROS production. 
AGE: advanced glycation end products; GSH: glutathione; mPTP: mitochondrial permeability transition pore; RAGE: receptor for AGE; RET: reverse electron 
transport; RIRR: ROS-induced ROS release; SR: sarcoplasmic reticulum. 
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severely damaged mitochondria coexisted with energy production in 
intact viable mitochondria within the same cell [166]. In this experi
ment, mPTP opening in locally-restricted areas induced cell hyper
contraction through SR-driven ATP-dependent calcium oscillations, in a 
way that closely resembles IR-induced cardiomyocyte death, as 
observed in the histopathological pattern of reperfused myocardial in
farctions [17]. 

Although there is little data in cardiomyocytes, studies in other cell 
types have suggested a possible role for ROS in modifying the activity of 
calpains; whereas S-nitrosylation of calpains seems to inhibit their ac
tivity [167], the oxidative modification of their substrates seems to in
crease the susceptibility of the latter to calpain proteolysis [168]. 
Calpains, a family of calcium-dependent cysteine proteases are impli
cated in IR injury by degrading a wide array of proteins including 
sarcolemmal, myofibrillar, mitochondrial and other regulatory proteins 
[167]. Besides, oxidative stress-induced increase in intracellular calcium 
levels in the heart was proposed to be an indirect stimulus for 
calcium-dependent calpain activation [168]. 

It is well known that ROS are increased in aging as evidenced by 
increased levels of carbonyl formation on proteins, lipofuscin, and 
oxidatively damaged DNA among others [169], leading to impaired 
structure and function of the targeted molecules. In addition, antioxi
dant defenses in the aged heart decrease with a parallel increase in the 
resistance of highly oxidized proteins to proteolytic elimination and a 
less efficient autophagy, all factors contributing to reduced clearance of 
oxidatively damaged proteins [13]. The increase in ROS productio
n/accumulation, mitochondrial calcium load and AGEs formation are 
likely to contribute to the reduced IR threshold consistently observed in 
the aged hearts. Whether these factors are related to the reduced effi
ciency of some cardioprotective interventions observed during aging 
remains unknown and deserves further investigation. 

6. ROS in heart failure: a vicious cycle 

HF is a leading cause of morbidity and mortality in developed 
countries [170], and despite advances in therapy, it still carries a 
threatening prognosis and a significant socioeconomic burden, mainly 
because of the aging of the population, and the constant increase in the 
prevalence of HF among elderly people [171,172]. Extensive research in 
humans and animal models has provided substantial evidence of 
increased ROS production in HF, which contributes to disease progres
sion [82]. Moreover, ROS imbalance was confirmed in human ventric
ular myocardium explanted from patients with dilated cardiomyopathy. 
Using electro-paramagnetic resonance (EPR), the authors reported 
augmented mitochondrial ROS production and increased myocardial 
oxidative stress. Besides, enzyme activity assays revealed decreased 
activity of MnSOD, the main antioxidant enzyme that scavenges O2

•− in 
the mitochondrial matrix [173]. The importance of the MnSOD-linked 
antioxidative capacity was also confirmed using transgenic mouse 
models lacking MnSOD (Sod 2). In this study, the authors showed that 
MnSOD mutant mice exhibited fatal dilated cardiomyopathy and HF, 
accompanied by severe DNA and mitochondrial oxidative damage, as 
well as decreased energy production. Moreover, mutant mice were 
significantly sensitive to hyperoxia. The authors demonstrated that the 
addition of exogenous ROS scavengers suppressed mitochondrial defects 
and attenuated cardiac remodeling. The phenotype of the MnSOD 
knockout mouse underscores the importance of mitochondria as a 
source of O2

•− in the heart. Furthermore, these studies support the causal 
role of ROS imbalance in the pathogenesis of HF, and provides mecha
nistic insight into the potentially beneficial effects of antioxidants [174, 
175]. Further evidence was recently provided using a guinea pig model 
of nonischemic HF [176]. In this study, a mitochondria-targeted ROS 
sensor revealed increased mitochondrial ROS production in resting and 
contracting left ventricular myocytes from failing hearts. The authors 
suggested that ROS imbalance disrupt optimal redox signaling that 
drives gene expression of genes involved in mitochondrial function, ion 

handling, and mitochondrial function. 
Cardiac excitation-contraction coupling (EC coupling) is the process 

in which an electrical impulse (i.e. action potential, AP) traveling along 
the sarcolemma of the cardiomyocyte is transduced into a mechanical 
response (cell contraction) [177]. During this process, the depolariza
tion of the sarcolemmal membrane triggers the opening of voltage-gated 
calcium (Ca2+) channels (L-type Ca2+ channels), producing an influx of 
Ca2+ into the cytosol of the cardiomyocyte. Here, Ca2+ triggers further 
Ca2+ release from the SR via Ca2+ release channels (RyR2), a process 
termed “Ca2+-induced Ca2+ release” [178]. Subsequently, Ca2+ can 
interact with troponin C at myofilaments and causes the shortening of 
the cell during systole. During diastole, Ca2+ is removed from the cytosol 
by different mechanism including the SR Ca2+-ATPase (SERCA), sarco
lemmal sodium/Ca2+ exchanger (NCX) and sarcolemmal Ca2+ ATPase 
[179]. During each cytosolic Ca2+ transient, Ca2+ is taken up by mito
chondria via the mitochondrial Ca2+ uniporter (MCU), however, this 
uptake is considered rather inconsequential for cytosolic Ca2+ tran
sients, though this view is still to some extent controversial [47,180, 
181]. 

ROS can affect EC coupling by direct oxidative modification of 
molecules involved in ion handling or indirectly by post-translational 
oxidative modification of redox-sensitive kinases [182,183]. For 
example, oxidative activation of protein kinase A (PKA) can produce 
hyper-phosphorylation of L-type calcium channels and SR calcium 
release channels (RyR2), resulting in disturbed cytosolic calcium 
handling. In turn, this can favor arrhythmias and contributes to 
myocardial disease progression [184,185]. Another redox-sensitive ki
nase involved in EC coupling and HF is calcium/calmodulin-dependent 
protein kinase II (CaMKII). CaMKII can undergo oxidation, resulting in 
permanent activation even after dissociation of calcium/calmodulin 
[186]. CaMKII is an important regulator of proteins involved in sodium 
and calcium handling. For instance, CaMKII can phosphorylate 
voltage-gated sodium-channels [187], producing an increase in the late 
sodium current (INa) and intracellular sodium levels in cardiac myo
cytes. Together with ROS-induced inhibition of the sodium-potassium 
ATPase (NKA), the primary sodium-extrusion mechanism of the cell, 
both account for increased intracellular sodium observed in the human 
failing heart [188]. On one hand, cytosolic sodium accumulation can 
activate the reverse-mode of the sodium/calcium exchanger (NCX) 
during the action potential [189], increasing cytosolic calcium con
centrations and blunting efficient mitochondrial calcium uptake [137]. 
On the other hand, elevated cytosolic sodium can also reduce mito
chondrial calcium content by accelerating calcium efflux trough the 
mitochondrial sodium/calcium exchanger [81]. 

The role of NCX-mediated calcium influx in failing hearts was 
confirmed using guinea-pig cardiomyocytes. In this study, the authors 
demonstrated that increased contribution of the NCX to cytosolic cal
cium transients impairs mitochondrial calcium uptake and the bio
energetic feedback response. Increased NCX-mediated calcium influx 
poses an energetic demand on the cell that may not be matched effi
ciently by mitochondrial calcium uptake and subsequent stimulation of 
Krebs cycle dehydrogenases [137]. Because the redox state of NADH is 
closely linked to NADPH, which is required for the antioxidative ca
pacity of the matrix, reduced mitochondrial calcium uptake in failing 
myocytes increases ROS formation. In turn, oxidative stress promotes an 
increase in intracellular sodium, resulting in further NCX-mediated 
calcium influx [190] and therefore, can initiate a vicious cycle of 
defective EC coupling, reduced mitochondrial calcium uptake, energetic 
deficit, and further oxidative stress. 

Elevated ROS can also activate hypertrophic signaling through direct 
oxidation of histone deacetylase 4 (HDAC4) [191], resulting in nuclear 
export and de-suppression of gene transcription factors involved in 
cardiac hypertrophy such as the myocyte enhancer factor 2 (MEF2) and 
calcineurin-NFAT [191,192]. Chronic exposure to different agonists 
including angiotensin II (Ang-II) and endothelin-1 can also activate the 
hypertrophic program through activation NADPH-mediated ROS 
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production [193]. 
Taken together, in HF, ROS imbalance can affect EC coupling and 

mitochondrial bioenergetics, leading to a vicious cycle that includes 
oxidative modification of redox-sensitive kinases, cytosolic sodium 
accumulation, and further mitochondrial ROS emission. In turn, this can 
trigger apoptotic signaling, arrhythmias and contributes to cardiac 
remodeling by post-translational oxidative modification of HDAC4 and 
disinhibition of pro-hypertrophic gene transcription [194,195]. 

7. Mitochondria-directed antioxidant therapies in aging 

The physiological process of aging begins in early adulthood. 
Although most of the studies pointed out the contribution of intrinsic 
thermodynamic instability of most complex biological molecules as the 
fundamental cause of aging, the precise mechanisms are not known yet. 
Experimental studies indicate an increased production of mitochondrial 
ROS in the aged rat heart in parallel with more disorganized and frag
mented mitochondria and a concomitant decrease in ATP levels, mito
chondrial membrane depolarization and alteration of mitochondrial 
dynamics, along with mitochondrial and cytosolic calcium overload 
[196]. These and other similar observations have provided strong evi
dence that age-associated increase in mitochondrial ROS may underlie 
mitochondrial defects in aged cardiomyocytes and be translated into 
organ functional insufficiencies. Therefore, the crosstalk between 
mitochondrial ROS, redox balance, and other cellular signaling path
ways plays an important role in aging-associated functional deficiencies 
[197,198]. Consequently, a specific and selective inhibition of unregu
lated mitochondrial ROS production seems a promising therapeutic 
strategy for a healthier aging. 

The most common approach for reducing mitochondrial ROS is 
based on the delivery of known redox agents including MitoQ and SkQ1 
to the mitochondrial matrix by their conjugation to delocalized cations 
[71]. The Szeto-Schiller peptides represent a different chemical 
approach to reduce mitochondrial ROS via their targeting to cardiolipin 
on the inner mitochondrial membrane [199,200]. It has been shown that 
mitochondria-targeted redox agents may also modulate electron flux in 
the ETC, increase ATP production and preserve mitochondrial structure 
while reducing electron-leak and ROS production [71,199,200]. Such 
mitochondria-targeted antioxidants have been developed by conju
gating the lipophilic triphenylphosphonium (TPP) cation to an antioxi
dant moiety, such as ubiquinol or alpha-tocopherol [201]. The positive 
charge of the TPP component enables the antioxidant to enter the 
mitochondria following the electrochemical gradient. However, in 
certain conditions, this type of chemical agents can induce unexpected 
side effects due to their TPP moiety, which otherwise is essential to 
facilitate their accumulation inside the mitochondria. Thus, both MitoQ 
and SkQ1 were reported to impair mitochondrial bioenergetics [202] 
because their TPP moiety reduced oxidative phosphorylation and ATP 
production [203]. However, and overall, the effects of these antioxi
dants shift more towards their beneficial outcomes, and their protective 
effects have been well documented in several contexts. During heart 
preservation before cardiac transplant, the addition of MitoQ to the 
storage solution decreased oxidative damage associate with IR injury in 
the donor mouse hearts [204], which in turn resulted in an attenuated 
innate immune response in the recipient mice [204]. 

Among mitochondria-targeted antioxidants, MitoSOD, MitoTEMPO, 
MitoPeroxidase, and MitoE2 are scavengers of O2

•− and H2O2, and pre
vent lipid peroxidation, respectively [201]. These compounds cross 
easily through all biological membranes and thus can accumulate within 
mitochondria [201]. In agreement with this, MitoTEMPO treatment of 
heart tissue from aged rats induced significant structural and functional 
improvements, including attenuated cardiac contractile dysfunction, 
mostly due to reduced ROS production in the left ventricular car
diomyocytes [205]. In an experimental context of prolonged limb 
ischemia, infusion with MitoTEMPO significantly improved the recovery 
of regional blood flow in aged mice subjected to femoral artery ligation 

[206]. In this study, scavenging of mitochondrial ROS attenuated 
mtDNA damage, improved the growth of collateral vessels and pre
served respiration in the mitochondria of skeletal muscles. Through its 
mitochondrial ROS scavenging properties, MitoTEMPO treatment has 
also been reported to promote autophagy and to prevent arrhythmic 
disturbances by improving aberrant SR-dependent calcium handling in 
cardiomyocytes from aged rabbits [207]. Another recent study has 
provided evidence supporting the concept that attenuation of mito
chondrial ROS production in aged cardiomyocytes by MitoTEMPO 
treatment may have beneficial antiarrhythmic effects through the 
preservation of calcium homeostasis [208]. MitoTEMPO has also been 
shown to be protective against doxorubicin-induced cardiotoxicity and 
the complications of diabetic cardiomyopathy [209]. Moreover, atten
uation of excessive mitochondrial ROS production with MitoTEMPO has 
proven to reduce aging-associated vascular dysfunction and athero
sclerosis secondary to hyperlipidemia [210]. 

A different approach is based on targeting inducible proteins whose 
activation produces cytoprotective effects. Thus, activation of several 
oxidant sensors and their associated pathways, such as the Nrf2 pathway 
and the NF-κB/REL family of transcription factors, has been proposed as 
an indirect antioxidant therapy [211]. Indeed, Nrf2 can accumulate 
rapidly in the nucleus where it trans-activates the antioxidant response 
element in the promoter region of many antioxidant genes [212]. NF-κB 
targets genes include ferritin heavy chain and SOD2 [213,214]. Other 
innovative therapeutic strategies to reduce the endogenous oxidative 
damage are based on targeting long non-coding RNAs (lncRNAs), which 
play important roles in molecular processes responsible for the aging 
phenotype, like deficient proteostasis and autophagy [215]. In a mouse 
model of HF, MitoQ treatment preserved Mfn-2 expression through its 
effect on lncRNAs and alleviated the adverse remodeling of mitochon
drial ultrastructure/network usually present in failing cardiomyocytes, 
while reducing oxidative stress [216]. Another recently tested strategy 
reported to promote cytoprotection was based on the forced 
co-expression of the anti-senescent protein telomerase reverse tran
scriptase and the anti-apoptotic transcription factor myocardin in aged 
murine adipose-derived mesenchymal stromal cells [217,218]. This 
intervention improved the persistence of the transplanted cells and 
enhanced tissue repair after stem cell therapy [217,218]. 

The effects of antioxidant supplementation on the context of aging, 
either by preventing the molecular damage, alleviating its consequences 
or both is a matter of debate [219–221]. An important limitation for an 
adequate interpretation of the results in this field is that a great number 
of experimental models testing the benefits of exogenous antioxidants 
were focused on their potential effects on lifespan extension rather than 
on their efficiency to prevent aging-related diseases [222]. Moreover, 
and although substantial evidence supports the central role of mito
chondrial oxidative stress in aging, ROS also have important signaling 
properties involved in the control of cellular homeostasis, and therefore 
caution must be taken when supplementing with antioxidants. There are 
various issues that should be addressed before translating these thera
peutic strategies to clinical trials, including a better understanding of the 
most relevant oxidation pathways in the aging process, the selection of 
reliable markers of the oxidative and antioxidative status both in the 
organism and cells, the identification of the possible pro-oxidant effect 
of certain antioxidants and the discrimination of the source of intra
cellular ROS (cytosolic or mitochondrial), among others. For the latter, 
the use of specific, sensitive and reproducible methods is imperative. A 
number of different methodologies have been developed for the detec
tion of total and mitochondrial ROS production. However, these 
methods tend to be unspecific, are subject to artifacts and are not 
infallible in determining the exact subcellular localization [223]. Early 
methods included cytochrome c reduction and spin trapping, however, 
those were not sensitive to low levels of ROS and required the use of 
highly toxic detection chemicals [224]. More recently, several safer and 
more selective methods based on fluorescent probes, electron-spin 
resonance, immunoassays, HPLC superoxide detection and 

D. Bou-Teen et al.                                                                                                                                                                                                                              



Free Radical Biology and Medicine 167 (2021) 109–124

119

immune-spin trapping have been developed [223]. Nevertheless, the 
translation of these methods into biomedical applications is still missing, 
thus limiting their widespread use in the clinical setting, which con
tributes to the relatively low number of clinical studies in the field [225, 
226]. 

8. Concluding remarks 

In cardiomyocytes, adequate mitochondrial ROS balance is involved 
in several protective signaling pathways and contributes to the main
tenance of tissue homeostasis through the regulation of cell quality 
control processes (i.e., autophagy). When the redox balance of the cells 
is compromised, increased ROS production can cause oxidative damage 
to biological molecules and have detrimental functional consequences. 
During aging, unregulated mitochondrial ROS production (either by an 
excessive generation or by an insufficient antioxidant capacity) has been 
consistently documented in different tissues and organs, including the 
heart, in which oxidative stress has been shown to contribute to the 
pathophysiology of several aging-related cardiac diseases, particularly, 
HF, IR injury and arrhythmias. The rates of mitochondrial ROS pro
duction and elimination vary depending on the localization and the 
biochemical properties of the specific mitochondrial subcellular popu
lation, their adequate interaction with other organelles (i.e., SR) and the 
interrelation of mitochondrial ROS with other cellular chemical re
actions, signaling molecules and metabolic state. Treatment of cardio
vascular diseases with general ROS scavengers has largely failed, both in 
preclinical and clinical settings. The reasons for such failure may be 
multiple, including the fact that this type of approach does not neces
sarily target pathological ROS, therefore interfering with otherwise 
essential physiological processes. Targeting ROS imbalance at a partic
ular cell source, like mitochondria, may help overcome some of these 
limitations. Still, for a therapeutic benefit, the development of 
mitochondria-targeted antioxidants must be based on a thorough un
derstanding of the complex and dynamic mitochondrial biology 
throughout life. 
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M. Vaugeois, C. Monteil, Subsarcolemmal and interfibrillar mitochondria display 
distinct superoxide production profiles, Free Radic. Res. 49 (2015) 331–337, 
https://doi.org/10.3109/10715762.2015.1006212. 

[119] E.J. Lesnefsky, B. Tandler, J. Ye, T.J. Slabe, J. Turkaly, C.L. Hoppel, Myocardial 
ischemia decreases oxidative phosphorylation through cytochrome oxidase in 
subsarcolemmal mitochondria, Am. J. Physiol. 273 (1997) H1544–H1554, 
https://doi.org/10.1152/ajpheart.1997.273.3.H1544. 

[120] A. Rodriguez-Sinovas, K. Boengler, A. Cabestrero, P. Gres, M. Morente, M. Ruiz- 
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A. Logan, S.M. Nadtochiy, E.N.J. Ord, A.C. Smith, F. Eyassu, R. Shirley, C.-H. Hu, 
A.J. Dare, A.M. James, S. Rogatti, R.C. Hartley, S. Eaton, A.S.H. Costa, P. 
S. Brookes, S.M. Davidson, M.R. Duchen, K. Saeb-Parsy, M.J. Shattock, A. 
J. Robinson, L.M. Work, C. Frezza, T. Krieg, M.P. Murphy, Ischaemic 
accumulation of succinate controls reperfusion injury through mitochondrial 
ROS, Nature 515 (2014) 431–435, https://doi.org/10.1038/nature13909. 
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M. Puurand, T. Käämbre, W.H. Han, P. de Goede, K.A. O’Brien, B. Turan, 
E. Tuncay, Y. Olgar, A.P. Rolo, C.M. Palmeira, N.T. Boardman, R.C.I. Wüst, T. 
S. Larsen, Altered mitochondrial metabolism in the insulin-resistant heart, Acta 
Physiol. 228 (2020), e13430, https://doi.org/10.1111/apha.13430. 

[199] V.P. Skulachev, V.N. Anisimov, Y.N. Antonenko, L.E. Bakeeva, B. V Chernyak, V. 
P. Erichev, O.F. Filenko, N.I. Kalinina, V.I. Kapelko, N.G. Kolosova, B.P. Kopnin, 
G.A. Korshunova, M.R. Lichinitser, L.A. Obukhova, E.G. Pasyukova, O. 
I. Pisarenko, V.A. Roginsky, E.K. Ruuge, I.I. Senin, I.I. Severina, M. V Skulachev, I. 
M. Spivak, V.N. Tashlitsky, V.A. Tkachuk, M.Y. Vyssokikh, L.S. Yaguzhinsky, D. 
B. Zorov, An attempt to prevent senescence: a mitochondrial approach, Biochim. 
Biophys. Acta 1787 (2009) 437–461, https://doi.org/10.1016/j. 
bbabio.2008.12.008. 

[200] A. V Birk, S. Liu, Y. Soong, W. Mills, P. Singh, J.D. Warren, S. V Seshan, J. 
D. Pardee, H.H. Szeto, The mitochondrial-targeted compound SS-31 re-energizes 
ischemic mitochondria by interacting with cardiolipin, J. Am. Soc. Nephrol. 24 
(2013) 1250–1261, https://doi.org/10.1681/ASN.2012121216. 

[201] G.F. Kelso, C.M. Porteous, C. V Coulter, G. Hughes, W.K. Porteous, E. 
C. Ledgerwood, R.A. Smith, M.P. Murphy, Selective targeting of a redox-active 
ubiquinone to mitochondria within cells: antioxidant and antiapoptotic 
properties, J. Biol. Chem. 276 (2001) 4588–4596, https://doi.org/10.1074/jbc. 
M009093200. 

[202] M.P. Murphy, R.A.J. Smith, Targeting antioxidants to mitochondria by 
conjugation to lipophilic cations, Annu. Rev. Pharmacol. Toxicol. 47 (2007) 
629–656, https://doi.org/10.1146/annurev.pharmtox.47.120505.105110. 

[203] C. Reily, T. Mitchell, B.K. Chacko, G. Benavides, M.P. Murphy, V. Darley-Usmar, 
Mitochondrially targeted compounds and their impact on cellular bioenergetics, 
Redox Biol 1 (2013) 86–93, https://doi.org/10.1016/j.redox.2012.11.009. 

[204] A.J. Dare, A. Logan, T.A. Prime, S. Rogatti, M. Goddard, E.M. Bolton, J.A. Bradley, 
G.J. Pettigrew, M.P. Murphy, K. Saeb-Parsy, The mitochondria-targeted anti- 
oxidant MitoQ decreases ischemia-reperfusion injury in a murine syngeneic heart 
transplant model, J. Heart Lung Transplant. 34 (2015) 1471–1480, https://doi. 
org/10.1016/j.healun.2015.05.007. 

[205] Y. Olgar, S. Degirmenci, A. Durak, D. Billur, B. Can, G. Kayki-Mutlu, E. Arioglu- 
Inan, B. Turan, Aging related functional and structural changes in the heart and 
aorta: MitoTEMPO improves aged-cardiovascular performance, Exp. Gerontol. 
110 (2018) 172–181, https://doi.org/10.1016/j.exger.2018.06.012. 

[206] S. Miura, S.-I. Saitoh, T. Kokubun, T. Owada, H. Yamauchi, H. Machii, Y. Takeishi, 
Mitochondrial-targeted antioxidant maintains blood flow, mitochondrial 
function, and redox balance in old mice following prolonged limb ischemia, Int. J. 
Mol. Sci. 18 (2017) 1897, https://doi.org/10.3390/ijms18091897. 

[207] K.R. Murphy, B. Baggett, L.L. Cooper, Y. Lu, J. O-Uchi, J.M. Sedivy, D. Terentyev, 
G. Koren, Enhancing autophagy diminishes aberrant Ca2+ homeostasis and 
arrhythmogenesis in aging rabbit hearts, Front. Physiol. 10 (2019) 1277, https:// 
doi.org/10.3389/fphys.2019.01277. 

[208] Y. Olgar, D. Billur, E. Tuncay, B. Turan, MitoTEMPO provides an antiarrhythmic 
effect in aged-rats through attenuation of mitochondrial reactive oxygen species, 
Exp. Gerontol. 136 (2020) 110961, https://doi.org/10.1016/j. 
exger.2020.110961. 

D. Bou-Teen et al.                                                                                                                                                                                                                              

https://doi.org/10.1371/journal.pone.0167300
https://doi.org/10.1371/journal.pone.0167300
https://doi.org/10.1007/s00395-007-0675-y
https://doi.org/10.1007/s00395-007-0675-y
https://doi.org/10.1093/cvr/cvs232
https://doi.org/10.1093/cvr/cvs232
https://doi.org/10.1113/jphysiol.2014.286518
https://doi.org/10.3390/ijms140917897
https://doi.org/10.3390/ijms140917897
https://doi.org/10.1016/0735-1097(93)90455-a
https://doi.org/10.1016/0735-1097(93)90455-a
https://doi.org/10.1016/j.ijcard.2013.12.028
https://doi.org/10.1016/j.ijcard.2013.12.028
https://doi.org/10.1093/eurheartj/ehy600
https://doi.org/10.1093/eurheartj/ehy600
https://doi.org/10.1016/j.cardfail.2005.01.007
https://doi.org/10.1016/j.cardfail.2005.01.007
https://doi.org/10.1073/pnas.96.3.846
http://www.ncbi.nlm.nih.gov/pubmed/11606622
https://doi.org/10.1161/CIRCRESAHA.118.312708
https://doi.org/10.1161/CIRCRESAHA.118.312708
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1161/CIRCRESAHA.117.310230
https://doi.org/10.1038/228034a0
https://doi.org/10.1038/415198a
https://doi.org/10.1016/j.yjmcc.2012.12.021
https://doi.org/10.1073/pnas.1300410110
https://doi.org/10.1074/jbc.M603952200
https://doi.org/10.1016/j.ceca.2016.03.004
https://doi.org/10.1089/ars.2012.4818
https://doi.org/10.1089/ars.2012.4818
https://doi.org/10.3389/fphar.2015.00166
https://doi.org/10.3389/fphar.2015.00166
https://doi.org/10.1016/j.cell.2008.02.048
https://doi.org/10.1016/j.cell.2008.02.048
https://doi.org/10.1172/JCI26620
https://doi.org/10.1161/01.CIR.0000095274.72486.94
https://doi.org/10.1161/01.RES.0000080932.98903.D8
https://doi.org/10.1161/01.RES.0000080932.98903.D8
https://doi.org/10.1161/CIRCRESAHA.108.175919
https://doi.org/10.1016/j.cell.2008.04.041
https://doi.org/10.1016/j.cell.2008.04.041
https://doi.org/10.1172/jci.insight.91068
https://doi.org/10.1016/s0014-2999(03)01315-3
https://doi.org/10.1016/s0014-2999(03)01315-3
https://doi.org/10.2174/157340311799960618
https://doi.org/10.2174/157340311799960618
https://doi.org/10.1161/01.RES.0000069211.82346.46
https://doi.org/10.1161/01.RES.0000069211.82346.46
https://doi.org/10.1073/pnas.91.23.10771
https://doi.org/10.1073/pnas.91.23.10771
https://doi.org/10.1016/j.bbabio.2015.05.022
https://doi.org/10.1111/apha.13430
https://doi.org/10.1016/j.bbabio.2008.12.008
https://doi.org/10.1016/j.bbabio.2008.12.008
https://doi.org/10.1681/ASN.2012121216
https://doi.org/10.1074/jbc.M009093200
https://doi.org/10.1074/jbc.M009093200
https://doi.org/10.1146/annurev.pharmtox.47.120505.105110
https://doi.org/10.1016/j.redox.2012.11.009
https://doi.org/10.1016/j.healun.2015.05.007
https://doi.org/10.1016/j.healun.2015.05.007
https://doi.org/10.1016/j.exger.2018.06.012
https://doi.org/10.3390/ijms18091897
https://doi.org/10.3389/fphys.2019.01277
https://doi.org/10.3389/fphys.2019.01277
https://doi.org/10.1016/j.exger.2020.110961
https://doi.org/10.1016/j.exger.2020.110961


Free Radical Biology and Medicine 167 (2021) 109–124

124

[209] J. Ma, Y. Wang, D. Zheng, M. Wei, H. Xu, T. Peng, Rac1 signalling mediates 
doxorubicin-induced cardiotoxicity through both reactive oxygen species- 
dependent and -independent pathways, Cardiovasc. Res. 97 (2013) 77–87, 
https://doi.org/10.1093/cvr/cvs309. 

[210] A.E. Vendrov, K.C. Vendrov, A. Smith, J. Yuan, A. Sumida, J. Robidoux, M. 
S. Runge, N.R. Madamanchi, NOX4 NADPH oxidase-dependent mitochondrial 
oxidative stress in aging-associated cardiovascular disease, Antioxidants Redox 
Signal. 23 (2015) 1389–1409, https://doi.org/10.1089/ars.2014.6221. 

[211] L. Baird, A.T. Dinkova-Kostova, The cytoprotective role of the Keap1-Nrf2 
pathway, Arch. Toxicol. 85 (2011) 241–272, https://doi.org/10.1007/s00204- 
011-0674-5. 

[212] K.M. Holmström, R. V Kostov, A.T. Dinkova-Kostova, The multifaceted role of 
Nrf2 in mitochondrial function, Curr. Opin. Toxicol. 1 (2016) 80–91, https://doi. 
org/10.1016/j.cotox.2016.10.002. 

[213] C.G. Pham, C. Bubici, F. Zazzeroni, S. Papa, J. Jones, K. Alvarez, S. Jayawardena, 
E. De Smaele, R. Cong, C. Beaumont, F.M. Torti, S. V Torti, G. Franzoso, Ferritin 
heavy chain upregulation by NF-kappaB inhibits TNFalpha-induced apoptosis by 
suppressing reactive oxygen species, Cell 119 (2004) 529–542, https://doi.org/ 
10.1016/j.cell.2004.10.017. 

[214] H. Kamata, S.-I. Honda, S. Maeda, L. Chang, H. Hirata, M. Karin, Reactive oxygen 
species promote TNFalpha-induced death and sustained JNK activation by 
inhibiting MAP kinase phosphatases, Cell 120 (2005) 649–661, https://doi.org/ 
10.1016/j.cell.2004.12.041. 

[215] C.-S. Catana, C.-A. Crișan, D. Opre, I. Berindan-Neagoe, Implications of long non- 
coding RNAs in age-altered proteostasis, Aging Dis 11 (2020) 692–704, https:// 
doi.org/10.14336/AD.2019.0814. 

[216] S. Kim, J. Song, P. Ernst, M.N. Latimer, C.-M. Ha, K.Y. Goh, W. Ma, N.- 
S. Rajasekaran, J. Zhang, X. Liu, S.D. Prabhu, G. Qin, A.R. Wende, M.E. Young, 
L. Zhou, MitoQ regulates redox-related noncoding RNAs to preserve 
mitochondrial network integrity in pressure-overload heart failure, Am. J. 
Physiol. Heart Circ. Physiol. 318 (2020) H682–H695, https://doi.org/10.1152/ 
ajpheart.00617.2019. 

[217] R. Madonna, S. Angelucci, F. Di Giuseppe, V. Doria, Z. Giricz, A. Görbe, 
P. Ferdinandy, R. De Caterina, Proteomic analysis of the secretome of adipose 

tissue-derived murine mesenchymal cells overexpressing telomerase and 
myocardin, J. Mol. Cell. Cardiol. 131 (2019) 171–186, https://doi.org/10.1016/j. 
yjmcc.2019.04.019. 

[218] R. Madonna, D. Pieragostino, C. Rossi, S. Guarnieri, C.T. Nagy, Z. Giricz, 
P. Ferdinandy, P. Del Boccio, M.A. Mariggiò, Y.-J. Geng, R. De Caterina, 
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