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ABSTRACT

Aging has been linked to several degenerative processes that, through the accumulation of
molecular and cellular damage, can progressively lead to cell dysfunction and organ failure. Human
aging is linked with a higher risk for individuals to develop cancer, neurodegenerative,
cardiovascular, and metabolic disorders. The understanding of the molecular basis of aging and
associated diseases has been one major challenge of scientific research over the last decades.
Mitochondria, the centre of oxidative metabolism and principal site of reactive oxygen species
(ROS) production, are crucial both in health and in pathogenesis of many diseases. Redox signaling
is important for the modulation of cell functions and several studies indicate a dual role for ROS in
cell physiology. In fact, high concentrations of ROS are pathogenic and can cause severe damage to
cell and organelle membranes, DNA, and proteins. On the other hand, moderate amounts of these
species are essential for the maintenance of several biological processes, including gene expression.
In this review, we provide an update regarding the key roles of ROS-mitochondria crosstalk in
different fundamental physiological or pathological situations accompanying aging and highlighting

that mitochondrial ROS may be a decisive target in clinical practice.
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ROS and aging

Proposed in 1954, by Denham Harman, the Free Radical Theory of Aging (FRTA) was the
first attempt to link aging and oxidative stress (Harman, 1956). Later on, in 1972, this theory was
revised, and the same author developed the Mitochondrial Free Radical Theory of Aging (MFRTA)
(Harman, 1972; Schriner et al., 2005), which states that mitochondrial dysfunction and consequent
increased ROS production results in a vicious cycle contributing to cellular damage and consequent
cell death. Although his theory was initially received by his peers with rebuttal, we know nowadays
that ROS are important during the aging process. In fact, these highly reactive oxygen-derived
molecules produced during aerobic metabolism can interact with cellular components, causing
cumulative oxidative damage along time which may thus plausibly reduce lifespan (Harman, 1956).
Oxidative damage to DNA genomes, proteins, and lipids has been associated with elevated ROS
production, mitochondrial function impairment and ultimately cell senescence or death (Bokov et
al., 2004; Sohal , Weindruch, 1996). Of particular importance, the close proximity between ROS
production sites and mitochondrial DNA (mtDNA) can favor the accumulation of oxidative stress-
associated DNA damages. Elevated ROS production has been correlated with mitochondrial
oxidative damage, along with a reduction of mitochondrial copy number (Cocheme et al., 2011,
Herbener, 1976; Lambert et al., 2007; Yen et al., 1989). These alterations are associated with an
increased mutation rate of mtDNA in brain, liver and muscle fibers of aged individuals (Cahill et
al., 2005; Corral-Debrinski et al., 1992; Fayet et al., 2002; Raha , Robinson, 2000; Yen et al.,
1991). Interestingly, the establishment of the mutator mouse model allowed the demonstration of a
direct correlation between an increased number of mtDNA mutations and a decreased
mitochondrial respiratory chain activity (Trifunovic et al., 2004). For instance, these alterations
were accompanied by the development of typical symptoms of aging in humans, namely hair loss,
weight and fat reduction, decreased bone density and cardiomyopathy (Trifunovic et al., 2004).

Aging has been also associated with a decline of antioxidant defense efficiency, which
together with increased ROS production significantly contributes to a manifestation of an oxidative
stress state. This in turn can initially disturb enzyme activity through reversible oxidation of thiol
groups, but which ultimately can lead to a more profound alteration in biomolecule structure and
integrity (Freitas et al., 2016). Consistent with this, overexpression of antioxidant enzymes
decreases ROS production and protects DNA from harmful ROS effects, which is associated with a
prolonged life span in Drosophila melanogaster (Orr , Sohal, 1994; Schriner et al., 2005).
Moreover, it has been found that long-lived mice strains possess higher level of antioxidant

enzymes and have reduced oxidative damage of proteins and lipids (Pamplona ef al., 2002; Rebrin ,



Sohal, 2004). Interestingly, the reduced oxidative damage in long-lived species could be explained
by an adaptive mechanism of cysteine depletion in mitochondria (Moosmann , Behl, 2008).

Despite the numerous studies supporting Harman’s ROS theory of aging, other discoveries
are questioning a direct correlation between oxidative stress damages and the life span. Using
Caenorhabditis elegans as a model, mitochondrial mutations had no effect on overall ROS despite
an increase of mitochondrial superoxide level (Yang , Hekimi, 2010). Surprisingly, the above-
mentioned study reported a positive correlation between mitochondrial oxidative stress and the
extension of life span (antioxidants supplementation shortened life span of mutants). Similarly, a
number of recent works using mice models have also questioned the validity of ROS as the cause of
an aged phenotype. Lapointe and Hekimi showed that a reduced level of mitochondrial enzyme
MCLKI causes mitochondrial dysfunction manifested as a reduction of electrons transport through
mitochondrial respiratory chain and decrease of tricarboxylic acid (TCA) cycle activity. All these
events are accompanied by increased mitochondrial oxidative stress but decreased oxidative
damage to cytosolic proteins as well as reduced level of isoprostanes in plasma (systemic biomarker
of aging and oxidative stress) (Lapointe , Hekimi, 2008). Additionally, the silencing of antioxidant
enzymes such as mitochondrial SOD2 (manganese superoxide dismutase; also called MnSOD) and
GPx-1 (Glutathione peroxidase-1), did not affect longevity in spite of increased oxidative stress
(Perez et al., 2009a; Zhang et al., 2009). It thus seems that there is not sufficient evidence to
undermine credibility of the free radical theory of aging however the contradictory studies have
been rather supporting for a new recent theory named mitohormesis. According to this theory,
moderate levels of mitochondrial ROS could activate compensatory mechanisms that protect
cellular organelles from the deleterious effects of ROS and ultimately, delaying the appearance of
an aging phenotype (Ristow , Zarse, 2010). For instance, moderately increased levels of ROS have
been linked to an extension of longevity in D. melanogaster and in young mice (Copeland et al.,
2009) (Basisty et al., 2016; Csiszar et al., 2008). The discovery that the reduction of elevated
mitochondrial ROS levels protects against age-related decline in old mice (Basisty et al., 2016)
implies that a decrease of ROS levels could be a determinant factor to delay progression of diseases
parallel to the extension of life span in mammals in more advanced ages (Schriner et al., 2005). For
example, administration of an antioxidant N-acetylcysteine (NAC) has been shown to prevent the
loss of activity (observed during aging) of complexes I and IV (Miquel et al., 1995). Moreover,
supplementation with antioxidant compounds selegiline and vitamin E (Vit-E) alone or in combined
therapy showed to delay Alzheimer disease (AD) progression in human subjects (Sano et al., 1997).
In conflict with the mentioned studies, some evidence reported that antioxidant therapies may not

be universally beneficial in the prevention of age-related diseases. While Vit-E did not show to



protect or delay Parkinson’s disease (PD) progression (Parkinson Study, 1993), this antioxidant
compound was even deleterious in AD patients (Lloret et al., 2009). The finding that not all patients
respond similarly to the antioxidant therapy is consistent with the requisite of moderate level of
ROS to induce stress resistance adaptation. As opposed to the controversial effects of dietary
antioxidant compounds, caloric restriction is a promising therapeutic strategy able to retard or
prevent aging in several species ranging from worms to humans (Hekimi , Guarente, 2003; Sohal ,
Weindruch, 1996). The mechanism underlying these effects is not completely understood.
Although, evidence supported the role of ROS as inducers of mitochondrial oxidative stress
adaptations, including a marked increase in mitochondrial function through peroxisome
proliferator-activated receptor gamma coactivator l-alpha (PGC-1a) and mitochondrial NAD-
dependent deacetylase sirtuin-1 (SIRT1) activation (Nisoli et al, 2005). Likewise, endurance
training may cause increased levels of ROS, which induce cellular signaling pathways associated to
the function and turnover of mitochondria, hence contributing to the extension of life span (Lanza et

al., 2008; Ristow , Zarse, 2010).

Intracellular sources of ROS

Uncontrolled ROS production may lead to the oxidation of fundamental cellular
components, such as proteins, phospholipids, and nucleic acids. Ultimately, ROS (hydroxyl radical,
*OH; superoxide anion, O,"; hydrogen peroxide, H,O,; alkoxyl and peroxyl radicals, as well as
singlet oxygen) can not only modify enzyme activity, but also result in profound alterations in
biomolecular structure. Cellular components can be also modified by products of free radical
reaction intermediates such as peroxynitrite (formed by the reaction of nitric oxide with superoxide
anion) or lipid hydroperoxides (prominent non-radical intermediates of lipid peroxidation produced
by the reaction of an hydroxyl radical with unsaturated fatty acids). Although ROS are generally
seen as harmful agents that need to be removed by detoxification mechanisms, the truth is that some
of these species, most notably H,O,, play a physiological role in cell homeostasis, functioning as
signaling molecules. This is still a controversial concept since the specificity of ROS action is
unclear due to the high reactivity of some of the species towards many macromolecules, the
covalent nature of modifications they bring, and the limited (in some cases) spatial effects of some
of the species. Nevertheless, it is accepted that some ROS regulate their own demise through up-
regulation of ROS detoxification enzymes (D'Autreaux , Toledano, 2007). Under physiological
conditions, ROS can act as mediators and regulators of cell metabolism, by interfering with the
transmission of signals to and throughout the cell. Specific ROS such as H,O, and O, are important

second messengers in growth, differentiation and cell death, activating proteins involved in cell



division (mitogenic activated protein) and participating in the immune response of the organism. By
affecting the synthesis, release, or inactivation of the endothelium-derived relaxing factor (EDRF),
ROS may cause the relaxation or contraction of the vascular wall. In addition, ROS can increase the
permeability of the capillary walls, stimulate transport of glucose into cells and of serotonin into
platelets (Droge, 2002). Furthermore, H,O, regulates the expression of many genes, including AP-
1, CREB, HSF1, NRF2, HIF-1, TP53, NF-kB, NOTCH, SP1 or SCREB-1 (Marinho et al., 2014;
Sies, 2017). Finally, it has been demonstrated that peroxides may regulate the synthesis of
prostanoids (Korbecki et al., 2013).

Mitochondria are considered one of the important sources of ROS and these, when produced
extensively during pathological conditions, can evoke intracellular oxidative stress, leading to the
aforementioned damage. ROS over-production in cells may cause disruption of tissue and organ
function, leading to different pathologies or even premature death of the organism. Not surprisingly,
mitochondria are both producers and targets of ROS. So far, several distinct sites of ROS
production in mammalian mitochondria have been identified. The two sites that have been most
extensively studied are complexes I and III of the mitochondrial respiratory chain, with the focus on
the mechanistic role of the ubiquinone cycle in promoting univalent oxygen reduction (Brand,
2010; St-Pierre et al., 2002). Traditionally, complex II was not considered a source of ROS per se,
instead it was described to contribute to their formation via its substrate, succinate. In many tissues,
succinate plays a role in reverse electron transfer, the process in which electrons are transferred
from succinate to ubiquinone via complex II and then back to complex I (Liu et al., 2002;
Yankovskaya et al., 2003). Despite this, it has been suggested that Complex II alterations with
tissue aging would be responsible for O, production (Ishii ez al., 2011). The hypothesis concerning
the involvement of complex II in ROS production is discussed later in the context of diabetes
(Nishikawa et al., 2000), and skin aging (Anderson et al., 2014). Moreover, it was suggested that
mutation in complex II might also result in O," overproduction (Ishii et al., 2005). Additionally,
Paddenberg et al. investigated the role of mitochondrial complex II in ROS production, showing
that complex II plays an essential role during hypoxia. At reduced oxygen tension, catalytic activity
of complex II switches from succinate dehydrogenase to fumarate reductase, with this alteration
being associated with increased ROS production (Paddenberg et al., 2003a; Paddenberg et al.,
2003b; Yankovskaya et al., 2003). Reports indicate that the magnitude of the transmembrane
electric potential regulate ROS generation by the respiratory chain (Korshunov et al., 1998), which
has been shown to depend on the AMP-activated protein kinase (AMPK) activity (Weisova et al.,
2012), while others presented evidence against this relationship between mitochondrial polarization

and ROS production (Shabalina , Nedergaard, 2011).



It is important to note that mitochondria are not the only ROS-producing organelles in the
cell. Microsomal enzymes including the cytochrome P450 system (Bhattacharyya et al., 2014),
peroxisomal enzymes xanthine oxidase, polyamine oxidase, sarcosine oxidase and different types of
acyl-CoA oxidases (Bonekamp et al., 2009), as well as and some enzymes in the plasma membrane
(NADPH oxidase and lipooxygenase) (Bedard , Krause, 2007; Shintoku et al., 2017) have been
identified as non-mitochondrial ROS generators. Despite the fact that Brown and Borutaite
presented a number of examples supporting the hypothesis that mitochondria are not the primary
source of ROS (Brown , Borutaite, 2011), oxidative phosphorylation accounts for 90-95% of
cellular oxygen consumption. Although it is difficult to make an exact assessment because of
frequent artifacts with the use of fluorescence-based redox-sensitive dyes, it is now considered that
the initial idea that 1-4% of oxygen consumption is converted into O, is wrong, as most of the
original works were performed with mitochondrial inhibitors (Chance et al., 1979). More recent
work brought down the value to 0.15%, with O, being generated at distinct topologies at the
respiratory chain, notably at Complex I and III (Quinlan et al., 2013; St-Pierre et al., 2002).
Although it may seem a very small amount, 0.15% of total oxygen consumed represents a
significant amount of O,  produced and therefore should not be omitted, when considering
mitochondria as a ROS producer under physiological and pathological situations (Fridovich, 2004).
Other documented sources of ROS in mitochondria include monoamine oxidase and dihydroorotate
dehydrogenase (Cadenas , Davies, 2000; Lenaz, 2001). The former enzyme was previously
demonstrated to be involved in oxidative damage in myocytes from patients with collagen V
myopathies (Sorato ef al, 2014). In addition, the flavoproteins acyl-CoA dehydrogenase and
glycerol phosphate dehydrogenase can produce ROS in tissues during the oxidation of lipid-derived
substrates (Lambertucci et al., 2008; St-Pierre et al., 2002). Both pyruvate and o-ketoglutarate
dehydrogenase contain flavoenzyme-dihydrolipoyl dehydrogenase subunits and are additional ROS
sources (Starkov et al., 2004; Tahara et al., 2007). Mitochondria, as both a generator and target of
ROS, accumulate some of the damage that can initiate a vicious circle of further ROS formation.
The age-dependent handicapping of mitochondrial energetics is related to the accumulation of
defective mtDNA as well as defective respiratory chain complexes that are prone to electron

leakage (Linnane et al., 1989; Wei, 1992).

Mitochondria as a source and target for ROS in aging: an interventional review
As mentioned above, approximately five decades ago, coincident with the postulation of the
“free radical theory of aging”, increased formation of ROS was proposed to be the major factor

responsible for the aging process and decreased lifespan (Harman, 1956). The continuous



generation of ROS by mitochondria throughout cell life produces an age-related chronic oxidative
stress, especially on mtDNA, resulting in oxidative modification of bases or deletions (Santos ef al.,
2013). As a consequence, mitochondria have been identified as key players in the aging process
(Miquel et al., 1980). However, new findings in the last years suggested that ROS generation
cannot be the initial trigger of the aging process, providing an alternative point of view to the
Harman’s hypothesis. One of the stronger evidence in this lack of mechanistical linkage is the lack
of effect on lifespan of under- or overexpressing a large number and wide variety of genes coding
for antioxidant enzymes (Perez et al., 2009a). Also, a recent study showed that oxidative damage of
cardiomyocytes did not positively correlate with age in human beings, although the samples were
obtained from a restricted age span (<2 years old) (Huang et al., 2017). In order to have a thorough
knowledge on this topic, we refer the readers to very relevant review articles (Gems , Partridge,
2008; Hekimi et al., 2011; Ristow , Schmeisser, 2011). In this section, we want to discuss the
“canonical” association between ROS production and aging, with particular relevance on caloric
restriction, which represents the most convincing intervention to delay aging and attenuate age-
related disease in multiple species.

Mitochondrial function during aging has been described to decrease, especially at advanced
ages. Different studies showed a decline at multiple levels, ranging from decreased activity of the
respiratory chain and ATP synthase, Krebs cycle fluxes, oxidative alterations of cardiolipin,
disrupted regulation and defective mtDNA regulation and activity, among other described effects
(de Almeida et al., 1989; Emelyanova et al., 2017; Petrosillo et al., 2009; Rottenberg , Hoek, 2017).
A recent model describes a biphasic model in which an initial increase in mitochondrial function in
middle-age is followed by a fast decline at older ages (Baker , Peleg, 2017). As already mentioned,
a significant number of studies in different model organisms suggest that inhibition of oxidative
stress contributes to an increase in lifespan. Administration of Vit-E was previously shown to
extend the lifespan of many animals, including the nematode Caenorhabditis elegans (Harrington ,
Harley, 1988); male mice receiving Vit-E from 28 weeks of age showed a 40% increased median
lifespan, with a beneficial effect on aging-related decline in neurological performance and
mitochondrial function. The activities of mitochondrial nitric oxide synthase and SOD2 decrease
with age, whereat these effects are ameliorated by Vit-E treatment (Navarro et al., 2005). A class of
Vit-E analogues, called tocotrienols, possess excellent antioxidant activity in vitro and have been
suggested to suppress ROS production more efficiently than tocopherols (Schaffer et al., 2005);
tocotrienols extend lifespan by reducing ROS damage (Collins er al, 2006). Despite this,
antioxidants have had limited success in preventing the progression of diseases involving

mitochondrial oxidative damage, probably because they distribute around the body, with only a



small fraction being accumulated by mitochondria (Serviddio et al, 2011). To overcome this
problem, lipophilic cations have been conjugated with several antioxidants in order to allow their
specific accumulation inside mitochondria. MitoVitE is one of the first mitochondria-targeted
antioxidants, rapidly taken up by mitochondria (Smith et al, 2003). In cerebellar granule cells,
MitoVitE mitigated EtOH-induced accumulation of intracellular oxidants and counteracts
suppression of glutathione peroxidase/glutathione reductase functions and overall cellular
glutathione levels (Siler-Marsiglio et al., 2005). MitoQ was reported to significantly increase the
lifespan of SOD-deficient flies and to improve their tolerance to paraquat stress, but it could neither
increase the lifespan nor rescue the paraquat sensitivity of wild type D. melanogaster (Magwere et
al., 2006). Moreover, MitoQ was shown to be effective as an antioxidant when complex I-derived
superoxide generation is already elevated due to disrupted electron flow, whereas it has a pro-
oxidant role in intact cells with normal Complex I activity. Consequently, MitoQ may be useful in
the treatment of diseases originating from impairment of respiratory chain complex I due to
oxidatively damaged mtDNA, when its targeted delivery to pathogenic tissues is ensured (Plecita-
Hlavata et al., 2009). SkQ molecules, in which a plastoquinone molecule is bound to a positively-
charged carrier, has also been attempted in the context of delaying aging/senescence effects in cells
and tissues, with positive effects being obtained in the eye, heart and kidney (Skulachev et al.,
2009).

For several years, Coenzyme Q 10 (CoQ10), whose levels are affected during aging and
neurodegenerative diseases, has been considered a key factor in the progression of aging-associated
complications (Lopez-Lluch ef al., 2010). In rats fed a diet enriched in polyunsaturated fatty acids
(PUFAs), supplementation with CoQ10 produces significant increases of mean and maximum
lifespan, attenuating oxidative alterations related to this specific kind of diet (Quiles et al., 2004).
Furthermore, enrichment of cells with CoQ10 resulted in an ordering and condensing effect on cell
membranes, leading to a decrease in ROS generation, and to a protective benefit on DNA integrity
(Tomasetti et al., 2001). On the other hand, different studies in C. elegans demonstrated that
lowering CoQ10 content, by inactivating genes involved in ubiquinone biosynthesis (Asencio ef al.,
2003) or by dietary deprivation (Larsen , Clarke, 2002), induces a significant lifespan increase. This
discrepancy may be explained by considering that lifespan extension occurs with moderately low
levels of global CoQ10 content (up to 50%), whereas severe CoQ10 depletion leads to
developmental and reproductive inefficiency, with no extension in longevity. This interpretation is
supported by the observation that the hallmark of CoQ10 deficiency syndrome is, obviously, a
decreased CoQ10 concentration (about 30% or lower of the total coenzyme content, compared to

healthy individuals) in human muscle and/or fibroblasts (Montero et al., 2007). Moreover, CoQ10
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concentration progressively declines after the age of 40, and, in rodents, this drop occurs even under
dietary CoQ10 supplementation, suggesting a higher CoQ10 consumption. Thus, although lifelong
CoQ10 supplementation did not prolong or shorten the lifespan of either wild type rats or mice
(Lonnrot et al., 1998), it may help to prevent lifespan shortening due to cumulative oxidative
insults.

Use of antioxidants or targeting antioxidants to mitochondria by conjugation to lipophilic
cations are not the only strategies to reduce oxidative damage and prolong lifespan (Figure 1).
Dietary factors, including restriction of caloric intake, restriction of protein or methionine intake, or
the ingestion of specific nutrients, have been shown to alter mitochondrial redox metabolism,
cellular oxidative stress and animal lifespan (Page ef al., 2010). An inverse correlation between
longevity and mitochondrial ROS generation is demonstrated by three different studies in which
H,0O, production by mitochondria isolated from liver, skeletal muscle, and brain was reduced in
calorie-restricted rats (Bevilacqua et al., 2004; Hagopian et al., 2005; Sanz et al., 2005). In
particular, caloric restriction (CR) increased the efficiency of brain mitochondria in electron transfer
in complex I, avoiding electron leak in that complex. Superoxide anion generated by complex I is
specifically directed to the mitochondrial matrix, with consequent mtDNA damage and resulting
bioenergetic deficits (Stefanatos , Sanz, 2011). The relationship between longevity and complex I is
described in a report by Ayala et al, in which liver mitochondria of calorie-restricted rats
demonstrated reduced levels of complex I (Ayala et al., 2007). Moreover, analysis of rat liver
samples revealed a significant change in abundance in specific subunits of respiratory chain
complexes I and IV with life-long CR, allegedly to minimize the electron leak and subsequent ROS
formation (Dani et al., 2010). Conversely, dietary restriction did not affect the activity of
the oxidative-phosphorylation system or the mitochondrial H,O; production in a similar rat strain
(Valle et al., 2007). Thus, more work is required to confirm whether modulation of complex I levels
represents one mechanism by which mitochondrial ROS production is reduced in parallel with
extended longevity.

CR also reduces oxidative stress through a mechanism involving the mitochondrial
deacetylase sirtuin-3, SIRT3. Expression of SIRT3 is increased during CR, and SIRT3 reduces
cellular ROS levels by regulating SOD2 through deacetylation of two critical lysine residues,
promoting its antioxidant activity (Qiu et al., 2010). However, there is some uncertainty regarding
which acetylated lysine residue regulates SOD2 activity, and different groups proposed different
sites-specific regulation of SOD2 by SIRT3 (for a complete review on sirtuins and redox stressors,
see (Webster et al., 2012)). Although the precise site(s) of regulation remains unclear, ROS levels
are tightly controlled by SIRT3. Beyond SOD2, another important redox target of SIRT3 activity is
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represented by NADP'-dependent isocitrate dehydrogenase 2 (IDH2), found in mitochondria that
catalyzes the oxidative decarboxylation of isocitrate to 2-oxoglutarate. In response to CR, SIRT3
activates IDH2, thereby increasing NADPH levels in mitochondria. This in turn leads to an
increased ratio of reduced-to-oxidized glutathione and decreased levels of ROS (Someya et al.,
2010). The sites of SIRT3 deacetylation (K211 and K212) were found by Schlicker et al., who
showed that in the presence of NAD" purified SIRT3, but not SIRTS, deacetylated IDH2 and
increased its activity (Schlicker ef al., 2008). Importantly, IDH2 deacetylation/activation mediated
by SIRT3 has been linked to age-related hearing loss (AHL), whereat a calorie restricted diet
reduces the age-related loss of neurons and hair cells, whereas this effect is abrogated in SIRT3-
deficient mice (Someya et al., 2010). Association between CR, SIRT3, and IDH2 sustains the
concept that oxidative stress is a major component of aging and that nutrient status can regulate the
cellular response to degenerative pathologies.

A report by Morselli et al., demonstrates how another component of the Sirtuin family,
SIRT]I, is required for the lifespan-prolonging effects of caloric restriction and resveratrol, through
a mechanism that involves autophagy (Morselli et al., 2010). Dietary delivery of resveratrol
increases mitochondrial abundance and aerobic capacity in cultured endothelial cells and mice
(Lagouge et al., 2006). Interestingly, resveratrol is able to interact with different components of the
respiratory chain: by competition with coenzyme Q, resveratrol is able to decrease complex III
activity (Zini et al., 1999), and a binding site on complex V/ATP synthase has been observed
(Gledhill , Walker, 2005). In two different cellular settings, cardiomyocytes and dopaminergic
neurons, resveratrol protected against oxidative stress and was able to maintain mitochondrial
membrane potential (MMP), with both effects directly related to resveratrol-dependent increase in
SOD?2 activity (Danz et al., 2009; Okawara ef al., 2007). In fact, resveratrol supplementation in the
context of a high fat diet proved to be effective at elevating antioxidant capacity in the brain,
resulting in an increase in both SOD2 protein levels and activity (Robb et al., 2008). Interestingly,
recent data showed regulation of SIRT3 activity by SIRTI1-mediated de-acetylation, with aging
demonstrated to be related with SIRT3 acetylation (Kwon et al., 2017). Considering that SIRT3
regulates several mitochondrial metabolic pathways (Hirschey et al., 2010; Pereira et al., 2012), this
discovery sheds light on a cytosolic-mitochondrial sirtuin-based crosstalk with important roles in
mitochondrial alterations during aging.

Overexpression of SOD2 confers enhanced oxidative capacity and greater resistance against
inducers of mitochondrial permeability transition (Silva et al., 2005). Moreover, flies with severe
reductions in SOD2 expression exhibited accelerated senescence of olfactory behavior as well as

precocious neurodegeneration and neuronal DNA strand breakage (Paul ef al., 2007). Antioxidant
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supplementation, such as with Vit-E and Vitamin-C (Vit-C), reduces oxidative stress, improves
SOD?2 activity, with consequent positive muscle work in chronically loaded muscles of aged rats
(Ryan et al., 2010). Furthermore, due to increased SOD2 expression, melatonin-treated animals
showed an increase in active mitochondria population and the ability to restore the mitochondrial
potential of age-damaged neurons (Garcia-Macia et al., 2011). Interestingly, mice receiving
intravenous SOD2-plasmid liposome prior to total-body irradiation show increased survival from
the acute hematopoietic syndrome, and males demonstrate improved long-term survival (Epperly et
al., 2011). Given these observations, it appears surprising that different publications reported the
failure of SOD2 overexpression in prolonging lifespan (Perez et al., 2009b; Zhang et al., 2009), a
discrepancy that future research on aging must address. Still, the controversy supports the notion
that mitochondrial-produced ROS may have a duality of effects, which are at present difficult to
fully understand.

SOD2 expression is also increased in p66Shc knockout mice, which exhibit prolonged
lifespan (Haga et al., 2008). Other genetic mouse models of longevity have been reported, such as
Ames and Snell dwarf mice and Igf 1r"" female mice (for a review, see (Liang et al., 2003)), and the
increased lifespan of these models has been correlated to increased resistance to oxidative stress. To
test the causative role of mtDNA mutations in aging, the mtDNA mutator mouse, which
accumulates high levels of point mutations due to a proofreading deficiency of the mitochondrial
DNA polymerase y (POLG) has been developed. In this model, mtDNA mutations resulted in a
variety of aging phenotypes, i.e. weight loss, alopecia, osteoporosis, anemia, reduced fertility, heart
disease, progressive hearing loss and decreased spontaneous activity, but without inducing ROS
production or increasing oxidative stress (Edgar , Trifunovic, 2009). This is not the case in p66Shc
KO mice, in which oxidative stress play a crucial role. p66Shc is localized to mitochondria in about
20% of fibroblasts of higher organisms, and oxidative stress promotes a translocation of part of the
cytosolic pool of p66Shc to mitochondria (Orsini et al., 2004). Within mitochondria, inner
mitochondrial membrane p66shc acts as a redox enzyme, with a consequent increment of ROS
production and aging. The molecular route that leads to p66Shc activation and mitochondrial import
was identified by our group in 2006 (Pinton et al., 2007). p66Shc must be phosphorylated at serine
36 in order to be active (Migliaccio et al., 1999), and this phosphorylation is mediated by PKCp, a
kinase of the PKC family, activated after an oxidative challenge. Once phosphorylated, p66Shc can
be recognized by Pinl, a peptidyl-prolyl isomerase that induces cis-trans isomerisation of
phosphorylated Ser-Pro bonds, causing mitochondrial translocation of p66Shc (Pinton et al., 2007).
At this point, p66Shc can exert its oxidoreductase activity, generating H,O, and inducing the

opening of the permeability transition pore (PTP) (Figure 2). In turn, this event perturbs

13



mitochondrial structure and function (as revealed by the reduced Ca®" responsiveness and the
alteration of mitochondrial three-dimensional structure (Pinton , Rizzuto, 2008)). A novel
cyclophilin-binding agent, Debio 025, was demonstrated to inhibit cyclophilin D (a component of
PTP) without having immunosuppressive effects (Ptak ef al., 2008). It has been recently reported
that Debio 025 was able to normalize mitochondrial function, muscle apoptosis, and ultrastructural
defects in Col6al™ myopathic mice (Tiepolo et al., 2009), and it may represent a novel therapeutic

opportunity to extend lifespan, minimizing oxidative stress-induced damages typical of aging.

ROS, mitochondrial DNA and aging

Human mtDNA is a circular, double stranded molecule consisting of 16,569 base pairs (for a
review see (Lauri et al., 2014)). Thirteen mitochondrial proteins (subunits of the electron transport
chain, ETC), 22 tRNA molecules, and 2 rRNA species are encoded in this DNA molecule.
Depending on the cell type, there are a few to several hundreds of mitochondria per cell, and from a
few to several (on average) mtDNA copies in each mitochondrion. This gives the number of about
10° — 10* mtDNA molecules per cell, on average (Lauri et al., 2014). The mtDNA is replicated by
DNA polymerase Y that is encoded by the chromosomal POLG gene. All mtDNA molecules in one
mitochondrion and in the cell can have exactly the same nucleotide sequence, which is called
homoplasmy. However, occurrence of different variants of mtDNA (i.e. both wild-type and those
containing point mutations or deletions) is referred to as heteroplasmy.

In evolution, mitochondria appeared as a result of a symbiosis between oa-proteobacterium
and an eubacterium, which was a milestone in the formation of eukaryotic organisms (Otten ,
Smeets, 2015) and references therein). Creation of mitochondria, which still, after billions of years
of evolution, contain their own DNA, allowed producing a large amount of ATP in the cell.
However, the price for this advantage is the production of large amounts of ROS, which can be
deleterious for mitochondria and the whole cells. Recent analysis (Otten , Smeets, 2015) provided
interesting conclusions about differences in evolutionary strategies of mtDNA between plants, fungi
and animals. Plants have much larger mtDNAs than animals, with fungal mitochondrial genomes
being in between. In plant cells, mtDNA occurs in a low copy number while recombination is quite
efficient. Moreover, anti-ROS mechanisms are efficient. Contrary to plants, animals have small
mitochondrial genomes, recombination is very rare if any, and mtDNA is prone to mutagenesis.
However, relatively high copy number of mtDNA per cell allows to compensate for effects of
deleterious mutations in a few mtDNA copies, while providing opportunity to adapt animals, the
active creatures, efficiently to various and changing environmental conditions. Nevertheless, the

cost of such a strategy is accumulation of mutations in mtDNA during the life. As a consequence,
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mitochondrial diseases can appear in further generations. Since such diseases are generally rare, this
is an acceptable event for a population, which benefits from increased adaptive possibilities.
However, many mutations in mtDNA contribute also to aging of cells and organisms. Again, this is
not dangerous for a population, as aging occurs after the time of a reproductive peak, but has a
serious consequence for elderly individuals.

The MFRTA has been proposed over 60 years ago, and has been reviewed many times (see,
for example (Lee , Wei, 1997; Wei, 1998; Wei et al., 2001)). The main assumption of this theory is
that mtDNA is not protected by histones, thus, it is more prone to lesions caused by ROS. Since
mitochondria are one major source of ROS, actions of these agents lead to accumulation of
mutations in mtDNA. This, in turn, may cause dysfunctions of ETC, which result in even more
efficient production of ROS. Such a positive feedback, called also the vicious cycle, has been
considered the major cause of mitochondrial destruction, then cell functions’ inefficiency, and
finally apoptosis of cells and aging of the organism (summarized by (Guest , Russell, 1992; Lee ,
Wei, 1997; Wei, 1998)). The importance of the role of ROS production in aging may be also
supported by the observed age-related decreases in activities of several antioxidant enzymes which
could reflect overall accumulation of oxidized proteins with age (Stadtman, 1992, 2006).
Nevertheless, even at the mature state of this theory, there were some problems which were difficult
to explain. For example, considering that phenotypic manifestation of the mtDNA mutation occurs
only when a threshold level is exceeded, usually 60-80% heteroplasmy, depending on the type of
mutation (Rossignol et al., 2003), it was difficult to explain how aging can be provoked by
mutations in a low fraction of damaged or mutated mtDNA molecules of about 1-5%, which was
determined experimentally (Lee , Wei, 1997).

What kind of mutations occurs predominantly in mtDNA? There are both base pair
substitutions and deletions (reviewed by (DeBalsi et al., 2017; Lauri et al., 2014)). Molecular
mechanisms of appearance of such mutations in mtDNA have been excellently summarized and
deeply discussed recently(Szczepanowska , Trifunovic, 2017), thus, they will be mentioned only
shortly here. Nevertheless, one should also note that mtDNA depletion (a decrease in the copy
number of mtDNA, not necessarily associated with mutations in this molecule; see for example
(Weglewska et al., 2005)) may also occur is cells of aging organisms. It was considered that
formation of 8-oxo0-7,8-dihydro-2’-deoxyguanosine (8-oxodG), caused by ROS production by
Complex I, is the major mutator causing base substitutions in mtDNA. ROS-mediated conversion
of guanosine to 8-oxodG appears to be a particularly efficient process, and since §8-oxodG pairs
with adenine instead of cytosine, the next replication round results in creation of the G to T

transversion. Moreover, ROS cause breaks in DNA strands, which is a prerequisite to formation of

15



deletions. In fact, early studies on mtDNA in a mouse model indicated that a particular deletion of
4236 base pairs in mtDNA, and 8-oxodG were abundant in mitochondria from old mice while
absent in young animals (Muscari et al., 1996). Accumulation of mtDNA deletion of 4977 bp was
reported to increase with age (between 32 and 82 years) in neurons from the human brain (Soong et
al., 1992). It was supposed that mtDNA should be prone to ROS-mediated mutagenesis more than
nuclear DNA since it is not protected by histones, while it is located close to the ROS production
site, i.e. Complex I in mitochondrion. However, more recent studies, in which the Duplex
Sequencing method was used, allowing to detect one mutation per 10’ DNA molecules, provided
evidence against these early assumptions (Kennedy et al., 2013). When mtDNA was isolated from
human brains of old (over 80 years old) and young individuals, the frequency of substitutions in
DNA was about 5-fold higher in elderly people. However, the frequency of the G to T transition,
which is often used as a marker of ROS-mediated mutations, did not increased with age. On the
other hand, in both young and old individuals, transition mutations predominated (Kennedy et al.,
2013). Moreover, similar analyses performed in mice indicated that the frequency of mutations in
mtDNA appears to be an order of magnitude lower than that reported in earlier studies with the use
of significantly less sensitive methods (Vermulst et al., 2007). Such results suggest that errors made
by DNA polymerase y, the only DNA polymerase present in mitochondria (though encoded by
nuclear DNA) and responsible for replication of mtDNA, may be responsible for most of the
mutations in mtDNA appearing during the whole life.

Other results that are against the early MFRTA theory came from advanced microscopic
studies. Contrary to previous assumptions, it appeared that mtDNA is not “naked”, but instead, it is
covered by the TFAM (transcription factor A) protein which together with DNA forms a nucleoid-
like structures (Kukat et al., 2011). Moreover, it was reported that mtDNA may be separated from
sites of ROS production in mitochondria due to micro-compartmentalization of the matrix
(Appelhans et al., 2012). In fact, by using sensitive methods for detection of mutations, it was found
that frequencies of stable genetic changes in mtDNA are similar to those detected in nuclear DNA
(Anson et al., 2000; Lim et al., 2005), rather than higher as presumed on the basis of earlier studies
in which small amount of mtDNA was a limiting factor for detailed analyses.

The milestone in studies on mutations in mtDNA was construction of mice which produce
DNA polymerase y with deficiency in the proofreading function. Such mice constructed
independently by two teams (Kujoth ef al., 2005; Trifunovic et al., 2004) accumulate highly
elevated number of mutations relative to wild-type animals, which allows detailed studies on
mitochondrial mutagenesis in vivo. In these animals, no correlation could be found between number

of accumulated mutations in mtDNA and oxidative stress markers (Kujoth et al., 2005). Rather, an
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increasing number of mutations in mtDNA correlate with aging without influence of the oxidative
stress (Trifunovic et al., 2004). Subsequent studies indicated that accumulation of mutations in
mtDNA by mice with mutator DNA polymerase y occurred linearly with age, while production of
ROS was at the level comparable to that in wild-type animals (Trifunovic et al., 2005). Therefore,
one might suppose that errors made by DNA polymerase v, rather than ROS-mediated DNA lesions,
are the major cause of mtDNA mutations. It was proposed that during aging, their accumulation
arise due to clonal expansions of particular mutated mtDNA molecules, rather than due to ongoing
ROS-mediated mutation events (Wiesner et al., 2006).

This theory, alternative to MFRTA, received some additional experimental support. Studies
on cultured fibroblasts indicated that the T414G mutation in mtDNA has little effect on ROS
production and cell aging, which is against the MFRTA theory (Birket et al., 2009). On the other
hand, another study on cultured fibroblasts demonstrated that a higher level of a deletion in mtDNA
was accompanied with elevated concentrations of ROS (Quan ef al., 2015). In fact, there is still an
extensive debate on which theory is valid. Still some experimental results might suggest that the old
MFRTA is valid, i.e. that ROS cause significant numbers of mtDNA lesions which are accumulated
in time due to defects in ETC and result in a constantly increasing ROS production, while other
studies indicated that errors made by DNA polymerase y during replication of mtDNA are the main
source of mutations in the mitochondrial genome. The debate is ongoing, and definitely it is not
finished. The reader is referred to recent review articles on this topic, for detailed discussions on the
mechanisms which lead to accumulation of mutations in mtDNA during aging (Bautista-Nifio ef al.,
2016; Chih-Hao et al., 2013; DeBalsi et al., 2017; Edgar , Trifunovic, 2009; Kim et al., 2015;
Kirkwood , Kowald, 2012; Lagouge , Larsson, 2013; Lauri et al., 2014; Lee , Wei, 2012; Pamplona,
2011; Szczepanowska , Trifunovic, 2017; Zapico , Ubelaker, 2013). In addition to the two theories
mentioned in the preceding paragraph, a third one has been proposed recently. Studies based on the
deep sequence analysis indicated that in the absence of overproduction of ROS and with no
accumulation of somatic mutations in mtDNA, the respiration defects associated with aging of
human fibroblasts are still evident (Hashizume et al., 2015). Moreover, the previously reduced
respiratory function could be restored if aging fibroblasts were reprogrammed by formation of
iPSCs (induced pluripotent stem cells). In fact, reprogramming of cells could also recover some
other phenotypes related to aging (Lapasset et al., 2011). Therefore, a hypothesis has been
published that mitochondrial defects associated with aging may be due to epigenetic changes in
nuclear genes, rather than due to accumulation of mutations in mtDNA (Hayashi et al., 2016).

In conclusion, three different theories have been proposed to explain the cause and the role

of mutations in mtDNA in aging. It is documented that number of mutations in mtDNA increases
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significantly with age. However, it is still unclear whether the major cause of senescence might be:
(1) ROS-mediated lesions in mtDNA and the positive feedback leading to enhanced production of
ROS and more and more elevated mutagenesis, (ii) errors made by DNA polymerase y and
subsequent clonal expansion of mutated mtDNA molecules, or (iii) epigenetic changes in nuclear
genes affecting mitochondrial metabolism, with little contribution of mtDNA mutations. It is still
possible that each of these mechanisms may contribute to the total picture of the senescence in

relation to mtDNA and ROS.

Intracellular defense mechanisms against ROS: regulation on aging and disease

As protection against the deleterious effects of excessive ROS production, cells developed
several enzymatic and non-enzymatic antioxidant defenses. The enzymatic system consists in a
number of antioxidant enzymes such as superoxide dismutases, glutathione peroxidase and catalase,
localized in distinct cellular compartments. Superoxide anion is a by-product of oxidative
phosphorylation, generated by the leak of electrons from the respiratory chain complexes. O, ,
which is generated in the respiratory chain, especially in a pathological state (Ide et al., 1999; Raha
et al., 2000) can be converted to H,O, by SOD2 in the mitochondrial matrix, or SOD1 (zinc-copper
superoxide dismutase; also called Zn-CuSOD) in the intermembrane space of mitochondria (IMS)
and cytosol (Sturtz et al, 2001). Subsequently, H,O, can be converted to water by GPx (a
selenocysteine-containing enzyme specific to organic peroxides) and peroxiredoxins (Prx 3 and 5;
also controlling the level of peroxynitrite) directly in mitochondria (Cao ef al., 2007). Finally, H,O,
can diffuse through the mitochondrial membranes to the cytosol, where peroxisomal catalase or
cytosolic GPx convert it to water. Besides the antioxidant enzymes, cells and specifically
mitochondria also possess other non-enzymatic antioxidant system comprised of small molecules
such as ascorbate (Vit-C), glutathione, tocopherol (Vit-E), retinoic acid, uric acid, pyridine
nucleotides and thioredoxin, that also provide efficient cellular protection against excessive
oxidative stress. These molecules can act directly as free radical scavengers or by modulating the
activity of enzymatic systems (Lu et al., 2010). Examples of free radical scavengers include
ascorbate and tocopherol (Lu et al., 2010). Ascorbate, present in aqueous phase, becomes a very
stable and non-reactive radical and can be subsequently regenerated by pyridine nucleotides-
dependent reductases. Tocopherol, present in the cellular lipid phase, is able to neutralise lipid
peroxyl radicals, becoming a less reactive phenyl radical (Lu et al., 2010). Tocopherol radicals can
then be regenerated by ascorbate. Uric acid is a strong scavenger of peroxynitrite in extracellular
fluid, but requires the presence of ascorbic acid and thiols for a complete scavenging (Nimse , Pal,

2015). Reduced glutathione, pyridine nucleotides and thioredoxin work together with antioxidant
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enzymatic systems, donating reducing equivalents to neutralize ROS (Lu et al., 2010; Nimse , Pal,
2015). Melatonin, the sleep hormone, produced by the pineal gland, was also demonstrated to have
intrinsic antioxidant protective effects on mitochondria, especially by preventing cardiolipin
oxidation and limiting the loss of activity of the mitochondrial respiratory chain (Paradies et al.,
2017; Paradies et al., 2010; Petrosillo et al., 2008).

The relationship between the mitochondrial membrane potential and mitochondrial ROS
production has been described by Korshunov et al. (Korshunov et al, 1997), as a potential
mechanism to regulate oxidative stress. Increased ROS production occurring in the presence of
mitochondrial hyperpolarisation relates to the higher NADH/NAD ratio indicating a more reduced
NADH pool (Adam-Vizi , Chinopoulos, 2006; Aon et al., 2010; Kushnareva et al, 2002). A
protection mechanism against excessive ROS production is proposed to be a mild uncoupling of
MMP. This process is catalyzed both by a group of uncoupling proteins (UCP2-5) and free fatty
acids (FFA). In the case of hyperpolarisation, mitochondrial carriers (e.g., adenine nucleotide
translocase, dicarboxylate, and glutamate/aspartate carriers), UCPs and FFA have been shown to be
able to partly “discharge” the high proton gradient to a physiological level (Wieckowski , Wojtczak,
1997). It has been demonstrated that (mild) uncoupling of the MMP (by 10%) enables the reduction
of ROS generation by approximately 90% (Korshunov et al., 1997). Moreover, superoxide activates
UCPs (UCP1, UCP2 and UCP3), causing increased proton leakage, mitochondrial depolarization,
and decreased ROS production (Echtay et al., 2002; Mailloux , Harper, 2011). In rat heart and
skeletal muscle, UCPs have been proposed to remove the superoxide anion radical from the
mitochondrial matrix (Wojtczak et al., 2011). There is an on-going debate regarding the physical
and biological functions of UCP proteins, a number of associations of UCPs against ROS
production have up-to-date been proposed, elucidating this group of proteins as potentially
significant in a number of pathophysiological situations (Bugger ef al., 2011; Diao et al., 2008;
Prakash et al., 2015). The role of mitochondrial uncoupling in preserving muscle fibers from the
aging process was demonstrated by Amara ef al. In this work, the authors demonstrated that mild
uncoupling serves to protect mitochondrial function and contribute to the longevity of the most
active muscle fibers, i.e., those with higher oxidative capacity (Amara et al., 2007). Interestingly,
opposite effects were found in fibroblasts and yeast cells, where mild-uncoupling led to fibroblast
senescence and decrease life-span in yeast (Stockl et al., 2007).

It has been repeatedly demonstrated that a defective antioxidant defense system may lead to
serious ROS-related human pathologies, often associated with the aging process, such as AD, PD
and diabetes. Oxidative stress caused by disruption of the antioxidant defense and excessive ROS

production is closely linked to the pathogenesis of neurodegeneration (Uttara et al., 2009). For
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example, the levels of SOD1 in AD patients were significantly decreased. Interestingly, the levels
of mitochondrial SOD2 and extracellular SOD3 were not changed (Murakami et al., 2011). These
data can be supported by the observations that the antioxidant defense of cells from familial AD
patients was weaker than in cells from healthy individuals (Cecchi ef al., 2002). In another context,
Hwang et al. presented evidence that catalase plays an important role in kidney protection during
hyperglycemia. Deficiency of catalase, in catalase knockout (KO) mice accelerated diabetic
nephropathy observed in streptozotocin-induced diabetes (Hwang et al., 2012). Liu et al (Liu et al.,
2017) also demonstrated an increased ROS levels in oocytes from diabetic mice resulting from
altered acetylation status of SOD2 in lysine 68. Also, supporting the antioxidant role of UCP and
their importance for the development of diabetes, Robson-Doucette ef al. (Robson-Doucette et al.,
2011) demonstrated that UCP2 regulates ROS production and affects insulin and glucagon secretion
by pancreatic cells. Broche et al. (Broche ef al., 2018) demonstrated that UCP2 regulates pancreas
development during embryogenesis through ROS-AKT mediated signaling pathway, evidencing the
importance of the antioxidant role of the UCP in the development of diabetes.

Increased ROS formation is also a common intracellular stress that effectively leads to
induction of autophagy, which acts as a protective mechanism, at least up to a certain degree
(Martinet et al., 2009). The principal link between ROS and autophagy is the cysteine protease
Atg4 (autophagy-related gene 4), which is a direct target of H,O,. Oxidation of cysteine promotes
lipidation of LC3 (MAP1 light chain 3)/Atg8, essential for autophagosome maturation (Scherz-
Shouval et al., 2007). On the other hand, it has been demonstrated that autophagy can be a crucial
mechanism for preventing the accumulation of ROS by removing damaged mitochondria (Kroemer
et al., 2010). This mitochondrial quality control is named mitophagy and serves to eliminate the
fraction of damaged mitochondria normally suffering from mitochondrial membrane
permeabilization. The recognition of this subset of mitochondria is provided by the involvement of
the mitochondrial kinase PINK1 (PTEN-induced putative kinase protein 1). When mitochondria
lose membrane potential, PINK1 rapidly accumulates on the mitochondrial surface, leads to the
recruitment of the cytosolic protein Parkin, that mediates the ubiquitination of mitochondrial protein
with consequent engulfment of damaged mitochondrial by membranes that then fuse with
lysosomes (Narendra et al., 2010), a process called mitophagy. In fact, mitophagy has been
considered a process by which mitochondrial quality is maintained during the course of aging,
avoiding excessive oxidative damage to these organelles (Shi et al., 2017).

Although it exceeds boundaries of this review, it is worth to mention that a number of
regulatory programs exist capable of modulating the intrinsic antioxidant defenses. Calorie

restriction is known to be one of the strongest life span extending interventions and to have a
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positive impact in different pathologies (Colman et al., 2009). However, the mechanisms
underlying CR remain largely elusive and have become the point of interest of many research
groups. Among the proposed mechanisms, the activation of members of the Sirt2 family proteins
has gained much interest (Rogina , Helfand, 2004). There is a number of experimental works that
associate the activation of Sirt2 orthologs with up-regulation of cellular antioxidant defense systems
(Qiu et al., 2010; Rahman et al., 2009). Interestingly, the positive effects of CR were mimicked in
mice through the administration of low dosages of the protonophore 2,4-dinitrophenol, suggesting
that mild uncoupling (see above) can indeed be a protective strategy by up-regulating the
antioxidant network (Caldeira da Silva et al., 2008). In addition, it has been proposed that CR is
able to activate the Nrf2/antioxidant response element (ARE) pathway, inducing ROS
detoxification systems, exert anti-inflammatory effects, and, thereby, suppress initiation/progression
of vascular disease (Ungvari et al., 2008). Next to CR, another important anti-oxidative intervention
is physical activity. It is believed that the two mechanisms together are capable of restoring age-
dependent reductions of critical endogenous protective mechanisms such as ischemic
preconditioning (Abete et al., 2011). This adaptive mechanism in response to brief episodes of
myocardial ischemia enables the reduction of cellular damage due to a prolonged ischemic insult
(Murry et al., 1986). Increased ROS production observed upon physical exertion may induce
compensational increase of the antioxidant defense efficiency (Ji, 1993). Growing evidence
indicates that exercise training can result in an elevation in the activity of antioxidant enzymes.
Similarly, long term physical activity is related to the increase of catalase, SOD and glutathione
peroxidase activities in muscles of trained animals (Ascensao et al., 2013; Goncalves et al., 2013;
Ji, 1993; Laughlin et al., 1990; Powers et al., 1999).

Dietary antioxidant supplementation is another strategy to boost antioxidant defenses in
different cell types, with possible positive impacts during aging. Phenolic and thiol compounds,
flavonoids, and carotenoids are examples of antioxidant compounds that can be obtained from fruit,
vegetables, spices, grain, and herbs (Nimse , Pal, 2015). A well-known dietary antioxidant
supplement is resveratrol. Resveratrol is a stilbenoid phenolic compound, with its antioxidant
capacity giving it several possible therapeutic applications (Cho et al., 2017b; Ko et al., 2017) (Li et
al., 2017; Sawda et al., 2017; Truong et al., 2017), including age-related diseases (Lange , Li, 2017;
Li et al., 2017; Navarro-Cruz et al., 2017), and cancer (Deus et al., 2017). In fact, resveratrol
appears to improve mitochondrial function and biogenesis in skeletal muscle of aged animals
(Muhammad , Allam, 2017). Also, due to its beneficial effects on mitochondria, resveratrol was
proposed as a promising nutraceutical supplement in the treatment of mitochondrial disorders (De

Paepe , Van Coster, 2017). Also, due to its antioxidant properties, flavonoids have demonstrated

21



neuroprotective actions against neurodegeneration (Frandsen , Narayanasamy, 2018). Equally, high
dietary intake of carotenoids appears to reduce the risk of stroke and stroke mortality (Bahonar et
al., 2017). The effects of some approaches have been summarized in a recent review by Suski et. al
(Suski et al., 2011). However, although having good antioxidant properties, some compounds are
not able to reach mitochondria, where the majority of ROS are formed. Thereby, in order to observe
any effect, a larger amount of those compounds is required, which may lead to undesirable side
effects. Thus, new strategies are required to improve the delivery of those compounds.

Another interesting antioxidant strategy can be assigned to heme oxygenase-1 (HO-1)
(Otterbein , Choi, 2000). The expression of this enzyme is increased as a response to oxidative and
heat stress and its role is to degrade free heme, originating from the denaturation and proteolysis of
hemoproteins, to release biliverdin, carbon monoxide and iron (Baranano et al., 2002; Liu et al.,
2006; Morse , Choi, 2005). The iron released by HO-1 increases the synthesis of ferritin, what
minimizes the probability of Fenton reaction initiation. Furthermore, biliverdin can be converted by
the enzyme biliverdin reductase into bilirubin, a potent antioxidant, capable of protecting cells from
10,000-fold higher concentrations of H,O, ((Morse , Choi, 2005)). Activation of HO-1 was
described already as a possible mechanism by which different natural compounds delay skin aging
(Park et al., 2016).

In summary, although cells possess several mechanisms of protection against oxidative
stress, impairment in mitochondrial function and antioxidant defenses systems during the normal
aging phenotype promote an imbalance between ROS formation and cleansing, increasing cellular
oxidative stress. It remains to be determined which are the best strategies to decrease cell and
mitochondrial oxidative stress that accompanies the aging process without disturbing the
physiological role of ROS. Such strategies may pass through the modulation of intrinsic antioxidant

mechanisms.

Mitochondrial morphology, calcium homeostasis and dynamics in aging
Mitochondrial dynamics

Unlike ROS, mitochondrial dynamics has only recently been studied as a possible player in
aging, and specific links between these three processes have been scarcely documented. Thus, here
we will give only a brief overview of the studies giving insight to the relationship between
mitochondrial dynamics and aging and attempt to highlight the possible trends, underlying
mechanisms and links with ROS production. Mitochondrial morphology in living cells is
heterogeneous and can range from small spheres to interconnected tubules (Rizzuto et al., 1998)

(Figure 3). Growing evidence indicates that mitochondrial morphology is critical for the
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physiology of the cell and changes in mitochondrial shape have been related to many different
processes such as development, neurodegeneration, calcium (Ca®") signaling, ROS production, cell
division, and apoptotic cell death (Cereghetti , Scorrano, 2006). Mitochondrial dynamics in a broad
sense involves the processes of fission, fusion, mitochondrial movement or transport and
interactions with other organelles (Benard , Rossignol, 2008). Mitochondrial fission and fusion
regulates mitochondrial morphology, branching and network formation and also determines
individual mitochondrion size. Mitochondrial transport determines mitochondrial localization and
overall distribution within the cell, this is especially important in highly polarized and large cells,
such as neurons or oocytes (Barnhart, 2016; Frederick , Shaw, 2007; Mishra , Chan, 2014; Pernas ,
Scorrano, 2016). In the last two decades, we have learned intricate molecular details about these
processes as well as their regulation, which now appears to be concertedly controlled by cellular
activity. Mitochondria can associate with different cytoskeletal filaments to facilitate intracellular
movement. In mammalian cells microtubule filaments and dynein/kinesin motors are often used for
movement purposes, but actin and actin nucleation factors recently emerged as essential players in
determining mitochondrial positioning (Barnhart, 2016; Frederick , Shaw, 2007; Kanfer ,
Kornmann, 2016; Melkov , Abdu, 2018; Pathak et al., 2010). Moreover, mitochondrial interactions
with the cytoskeleton are also important to link localization and movement with mitochondrial
shape, by interactions with an elaborated machinery on the outer and inner mitochondrial
membrane (OMM and IMM) accomplishing the fusion and fission of mitochondria (Chakrabarti et
al., 2017; Hatch et al., 2016; Korobova et al., 2014; Korobova et al., 2013; Manor et al., 2015;
Prudent , McBride). The cyclic rearrangement of the interconnected dynamic mitochondrial
network, by individual mitochondria constantly undergoing fission and then fuse with each other
has been studied in much molecular detail, but we still have no consensus on the functional
consequences, the purpose and the exact regulation of the entire process (Cho et al., 2017a; Kanfer ,
Kornmann, 2016; Lee et al., 2016a; Misgeld , Schwarz; Pernas , Scorrano, 2016; Yamada et al.).
Fusion is an event where the outer and inner membrane of a mitochondrion fuses with the outer and
inner membrane of another mitochondrion respectively, allowing the matrix content of the two
mitochondria to mix freely and form a single mitochondrion, while fission is the reverse of this
event, and the two processes are regulated independently. Intriguingly, fission occurs preferably at
sites where mitochondria interact with other organelles, in particular the endoplasmic reticulum
(ER) (Friedman et al, 2011). These interactions involve a particular machinery present in
subdomains of the ER (mitochondria associated membranes - MAMs), further interacting with the
actin cytoskeleton and the fission machinery of the OMM (Cho et al., 2017a; Hatch et al., 2016;
Korobova et al., 2013; Kraus , Ryan, 2017; Li et al., 2015b; Manor et al., 2015; Moore et al., 2016).
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OMM fission is then promoted by dynamin-related protein 1 (Drpl), a dynamin related GTPase,
and Drpl is recruited to the mitochondria by fission protein 1 (Fisl), mitochondrial fission factor
(Mff), mitochondrial dynamics protein of 49 kDa (Mid49) and 51 kDa (Mid51) (Losén et al.,
2013). While the molecular details of IMM fission is less known, both OMM and IMM fusion,
facilitated by three dynamin-related GTPases, by mitofusin 1 and 2 (Mfnl and Mfn2) located on the
outer membrane, and by optic atrophy 1 (Opal) located on the inner membrane (Chen et al., 2003;
Cipolat et al., 2004), is reasonably well characterized. With interactions with all components of
mitochondrial dynamics, the ER-mitochondrial interaction sites thus are central hubs for a
concerted regulation of both intracellular networks, probably executed by cellular and
mitochondrial Ca*" signals (Chakrabarti et al., 2017), and other processes regulating cell activity
and shape (Shao et al., 2015; Wales et al., 2016). Here, an important link between local ROS
production in this subdomain and mitochondrial dynamics has also been recently demonstrated
(Debattisti et al., 2017; Norton et al., 2014). Interestingly, MAMs appointed to the modulation of
calcium (Bononi et al., 2017; Kuchay et al., 2017; Marchi et al., 2018) and ROS (Verfaillie et al.,
2012) signaling in health and disease, appears to be altered in aged mice hearts in which Ca**
transients, NAD(P)H regeneration, glutathione levels and ER-mitochondria contact sites are
significantly reduced compared to the young ones with a concomitant increase in ROS generation
and mitochondrial protein oxidation (Fernandez-Sanz et al., 2014). Interestingly, recently it was
demonstrated that knockdown of MCU and inositol 1,4,5-trisphosphate receptor type 2 (ITPR2),
both involved in the accumulation of calcium in mitochondria, resulted in senescence escape,
indicating the role of mitochondrial calcium accumulation in senescence induction (Wiel et al.,
2014). Similarly, lower number of contacts between mitochondria and the ER in senescent human
fibroblasts (Figure 4) can be also responsible for the compromised mitochondrial calcium uptake in
senescent cells. However, additional studies are needed to validate the alterations in the number of
contacts between mitochondria and ER during aging or senescence to identify which factors have
the highest influence of the regulation of Ca*" fluxes through mitochondria-ER contacts sites in
aging cells. The structure and function of MAM in the aspect of aging and senescence has been

recently reviewed by Janikiewicz et al. (Janikiewicz et al., 2015).

Mitochondrial dynamics and lifespan in model organisms

Mitochondrial dynamics has been linked to existing pathways that regulate lifespan in C.
elegans. It was shown that mitochondrial trafficking in distal neuronal processes decline
progressively with age and long-lived daf-2 mutants with reduced insulin signaling (IIS) show

resistance to this decline (Morsci et al., 2016). Neuron-specific activation of CREB regulated
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transcriptional coactivator 1 (CRTC-1), which promotes mitochondrial network fragmentation, is
able to suppresses both AMPK and calcineurin-mediated lifespan extension in C. elegans
(Burkewitz et al., 2015). Similarly, inactivation of C. elegans Drpl significantly enhanced the
ability of IIS to extend lifespan (Yang et al., 2011), suggesting a correlation between increased
fusion/fission ratio and life span extension. Certain mutant bacteria of the C. elegans microbiome
are able to extend lifespan via increased secretion of the polysaccharide colanic acid, this extension
is dependent upon Drpl and mitochondrial fission (Han ef al.). Thus, existing pathways of lifespan
extension such as the AMPK and IIS pathways are closely linked to mitochondrial dynamics but the
causative role of any of these processes has not yet been demonstrated, and is being debated.
Indeed, it has been suggested that mitochondrial mass and fragmentation do not affect lifespan, and
are merely changes associated with aging (Regmi et al., 2014). However, it is still possible that
mitochondrial dynamics plays important roles in the regulation of aging when working in coherence
with or as part of other aging pathways such as IIS or metabolic regulation of lifespan via the
AMPK pathway.

Fusion and fission balance has also been studied in fungal and Drosophila models. In
Podospora anserina and Saccharomyces cerevisiae, deletion of dynamin-related protein 1
(Dnmlp), mediating fission, retards aging and extends lifespan (Scheckhuber et al., 2006). A
double deletion mutant of Saccharomyces cerevisiae where Dnm1 (the yeast orthologue of Drpl)
and Mgml (the yeast orthologue of Opal), are both deleted, contain wild-type like filamentous
mitochondria, but a decrease in mitophagy and replicative lifespan (Bernhardt ez al., 2015). While
these models would support a generalization that fusion is associated with increased lifespan, the
Drosophila model shows opposite trend. Upregulating Drpl expression in midlife extends
Drosophila lifespan, this is likely linked to autophagy as autophagy is required for the lifespan
extending effect to occur (Rana et al., 2017). Similarly, overexpression of parkin in Drosophila
extended lifespan and reduced the level of Drosophila orthologue of mitofusin, mitochondrial
assembly regulatory factor (Marf), which typically increases with age in flies (Rana ef al., 2013).

Overall, from these studies it appears that there is no clear association between either fusion
or fission and lifespan, and promoting either process will have an effect which depends on the
signaling and metabolic context. Importantly, a few studies pointed to the importance of the
interplay between autophagy or mitochondrial specific mitophagy in determining cellular
homeostasis, affecting lifespan of whole organisms. This suggests that it is rather the homeostatic
function of mitochondrial quality control events, mediated by mitochondrial fusion and fission,
bearing the importance for determining or influencing the aging process. Indeed, in mammalian

models it is now well documented that any disturbance of the homeostatic circuit maintaining the
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functional mitochondrial network has a profound effect on the healthy lifespan of the animals. Mice
knockouts for essential components of mitochondrial dynamics (Pernas , Scorrano, 2016) develop
pleiotropic symptoms in many organ systems reflecting loss of cellular function or the ability to
cope with cellular stress, leading to indicators of early aging or leading to at least a reduced healthy
lifespan. E.g. Fisl KO mice develop multiple early aging signs including lordokyphosis, lack of
vigor, inability to accumulate fat, reduced ability to tolerate stress, perturbed Ca®" dynamics, and
decreased lifespan (Uzhachenko ef al., 2017). Transmembrane protein 135 (TMEM135) is a protein
likely involved in mitochondrial fission and mice with mutated TMEMI135 display abnormal
mitochondrial dynamics and accelerated aging in the retina as well as pathologies observed in age-
dependent retinal diseases (Lee et al., 2016b). Furthermore, it has been long known that mTOR
plays an important role in aging in a range of different organisms (Johnson et al., 2013). mTORC1
has been linked to regulation of mitochondrial dynamics by stimulating translation of mitochondrial
fission process 1 (Mtfpl), promoting mitochondrial fission. Potent active-site mTOR inhibitors
promotes mitochondrial fusion over fission events (Morita et al.).

We have to emphasize, that the cellular consequences of perturbed mitochondrial dynamics
are often associated with loss of redox homeostasis (Abeti et al., 2011), and increased ROS
production. In this context ROS is often synonymous with cellular damage (R6th er al., 2014;
Willems et al., 2015), but mitochondrial or ER stress related ROS production might play a role in
negative feedback regulation of organelles homeostasis, e.g. by altering gene expression via
mitohormetic and mitochondrial unfolded protein responses (Shpilka , Haynes, 2017; Yun , Finkel,

2014).

Mitochondrial dynamics and age-related diseases in humans

Mammalian models, such as mice with genetically altered mitochondrial dynamics develop
symptoms which resemble human age-related disease, affecting critical organs (nervous system,
liver and endocrine and cardiovascular systems) or increasing incidence of cancer (Altieri, 2017,
Mishra , Chan, 2014; Pernas , Scorrano, 2016; Senft , Ronai, 2016; Youle , van der Blick, 2012).
Most deaths in old age are still due to diseases and it is not possible to extend lifespan without
reducing the effects of age-related diseases. Here, we summarize a series of studies that investigated
the relationship between mitochondrial dynamics and age-related diseases.

Cardiovascular disease are a range of diseases whose incidence of occurrence increases with
age and are one of the leading cause of death in the developed world (Rapsomaniki et al., 2014). In
humans and mice, heart failure is linked to decreased mitochondrial fusion, fragmentation of the

mitochondrial network and lower levels of Opal expression (Chen et al., 2009). In Drosophila,

26



Marf and Opal are essential for proper cardiomyocyte function and fusion defects are associated
with cardiomyopathy (Dorn , Scorrano, 2010). Opal mutation heterozygotes has late-onset
cardiomyopathy in mice (Chen et al., 2012a). Furthermore, unbalanced Opal processing and a
decrease in mitochondrial fusion is linked to fragmentation results in heart failure in mice (Wai et
al., 2015). It has been shown that endothelial cells (HUVECs) maintain a tubular mitochondrial
network, but senescent cells have more elongated, interconnected mitochondria, and the change in
mitochondrial morphology is caused by downregulation of Fisl and Drpl (Mai et al., 2010).
However, another group found that in HUVECs, mitochondria of old cells showed a significant and
equal decrease of both fusion and fission activity (Jendrach et al., 2005). These results are relatively
consistent and suggest that mitochondrial fusion, especially Opal, is vital for proper heart function
and preventing heart failure. This seems to be conserved throughout flies, mice and humans.
Expanding on this, it would be interesting to see if overexpressing of Opal or increasing
mitochondrial fusion can improve declining heart function. In addition, differentiation of arterial
smooth muscle cells and of cardiomyocytes is dependent of reduction of fusion, thus prone to
disorders related to altered mitochondrial fusion/fission ratios (Chalmers et al., 2016; Kasahara et
al., 2013). Altered ROS production was also found associated with disturbances of mitochondrial
dynamics in this disease (Chen et al., 2012a; Mai et al., 2010).

Neurodegenerative diseases such as AD and PD are probably the most prevalent age-related
neurodegenerative diseases whose risks increases dramatically with age (Fjell et al, 2014;
Rodriguez et al., 2015). AD and PD have been linked to mitochondrial dynamics and mitophagy, as
parts the mitochondrial quality control machinery, and supposed to play important roles in these
diseases (Chen , Chan, 2009). The vast literature on the overall importance of mitochondrial quality
control in neurodegenerative disease has been recently reviewed, thus here we will focus on the less
covered specific functions of mitochondrial fusion and fission. A large number of studies found that
increased mitochondrial fission and fragmentation is linked to AD. Tau mice have higher levels of
fission proteins Drpl, Fisl and lower levels of fusion proteins Mfnl, Mfn2, Opal compared to WT
mice (Kandimalla et al., 2018). In AD, amyloid-f (AB) is linked to Drpl-induced excessive
mitochondria network fragmentation in AD progression (Reddy et al., 2017). Drp1 interacts with
AP and phosphorylated tau, leading to mitochondrial fragmentation, abnormal mitochondrial
dynamics and synaptic damage (Manczak et al., 2011; Manczak , Reddy, 2012). AB precursor
protein transgenic (APP) mice have significantly decreased anterograde mitochondrial movement,
increased mitochondrial fission and decreased fusion in neurons (Calkins et al., 2011). Furthermore,
reducing levels of Drpl decreases the amount of soluble AB production in AD progression, and

protects against AP induced mitochondrial and synaptic toxicities in AD progression and
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pathogenesis (Manczak et al., 2016). However, sporadic AD is associated with a significantly lower
level of Drpl in fibroblasts (Wang et al., 2008a). Decreased Drpl levels and mitochondrial
localization, as well as reduced Stomatin-like protein 2 (STOML2) and Mfn2 fusion protein levels,
are observed in the fibroblasts of sporadic AD patients (Martin-Maestro et al., 2017). In cells
overexpressing APP, a fragmented mitochondria structure and abnormal distribution is observed.
Moreover, levels of Drpl and Opal were significantly decreased whereas levels of Fisl were
significantly increased, and increasing Drpl and Opal were both able to rescue some mitochondrial
defects (Wang et al., 2008b). Thus, current evidence fails to reach consensus, but since alterations
in ER-mitochondrial contacts, which appear as central organizer of fusion and fission events (see
above), are implicated in AD (Area-Gomez , Schon, 2017; Filadi et al., 2017), one can speculate
that deregulation of these membrane fusion and fission events are linked to disturbances of the ER-
mitochondrial contact sites with variable outcome. Then again, mitochondrial ROS has been
described as culprit for neuronal damage (Angelova , Abramov, 2018), but it also appears the local
ROS in the contact sites is also a cellular signal at this interface and regulatory hub (Debattisti et al.,
2017). Similarly, altered fusion/fission ratios accompany PD. In respiratory chain-deficient
dopaminergic neurons fragmentation of the mitochondrial network and impaired anterograde axonal
transport of mitochondria have been observed (Sterky et al., 2011). Alpha-synuclein (aS) has an
inhibitory function on membrane fusion. Upon increased expression in cultured cells and in C.
elegans, oS shift mitochondrial shape towards reduced fusion, leading to a fragmented
mitochondrial structure (Kamp et al., 2010). Elegant studies demonstrated the ROS dependence of
neuronal dysfunction in vivo in dopaminergic (DA) neurons (Guzman et al., 2010).

Another system affected by degenerative age-related symptoms is muscle. Muscle wasting is
a hallmark of aging and the primary reason of declining physical abilities with age (Kalyani et al.,
2014). Mitochondrial network in skeletal muscle has a complex and seemingly rigid organisation,
but it has been shown that mitochondrial fission is important for muscle atrophy to occur
(Romanello et al., 2010). However, in aged muscle in mice, inter-myofibrillar mitochondria in
skeletal muscle were longer and more branched, suggesting increased fusion and/or decreased
fission, and mitochondrial fusion index (Mfn2-to-Drpl ratio) was significantly increased in aged
muscles (Leduc-Gaudet et al., 2015). In human participants, the levels of the fusion protein Opal
was lower in muscle from elderly subjects; however, no changes were detected in Mfn2, Drpl or
Fis1 among the groups (Joseph et al., 2012). Thus, studies on muscle atrophy do not have consistent
results (Joseph et al, 2012; Leduc-Gaudet et al., 2015), and proper understanding of the
organisational principles of the skeletal muscle mitochondrial network will be required to reveal the

connection between muscle growth and function in aging.
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Metabolic disorders are inherently linked to mitochondrial dysfunction, which can follow
alterations in mitochondrial dynamics. This can be extended to insulin resistance and type 2
diabetes mellitus which are strongly linked to aging and incidence of occurrence increases with age
(Facchini et al., 2001; Meigs et al., 2003). While both pathologies have been linked to
mitochondrial dysfunction (Mootha et al., 2003), the participation of mitochondrial dynamics is less
known in the pathomechanism. Increased mitochondrial network fragmentation and Fisl expression
is observed in venous endothelial cells of type 2 diabetes mellitus patients compared to control
(Shenouda et al., 2011). A shift toward mitochondrial fission with reduction of fusion protein,
mainly Mfn2, has been associated with reduced insulin sensitivity and inflammation in obesity and
insulin resistance development (Putti et al., 2015), which can be associated with altered ROS
production.

Finally, although not primarily caused by degenerative age-related processes such as the
above discussed diseases, in cancer, age is a major risk factor. The role of mitochondria in
tumorigenesis is extensively researched (Gasparre et al., 2017; Valcarcel-Jimenez et al.), and a few
studies established links between mitochondrial dynamics and cancer cell biology. Some suggest a
link between mitochondrial dynamics and development and metastasis (Altieri, 2017; Caino et al.,
2016; Senft , Ronai, 2016), but not cancer causation. As such, the link between cancer and
mitochondrial dynamics are less relevant towards aging for the purpose of this review but

nonetheless could yield interesting insight into cellular transformation.

Mitochondrial dysfunction and increased ROS-related/accompanied pathologies

in the context of aging
In this section we provide some examples of pathological situations illustrating important
role of ROS, oxidative stress and mitochondrial dysfunction in the pathogenesis of described below

abnormalities in the context of aging.

Liver, mitochondria and aging

The process of aging develops in parallel with a gradual deterioration of cell functions,
including the hepatocytes, in the body. The liver is a vital organ with a full battery of crucial
functions which include the regulation of cholesterol, bile acid, triglyceride, protein, glucose, and
energy metabolism, as well as detoxification, and production of bile. This latter function is essential
for digestion and absorption of intestinal cholesterol, triglycerides, and fat-soluble vitamins, as well
as is involved in hepatic secretion of three lipid components, i.e., bile acids, cholesterol, and

phospholipids, which helps the body to excrete excessive cholesterol into the feces (Di Ciaula et al.,
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2017a; Wang et al., 2017b). Although the liver has a major capacity to naturally regenerate, aging
induces progressive “physiological” changes of the liver in the structural and functional aspects
(Table 1). Whether the liver function becomes seriously compromised in elderly subjects remains
largely contradictory, because few studies have examined the aging process of the liver from a
structural and functional point of view (Schmucker, 1998). The aging liver, however, indeed shows
an impaired ability to counteract the hepatic insults, which is a situation often experienced by the
elderly.

It has been repeatedly demonstrated that mitochondria play a critical role in driving the age-
dependent oxidative lesions with reactive oxygen species increase (Ames et al., 1995; Pamplona et
al., 1998; Sastre et al., 1996). Liver mitochondria contain manganese-dependent superoxide
dismutase (SOD) with antioxidant function. With aging, however, endogenous, mitochondria-
derived free radicals might overwhelm the endogenous defensive response. Bejma et al. (Bejma et
al., 2000) investigated the effects of aging and an acute bout of exercise on intracellular oxidant
generation, lipid peroxidation, protein oxidation and glutathione (GSH) status in the heart and liver
of young adult (8 month), and old (24 month) male rats. In the whole liver homogenates and in the
mitochondria (and also the heart), the rate of dichlorofluorescin oxidation, an indication of
intracellular oxidant production, was higher in the homogenates of aged rats. Lipid peroxidation
was also increased in the aged liver and exercised aged heart. Both electron transport chain and
NADPH oxidase were two major sources of the age-related increase in oxidant production. In turn,
in the study of Kujoth er al. (Kujoth et al., 2005) the aging process was evaluated in mice
expressing a proofreading-deficient version of the mitochondrial DNA polymerase y. Mice
accumulated mtDNA mutations while displaying features of accelerated aging. Of note, the
accumulation of damage, i.e., mutations and deletions, of mtDNA was not associated with increased
markers of oxidative stress in the liver mitochondria (i.e., HyO, production and protein carbonyls,
F2-isoprostanes, 8-hydroxy-2’-deoxyguanosine) or a defective cellular proliferation, but was
associated with the induction of apoptotic markers (i.e. cleaved caspase-3), particularly in tissues
characterized by rapid cellular turnover such as the liver. Notably, caloric restriction is the only
nutritional intervention that retards aging, as well as the accumulation of mtDNA mutations
(Aspnes et al., 1997) with reduction of mitochondria-mediated apoptotic pathways (Cohen et al.,
2004; Shelke , Leeuwenburgh, 2003).

ROS production increases with aging in state 3 when mitochondria isolated from old rats are
supplemented with succinate. This finding could be explained by the defective suppression of H>O,
production, i.e., an example of mitochondrial ROS production, during the energy transition from

state 4 to state 3. Also, levels of 8-0xodG in the biological macromolecule mtDNA increase with
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age in old animals. Notably, this increase is abolished by caloric restriction, with a positive effect
on the aging rate (Lopez-Torres ef al., 2002). In senescent rats from the ages of 28 to 60, and to 92
weeks, the mitochondrial mass of liver remains unchanged throughout ages, but the aging process is
paralleled by increased (36—45%) content of the oxidation products, i.e., thiobarbituric acid-reactive
substances and protein carbonyls. These changes are associated with a progressive decrease in
critical enzymes for mitochondrial function, i.e., -47% mitochondrial nitric oxide synthase, -46%
SOD2, -30% complex I, and -24% complex IV, in old rats compared to young adult rats. However,
liver mitochondria from young and old rats do not differ for fragility and water permeability
(Navarro , Boveris, 2004). Age-associated decrease of mtRNA is another event involving also the
liver (Anantharaju ef al., 2002), while damaged mitochondrial proteins increase membrane stiffness
(Pamplona et al., 1998). In addition, PUFAs could be easily damaged by ROS (Anantharaju et al.,
2002). Thus, the accumulation of oxidized and carboxymethylated proteins in the mitochondrial
matrix during senescence concomitant with defective degradation of abnormal matrix proteins,
affects the ability of aging mitochondria to respond to additional stress (Bakala et al., 2003).

A summary of established damages in the mitochondria of aging liver is depicted in Table 2.
These changes include oxidative lesions in the mtDNA (Ames et al., 1993), oxidation of
mitochondrial lipids, increased levels of long-chain polyunsaturated fatty acid, decreased membrane
phospholipid peroxidability and decreased A9-desaturase activity coefficient leading to decreased
levels of 16:1 and 18:1 fatty acids with less membrane stability. Additional mechanisms include
increased apoptotic pathways, and increased inner mitochondrial phospholipase A, activity
(Laganiere , Byung, 1993; Pappu et al., 1978). The content of cytochrome oxidase is associated
with loss of enzymatic activity (Wilson , Franks, 1975), while malondialdehyde accumulation
increases (Von Zglinicki et al., 1991).

In all organs of the body, the aging process develops with progressive unbalanced response of
the immune system where pro-inflammatory cytokines, chemokines, and ROS are not adequately
counteracted by antioxidants molecules. The liver is enriched with enzymes with antioxidative
functions like mitochondrial SOD2, SOD1, cytosolic glutathione peroxidase as well as peroxisomal
catalase (Anantharaju et al., 2002). As already mentioned, aging has been shown to be associated
with increased oxidative stress, likely due to decreased capacity to eliminate toxic substrates, i.e.,
metabolically generated superoxide radical. In particular, aging is paralleled by increased
production of superoxide anion, hydrogen peroxide, and hydroxyl radical, with all these molecules
driving the oxidative protein damage in the liver. The mitochondria play a key role in this scenario
leading the oxidative lesions with age (Ames et al., 1995; Pamplona et al., 1998; Sastre et al.,

1996). Few studies have attempted to link the oxidative stress to cell injury (Zhang et al., 2003)
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examined the effects of hypertermic challenge on levels of ROS, oxidative injury, changes in redox
status, and DNA binding activation of critical stress response transcription factors, i.e., Activator
protein-1 (AP-1) and nuclear factor-kappa B (NF-kB) in old and young rats. Compared to young
rats, old rats show greater oxidative damage with sustained ROS levels through 24 hrs, higher
malondialdehyde (MDA) and 4-hydroxy-2-noneal (4-HNE) levels as marker of lipid peroxidation
products, as well as hepatocyte damage, i.e., monocyte infiltration, sinusoidal congestion,
hepatocellular vacuolization, and diffuse necrosis. Moreover, the ratio of GSH to glutathione
disulfide (GSSG) as a marker of hepatic redox status is significantly lower in old rats than in young
rats. The effect on peroxidation of polyunsaturated fatty acids in old animals might influence the
cellular membrane permeability and membrane leakage. Also, aging impairs the intracellular redox
buffering mechanisms, e.g., antioxidants and glutathione, which, by definition, prevent ROS
accumulation. Additional damage includes age-related decrease in DNA base excision repair in
mouse hepatocytes (Intano et al., 2003), and increased level of oxidatively damaged DNA in the
livers of old mice and rats in comparison to young animals (Hamilton et al., 2001). Increased
oxidative stress in old animals appears to be paralleled by the enhanced induction of the antioxidant
enzyme heme oxygenase via the transcription factor NF-kB (Lavrovsky et al., 2000). The study by
Ikeyama and colleagues (Ikeyama et al., 2003) showed that aging, in rats aged 24-26 months, is
associated with elevated basal H>O, and epidermal growth factor (EGF)-induced gadd153 gene
expression, as pro-apoptotic marker, in the livers compared to that in young animals. Moreover,
there might be a variable change in the antioxidant family members with aging. Thomas et al.
(Thomas et al., 2002) used gene array analysis to find that both aged rat and human liver samples
display increased expression of redox and detoxification enzymes, i.e., the glutathione S-transferase
GST, UDP-glucuronosyltransferase, and cytochrome P-450 enzyme families.

The excision repair cross-complementation group 1 (Erccl )”* murine model hosts a rare
human progeroid syndrome caused by inherited defects in DNA repair and premature aging (Gregg
et al., 2012). In the 5-month-old Erccl ™’ mice that are similarly to the old wild-type group, at the
ages of 24-35 months, the livers show architectural and inflammatory damages, elevated liver
enzymes, and decreased albumin. Of note, there is a significant increase in oxidative damage in
Ercel™ and old wild-type liver, with a detection of lipid peroxidation and senescence products,
i.e., lipofuscin, lipid hydroperoxides, and acrolein (Gregg et al., 2012) .

Thus, increased oxidative stress and reduced tolerance to oxidative stress with age can initiate
the further signaling pathways that drive cellular dysfunction and reduced stress tolerance in older

organisms (Schmucker, 2005; Thomas et al., 2002).
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Lipids, mitochondria and aging

Lipid accumulation, i.e., triglycerides and cholesterol, greatly promotes aging in the liver,
(Ghosh et al., 2012; Petersen et al., 2003; Slawik , Vidal-Puig, 2006) while phospholipids remain
quantitatively unchanged (Schneeman , Richter, 1993). A typical scenario in this respect is age-
related increase in the metabolic syndrome with age, (Ford et al., 2002), leading to the progressive
redistribution of adipose tissue from subcutaneous sites to visceral ones (Tchkonia et al., 2010), and
the increased prevalence of non-alcoholic fatty liver disease (NAFLD) as part of the age-dependent
process of fat redistribution in non-adipose tissues. The process of ectopic fat deposition and
lipotoxicity, therefore, initiates/perpetuates the damage in the liver, heart, skeletal muscle, and
pancreas, thus leading to increased cardiovascular risk, the metabolic syndrome and, in turn, to
further enhance liver steatosis (Floreani, 2007; Slawik , Vidal-Puig, 2006; Tchkonia et al., 2010;
Tran et al., 2008). Of note, this process also referred to as “inflamm-aging”, can also develop in
lean, but metabolically-obese subjects (Tchkonia et al., 2010; Vecchie et al., 2017). NAFLD refers
to the presence of excess fat in the liver, i.e., hepatic steatosis, when more than 5% accumulation of
triglycerides occurs in the hepatocytes (Krawczyk et al., 2010). NAFLD encompasses the spectrum
of liver abnormalities which range from simple steatosis, i.e., non-alcoholic fatty liver (NAFL), to
steatohepatitis (NASH), and to (likely cryptogenic) cirrhosis, and has a potential progress to
hepatocellular carcinoma (HCC) (Brunt et al., 2015). NAFLD is one of the most common liver
disorders worldwide (Krawczyk et al., 2010), with a 20-50% prevalence according to
ultrasonographic and computed tomography (CT) imaging across population studies (Williams et
al., 2011; Zelber[JSagi et al., 2006). Pathogenic factors of NAFLD include a genetic background,
(Krawczyk et al., 2013), enhanced uptake of free fatty acids (long-chain fatty acids, LCFA),
increased de novo lipogenesis, decreased fatty acid B-oxidation, and/or decreased synthesis or
secretion of very low-density lipoproteins (VLDL) (Cohen et al., 2011).

Overall mechanisms accounting for the age-related increase of hepatic steatosis include:
accumulation of ROS and DNA damage (Aravinthan et al., 2013), hypercholesterolemia (Bonomini
et al., 2013), decreased autophagy (Amir , Czaja, 2011), activation of NF-kB signaling that is the
key regulator of inflammatory responses (Franceschi et al., 2000), metabolic dysfunction
(Rodriguez et al., 2007), telomere shortening (Tomas[/Loba et al., 2013), sedentary lifestyle
(Breitling et al., 2009), and cigarette smoking (Booth et al., 2011). Aging also induces liver
damage, increases proinflammatory M1 macrophage polarization, and enhances inflammatory
response typical of NASH (Fontana et al., 2012). Notably, NAFLD appears to decline in very
elderly subjects (Koehler et al., 2012) and this finding becomes more apparent when liver fibrosis

and NASH are more advanced (van der Poorten et al., 2013), as observed in elderly patients
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(Koehler et al., 2012; Noureddin et al., 2013). Different protective mechanisms might be
responsible for the age-dependent decrease of liver steatosis, and include increased serum
adiponectin levels (van der Poorten et al., 2013), the onset of portosystemic shunting (Nosadini et
al., 1984), metabolic changes of mitochondria (Caldwell , Crespo, 2004), and inflammatory and
catabolic state of cirrhosis (McCullough , Raguso, 1999), as well as collagen deposition in the liver
(Noureddin et al., 2013). In the serum, levels of cholesterol, HDL-cholesterol and triglycerides also
increase with age. This trend is reverted in individuals older than 90 years old (Tietz et al., 1992).
Notably, LDL-cholesterol metabolism rate is decreased by over 30% with age, as a consequence of
a decrease in expression of LDL receptors (Miller, 1984). Aging significantly enhances the
progression of NAFLD to NASH, and to fibrosis, leading to the conditions that predispose to
increase mortality in elderly subjects with NAFLD (Regev , Schiff, 2001). Age-dependent decline
of fatty acid P-oxidation and reduced expression of hepatic nuclear receptor peroxisome
proliferator-activated receptor may be potential mechanisms (Sanguino et al., 2004). An additional
mechanism is the age-dependent increase of the B-adrenergic signaling that is able to drive liver
steatosis (Ghosh et al., 2012; Katz et al., 1993). Also, p300-dependent regulation of chromatin
structure during aging is responsible for the activation of five key genes that govern triglyceride
synthesis in the liver (Jin et al., 2013). Markers of hepatocyte senescence are also associated with
NAFLD (Aravinthan et al., 2013; Park et al., 2010). The link between increased intrahepatic
diacylglycerol (DAG) and PKCe activation is essential, since LCFA are oxidized at both
mitochondrial and extramitochondrial sites in the hepatocytes. Excessive incorporation of LCFA
will increase ROS and mediate hepatocellular and mitochondrial injury (Diogo et al., 2011;
Grattagliano et al., 2013; Grattagliano et al., 2011; Zhu et al., 2017).

Mitochondria contribute to the progression of liver disease observed in NAFLD (Grattagliano
et al., 2004b), a condition characterized by increased predisposition towards pro-oxidant insults
(Pessayre , Fromenty, 2005). One pathway that limits excessive fat accumulation in the liver is the
increased mitochondrial oxidation of LCFA, a step associated with an impaired respiration
(Fromenty , Pessayre, 1995). Fatty degeneration exposes hepatocytes to a higher risk of oxidative
damage, although a number of adaptive metabolic mechanisms have been described (Grattagliano et
al., 2003; Yang et al., 2000). Mechanisms include expression of intracellular sensors and signaling
molecules for lipid metabolism and oxidative stress pathways (Merriman et al., 2006; Sanyal et al.,
2001). Impairment of these systems may have important pathogenic roles in NAFLD progression,
including disturbed ATP synthesis (Cortez-Pinto et al., 1999). mtDNA levels, protein expression
and activity of respiratory complexes are also decreased in liver mitochondria (Haque , Sanyal,

2002; Perez-Carreras et al., 2003), pointing to a role for oxidative stress mechanism.
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Hepatic steatosis indeed causes cellular damage and ROS production. Our group has shown
that rat hepatoma FaO cells loaded with oleate/palmitate to mimic liver steatosis resulted in higher
production of ROS and lipid peroxidation, stimulation of catalase activity and activation of NF-xB.
Lipid droplet accumulation also increased levels of peroxisome proliferator-activated receptors
(PPARs) and sterol regulatory element-binding protein-1c (SREBP-1c¢) (Vecchione et al., 2016). In
the intact hepatocyte HepG2 cells incubated with saturated fatty acids (a model resembling NASH),
mitochondrial function was depressed together with inhibition of mtDNA gene expression and
accelerated degradation of respiratory chain subunits (Garcia-Ruiz et al., 2015). In line with these
results, we recently showed that sequential exposure of hepatocytes to high concentrations of fatty
acids (FAs) and TNF-o mimic in vitro the progression of NAFLD from simple steatosis to
steatohepatitis. Several damages were observed at a mitochondrial level and elsewhere in the
hepatocyte (reduced hepatocyte viability, increased apoptosis and oxidative stress, reduction in lipid
droplet size, and up-regulation of I-kB kinase-interacting protein and adipose triglyceride lipase
expressions). Notably silybin, the extract of the milk thistle seeds counteracted the FA-induced
mitochondrial damage, increased the mitochondrial size and improved the mitochondrial cristae
organization; stimulated mitochondrial FA oxidation; reduced basal and maximal respiration and
ATP production in steatohepatitis hepatocytes; stimulated ATP production in steatotic cells, and
rescued the FA-induced apoptotic signals and oxidative stress in steatohepatitis hepatocytes
(Vecchione et al., 2017). In steatotic livers, ROS formation is increased at the mitochondrial
respiratory chain level and determines oxidation of unsaturated lipids (Grattagliano et al., 2008;
Grattagliano et al., 2003; Yang et al., 2000). The activity of complex I of the respiratory chain is
also reduced (-35%) in mitochondria from fatty livers and is associated with changes in state 3
respiration (Petrosillo et al., 2007); hydrogen peroxide generation and oxidized cardiolipin are
significantly increased (Grattagliano et al., 2008; Petrosillo et al., 2007). ROS affect the
mitochondrial complex I activity by oxidizing cardiolipin which is required for the function of this
enzyme complex (Paradies ef al., 2002).

Oxidation, glutathionylation and nitrosylation of mitochondrial proteins occur as a response to
oxidative stress and result in post-translational modification of proteins by carbonyl and disulfide
formation or by thiol nitrogen exchange. Factors contribute to a block of the electron flow in the
respiratory chain resulting in subsequent generation of ROS. This vicious circle involves ROS-
mediated antioxidant depletion, and the deficient capacity of mitochondria to inactivate ROS
(Grattagliano et al., 2003). Ultimately, protein and lipid oxidation, and cytokine production are
increased. Hepatocytes react to fat deposition with an early increase of GSH and thioredoxin to

prevent lipid and protein oxidation (Grattagliano et al., 2008). Also, increases of protein mixed
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disulfides (PSSG), nitrates and nitrosothiols are consistent with both pro-oxidant protein
modifications and increased nitric oxide (NO) synthesis. A critical role for mitochondrial GSH in
the development of NASH was in fact proposed (Garcia-Ruiz , Fernandez-Checa, 2006). GSH
depletion sensitizes hepatocytes to inflammatory cytokines and TNF-a. Mitochondrial GSH content
declines more rapidly than cytosolic GSH, suggesting mitochondria as specific early target for
oxidative changes (Grattagliano et al., 2008).

Other pathogenic factors including nitric oxide play a role for the progression of liver
steatosis and appearance of fibrosis. Thioredoxin, a redox active protein regulates of PSH/PSSG
ratio. Thioredoxin is actively involved in the regulation of NO activity via cleavage of nitrosothiols
(Nikitovic , Holmgren, 1996; Stoyanovsky et al., 2005) which are formed by conjugation of NO
with free thiols and oppose dangerous reactions such as peroxynitrite formation. Nitrosothiols also
act as intracellular messengers that control mitochondrial functions (Arnelle , Stamler, 1995;
Grattagliano et al., 2004a). Major alterations of thioredoxin levels have been observed with ongoing
liver steatosis and have been associated with PSSG and nitrosothiols formation (Garcia-Ruiz et al.,
2006). Increased peroxynitrite formation is associated with a variety of interactions, including
protein nitration and generation of nitrotyrosine (Sanyal et al., 2001).

Additional mechanisms of mitochondrial damage include increased production of angiotensin
IT associated with oxidative stress. Animals with elevated endogenous angiotensin II levels display
mitochondrial alterations with reduced -oxidation and consequent decreased mitochondrial
palmitate oxidation, decreased enzymatic activities, and expression of mitochondrial proteins,
including cytochrome c, cytochrome c oxidase subunit 1, and TFAM. Administration of angiotensin
II receptor blockers or superoxide dismutase/catalase mimetic treatment improves these
abnormalities (Wei et al., 2009). Fatty livers show about 35% decrease of catalytic B-F1 subunit of
the FOF1-ATP synthase. The process of aging might also influence other pathways in the steatotic
liver. Under starvation, mitochondrial oxidative injury is exacerbated to a greater extent in fatty
livers. In the steatotic liver, fasting induces a further decrease of the ATP levels which is
accompanied by a 70% fall of the catalytic B-F1 subunit. These changes may account for the
observed reduction in the synthesis of ATP (Fernandez-Checa et al., 1998). Liver steatosis is also
favored by prolonged intake of drugs such as amiodarone or valproate (Berson ef al., 1998), and
aging is a strong risk factor for medication-induced damage. Amiodarone or valproate accumulate
in mitochondria and induce inhibition of fatty acid oxidation and electron transfer chain (Berson et
al., 1998). In support of the key role of mitochondria in NAFLD, recent data indicated the critical
role of the mitochondrial pyruvate carrier MPC, a heterologous complex made of MPC1 and MPC2

proteins in the inner mitochondrial membrane (Colca et al., 2017). The complex is required for the
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entry of pyruvate that is synthetized in the cytosol, in the mitochondrial matrix, where it will be
further metabolized. MPC might become therefore the target for treatment of several metabolic and
inflammatory diseases, namely diabetes (Chen et al., 2012b; Colca et al., 2013; McCommis et al.,
2015), and even NASH (McCommis et al., 2016).

Although the above described observations suggest that fatty livers have compromised
mitochondrial function, there are several evidences that the initial stages of the NAFLD condition
are associated with an increase in mitochondrial mass, with or without increased mitochondrial fatty
acid oxidation, and which serves as an adaptation response to excessive accumulation in the liver.
This was elegantly demonstrated in human liver biopsies by Koliaki et al. (Koliaki et al., 2015).
This paper showed that when compared with isolated mitochondria from lean individuals, their
counterparts from obese humans with or without NAFLD had 4.3- to 5.0-fold higher maximal
respiration rates, despite similar mitochondrial content. In opposition to this, and despite the fact
that NASH patients featured higher hepatic mitochondrial mass, a 31-40% lower maximal
respiration associated with greater hepatic insulin resistance, mitochondrial uncoupling, and leaking
activity was described.

Initial adaptation to a fatty-rich environment contributes to enhance fatty acid oxidation,
which means that hypothetically, accelerating the rate of fatty acid burn by mitochondria could be
an effective therapeutic strategy. In fact, a liver-targeted mitochondrial protonophore was described
to promote a mild depolarization of the inner membrane, contributing to increase electron transfer
and fatty acid oxidation. In rodent models for NAFLD and diabetes type 2 (T2D), this approach
appears to reverse hypertriglyceridemia, hepatic steatosis, insulin resistance, and hyperglycemia
(Perry et al., 2013). Another approach involved Adenovirus-mediated liver expression of a
malonyl-CoA-insensitive CPT1A (CPTImt) in a high fat/high sugar animal model, with the
ultimate objective of accelerating mitochondrial fatty acid f-oxidation. This approach was able to
reverse insulin resistance and glucose intolerance, although not affecting steatosis (Monsenego et
al., 2012). The important role of mitochondria in the context of NAFLD and its progression to
NASH is well demonstrated by two recent findings. One of them demonstrates that mtDNA, a pro-
inflammatory molecule per se (Boyapati ef al., 2017; Zhang et al., 2016), when released from fatty
liver hepatocytes, causes liver inflammation by TRL-9 activation (Garcia-Martinez et al., 2016),
which can be an important component of the transition between NAFLD and NASH. In another
interesting development, it was recently demonstrated that when mitochondria isolated from
hepatoma cells were injected into rodents with fatty liver, the phenotype was improved. Since
exogenous mitochondria were tagged with green-fluorescence protein (GFP), it was possible to

demonstrate accumulation in mouse liver, lung, brain, muscle, and kidney. How mitochondria
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entered the different cells and were able to maintain the integrity and restore metabolic activity was

not explained.

Bile mitochondria and aging

Bile is an aqueous solution containing organic solutes, inorganic electrolytes, and trace
amounts of proteins. The three classes of biliary lipids include unesterified cholesterol,
phospholipids, and bile acids (i.e., primary bile acids: cholic and chenodeoxycholic acid; and
secondary bile acids derived from 7a-dehydroxylation of the primary bile acids in the liver and by
intestinal bacteria in the ileum and colon: deoxycholic, lithocholic, ursodeoxycholic,
sulfolithocholic, and 7a-oxo-lithocholic acids) (Di Ciaula et al., 2017a). Earlier studies have shown
that hepatobiliary function as assessed by bile flow and bile acid secretion decline with age in male
inbred rats (Schmucker et al., 1985). Moreover, a number of liver enzymes are involved and
affected by aging (Schmucker, 2001). Choi et al. (Choi et al., 1987) has found a significant
decrease in the enzymatic activity of cholesterol 7a-hydroxylase in rats 5 to 32 weeks of age. In the
study by Wang (Wang, 2002), gallstone-susceptible C57L mice and resistant AKR mice of both
genders split into young adult, older adult, and aged groups (8, 36, and 50 weeks of age,
respectively) were each fed a lithogenic diet for 8 weeks. Increasing age augments biliary secretion
and intestinal absorption of cholesterol, while reducing hepatic synthesis and biliary secretion of
bile acids. Einarsson et al. (Einarsson et al., 1985) analyzed biliary lipid composition in 60 healthy
lean and gallstone-free subjects of various ages and both genders. They found a positive correlation
between age and cholesterol saturation index and a negative correlation with bile acid synthesis and
the pool size of the cholic acid. A role for a decline in the enzymatic activity of cholesterol 7a-
hydroxylase and 7a-hydroxylated cholesterol (as a marker of bile acid synthesis) has been
advocated in humans by the study of Bertolotti et al. (Bertolotti et al., 1993). By contrast,
Valdivieso et al. (Valdivieso et al., 1978) found increased proportion of biliary cholesterol and
lithogenic index in gallbladder bile of elderly female Chilean patients without significant changes in
bile acid metabolism.

Additional age-dependent changes in lipid metabolism include a decrease of hepatic clearance
of HDL-cholesterol in older rats (Bravo et al., 1994). Lipophilic and secondary bile acids,
moreover, are able to change the membrane composition of hepatocyte mitochondria (where the
inner membranes harbor the cytochrome P450 oxido-reductase system). Thus, changes in the
membrane fatty acid composition leads to a decrease of the activity of the mitochondrial enzyme
system; this step makes enzymes, defective in handling free radicals which originate during the

normal process of energy production and detoxification. As a consequence, free radicals may attack
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membrane polyunsaturated fatty acids to initiate and propagate lipid peroxidation, leading to

formation of aldehydic lipid peroxidation products (Pandey , Shukla, 2000).

Gallstones, mitochondria and aging

Increasing age is associated with increased risk of gallbladder stones of either types, i.e.,
cholesterol and pigment stones (Palasciano et al., 1989; Portincasa et al., 2006; Portincasa , Wang,
2015, 2016). 1t is estimated that the prevalence of gallstone disease is about 50% in females aged
70-75 and in males aged 80-85 (Diehl, 1991; Sama et al., 1990). Pigment stones account for about
20-25% of all gallstones, and form as a consequence of abnormalities in bilirubin metabolism
arising in the gut-liver axis. The most common risk factors are hemolytic anemias, liver cirrhosis,
Crohn’s disease, or extended ileal resection, biliary infection, cystic fibrosis, vitamin B12/folic acid
deficient diets, and genetic factors due to UGT1A1 mutation. Age per se represent a risk factor for
such biliary diseases. Cholesterol gallstones represent about 75-80% of all gallstones in western
societies, and are due to at least five pathogenetic defects: 1) genetic factors and LITH genes; 2)
hepatic hypersecretion of biliary cholesterol, leading to non-physiological and sustained
supersaturation of gallbladder bile with cholesterol; 3) accelerated phase transitions of cholesterol
in bile; 4) hypomotile gallbladder harvesting the immune-mediated inflammation, as well as
hypersecretion and accumulation of mucin gel in the lumen; and 5) increased absorption of
cholesterol at the small intestinal enterocyte level (Wang et al., 2017a; Wang et al., 2017b; Wang et
al., 2017 pp. 1-676).

A more detailed analysis of the elegant study by Wang (Wang, 2002) found that on the
lithogenic diet, cholelithiasis prevalence, gallbladder size (i.e., a marker of gallbladder hypomotility
and stasis), biliary lipid secretion rate, and HMG-CoA reductase activity (i.e., a marker of
cholesterol biosynthesis in the liver) are significantly greater in C57L mice of both genders
compared to those in AKR mice. The activity of cholesterol 7a-hydroxylase (i.e., a marker of
hepatic bile acid synthesis) is significantly lower in C57L mice than in AKR mice. Of note,
increasing age augments biliary secretion and intestinal absorption of cholesterol, while reducing
hepatic synthesis and biliary secretion of bile acids, and decreasing gallbladder contractility. Putting
these data together, it is clear that all the above-mentioned age-dependent factors greatly increase
susceptibility to cholesterol cholelithiasis in C57L mice. Mitochondria might play a role in some
steps of lithogenesis. Biliary proteins and their redox status have been demonstrated by our group in
gallstone patients undergoing cholecystectomy and serial analyses of bile composition and
crystallization (Grattagliano et al., 2009). The role of gallbladder contractility during fasting and

postprandially is essential in preventing stasis of cholesterol supersaturated bile and precipitation of
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either cholesterol crystals or bilirubinate pigments (Di Ciaula et al., 2017b; Portincasa et al., 1994;
Portincasa et al., 2004; Portincasa et al., 2006). Mitochondrial Ca®>"" handling is implicated in
spontaneous rhythmic activity in smooth muscle and interstitial cells of Cajal. Indeed, disruption of
the mitochondrial membrane potential (by carbonyl cyanide 3-chlorophenylhydrazone, carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone, rotenone, and antimycin A) reduced or eliminated
action potentials, Ca>"" flashes, and Ca>"" waves in typical of the gallbladder smooth muscle. Data
suggest that mitochondrial Ca*"" handling accounts for spontaneous electrical activity, a step
involved in gallbladder tone and motility (Balemba et al., 2008). Gallbladder mitochondria are also
involved in other pathways such as drug-mediated effects on apoptosis during tumorigenesis in cells
and mice (Bao ef al., 2014; Li et al., 2015a; Liu et al., 2013; Shu et al., 2014; Wang et al., 2014;
Weng et al., 2014) and treatment with oxysterols causing cytochrome c release in the dog (Seo et
al., 2004). Both aspects are potentially linked to the aging process of the gallbladder with or without
stone-formation ability. Accumulation of gut-microbiota-derived secondary bile acids in the aging,
hypomotile gallbladder, moreover, by virtue of their lipophilic action, might change the membrane
composition of and contribute to gallbladder carcinogenesis (Pandey , Shukla, 2000).
Epidemiological and clinical investigations have clearly demonstrated that during the aging
process, a person progressively loses the ability to maintain normal physiological functions due to
structural alteration of cells or dysfunction of vital organs such as the liver. Aging is a major risk
factor for most chronic hepatobiliary disorders because the volume and blood flow of the liver
progressively reduce with age. As the elderly population is increasing due to an extended lifespan,
the number of elderly patients with complicated hepatobiliary diseases has grown in the past
decades. New and effective strategies for enhancing liver functions should be extensively

investigated to improve life quality of human beings.

Copper toxicity in age-related diseases and Wilson disease

The redox active transition metals copper and iron are fundamental for vital enzymes (Festa,
Thiele, 2011; Winter et al., 2014). However, upon overload they might become cell-toxic if
uncontrolled redox activity occurs. Here we restrict ourselves to the detailed discussion of copper.
Aqueous free copper (and iron) may catalyze the formation of hydroxyl radicals (OH-) via Fenton-
and Haber-Weiss-based chemistry causing the subsequent damage to proteins, DNA and lipids that
result in cell death (Figure 5) (Leonard ef al., 2004). However, under physiological conditions, this
redox activity is prevented by the tight incorporation of copper into the active sites of various vital
enzymes that results in the absence of intracellular free copper pools (Kaim , Rall, 1996; Lippard,

1999; Rae et al., 1999; Rubino , Franz, 2012). At present, 54 copper-binding or transporting
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proteins have been identified in the human proteome. Together they ensure the safe transport of the
transition metal to the target enzymes (Blockhuys et al., 2017). Protein copper binding occurs
mainly via cysteine residues (e.g., metallothionein), but can also be performed by histidine (e.g.,
ceruloplasmin) or methionine (e.g., copper transporter Ctrl) residues (Koch et al., 1997). In cells,
the most important copper dependent enzyme resides in mitochondria, the cytochrome ¢ oxidase
(complex IV) that is responsible for proper cell respiration and oxidative phosphorylation (Wainio
et al., 1959). In serum, the transition metal is mainly present tightly bound to the ferroxidase
ceruloplasmin (around 70%), with a small part (around 30%) available as so called “free” or
“loosely bound” copper associated to amino acids or albumin (Linder, 2016).

Under pathological situations, the tight regulation of copper uptake, distribution and
excretion can be disturbed leading to increased free copper levels that are highly detrimental to
cells. Age-related diseases like AD, PD, diabetes, cardiovascular diseases and cancer have been
suggested to be associated with increased serum free copper levels (Brewer, 2010). For example, in
AD, high free copper serum levels (e.g., due to increased copper uptake via drinking water) were
linked to an increased risk for cognitive decline (Sparks , Schreurs, 2003; Squitti , Polimanti, 2013).
It was shown, that copper interacts with the characteristic beta-amyloid plaques resulting in
increased ROS production and neuronal death (Huang et al., 1999). Besides this “direct” impact of
copper on AD progression, copper was also found to oxidize low-density lipoprotein receptor-
related protein responsible for the efflux of beta-amyloid from the brain (Singh et al., 2013).
However, there are also conflicting studies reporting a reduced beta-amyloid production by addition
of dietary copper in mice (Bayer et al., 2003) and a correlation between cognitive decline and low
copper plasma concentrations in patients with mild to moderate AD (Pajonk er al., 2005).
Additionally, high serum copper levels may be associated with an increased risk for several types of
cancer, e.g., lung cancer, neoplastic kidney tissue, leukaemia and hepatocellular carcinoma
(Hrgovcic et al., 1973; Karcioglu et al., 1978; Mateo et al., 1979; Poo et al., 2003). Though,
whether high copper levels are a cause or “bystander” effect of these malignancies is still under
investigation. Thus, at present, future studies have to further substantiate the link between free
copper and age-related diseases.

In contrast to the mentioned diseases, copper overload (especially in the liver) is a well-
established cell-death causative feature in Wilson disease (WD) (Bearn, 1953; Cumings, 1948). In
WD, the hepatocyte demise is linked to copper induced mitochondrial dysfunction. WD is an
autosomal inherited disorder caused by mutation(s) in the gene encoding for the copper transporting
ATPase ATP7B (Gitlin, 2003; Tanzi et al., 1993). In hepatocytes, this protein facilitates the
transport of excess copper into the bile (Bull et al., 1993). In WD patients, the dysfunction of
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ATP7B results in the accumulation of massive amounts of copper, primarily in the liver and brain.
If untreated, WD is fatal (Liver., 2012).

Mitochondria were identified as first responders in WD patients as well as in WD animal
models. In WD, mitochondria present with dramatically increased copper levels (humans (Sokol ef
al., 1994), animal models (Lichtmannegger et al., 2016; Zischka et al., 2011)), structural
abnormalities ranging from distorted cristae structure to electron-dense inclusions and detachment
of the inner and outer membrane (humans (Sternlieb, 1968, 1992; Sternlieb , Feldmann, 1976),
animal models (Huster et al., 2006; Lichtmannegger et al., 2016; Roberts et al., 2008; Sternlieb et
al., 1995; Yurkova et al., 2011; Zischka et al., 2011)), decreased ETC complex activities (humans
(Gu et al., 2000), animal models (Roberts et al., 2008; Sauer et al., 2011)) and a reduced ATP
production capacity (animal models (Lichtmannegger et al., 2016)).

These structural and functional alterations are accompanied by the direct attack of copper on
mitochondrial protein/peptide thiol residues (Nakamura , Yamazaki, 1972; Zischka et al., 2011).
Moreover, treating intact liver mitochondria with copper (in the presence of reducing agents like
DTT or GSH) resulted in WD mitochondrial phenotypes (Zischka et al., 2011). This latter finding
questions the hypothesis that ROS (resulting from copper-based Fenton reaction) are primarily
causative for mitochondrial structure changes, although such ROS might be relevant in subsequent
mitochondrial destruction (Lichtmannegger et al., 2016; Zischka et al., 2011). It rather appears that
thiol-residues in scavenging proteins like metallothionein but also in vulnerable enzymes like the
ATP synthase (complex V) are prime copper targets (Duncan et al., 2006; Yagi , Hatefi, 1987).
Detrimental outcomes by such mitochondrial functional depletion together with persistent copper
overload may consequently pave the way for further mitochondrial and subsequently cellular
destruction.

Studies in WD patients described a reduced antioxidative defense system (reduced GSH,
GST, SOD1/2) (Bruha et al., 2012; Nagasaka et al., 2006; Summer , Eisenburg, 1985), decreased
levels of Vit-E in the serum (that correlated with free copper serum level) (von Herbay et al., 1994)
and mitochondrial DNA deletions (Mansouri et al., 1997). Additionally, aconitase activity, a
classical mitochondrial marker for ROS damage to proteins was reduced (Gu et al., 2000). These
findings were further confirmed by studies in WD animal models. Here, an increased lipid
peroxidation (Kumar et al., 2016; Ohhira et al., 1995; Rui , Suzuki, 1997; Samuele et al., 2005;
Yamada et al., 1992; Yamamoto et al., 1999), DNA damage (Chung et al., 1999; Nair et al., 1996;
Yamamoto et al., 1993; Yu et al., 2016), decreased anti-oxidative defense system (GPx, GSH)
(Kumar et al., 2016; Samuele et al., 2005; Yamamoto et al., 1999) as well as reduced free protein

thiols were described (Samuele et al., 2005; Zischka et al., 2011). Thus, oxidative damage is clearly

42



associated with WD. However, it needs to be emphasized that these features mostly appear in WD
patients or animal models at severe liver damage, i.e., at late disease stages.

Importantly, diverse therapy strategies addressing increased oxidative stress in WD were
evaluated in animal models, in particular the LEC rat. Here, a surplus of Vit-E resulted in later
onset of hepatitis and reduced lipid peroxidation in male rats compared to control animals
(Yamazaki et al., 1993). In contrast, Hawkins et al. described no effect of Vit-E and B-carotene, but
a delayed onset of jaundice and decreased mortality in animals with enforced administration of
proline (80%) and Vit-C (65%) (Hawkins et al., 1995). Another strategy used by Yamashita and
colleagues was the use of the spin-trapping antioxidant phenyl butyl nitrone that resulted in reduced
lipid peroxides and delayed hepatitis and mortality (Yamashita et al., 1996). This finding was
further underlined by studies of Asanuma et al., who described delayed hepatitis, reduced lipid
peroxidation and decreased oxidative DNA damage in treated animals, while the liver copper level
was unaltered (Asanuma et al., 2007). Additionally, unsaturated fatty acids, e.g. linolenic acid and
linoleic acid, reduced the incidence and onset of hepatitis (Shibata et al., 1999) and increased
animal survival by stimulation of bile acid synthesis (Du ef al., 2004). However, curcumin (Frank et
al., 2003), quercetin and phytic acid (Kitamura et al., 2005) failed to increase survival or reduce
liver damage. In contrast, DL-alpha lipoic acid, a dithiol containing cofactor of the pyruvate
dehydrogenase complex of mitochondria, reduced liver damage and increased the anti-oxidative
defense capacity by upregulation of glutathione peroxidase and reductase (Yamamoto et al., 2001).
Additionally, NAC, a prodrug to cysteine and therefore a precursor for glutathione, reduced liver
copper and overall liver damage mainly due to metal chelation rather than ROS scavenging
(Kitamura et al., 2005). Additionally, fermented brown rice (Shibata et al., 2006) and coffee
(Katayama et al., 2014) were tested to reduce liver damage in LEC rats. Both treatment options
were able to prolong survival. Whereas fermented brown rice reduced the incidence of hepatitis,
coffee delayed the onset of hepatitis in treated animals compared to untreated rats.

In conclusion, the redox active transition metal copper may be highly detrimental to cells
upon toxic overload. While such a role is currently under debate in age-related diseases like AD,
there is ample evidence of its destructive power on hepatic mitochondria in WD. With respect to the
toxic mode of action of copper on mitochondria, susceptible thiol residues appear as early copper
targets. In agreement, treatment regimens that affect the intracellular thiol status (DL-alpha lipoic
acid, N-acetylcysteine) were able to increase survival by delaying hepatitis onset or decreasing
hepatitis incidence. In contrast, radical scavengers that would counteract a (Fenton chemistry based)

ROS burden (e.g., Vit-E, phenyl butyl nitrone) only showed slight effects on WD progression.
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Nevertheless, such oxidative stress damage may be present in WD patients and animal models with

late stage disease.

Mitochondria, Mitochondrial Associated Membranes, ROS and diabetes in aging

Type 2 diabetes is multifactorial disorder characterized by chronic hyperglycemia due to
impaired insulin secretion from pancreatic f-cells and insulin resistance in target tissues. Nowadays
it is estimated, that up to 70-90% of patients with T2D are overweight or obese with aging being an
important contributing factor (Al-Goblan et al., 2014). Particularly, excessive lipid intake or age-
related prolonged ectopic fat deposition in tissues is believed as the primary reason for insulin
resistance development, the islet dysfunction and disease progression (Janikiewicz et al., 2015;
Szymanski et al., 2017). There is now ample evidence that diabetes and obesity-related metabolic
dysfunction can accelerate the progression of other age-related diseases and pathologies in both
mouse models of disease as well as normally aging mice (Butterfield et al., 2014; Farr et al., 2008;
Morrison et al., 2010). For example, several reports have shown high fat diets, or insulin resistance,
can accelerate learning and memory loss as well as neurodegeneration in different mouse models of
AD (Kadish et al., 2016; Knight et al., 2014; Maesako et al., 2015; Morrison et al., 2010; Petrov et
al., 2015). It is thus possible that obesity-related insulin resistance may be accelerating the aging
progression (Salmon, 2016), and mitochondria and oxidative stress may play important role in this
process.

Mitochondria associated membranes are important hubs for insulin signaling due to several
proteins that were detected at the MAM location, including protein kinase AKT, mTORC2,
phosphatase and tensin homolog deleted on chromosome 10 (PTEN) (Tubbs , Rieusset, 2017);
however such interconnection awaits further investigations. Since T2D is associated with alterations
in lipid metabolism and ER-mitochondria contact sites foster lipid species exchange between these
organelles, it is a favorable hypothesis that MAM integrity and action participate to lipotoxicity in
diabetes. In fact, MAM integrity was required for insulin signaling and it was altered in palmitate-
induced insulin resistant HuH7 hepatic cells, as well as in liver of leptin-deficient ob/ob mice and
high-fat and high-sucrose fed mice. Furthermore, disruption of MAM integrity by genetic or
pharmacological inhibition of MAM-residing protein cyclophilin D induced insulin resistance in
animals, and led to aberrant insulin signaling in human primary hepatocytes. Enhancement of MAM
formation restored hepatic insulin signaling and action of HuH7 cells and in diabetic mice (Tubbs e?
al., 2014). In addition, an abnormal increase in MAM formation was reported in livers of ob/ob, and
high-fat fed mice, alongside mitochondrial calcium overload, compromised mitochondrial capacity

and augmented oxidative stress (Arruda ef al., 2014).
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Oxidative stress is considered one of the major risk factors in the onset and progression of
T2D. Since the 1960s (Giugliano ef al., 1996) hyperglycemia has been hypothesized to contribute to
oxidative stress either by direct production of ROS (Nishikawa et al., 2000) or by altering the redox
balance. It has been demonstrated that hyperglycemia induces an increased polyol pathway flux and
increased intracellular formation of advanced glycation end-products, and contributes to an
oxidative stress environment by activating PKC and causing overproduction of superoxide via
mitochondrial ETC (Brownlee, 2001). As emphasized in this review, mitochondria play an
important role in the maintenance of cellular redox status, thereby acting as a ROS and redox sink
and limiting NADPH oxidase activity. The main sources of mitochondrial ROS under physiological
conditions are complexes I and III, which produce O,*" mainly on the matrix side, where it is
rapidly transformed into H,O, by SOD2. Brownlee and colleagues proposed that the mitochondrial
transport chain plays a key role in hyperglycemia-induced overproduction of superoxide and in the
development of secondary complications such as endothelial dysfunction (Brownlee, 2005). Using
p" cells lacking functional ETC, they demonstrated that the effect of hyperglycemia on ROS
production was completely lost. Another study by Nishikawa discovered that T2D alters the
primary site of superoxide generation such that complex II becomes the primary source of electrons
contributing to superoxide formation under diabetic conditions (Nishikawa et al., 2000). Yoon and
colleagues (Yu et al., 2006) found that dynamic changes in mitochondrial morphology are an
important factor contributing to ROS overproduction under high glucose (HG) conditions.
Mitochondria become rapidly fragmented in HG concentrations with a concomitant increase of
ROS. These findings suggest that mitochondrial dynamics may influence ROS overproduction in
diabetes, obesity, and other related disorders.

Conventional antioxidants neutralize ROS on a one-to-one basis, while hyperglycemia-
induced overproduction of superoxide is a continuous process. Riley (Salvemini et al., 1999)
proposed a novel type of antioxidant, a catalytic antioxidant, such as SOD/catalase mimetic, which
works continuously, similar to the enzymes for which these compounds are named. However, SOD
is not yet in widespread use in human clinical medicine due to some obstacles: none of the three
human SODs possess the necessary pharmacological properties to make it a clinically useful
therapeutic agent (McCord , Edeas, 2005).

Another source of ROS in diabetes is NADPH oxidase. This enzyme has been implicated as
a major source of ROS generation in the vasculature in response to high glucose and advanced
glycation end-products (Thallas-Bonke et al., 2008). This study suggests that blockade of NADPH
oxidases is a valid intervention to consider for combating established diabetic nephropathy. A study

by Li & Shah (Li , Shah, 2003) supports the theory that NADPH is a mediator of diabetic
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complications and its action can be suppressed by a variety of PKC inhibitors, implicating this
family of kinases in the regulation of hyperglycemia-induced NADPH oxidase activity. Production
of ROS from mitochondria has received great attention, and it is now becoming clear that it may be
regulated under physiological conditions and plays and important role in redox signaling. A recent
work by Darley-Usmar and colleagues (Chacko et al., 2010) hypothesize that MitoQ, the most-
studied mitochondria-targeted antioxidant, decreased mitochondrial ROS production and showed
beneficial effects in diabetic nephropathy. In this study, Ins2"*"*/ mice were selected as a model
of diabetes, showing a dysfunction in pancreatic B-cells, to test the potential benefits of MitoQ
therapy. This mouse model develops insulin resistance over time and has many of the
characteristics of chronic hyperglycemia (Barber et al., 2005; Bugger et al., 2008). Of the potential
compounds available, the ubiquinone analogue MitoQ has received particular attention, since it is
orally bioavailable, has low toxicity and reaches concentrations of 200-700 pmol/g of weight in the
tissue of a number of organs, including the kidney. The treatment seems to protect mitochondrial
redox signaling from hyperglycemia-induced alterations and would thereby ameliorate diabetic
nephropathy. Another study by Wang and colleagues proposes the use of vanadium compounds in
therapeutic treatment of diabetes and in cancer prevention (Zhao et al., 2010).

Mitochondria also play an important role in B-cell function as insulin release in response to
glucose levels and in the sensing of oxygen tension in the carotid body and pulmonary vasculature,
two events involved in diabetes pathologies (Duchen, 2004). One of the hypotheses for induction of
B-cell dysfunction focuses on changes in the expression and function of UCP2. The inner
mitochondrial membrane UCPs are thought to be major facilitators of uncoupled respiration and
may modulate the pathophysiology of diabetes (Sack, 2006). It has been proposed that UCP activity
and expression contribute to an increase in superoxide formation under diabetic conditions (Krauss
et al., 2003). UCP2 is thought to negatively regulate glucose-stimulated insulin secretion by
reducing the amount of ATP produced (Figure 6). Another member of this family, UCP3, seems to
have a positive role in T2D. This isoform, very enriched in skeletal muscle, is downregulated in
pathologic condition and conversely increased in response to exercise training. UCP3 confers
resistance against oxidative stress and the genetic deficiency of UCP3 in primary skeletal myocytes
results in excess ROS levels under normoxic and hypoxic conditions (Lu , Sack, 2008). To test
whether the induction of UCP3 could modulate insulin sensitivity, a skeletal muscle transgenic
mouse line harboring the human UCP3 gene was created (Clapham et al., 2000). These mice are
hyperphagic and lean with diminished adipose tissue mass, a phenotype consistent with uncoupled
mitochondrial oxidative phosphorylation. Despite this, knock-out mice for UCP3 showed some

divergent effects, i.e. glucose tolerance improvement, suggesting how the beneficial role of UCP3
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may be skeletal muscle specific (for an intriguing discussion on molecular manipulation of
mitochondrial metabolism and diabetes, see (Pagel-Langenickel et al., 2010)).

Cells and tissues contain antioxidant defense mechanisms, which maintain their redox
balance and aid in preventing the accumulation of ROS. T2D is associated with reduced levels of
antioxidants such as GSH, Vit-C, and Vit-E (Jain, 1998). Thus, antioxidant therapy has been of
great interest as a means to combat oxidative stress in diabetic patients. However, these treatments
lack broad therapeutic effect across the patient population (Ceriello , Testa, 2009). Nevertheless, the
current data rise an important, and rather unexplored, question of whether antioxidant treatment
could be used in obese patients with metabolic dysfunction to prevent the progression of additional
co-morbidities or slow the acceleration of the aging process caused by insulin resistance and

chronic inflammation.

Mitochondria, ROS, cardiovascular pathology and aging

Cardiovascular diseases (CVDs) are multifactorial, but several lines of evidence suggest that
mitochondrial dysfunction contributes to their pathophysiology. The underlying mechanisms appear
to involve not only damage to the organelle and loss of bioenergetic function, but also disruption of
mitochondrion-dependent redox-signaling pathways. Mitochondria are considered a major source of
ROS and loss of control of their formation leads to mitochondrial oxidative damage and
dysfunction; mitochondria are also important targets for ROS. ROS can lead to the activation of
pathways that control cell differentiation and apoptosis, both of which are mechanisms of particular
relevance to CVDs. Indeed, mitochondrial oxidative damage has been implicated in a range of
degenerative conditions that include CVDs, namely atherosclerosis, hypertension, heart failure and
ischemia/reperfusion (I/R) injury (Figure 7) (Delles et al., 2008; Di Lisa , Bernardi, 2006;
Madamanchi , Runge, 2007; Misra et al., 2009).

Some of the most compelling evidence that mitochondrial ROS is a causative agent in the
development of CVDs in vivo comes from experiments using transgenic mice to alter expression of
mitochondrial antioxidant proteins. Initial experiments using genetic knockouts showed that mice
lacking SOD2 produce huge amounts of mitochondrial ROS and develop cardiomyopathy within
the first weeks of birth (Li et al., 1995; Schriner et al., 2005). Nowadays it is widely accepted that
deficiencies in mitochondrial antioxidants and/or regulatory proteins that modulate mitochondrial
oxidant production promote the onset of CVDs. In a recent work Nox4, a member of the NADPH
oxidases (Nox) family expressed primarily in the mitochondria in cardiac myocytes, was reported to
be a major source of superoxide production in the cardiovascular system. Nox4 mediates cardiac

hypertrophy and heart failure in response to pressure overload. Upregulation of Nox4 increased
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mitochondrial superoxide thereby directly mediating oxidative stress, mitochondrial dysfunction
and myocardial cell death during pressure overload-induced cardiac hypertrophy. Since expression
of Nox4 is upregulated by cardiac stress, including pressure overload, heart failure and aging, it
could become an ideal target for pharmacological interventions to in the heart (Kuroda et al., 2010).
Another study shows sex differences in the phosphorylation of mitochondrial proteins, including
aldehyde dehydrogenase 2 (an enzyme that detoxifies ROS-generated aldehyde adducts) and o-
ketoglutarate dehydrogenase (one of the major source of ROS generation), resulting in a reduced
production of ROS and cardioprotection in females (Lagranha et al., 2010). In addition, mtDNA
damage is increased in cardiovascular tissues of CVD patients, and it has been established that
mtDNA mutations lead to increased ROS production (Aliev et al., 2002).

ROS may be both a cause and an effect of hypertension, since increased blood pressure has
been associated with an excessive endothelial production of superoxide and H,O; in both animal
models and humans with increased blood pressure (Puddu et al, 2008). The participation of
mitochondria in the pathogenesis of hypertension is also suggested by the involvement of UCPs in
experimental and human hypertensive states (Table 2). In mice with doxycycline-inducible
expression of UCP1 in arterial walls, UCP1 expression increases superoxide production and
decrease the biological availability NO, causing increased blood pressure (Bernal-Mizrachi et al.,
2005). Also, a common polymorphism of the UCP2 gene has been associated with hypertension (Ji
et al, 2004); however, since the hypertension-associated allele was reported to increase
transcription of the UCP2 gene, and UCP2 is known to diminish ROS production and emission
from mitochondria (Teshima et al., 2003), oxidative stress seems unlikely to be a link between the
polymorphism and hypertension. ROS also underlie much of the endothelial cell (EC) damage
related to heart disease (Davidson, 2010). Damage to the endothelium contributes to the
development of atherosclerosis, and hence to possible myocardial infarction and subsequent heart
failure. EC have relatively little dependence on oxidative phosphorylation for ATP production,
however endothelial mitochondria are centrally involved in maintaining the fine regulatory balance
between mitochondrial Ca®* concentration, ROS production, and NO. Moreover, a general principle
appears to be emerging in which mitochondrial ROS signals to other cellular sources, triggering
ROS production from these. For example, angiotensin-II, hyperglycemia, or hypoxia, each
increases mitochondrial ROS production in EC, which then stimulates NADPH oxidase via
activation of mitogen-activated protein kinase (MAPK). Furthermore, a ‘reverse’ pathway, in which
ROS produced by NADPH oxidase leads to increased mitochondrial ROS production (via
activation of mitochondrial Karp channels, matrix swelling and alkalization) may also exist,

suggesting a feedback amplification system (Daiber, 2010). These data demonstrate that ROS
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production by endothelial mitochondria contribute to heart disease, therefore targeted scavenging of
ROS may have various protective and beneficial effects on the heart. Interestingly, ROS play a
pivotal role in atherogenesis, which is one of the major factors in the development of heart failure.
Oliveira et al. (Oliveira et al., 2005) have shown that mitochondria from atherosclerosis-prone
hypercholesterolemic LDL receptor knockout mice have oxidative phosphorylation efficiency
similar to that of control mice, while their net production of ROS and susceptibility to developing
membrane permeability transition are both higher. Indeed, it has been demonstrated that exposure
of endothelial cells to oxidized lipids such as oxLDL induces ROS/ reactive nitrogen species (RNS)
formation (Zmijewski et al., 2005). Recently, overexpression of mitochondrial thioredoxin (Trx2)
in the endothelium has been proven to protect from atherosclerosis (Zhang et al., 2007).

ROS production is also a feature of ischemia and is implicated in the pathogenesis of I/R
injury (Misra et al., 2009). In acute myocardial infarction, two distinct types of damage occur to the
heart: ischemic injury and reperfusion injury. The first results from the initial loss of blood flow and
the second from the restoration of oxygenated blood flow. To maintain the MMP when O, is
lacking, mitochondria hydrolyse ATP; this activity destroys any available ATP, favors Ca*"
accumulation, and increases the generation of ROS. During ischemia, ROS are generated in the
myocardium, at complexes I and III of the ETC, and primarily formed by the degradation of
adenosine. Increased ROS production (initiated during ischemia and exacerbated upon reperfusion)
coupled with increased cellular [Ca*'] are thought to be the main causes of reperfusion injury. The
combined effects of ROS and elevated [Ca®'] lead to the opening of the PTP, which ultimately
induces apoptosis (Solaini , Harris, 2005). Ischemic preconditioning (IPC) is a very effective way of
protecting the heart from reperfusion injury. This process involves one or more short non-lethal
cycles of I/R that protect the heart against a subsequent prolonged period of ischemia. It seems clear
that IPC protects the heart by reducing oxidative stress during I/R, and that this decreases PTP
opening. However, the signaling pathways involved in mediating these effects have yet to be
elucidated and several possibilities exist. For example, UCP2 overexpression in rat neonatal
cardiomyocytes confers tolerance to oxidative stress by diminishing mitochondrial Ca*" overload
and reducing ROS generation, suggesting that UCP2 may mitigate ischemia-reperfusion injury and
be a mechanism of cardioprotection (Teshima et al., 2003). Other data demonstrate that Nitrite
(NOy), a stable endocrine pool of nitric oxide that is selectively reduced to NO in ischemic
conditions, mediates cardioprotection after I/R. The mechanism involves the inhibition of
mitochondrial complex I by S-nitrosation, leading to the inhibition of electron transport and
subsequent decrease in mitochondrial ROS generation, which limits apoptosis and cytotoxicity at

reperfusion (Shiva et al., 2007). Another possible mechanism involved mitochondrial ROS
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formation catalyzed by p66Shc; hearts from p66Shc knockout mice display decreased ROS
production and decreased myocardial injury caused by post-ischemic reperfusion. In particular the
absence of this protein involved in mitochondrial ROS formation prevented the oxidative attack of
structural components of cardiomyocytes, such as lipids and proteins (Carpi et al., 2009).

Today, oxidative stress remains an attractive target for cardiovascular prevention and
therapy. A general therapy for decreasing mitochondrial oxidative damage should be effective as a
future therapy for CVDs. Since the mitochondrial respiratory chain in the IMM is considered as
important intracellular source of ROS, a specific action of antioxidants on the mitochondrial
respiratory chain may constitute an important mechanism of cardiovascular protection. For
example, uncouplers such as dinitrophenol are protective, as they decrease MMP and thus decrease
the activity of the mitochondrial Ca*" uniporter, while FIFO inhibitors like oligomycin can
decrease wasteful ATP hydrolysis. Unfortunately, these two agents show complementary
deleterious effects: uncouplers increase ATP hydrolysis and F1FO inhibitors increase MMP and,
presumably, increase mitochondrial Ca®" uptake, thus they are used only as research tools. Other
studies seeking to counteract the deleterious effects of ROS have shown that antioxidants such as
Vit-E, CoQ10, and NAC decrease mitochondrial oxidative damage in different models. Despite, a
number of pre-clinical and clinical lines of evidence, studies testing the effects of classical
antioxidants such as Vit-C, Vit-E, or folic acid in combination with Vit-E have been disappointing.
Vit-E or CoQ are quite lipophilic and tend to be retained in cell membranes and subsequently fail to
achieve significant intracellular concentrations. NAC fails to provide significant antioxidant effect,
presumably due to its low lipid solubility and tissue distribution. As these compounds do not
significantly accumulate within mitochondria, their effectiveness remains limited. A number of low
molecular weight catalytic antioxidants, generally called SOD mimetics, have been shown to
provide some protection against I/R injury (Gianello et al., 1996). Unfortunately, again, while these
SOD mimetics are cell-permeable, they do not selectively target mitochondria.

Recent drug development efforts have focused their attention on reducing mitochondrial
oxidative stress using mitochondrion-targeted antioxidants, which show potential as future therapies
for CVDs (Figure 7). MitoVit-E, one of the first TPP" (triphenyl phosphonium cation)-conjugates,
has been shown to successfully decrease ROS production and apoptosis in bovine aortic EC
exposed to oxidative stress (Dhanasekaran ef al., 2004), but was ineffective against hypoxic—
ischemic striatal injury in neonatal rats (Covey ef al., 2006). One disadvantage of Vit-E is that it is
not a catalytic antioxidant and its scavenging activity is not regenerated. In contrast, MitoQ consists
of a TPP" covalently attached via an aliphatic linker to an ubiquinone derivative; after detoxifying

an oxidant species, it is regenerated by the respiratory chain. MitoQ concentrates several
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hundredfold within the mitochondria, is orally bioavailable, distributes to various organs, including
the heart, without adverse effects in rats or humans, and decreases mitochondrial oxidative damage
in rodent models of cardiac I/R injury (Adlam et al., 2005). Administration of MitoQ to stroke-
prone hypertensive rats improves endothelial function and attenuates cardiac hypertrophy (Graham
et al., 2009). Also a cyclosporine A (CsA) derivate, specifically targeted to mitochondria by
conjugation to a TPP', has been designed (Malouitre et al., 2010); CsA is well known to protect the
heart from reperfusion injury by preventing PTP opening, however, side effects associated with
PTP inhibitors limit their therapeutic potential. An alternative compound, called SkQ1, when
perfused through isolated heart preparations or fed to rats, was able to reduce ischemia-induced
arrhythmia and infarct size, despite the use of a concentration that was an astounding six orders of
magnitude lower than that of MitoQ (Bakeeva et al., 2008). On the other hand, the accumulation of
these lipophilic cations in the mitochondrial matrix can disrupt MMP and inhibit mitochondrial
respiration and ATP production. As a result, the therapeutic index of these molecules is rather low,
with toxic concentrations being only ~10-fold greater than effective concentrations. The utility of
TPP'-conjugated antioxidants may also be limited by their requirement of MMP for mitochondrial
uptake, especially considering that diseased mitochondria are unlikely to have normal MMP. The
SS peptides, a novel class of mitochondrial-targeted antioxidant (see above, section vii), appears to
hold great promise in the setting of anticipated ischemic intervals and may be used for minimizing
I/R injury during angioplasty, coronary bypass surgery, cardiac surgery, and organ transplantation.
SS-02, SS-31, and SS-20 have been reported to reduce myocardial ischemia-reperfusion injury in ex
vivo and in vivo studies, and in vivo studies showed that SS-02 and SS-31 both reduced cardiac
infarct size. A recent study showed that mitochondrial targeted peptide SS-31 ameliorates
angiotensin-induced cardiomyopathy through the reduction of mitochondrial ROS, and provide a
strong rationale for investigating the clinical application of SS-31 for treatment or prevention of
hypertensive cardiovascular diseases (Dai et al., 2011).

Furthermore, physical activity is another condition that increases antioxidant capacity in the
heart by augmenting ROS scavenging enzymes such as catalase, superoxide dismutase, and
glutathione peroxidase (Linke et al., 2005; Powers et al., 1994; Roh et al., 2016; Somani et al.,
1995). Heat shock proteins (HSPs) plays important role in cellular defense against oxidative stress.
It was shown that physical training induced HSP70 and HSP27 expression in trained old rats
compared to sedentary old and young rats partially counterbalanced the heart age-related effects in
the antioxidant system without altering peroxidation levels (Rinaldi et al., 2006). The antioxidant
action of exercise seems to be dependent on exercise protocol. While endurance exercise

exacerbates oxidative stress and cardiac remodeling, acute or moderate aerobic exercise training
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preserves cardiac health and prevents remodeling by maintaining myocardial defense system
through stabilizing NRF2-antioxidant signaling (Narasimhan , Rajasekaran, 2016). Although aging
hearts exhibit reduced NRF2-dependent antioxidant mechanisms, exercise training in aged mice
increases NRF2 activity and induces of its electrophile-responsive/antioxidant-responsive elements
(EpRE/ARE) target pathway to near-normal levels seen in young counterparts (Gounder et al.,
2012; Narasimhan , Rajasekaran, 2016). NRF2 also trams-activates genes of the antioxidant
response (Kang et al., 2005) and is coactivated by PGC-1a during oxidative stress (Aquilano et al.,
2013). Long- and short-term endurance exercise increases PGC-1a expression in cardiac muscle
(Bayod et al., 2012; Safdar et al., 2011) and induces mitochondrial biogenesis (Chinsomboon et al.,
2009; Safdar et al., 2011). Besides these, cardioprotective effects of PGC-1 are mediated through its
ROS-lowering effects, because PGC-1a induces glutathione peroxidase 1 and superoxide dismutase
2 and protects neural cells in culture from oxidative-stressor-mediated death (St-Pierre et al., 2006).
Moreover, (Ferrara et al., 2008) demonstrated that exercise training, which significantly increases
activity of SIRT1, a factor that plays important role in antioxidant pathways, could counteract age
related systems impairment, by activation of antioxidant systems and DNA repair and disability
(Cacciatore et al., 2004), suggesting therefore a possible role of exercise training in conditioning
lifespan. Like SIRTI1, SIRT3 protects against oxidative stress, in large part through FOXO3a-
dependent mechanisms that induce superoxide dismutase and catalase (Sundaresan et al., 2009).
Notably, these two sirtuins are upregulated during exercise in the heart and are positive modulators
of PGC-1a activity (Palacios et al., 2009; Planavila et al., 2011). The enriched oxidative status
caused by exercise training leads to number of beneficial effects, e.g. decreased arterial stiffness,
improved endothelial function and metabolic and clotting setting, and reduced body weight (Corbi
et al., 2012). Other findings derived from clinical studies show that regular physical activity
decreases cardiovascular comorbidity and mortality in adult and in elderly by restoring the
protective effect of ischemic preconditioning and partially contrasting loss of antioxidant defense in

the aged heart (Corbi et al., 2012).

Mitochondria, ROS, inflammation and aging

Recent studies highlight the important role of mitochondria, especially mitochondrial ROS
(mtROS) production, as an upstream messenger in the induction of pro-inflammatory signaling.
Inflammation initiates as a defensive immune response to pathogenic stimuli. This inflammatory
response is a protective mechanism induced by the organism to remove the injurious stimuli and to
promote the repair of damaged tissues. Dysregulation of the inflammatory response is observed in a

variety of human diseases, including diabetes, neurodegeneration and cancer. Activation of
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inflammatory processes start through the formation of the inflammasome: a high molecular weight
multiprotein complex consisting of scaffold proteins and the adaptor protein ASC that recruits and
binds caspase-1 (the initiator inflammatory caspase-1. There are four subfamilies of inflammasomes
depending on the sensor molecule: NLRP3, NLRP1, NLRC4 (NLR family, CARD domain
containing 4) and AIM2 (absent in melanoma 2) (Schroder , Tschopp, 2010). Upon activation,
inflammasomes trigger the proteolytic maturation of pro-inflammatory cytokines, such as the potent
IL-1B, to engage the immune defenses. Due to its association with numerous inflammatory
diseases, the NLRP3 inflammasome is currently the most fully characterized (Martinon et al.,
2009).

A variety of danger signals, exogenous as well as endogenous, can activate the NLRP3
inflammasome, although the mechanisms of activation are poorly understood (Baroja-Mazo et al.,
2014; Tschopp, 2011). Recent evidence suggests that mitochondria may integrate these distinct
signals and deliver information to NLRP3 inflammasomes. Zhou ef al. found that mtROS are key
signals that directly trigger NLRP3 inflammasome activation. These authors artificially induced
mtROS production, either by blocking key enzymes of the respiratory chain (complex I or complex
III) or by inhibiting mitophagy/autophagy, and demonstrated an increased amount of IL-1f
secretion (Zhou et al., 2011). In accordance with these findings, Nakahira et al. observed the
fundamental role of autophagy in regulating mtROS production, demonstrating that decreased
autophagy impairs mitochondrial homeostasis, increases mtROS levels and leads to NLRP3
inflammasome activation and IL-1f production (Nakahira et al., 2011). Moreover, treatment with
the antioxidant 4-amino-2,4-pyrrolidinedicarboxylic acid (APDC) blocked NLRP3 inflammasome
activation and IL-1p secretion (Zhou et al., 2011). Consistent with these observations, defective
mitophagy seems enhancing inflammasome activation. In fact, macrophages treated with 3-
methyladenine (3MA) or silenced of the autophagy regulator Beclin 1 and autophagy protein 5
(ATGS5) showed an hyper-activation of NLRP3 and IL-1B release upon stimulation with
monosodium urate (MSU) crystals and nigericin due to the accumulation of damaged mitochondria
and increased ROS generation, while Resveratrol treatment attenuated this effect (Wu et al., 2016).

The link between NLRP3 inflammasomes and mitochondria is further confirmed by the
subcellular localization of NLRP3 and ASC. Under resting conditions, NLRP3 is localized in the
ER but relocates to MAMs and mitochondria after inflammasome stimulation. Similarly, ASC
proteins translocate from the cytosolic fraction to mitochondria and MAM after stimulation (Zhou
et al., 2011). Based on these findings, Zhou, et al. proposed a model in which NLRP3 acts as a
sensor of mitochondrial status. This model was confirmed by evidence that NLRP3 and ASC are

required for the release of mtDNA into the cytosol, a key step for caspase-1 activation and IL-1
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secretion (Nakahira et al., 2011). Additional evidence of the intimate relationship between
mitochondria and inflammasome is sustained by the role of mitochondrial Ca™ uniporter (MCU).
Modulation of MCU expression has been shown to regulate the activation of NLRP3 inflammasome
induced by Complement complex (Triantafilou et al., 2013) or by Pseudomonas aeruginosa in lung
epithelial cells, preventing mitochondrial ROS production (Rimessi ef al., 2015).

In contrast, other data reveal a distinct role for ROS in inducing inflammatory cytokines through a
transcriptional-dependent mechanism, rather than through direct activation (van de Veerdonk et al.,
2010). Following this theory, Bulua et al. demonstrated that mtROS influence the transcription of
pro-inflammatory cytokines through the regulation of the MAPK pathway (Bulua et al., 2011;
Kamata ef al., 2005). It was found that patients with an autoinflammatory syndrome (TRAPS, TNF
receptor-associated periodic syndrome) possessed increased basal levels of mtROS in cells that are
responsible for production of IL-6 and TNF-a, independent of the NLRP3 inflammasome
activation. Indeed, increased levels of IL-6 and TNF-o were observed after inflammation induction
in the absence of NLRP3, caspase-1 or IL-1R. All of these findings underscore a common pathway
identifying mitochondria as a crucial source of ROS, driving inflammation through mechanisms
either inflammasome-dependent or inflammasome-independent. MtROS in particular, but also other
key factors in inflammation induction such as NLRP3 and IL-1f3, might be therapeutically targeted
for treating inflammatory diseases. It has already been demonstrated that blocking excessive ROS
with antioxidants reduces inflammation. Treatments with mitochondria-targeted antioxidants such
as Mito-TEMPO (Trnka et al., 2009) or MitoQ (Murphy , Smith, 2007; Villalba et al., 2010),
scavengers specific for mtROS, have been shown to reduce the secretion of IL-1f or IL-6 in vitro
(Bulua et al., 2011; Nakahira et al., 2011). Such findings are promising and warrant further study in
controlled clinical trials to confirm the in vivo efficacy of antioxidants.

Chronic inflammation is associated with physiological and pathological aging (Franceschi et
al., 2007). Jurk et al. demonstrated that nfkb! -/- mice show premature aging. In particular, their
data suggest that chronic low-grade inflammation can accelerate aging via ROS-mediated
exacerbation of telomere dysfunction and cell senescence (Jurk et al., 2014). Recently, the NLRP3
inflammasome has been shown to be implicated in several aging-related diseases like gout, T2D,
obesity and cancer. AMP-activated protein kinase (AMPK) plays a pivotal role in the control of
metabolic events involved in the pathophysiology of aging. Nevertheless, it has emerged as an
important integrator of inflammation signaling (Cordero et al., 2018). In fact, many of the various
AMPK-dependent pathways regulate NLRP3 inflammasome activation during aging. Aging has a
negative effect on the quality of immune responses, which increases the frequency and severity of

infectious diseases. Recent results demonstrate the role of inflammation and oxidative stress in age-
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related changes of immune cell survival factors in the bone marrow with an accumulation of IFN-y,
TNF, and ROS which induce IL-15 and IL-6 expression. The treatment with the ROS scavengers
NAC and Vit-C reduces cytokine levels, suggesting that antioxidants may be beneficial in
counteracting immunosenescence by improving immunological memory in old age (Pangrazzi et
al., 2017). Furthermore, osteoarthritis, a whole-joint degenerative multifactorial disorder, is
influenced by oxidative stress and aging. Cartilage of osteoarthritis patients has significantly more
ROS-induced DNA damage than normal cartilage and this damage is mediated by IL-18. The
overproduction of reactive oxygen species in osteoarthritis regulate intracellular signaling
processes, such as chondrocyte senescence and apoptosis, extracellular matrix synthesis and
degradation along with synovial inflammation and dysfunction of the subchondral bone (Lepetsos ,
Papavassiliou, 2016).

All these findings identify the ROS-mediated inflammation as a possible target in the
treatment of a wide range of aging-related diseases, suggesting the use of antioxidants, both natural

and synthetic.

Mitochondria, ROS, cell death and aging

Apoptosis, the process that allows multicellular organisms to eliminate unnecessary,
dangerous, or damaged cells without evoking inflammation or tissue damage, takes place in a wide
number of physiological and pathological events (Green , Kroemer, 2004). Its efficacy for removing
hazardous cells is circumvented in viral diseases and neoplasia by specific molecular routes. On the
other hand, the progressive occurrence of apoptosis in non-proliferating cells has been proposed as
the basis for a number of degenerative disorders, as well as in progressive loss of organ function
during aging (Green et al., 2011). Thus, understanding the control mechanisms of apoptosis is a
major goal for the development of new therapeutic approaches. Mitochondria, traditionally
considered the powerhouses that supply energy to the cells, are also considered vessels filled with
an array of weaponry that can be unleashed to promote the apoptotic signaling cascade, resulting in
the demise of the cell. Apoptotic stimuli cause the release of pro-apoptotic mitochondrial mediators
into the cytoplasm (cytochrome c, AIF, Smac/DIABLO). Their assembly with cytosolic proteins
forms a complex (apoptosome) that recruits and activates caspases leading the cell into apoptotic
death (Adams , Cory, 2002). The molecular mechanism of this release is unclear, but most likely
requires the activity of a large-conductance channel, known as the permeability transition pore,
PTP, that remains again an elusive molecular entity (Lepetsos , Papavassiliou, 2016). Main
regulators of the PTP include voltage-dependent anion channel (VDAC) in the outer mitochondrial

membrane (OMM), adenine nucleotide translocase (ANT) in the inner mitochondrial membrane
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(IMM), Cyclophilin D in the mitochondrial matrix and more recently the mitochondrial phosphate
carrier (PiC) (Leung et al., 2008). Whereas, hexokinase II (HKII), mitochondrial creatine kinase
(CK), benzodiazepine receptor (PBR), and Bcl-2-family members (Bcl-2, Bcl-xp, and Bax) are
currently included as putative regulatory components. However, despite the use of multiple
methodologies, the identity and the number of PTP’s components are still elusive, and it remains to
be clarified whether ANT and VDAC are the main components of pore or accessory. As showed
using isolated mitochondria from mice knock-out for ANT or VDAC and CypD, where a
permeability transition response to the classical inducer calcium (Ca®") was monitored, suggested a
limited role for these proteins (Baines et al., 2007; Basso et al., 2005; Kokoszka et al., 2004;
Nakagawa et al., 2005). Could be, seen its variable composition, that the structure of pore depends
on the tissue as well as the pathophysiological state (Halestrap, 2009): in fact, four homologous
genes, whose expression is not only tissue specific, but also vary according to the
pathophysiological state of the cell, encode ANT. Or VDAC, where the different isoforms appear to
rely on their ability to engage protein-protein interactions with different partners complicating
VDAC’s contribution to cell death, strictly dependent from isoform and stimulus (Cheng et al.,
2003; Rapizzi et al., 2002). These and other PTP proteins are targets of ROS, and oxidative
modifications of those proteins containing thiol groups will significantly impact PTP activation and
thus mitochondrial ions fluxes, as mentioned later (Zoratti , Szabo, 1995), (Costantini et al., 1996;
Kowaltowski et al., 2001).

In response to pro-apoptotic stimuli, including ROS and Ca*" overload, the PTP assumes a
high-conductance state that allows the deregulated entry of small solutes into the mitochondrial
matrix along their electrochemical gradient (Morciano et al., 2015). The opening of the PTP
induces mitochondrial swelling, and these large-scale alterations of organelle morphology may
allow the release of the caspase cofactors into the cytosol (Yang , Cortopassi, 1998). Evidences by
which PTP opening may accelerate aging can represent the link between PTP-driven apoptosis,
ROS and senescence. It is reported that PTP may be the culprit of the progressive age-dependent
NAD" depletion inside mitochondrial matrix (Schriewer et al, 2013) affecting DNA repair
mechanisms and the protective sirtuin pathway (Merksamer et al., 2013) prompting the cell to
senescence and death. This relationship is not univocal; indeed also aging could favor PTP opening
(Rottenberg , Hoek, 2017) giving rise to an intricate loop. Interestingly, an extracellular agonist-
stimulated Ca®" uptake by mitochondria in mouse embryonic fibroblasts (MEFs) is gradually
decreased with culture time (Figure 8). Moreover, many reports described dysregulations in Ca*"
homeostasis and mitochondrial membrane potential in aged cells in terms of calcium buffering

thresholds, that significantly decrease (Gant et al., 2015; Pandya et al., 2015) and a lowered MMP
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(Sugrue , Tatton, 2001). These changes intensify PTP opening events in senescent cells (Paradies et
al., 2013) and the liaison with age-dependent mitochondrial ROS accumulation is very strong as the
oxidation of channels and transporters like MCU (Dong et al., 2017) in which the oxidation of the
reactive thiol represented by Cys-97 showed constitutive channel activity and a consequent
mitochondrial calcium overload), the mitochondrial calcium uptake 1 (MICU1) and phospholipids
contributes to the progressive damage and dysregulation of proteins and to the exchange of radical
species between mitochondria and cytosol, where during aging, it could become the main exchange
route.

Recently, it has been proposed a multistep nature of the PTP complex opening involving
first, a disassembly of ATP synthase dimers and second, a correct rearrangement of the C-ring in
the IMM (Bonora et al., 2017; Morciano et al., 2017). This is coherent with previous findings in
which a reduced dimerization status of ATP synthase was detected in aging cells, thus prompting
them to cell death (Daum et al., 2013). Indeed, it is reported that aging is intimately related to a
decline of mitochondrial functions (Sun ef al., 2016) and young, middle-aged and senescent cells
own important mitochondrial differences in terms of IMM integrity and organization, as well as the
oxidative state of proteins, mtDNA and phospholipids; for instances, it has to be remarked that ATP
synthase in young cells is mainly detected in dimeric and oligomeric structures (Daum et al., 2013)
to fully support the energetic requirement of the cell and the correct curvature of the IMM. Recent
findings award the synthasome assembly to PTP modulators, such as CypD and generally, to
conditions preventing mitochondrial permeability transition (MPT) (Beutner et al., 2017); on the
other hand, in senescent mitochondria, a highly dynamic transition from dimers to monomers occur
(Daum et al., 2013).

Investigation of the molecular routes of apoptosis has revealed the important role of
mitochondria in decoding oxidative insults (Figure 2). In fact, oxidative stress and altered
mitochondrial function have consistently been proposed to be major determinants of lifespan, as
shown by several studies with transgenic overexpression-antioxidants systems (Parkes et al., 1998;
Sun et al., 2008), or as shown by experiments with fundamental genes for mitochondrial redox
regulation thioredoxins and glutaredoxins (Chen et al., 2002; Choksi et al., 2011; Diotte et al.,
2009; Enoksson et al., 2005; Kim et al., 2010; Nagy et al., 2008; Stanley et al., 2011). Indeed,
Mouse Embryonic Fibroblast cells (MEFs) from which p66shc has been completely depleted, are
resistant to oxidative stress induced apoptotic death (Migliaccio et al., 1999). This death is p53-
dependent, and knockout of either p53 or p66shc causes resistance, suggesting that p66shc is
downstream of p53 in the pathway (Trinei et al., 2002). In agreement with this finding, mice with

p66shc completely knocked out are resistant to paraquat, and live about 30% longer than controls.
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The relationship between mitochondria and p66shc emerged by the effective localization of the
protein to the organelle: part of the cytosolic pool translocates to mitochondria (Orsini et al., 2004).
In the intermembrane space (IMS), p66shc binds cytochrome ¢ and acts as a redox-enzyme,
generating H,O,, in turn inducing the opening of the PTP and cellular apoptosis. ROS production
by p66shc appears to be a specialized function whereby electrons are subtracted from the ETC to
catalyze the partial reduction of molecular oxygen (Giorgio et al., 2005). The redox activity of
p66shc explains the decrease in ROS levels observed in p66shc knockout cells (Migliaccio et al.,
2006), and is also responsible for an altered mitochondrial metabolism under basal conditions,
characterized by lower oxygen consumption (Nemoto et al., 2006). Clear and specific references
about p66shc and its aging activity will be addressed in detail in a next section, emphasizing pivotal
molecular proteins involved in p66shc’s signal transduction as new targets of pharmacological
therapy.

The tumor suppressor Fhit protein characterizes another pivotal mitochondrial pro-apoptotic
route (Rimessi et al., 2009) associated with oxidative-stress induction. It is absent or reduced in
many types of human tumors including lung, oesophagus, stomach, kidney and cervical carcinomas
(Croce et al., 1999). Fhit is encoded by the FHIT gene, located within a fragile region of
chromosome 3 of the human genome and is frequently altered in cancers and inactivated in cancer-
derived cell lines (Inoue et al., 1997). Direct evidence from Fhit-deficient cancer cells shows that
chemotherapy-induced cell death is accompanied by a mild response to production of ROS,
suggesting that Fhit-deficiency could negatively influence treatment outcome. In addition, Fhit loss
has been considered as a mechanism to delay cell aging due to its ability to overcome oncogene-
induced senescence (Waters et al., 2014); indeed, it is known that oncogene activation generates,
most of the time, irreversible DNA damage allowing senescence or apoptosis pathways in pre-
neoplastic cells. In this key passage, observations made in Fhit”" and Fhit”™ MEF cells, Fhit
function is highly dependent on its DNA "caretaker" role prompting p53 deregulation and avoiding
senescence once lost (Miuma et al., 2013). Although Fhit is identified as a cytosolic protein, it may
sort to mitochondria where it interacts with ferredoxinreductase (fdxr), a flavoprotein transactivated
by p53 (Trapasso et al., 2008). Through interaction with chaperones Hsp60 and HsplO,
mitochondrial Fhit modulates electron-transfer from NADPH via the activity of fdxr. The Fhit/fdxr
complex generates ROS and increases Ca®" uptake into mitochondria, potentiating the effects of
apoptotic agents (Rimessi et al., 2009). The sorting of Fhit to mitochondria is now recognized as
essential to its tumor suppressor actions in apoptosis induction. Together, these results identify a
mitochondrial signaling step at the center of the mechanisms of the anticancer action of Fhit, and

draw attention to the importance of pharmacologically regulating its intracellular sorting and
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organelle activity, as confirmed by the overexpression of mitochondrial-targeted Fhit-chimera in
tumor cells (Rimessi et al., 2009).

In recent years, an interesting role in regulating cell destiny has been identified for
autophagy (the catabolic pathway for degradation of intracellular proteins and organelles via the
lysosome) (Klionsky et al., 2016; Scherz-Shouval , Elazar, 2007). Autophagy is mainly activated by
nutrient starvation and it plays a dual role: it is primarily a survival mechanism, but it also leads to
cell death, thus possibly acting as an alternative to apoptosis (Levine , Kroemer, 2008). In contrast
to the well-documented pro-survival function of autophagy, some examples of ROS-induced
autophagy linked to cell death have been described in tumor cells. Treatments with rotenone and
TTFA (inhibitors of complex I and II, respectively) in cancer cell lines induced autophagy-
dependent cell death, displaying increased mitochondrial ROS production. Use of siRNA against
autophagy genes or the autophagy inhibitor 3-MA produces reversal of the effects of autophagic
cell death (Chen et al., 2007b). Today, the precise role of autophagy in cancer is strongly debated,
but it remains a potentially important area of development for new therapeutic interventions.
Scientific evidence supports both tumor promoting and suppressive functions for autophagy. The
exact role of it during cancer progression depends on tumor type, context and stage. Although
genetic evidences confirm a role for autophagy as a tumor suppressor mechanism, it can also
promote the maintenance of models of ovarian cancer and gastrointestinal stromal tumor (Guo et
al., 2011; Gupta et al., 2010; Lu et al., 2008). The requirement for autophagy becomes more
apparent in later stages as tumor cells cope with micro-environmental stresses encountered during
progression and metastasis (Roy , Debnath, 2010). The tumor suppressive functions are most
apparent during tumor initiation, where H-ras'*" induces different autophagic responses depending
on the duration of oncogene overexpression. After 48 hours of Ras overexpression, autophagy
inhibits cell proliferation, whereas a longer time of oncogene-overexpression, cell proliferation was
enhanced by autophagy (Wu ef al., 2011). Growing evidence suggests that in different pathological
contexts, cross-talk between apoptosis and autophagy takes place; this is intimately interconnected
during stress responses, and anti- or pro-survival effects have been shown in cancer or
neurodegenerative diseases, respectively (Codogno , Meijer, 2005; Kroemer et al., 2007). For this
reason, researchers have a marked interest in developing pharmacological regulators of autophagy
as alternative therapeutic approaches to counter the dysfunctional apoptotic response during
pathological conditions. On the other hand, in healthy conditions, growing (but not yet direct)
evidences link autophagy to aging revealing this pathway as cure-all for longevity and thus, a
landmark for therapeutic manipulations. These observations were made in many systems such as

yeast, S. Cerevisiae, Drosophila and ultimately in mammals with concordant findings that describe
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a reduced age-dependent activation of autophagy in mammals (Kaushik et al., 2012; Vittorini ef al.,
1999), in in vitro senescent cultures and isolated organs from old rodents (Cuervo , Dice, 2000). In
addition, the disruption of a type of autophagy, classified as chaperone-mediated autophagy,
promoted cell sensitivity to stress, a condition dramatically associated to decreased longevity
(Massey et al., 2006). Another proof by which autophagy could be deeply involved in an extended
lifespan derive from protein overexpression studies in which increased levels of ATGS, ATG7,
ATGS and SIRTI1 autophagy proteins prevented ER stress and oxidative insult-induced cell death,
improved glucose tolerance and clearance, and preserved motor function (Lee et al., 2008; Pyo et
al., 2013; Yang et al., 2010). Although all these observations support the hypothesis that some
forms of basal autophagy could ameliorate aging-associated dysregulated pathways, further efforts
are required to get direct and final evidences.

Redox regulation by moderate levels of ROS is also observed in autophagy. It is generally
accepted that mitochondria play a fundamental role in ROS-mediated autophagy regulation (Azad
et al., 2009; Kim et al., 2007a; Kirkland et al., 2002; Kissova et al., 2006; Xu et al., 2006). A
specialized form of the autophagy process, called mitophagy, degrades defective mitochondria.
Mitophagy helps to maintain a healthy population of mitochondria in the cell (Rimessi ef al., 2013),
and thus reduces oxidative damage (Scherz-Shouval , Elazar, 2007). Increases in cellular ROS lead
to loss of MMP, which is considered a trigger for mitophagy (Kim et al., 2007b). Under serum
deprivation, a typical decrease in MMP is observed in hepatocytes prior to engulfment by
autophagosomes, while cyclosporin A (a typical PTP inhibitor) prevents this depolarization and the
autophagosomal proliferation (Elmore et al., 2001; Rodriguez-Enriquez et al., 2009). Indeed, a
recent study showed that mitochondria provide the membrane source for autophagosome biogenesis
during the autophagy process (Hailey et al., 2010). Tracking photolabelled mitochondria showed
that fusion and fission events permitted the segregation of abnormal mitochondria, which were then
degraded by mitophagy (Twig et al.,, 2008), and that the pro-fission protein Fisl triggered

mitophagy only when associated with mitochondrial dysfunction (Gomes , Scorrano, 2008).

Mitochondrial dysfunction and oxidative stress in age related neurodegenerative diseases
Links between mitochondria and neurodegeneration have been reported for several years,
with the first hints stemming from studies of classical mitochondrial disorders. Interestingly, the
incidence of neurodegenerative diseases increases with aging, which means that some of the
mitochondrial phenotypes found in aged individuals are similar to some mitochondrial hallmarks
found in neurodegeneration. In this type of disease, mtDNA mutations lead to impairment of

mitochondrial respiration, ATP synthesis, reduction in MMP, and increased ROS production
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(DiMauro , Hirano, 2009). These defects usually cause a bioenergetic deficit in tissues with the
highest energy demand, particularly the central nervous system and muscular tissue, causing
neurological disorders, ataxia, muscle weakness, stroke-like episodes, epilepsy, and other disease
types. Similarly, deregulation of mitochondrial physiology and increased oxidative stress, often at
an early stage, have been correlated with the most common neurodegenerative diseases including
AD, PD, Huntington’s disease (HD) or Amyotrophic Lateral Sclerosis (ALS), among others (Lin ,
Beal, 2006). In all of these pathologies, mitochondria appear to be central hubs of the
pathophysiological process, due to their impaired ability for ATP synthesis and for an increased
production of ROS (Szeto, 2006). In fact, alterations of mitochondrial function as well as increased
oxidative stress were found in patients affected by these pathologies.

Loss of neurons in the hippocampus and neocortex combines with two brain alterations in
AD: the accumulation of senile plaques (composed of amyloid-B, AB) and neurofibrillary tangles
(made of the hyperphosphorylated protein tau). The principal risk factor for AD is age, but there are
also cases of autosomal dominant familial forms caused by mutations in amyloid precursor protein
(APP), presenilin-1 (PS1) or -2 (PS2). Mitochondrial abnormalities such as alterations of
tricarboxylic acid cycle enzymes, and reduced activity of respiratory complexes I, III and IV were
found in post mortem brains of patients with AD (Bosetti et al., 2002; Gibson et al., 1998; Lin ,
Beal, 2006; Reddy, 2006; Reddy , Beal, 2008). Direct evidence of oxidative stress was obtained in
the brains of early-stage AD animal models by using in vivo electron paramagnetic resonance
(EPR) imaging with methoxycarbamyl-proxyl (MCP) as a redox-sensitive probe (Fang ef al., 2016),
with these defects being associated not only with cognitive defects but also with mitochondrial
dysfunction. It has been demonstrated that AB25-35 and AB1-40 induce apoptotic cell death in
cerebral endothelial cells, and AP-neurotoxicity is associated with mitochondrial dysfunction
(increased generation of ROS, excitotoxicity, apoptosis and inflammation) (Mattson, 2000).
Moreover, AD-associated metabolic alterations have been described to alter mitochondrial
dynamics in the neurons, causing interference with local ATP and calcium gradients (Correia ef al.,
2016), as well as alterations in cardiolipin species, which may explain alterations in mitochondrial
respiratory chain activities and increased ROS generation (Monteiro-Cardoso et al., 2015). SIRT3,
a sirtuin protein has recently been shown to be decreased in the context of AD, leading to p53-
mediated negative effects on mtDNA transcription and resulting in inhibition of respiration and
increased oxidative stress (Lee ef al., 2017). As referred above, SIRT 3 is involved in the regulation
of mitochondrial respiration and oxidative stress through regulation of protein acetylation and

SOD2 expression/activity (Pereira et al., 2012).
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Rhein and colleagues showed that convergence of AP and tau on mitochondria with
associated defects in mitochondrial complexes I and IV cause disturbances in the respiratory and
energy system of "PAD mice. The same work describes that age-related oxidative stress leads to
dysfunctional energy metabolism and consequently to neuronal death (David et al., 2005; Rhein et
al., 2009). Other in vitro and in vivo studies by Keil et al demonstrated that AP induces
mitochondrial adaptation and failure in a vulnerable and dose-dependent pattern, with NO being
involved in these processes (Keil et al., 2004).

APP has an unidentified mitochondrial-signal sequence that targets it to mitochondria. A}
interacts with AB-binding alcohol dehydrogenase (ABAD), and this interaction leads to release of
cytochrome ¢ and an increase of ROS generation (Lustbader et al., 2004). Yet, it has not been
revealed if APP could be processed to AP directly within mitochondria or if processing precedes
AP translocation. The finding that AD patients display impaired mitochondrial APP translocation
and accumulation between OMM and IMM as well as evidences showing the presence of y
secretase in the mitochondrial matrix suggest that mitochondria could be a processing site for APP
and that this event is fundamental for the onset of pathology and increased oxidative stress (Devi et
al., 2006; Pavlov et al., 2011). Recently, it was proposed that overexpression of AP modifies the
activity mitochondrial fusion and fission proteins. In particular, an increase of Fisl, a decrease of
DLPI (fission proteins), and a decrease of the fusion protein OPA1 were measured. All these
alterations lead to mitochondrial fragmentation, reduction of MMP and increase in ROS generation,
most likely resulting from deficient quality control mechanisms (de Moura et al., 2010; Wang et al.,
2008b).

It was proposed that the “mitochondrial cascade” might provoke AD development due to
accumulation of mutations in mitochondrial genes which causes insufficient respiratory chain
accompanied with increased ROS production, and results in more and more severe mtDNA damage
that leads to severe oxidative stress, stimulating AB toxicity (Swerdlow et al., 2014). Although it
was not possible to identify any mitochondrial mutations causing AD, an increased number of point
mutations in mtDNA isolated from brains of AD patients, relative to controls, has been reported
(Lin et al., 2002). However, recent studies indicated such mutations appear to be effects of errors
during the mtDNA replication process rather than be caused by ROS (Hoekstra ef al., 2016). In
contrast to AD, PD is characterized by tremor, rigidity, postural instability and bradykinesia. PD is
caused by degeneration of the dopaminergic neurons of the substantia nigra, combined with
accumulation of a-synuclein- and ubiquitin-containing inclusions, called Lewy bodies, in the

surviving neurons (de Moura et al., 2010). Disordered protein handling/degradation, mitochondrial
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dysfunction and increased oxidative stress have been shown to be correlated with sporadic and
familial PD as well as Parkinsonism due to exposure to toxins or pesticides (Dagda et al., 2009).

Several neurotoxins that affect dopaminergic neurons act at the mitochondrial level and
induce oxidative stress in that organelle. One toxin is the heroin contaminant 1-methyl-4-phenyl-
1,2,3,6-tetrahydroxypyridine (MPTP), which produces a Parkinsonian phenotype (Przedborski ,
Jackson-Lewis, 1998). MPTP is converted to MPDP", and then to the active metabolite MPP+ by
astrocytes and acts as an inhibitor of complex I of the mitochondrial ETC (Langston et al., 1983),
promoting cytochrome c release from the IMM (Banerjee et al., 2009). Interestingly, both MPTP
and its metabolites, MPDP" and MPP", reveal also mutagenic properties (Ulanowska , Wegrzyn,
2006) (Ulanowska et al., 2007). Thus, one can speculate that they might potentially cause also
mutations in mtDNA, accelerating the disease development. Other compounds that inhibit complex
I and contribute to PD development include the pesticides rotenone and paraquat, commonly used
in farming. The latter acts by causing degeneration of dopaminergic neurons and increased
oxidative stress (Cicchetti et al., 2005). Chronic exposure to rotenone leads to dopaminergic
degeneration and formation and aggregation of a-synuclein and ubiquitin, as well as oxidative
damage and caspase-dependent cell death (Rego , Oliveira, 2003). Moreover, rotenone itself is
widely used as a tool for the generation of PD models in Drosophila, mice and rats. The appearance
of cytoplasmic inclusions containing alpha synuclein and ubiquitin is reported in the different
biological models, as well as dopaminergic neuron degeneration and impairment of locomotor
activity in animal models, resembling the human pathology (Blandini , Armentero, 2012; Coulom ,
Birman, 2004; Inden et al., 2011). It was reported how rotenone administration induces ATP
depletion, increased oxidative stress and death in a neuroblastoma model. Interestingly, ATP
depletion in that model, induced by exposure to 2-deoxyglucose did not induce cell death,
suggesting that ROS production is the critical event in rotenone-induced toxicity. Moreover, these
effects were abolished by overexpression of the rotenone insensitive Respiratory Complex I subunit
ND1 derived from yeast (Sherer et al., 2007). Nonetheless it has been shown that NDUFS4 KO
mice were completely insensitive to rotenone-induced neurodegeneration (Choi et al., 2008). The
results obtained appear to suggest that there are more than one binding site for rotenone in
mitochondrial Complex I (Fendel ef al., 2008), with the most relevant appearing to be ND1 (Murai
et al., 2007). Moreover, a redox-active dopamine analogue, 6-hydroxy-dopamine (6-OHDA),
induces the death of dopaminergic neurons and leads to an increase of free radicals, abolishing o-
synuclein’s role.

A new player which has been described to have an important role in an early stage of PD is

the mitochondrial LON protease. It was recently determined that Lon protease expression increased
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in the ventral mesencephalon of MPTP-treated animals, in the same time-frame as the appearance
of oxidized proteins and dopaminergic cell loss. The authors also observed a loss of Lon activity by
ROS and carbonylation in o-ketoglutarate dehydrogenase (KGDH), aconitase or subunits of
respiratory chain complexes (Bulteau ef al., 2017). Interestingly, not only Lon operates as a mtDNA
and protein quality control protein (Pinti et al., 2016; Sepuri et al., 2017), but it was recently shown
to relocate to mitochondrial-associated membranes upon different stimuli (Polo et al., 2017),
suggesting that ROS may affect mitochondrial-ER interactions in PD through inactivation of Lon,
besides avoid its quality control activity.

Recent studies demonstrated that mutations of different genes involved in mitochondrial
function or with antioxidant activities cause familial PD. The leucine-rich repeat kinase 2 (LRRK2)
is the most commonly mutated gene in the familial and sporadic type of PD (Kachergus et al.,
2005), while DJ-1, parkin and PINK-1 are involved in autosomal recessive Parkinsonism (Dagda et
al., 2009; Kitada et al., 1999).

Relatively high levels of mutant mtDNA, particularly with deletions, were reported in
dopaminergic neurons of elderly people as well as in PD patients (Bender ef al., 2006) (Kraytsberg
et al., 2006; Lin et al., 2012). Studies on animals gave quite similar results, i.e. accumulation of
deletions in mtDNA in brains, particularly in substantia nigra, of PD models (Dolle ef al., 2016;
Parkinson et al., 2014; Tzoulis et al., 2016). Moreover, depletion of mtDNA was also reported in
this disease (Grunewald et al., 2016). Thus, it is possible that mtDNA dysfunctions might
contribute to development of PD.

In HD, the abnormal expansion of polyglutamine repeats in the Huntingtin (HTT) protein
(above 40 repeats) cause aggregation of the unfolded protein that lead to neuronal degeneration in
the cortex and striatum. Similarly to PD, alterations of mitochondrial respiratory complexes
(especially II and III) were found in post-mortem brain samples (Damiano et al, 2010).
Furthermore, altered MMP in lymphoblasts from patients and augmented lactate production in brain
suggest a connection between mitochondrial dysfunction and HD. In addition, inhibitors of
respiratory complex II, such as 3-nitropropionic acid and malonate, induce a HD pathological
phenotype in animals (Beal, 1994). Mutated HTT is sufficient to decrease ATP synthesis and impair
respiratory chain activity, while overexpression of respiratory complex II subunits is enough to
recover mitochondrial function and sensitivity to apoptosis in neurons expressing a 82 glutamine
HTT (Benchoua et al., 2006). The physiological role of HTT is still under debate, although it has
been shown to co-locate with the OMM, and to regulate mitochondrial trafficking along axons
(Chang et al., 2006). Interestingly, HTT facilitates PTP opening during Ca*" stimulation in neurons
and promote ROS production upon 3-NP exposure in cybrids (Ferreira et al., 2010), suggesting that

64



mutated HTT could have a role in the regulation of ROS metabolism. In fact, the PTP has been
proposed as a major factor for mitochondrial damage in HD (Quintanilla et al., 2017).

Increased levels of DNA lesions and mutations, both base pair substitutions and deletions of
larger DNA fragments, were reported in nuclear and mitochondrial genomes of HD patients and in
animal models of this disease (summarized in (Ayala-Pena, 2013)). This suggests that mutations in
DNA, including those in mtDNA, might be important factors in development of HD. The problem
of mtDNA depletion is more complicated, as different groups reported either decreased (Liu et al.,
2008; Petersen et al., 2014) or increased (Chen et al., 2007a) levels of mtDNA in HD patients
relative to controls. Recent studies, based on testing biological material from a relatively large
population, indicated higher levels of mtDNA in leukocytes, but depletion of mtDNA in fibroblasts
of HD patients relative to healthy controls (Jedrak et al., 2017). Therefore, it was suggested that
both size of the study group, and particularly the kind of investigated tissue, as well as some
methodological and technical details important for adequate measurement of mtDNA levels, might
be responsible for differences in results published by various groups (Jedrak et al., 2017).
Nevertheless, it appears that levels of mtDNA might be changed in HD patients, while either
decreased or increased, depending on the tissue. Since mtDNA depletion has been suggested to
occur in the brain of HD patients due to ROS-generated DNA damage, and due to evident
accumulation of mutations in mtDNA and nDNA, a model of progression of HD, driven by
accumulation of mtDNA lesions caused by toxicity of mutant HTT, and resultant enhanced
production of ROS which cause mtDNA depletion, has been proposed (Ayala-Pena, 2013).
According to this model, mtDNA dysfunction leads to deficiency in mitochondrial functions and
subsequent neurodegeneration.

Similar connections between mitochondria and neurodegeneration are present in ALS.
Alterations of mitochondrial structures and number, as well as defects in respiratory chain
complexes have been observed in post-mortem samples of spinal cord. Genetic causes of ALS are
still poorly understood. Approximately 90% of ALS cases are sporadic, and of the remaining 10%
(familial ALS) only 20% are attributed to genetic disorders. These cases are linked to mutations that
alter SOD1 activity. SOD1 is considered one of the most important cellular scavengers of the
cytoplasmic superoxide anion. Recently, SOD1 presence has been confirmed in mitochondria,
particularly in the OMM and the IMS, where it may exert a scavenging activity. Apparently, its
localization to the IMS is fundamental for its correct maturation (Reddehase et al., 2009) and this
observation gains special relevance in the context of ALS. It is well known that mutant SOD1 found
in patients generates toxic aggregates (Bruijn et al., 1998). Recently, mutant SOD1 was discovered

to specifically aggregate in mitochondria and induce mitochondrial impairment and induction of
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apoptosis (Cozzolino et al., 2009). Although SOD1 mutations affect only a small fraction of ALS
patients, it is plausible that similar mechanisms involving mitochondria and oxidative stress are

responsible for the induction of pathogenesis in most of the patients.

Is preventing mitochondrial oxidative stress with antioxidants effective? — The example of
neurodegenerative diseases

As a natural consequence of the multiple connections between mitochondria, oxidative
stress and neurodegeneration, several strategies have been developed directed at reducing oxidative
stress and recovering from the pathological phenotype. Several compounds with antioxidant
properties have been shown to reduce oxidative stress and increase cell survival in in vitro systems
(Figure 9).

Lipoic acid (LA), a cofactor for pyruvate dehydrogenase and o-ketoglutarate
dehydrogenase, and N-acetyl-cysteine decrease mitochondrial oxidative stress in fibroblasts derived
from AD patients. LA used in a combination with acetyl-l-carnitine (ALCAR, a membrane
permeable form of the mitochondrial acetyl carrier carnitine) protected primary cortical neurons
against apoptosis induced by 4-hydroxy-2 nonenal (Abdul , Butterfield, 2007).

Coenzyme Q 10 (CoQ10), a fundamental cofactor in the respiratory chain with elevated
antioxidant properties, was able to protect human neuroblastoma cells from paraquat- and rotenone-
induced mitochondrial dysfunction and cell death. Similarly, the mitochondria-targeted form,
MitoQ, prevented cell death in fibroblasts from patients affected by Friedreich’s Ataxia (FA). This
molecule possesses elevated antioxidant properties, preserves mitochondrial functions and reduces
ROS formation even in Rho zero cells (lacking mitochondrial DNA).

Other mitochondria-targeted antioxidants are potentially interesting. MitoE, an analogue of
Vit-E, shows elevated scavenging activity in fibroblasts from FA patients. MitoQ and LPBNAH, a
derivative of PBN, protected neuroblastoma cells from H,O,-induced oxidative stress and Ap1-42
toxicity.

Antioxidant-based strategies also appear widely effective in animal models of
neurodegenerative disease. Natural antioxidant-like CoQ, Vit-E, creatine, and green tea polyphenols
showed protective effects in mouse models of both PD and AD (Beal, 2003). LA significantly
increased survival in HD mice models N171-82Q and R6/2 (Andreassen et al., 2001), and also
reduces oxidative stress in aged rats and reduces memory impairment in aged mice (Quinn et al.,
2007). The combination of LA and ALCAR reduced aging-related mitochondrial damage in rats

and promotes neuron survival during glutamate-induced toxicity (Nagesh Babu et al., 2011).
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Ginkgo biloba extract seems to be of therapeutic benefit in the treatment of mild dementia of
different etiology, especially as regards AD (Janssen et al., 2010). Leuner and colleagues suggest
that mitochondrial protection and reduction of oxidative stress are important components of the
neuroprotective activity of Ginkgo biloba extract (Leuner et al., 2007).

A novel class of cell-permeable small peptides that selectively partition into the inner
mitochondrial membrane and possess intrinsic mito-protective activities have been developed and
proposed as a novel class of mitochondria-targeted antioxidants. These novel peptides were
originally designed by Szeto and Schiller, and have been designated SS peptides. This class of
molecules is characterized by a structural motif that alternates aromatic residues and basic amino
acids. Contrary to MitoQ and MitoE, these aromatic-cationic peptides are taken up by mitochondria
but are not delivered into the matrix. Furthermore, uptake is not dependent on MMP (the extent of
uptake was only reduced by ~10-15% in mitochondria that were depolarized with FCCP), and is
not limited to mitochondria with normal MMP. This is a major advantage when dealing with
diseased mitochondria with a reduced MMP (Zhao et al., 2004). Animal studies indicated that these
novel mitochondria-targeted peptides have excellent pharmacokinetic properties and are relatively
free of toxicity, suggesting that they may have enormous therapeutic potential. Several different
compounds have been tested and most of them display antioxidant properties (SS-02, SS-19, SS-31)
and have been demonstrated to inhibit mitochondrial ROS production, prevent mitochondrial
swelling, and neuronal cell loss in animal models of ALS (Petri ef al., 2006) and PD (Yang et al.,
2009). Interestingly, the SS-20 peptide that does not show antioxidant properties appears to be
potent in protecting neuronal loss in a mouse model for Parkinson’s disease.

Despite the collective success of antioxidant strategies in recovering the pathological
phenotype in cells and animal systems, convincing clinical results are still lacking. In 1997, Sano et
al. published one of the first clinical studies testing compounds that protect against mitochondria-
mediated oxidative stress (Sano et al., 1997). This study was a double blind, placebo-controlled,
randomized, multicenter trial in patients with moderate severity AD. This study tested both
selegiline (an inhibitor of monoamine oxidase) and a-tocopherol (Vit-E) for two years in a total of
341 patients. Unfortunately, no significant benefits where observed.

More recently, MitoQ, considered one of the most promising mitochondria-targeted
antioxidants, was tested in a Phase 2 trial on PD patients. The double blind, placebo-controlled
study was conducted for 12 months in 128 patients, but failed to provide evidence that MitoQ could
ameliorate the pathological condition (Snow et al., 2010).

Clinical failure for the tested antioxidant therapies could be explained by many reasons.

First, the inability to measure mitochondrial damage and contributors to oxidative damage may be
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due to low bioavailability of the compound within the brain because of difficulties in crossing the
blood brain barrier. Second, the therapy is usually administered to patients in advanced stages of the
pathology, in a condition under which the scavenging activity of the compound might not be
sufficient to reverse the phenotype (as this may be due to a different, specific mechanism, at this
stage already independent of oxidative stress).

Together with mitochondrial dysfunction and oxidative stress, another characteristic
common in most neurodegenerative diseases is the presence of aggregated proteins. Examples
include: AP in AD, a-synuclein and ubiquitin in PD, mutant SODI1 in some forms of ALS, and
mutant HTT in HD. As already cited, in most of the cases, protein aggregates accumulate also in
mitochondria, promoting the increase of oxidative stress and impairment of mitochondrial
functions.

Interestingly, in rats, administration of epoxomicin or PSI, two proteasomal inhibitors, leads
to generation of an animal model of Parkinson’s disease (McNaught et al., 2004). It is well known
that proteasomal degradation requires ATP, while elevated levels of oxidative stress impair correct
protein folding and, in the case of AD, promote BACE overexpression and accumulation of A
(Tamagno et al., 2005). A model could be envisioned in which the presence of protein aggregates
can promote mitochondrial dysfunction and ROS generation. This would promote protein
misfolding and impairment of proteasomal activity, initiating a cycle leading to neuronal death and
progression of the pathology.

It should be considered that even if altered oxidative stress is a common feature of
neurodegeneration, ROS might not be generalized as toxic components, but rather act as proper
signalling molecules. The pathways of MAPK (mitogen-activated kinase), PI3K (phosphoinositide
3-kinase) and PKCs are ROS-sensitive and could promote cell proliferation in the presence of some
oxidants (Giorgi et al., 2010; Hole et al., 2010). In the presence of ROS, the PI3K pathway can
induce the nuclear respiratory factor 2, while PKCs can sustain brain remodelling and
synaptogenesis after stroke (Sun et al., 2008). Moreover, ROS also mediate cell survival through
the activation of HIFla and NF-kB. HIF1a results in glycolytic switch and reduction of respiratory
protection during stroke or hypoxia conditions (Siddiq ef al., 2005) or in HD neurodegeneration
animal models, while NF-kB maintains the expression of antiapoptotic factors such as GADD45B
and XIAP (Pahl, 1999).

Thus, it should be considered that in an oxidative environment, such as found in brain cells
from patients with neurodegenerative disease, systems are likely adapting in an attempt to survive.
Administration of antioxidants could help cells to recover their equilibrium, but could also be

helpful for stimulating pathways that manage ROS metabolism. From this point of view, the
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stimulation of Nrf2 is a promising target. This protein is normally present at low levels in the
cytosol, bound to the Cul3-based E3 ligase adaptor KEAP1. Under oxidative stress, KEAP1
undergoes conformational changes, leaving Nrf2 free to move within the nucleus. In the nucleus, it
binds to ARE and exerts its transcriptional activity to promote the expression of antioxidant genes
such as NQOI1, SOD1 and GST (Nguyen et al., 2009).

To date, sulforaphane is considered one of the most potent compounds for promoting Nrf2
activation. Sulforaphane is usually obtained from cruciferous vegetables, converted from
glucosinolate or glucoraphanin. Sulforaphane is able to oxidize cysteine residues on KEAPI,
leading to Nrf2 activation. In an animal model of stroke, administration of sulforaphane or carnosic
acid (another Nrf2 activator) led to neuroprotection and improvement of neurological functions
(Satoh et al., 2008). Furthermore, modulation of Nrf2 improved neurological impairment in animal
models of AD, HD, or after administration of the pro-Parkinsonian drug MPTP (Calkins et al.,
2005; Kanninen et al., 2009).

Investigating antioxidant strategies as therapeutic interventions in neurodegenerative disease
is a promising area of inquiry, but convincing clinical results remain elusive. The development of
such strategies should involve compounds that act on pathways controlling intracellular ROS
metabolism, including adjuvants of antioxidant compounds, as well as compounds modulating

proteasomal activity (Figure 10).

CONCLUSIONS

In addition to the well-characterized energy-producing functions, mitochondria are an
important intracellular source of ROS. Multiple mitochondrial functions and interconnections exist
between aerobic energy metabolism, generation of ROS, activation of the apoptotic pathways and
other fundamental homeostatic and signalling pathways (e.g., Ca’" homeostasis, lipid and
nucleotide synthesis). Thus, mitochondrial impairment determines various degrees of energy failure
and deregulation of ROS production. An in-depth investigation of all these effects will be the
prerequisite to identify effective strategies to counteract the deleterious and multiple consequences
of mitochondrial malfunctioning. The comprehension of the mechanisms regulating mitochondrial
physiology and homeostasis, and in particular the control of mitochondrial ROS production, may
have a significant impact for the development of novel therapies for the treatment of a wide variety
of human diseases.

However, it should be noted that many clinical trials using antioxidants (in conditions such
as cardiovascular diseases, cancer, diabetes, and neurological degenerative diseases, as well as to

slow the aging process) have provided contradictory results. Thus, although the experimental
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evidence for an antioxidant therapy is quite promising, further validation work is required. Despite
the unresolved questions about the parallel role of ROS in oxidative damage or as signaling
molecules, the causal link of mitochondria impairment in aging and associated diseases is

unequivocal.
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ABBREVIATIONS

3MA, 3-methyladenine; 4-HNE1, 4-hydroxy-2-noneal; 6-OHDA, 6-hydroxy-dopamine; 8-oxodG,
8-0x0-7,8-dihydro-2’-deoxyguanosine; AP, amyloid-beta; ABAD, Ab-binding alcohol
dehydrogenase; AD, Alzheimer’s disease; adenine nucleotide translocase, ANT; AIF, apoptosis-
inducing factor; ALS, Amyotrophic Lateral Sclerosis; AHL, age-related hearing loss; ALCAR,
acetyl-1-carnitine; AMPK, AMP-activated protein kinase; AP-1, activator protein-1; APDC, 4-
amino-2,4-pyrrolidinedicarboxylic acid; APP, amyloid precursor protein; ARE, Nrf2/antioxidant
response element; Ca®", calcium ion; [Ca®']c, cytosolic calcium concentration; [Ca®'Jm,
mitochondrial calcium concentration; CoQ10, Coenzyme Q 10; CPTImt, malonyl-CoA-insensitive
CPT1A; CR, caloric restriction; CRTC 1 - CREB-regulated transcription coactivator 1; CsA,
cyclosporine A; CT, computed tomography; CVDs, cardiovascular diseases; DA, dopamine; DAG,
intrahepatic diacylglycerol; Dnmlp, dynamin-related protein 1; Drpl, dynamin-related protein 1;
DTT, dithiothreitol; EC, endothelial cell; EDRF, endothelium-derived relaxing factor; EGF,
epidermal growth factor; EPR, electron paramagnetic resonance imaging; ER, endoplasmic
reticulum; (Ercc 1), hhe excision repair cross-complementation group 1; ETC, electron transport
chain; fdxr, ferredoxinreductase; FA, Friedreich's Ataxia; FAs, fatty acids; FFA, free fatty acids;
Fisl, fission protein 1; FRTA, Free Radical Theory of Aging; GFP, green-fluorescence protein;
GPx, glutathione peroxidase; GSH, glutathione; GST, gluthatione S-transferase; HCC,
hepatocellular carcinoma; HD, Huntington’s disease; HUVECs, Human umbilical vein endothelial
cells; HG, high glucose; HK, hexokinase; HO-1, heme oxygenase-1; H,O,, hydrogen peroxide;
HSPs, heat shock proteins; HTT, huntingtin; IDH2, NADP"-dependent isocitrate dehydrogenase 2;
IIS, insulin signaling; IMM, inner mitochondrial membrane; IMS, intermembrane space; IPC,
ischemic preconditioning; iPSC, induced pluripotent stem cells; I/R, ischemia/reperfusion; ITPR2,
inositol 1,4,5-trisphosphate receptor type 2; JNK, c-Jun NH2-terminal kinase; KO, Knockout; LA,
lipoic acid; LC3, MAPI light chain 3; LCFA, long-chain fatty acids; LRRK2, leucine-rich repeat
kinase 2; MAMs, mitochondria associated membranes; MAPK, mitogen-activated protein kinase;
mitochondrial assembly regulatory factor (Marf); MDA, malondialdehyde; MEFs, mouse
embryonic fibroblast cells; Mff, mitochondrial fission factor; Mfn1, mitofusin 1; Mfn2, mitofusin 2;
MFRTA, Mitochondrial Free Radical Theory of Ageing; MGMI1, dynamin-like GTPas; Mid49,
mitochondrial dynamics protein of 49 kDa; Mid51, mitochondrial dynamics protein of 51 kDa;
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MMP, mitochondrial membrane potential; MnSOD, manganese- dependent superoxide dismutase;
mitochondrial phosphate carrier, PiC; MPC, mitochondrial pyruvate carrier; MPP", I-metyl-4-
phenylpyridinium; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; mtDNA, mitochondrial
DNA; Mtfpl, mitochondrial fission process 1; mTOR, mammalian target of rapamycin kinase;
NAC, N-acetylcysteine; non-alcoholic fatty liver (NAFL); NAFLD, non-alcoholic fatty liver
disease; NASH, steatohepatitis; NF-kB, nuclear factor-kappa B; NO, nitric oxide; Nox, NADPH
oxidases; O,", superoxide; *OH, hydroxyl radical; OMM, outer mitochondrial membrane; ONOQO",
peroxynitrite; Opal, optic atrophy 1; PGC-1a, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; PD, Parkinson’s disease; PBR, peripheral benzodiazepine receptor; Pinl,
peptidyl-prolyl isomerase; PINK1, PTEN-induced putative kinase protein 1; PKC, protein kinase
C; POLG, DNA polymerase y; PPARs, peroxisome proliferator-activated receptors; Prx,
peroxiredoxins; PS, presenilin; PSSG, protein mixed disulfide; PTP, permeability transition pore;
PUFAs, polyunsaturated fatty acids; RNS, reactive nitrogen species; ROS, reactive oxygen species;
SIRT, mitochondrial NAD+-dependent deacetylase sirtuin; SOD1, Zn-Cu superoxide dismutase;
SOD2, manganese superoxide dismutase; SOD3, superoxide dismutase 3; SREBP-lc, sterol
regulatory element-binding protein-1c; SS peptides, Szeto-Schiller peptides; STOML2, Stomatin-
like protein 2; T2D, type 2 diabetes; TCA, tricarboxylic acid; TFAM, transcriptor factor A;
TMEMI135, transmembrane protein 135; TPP", triphenyl phosphonium cation; Trx2, thioredoxin;
UCP, uncoupling proteins; Vit-C, Vitamin C; Vit-E, Vitamin E; VLDL, very low-density
lipoproteins; voltage-dependent anion channel, VDAC; WD, Wilson disease

REFFERENCES

Abdul, H. M., Butterfield, D. A., 2007. Involvement of PI3K/PKG/ERK1/2 signaling pathways in
cortical neurons to trigger protection by cotreatment of acetyl-L-carnitine and alpha-lipoic
acid against HNE-mediated oxidative stress and neurotoxicity: implications for Alzheimer's
disease. Free Radic Biol Med 42, 371-384.

Abete, P., Testa, G., Cacciatore, F., Della-Morte, D., Galizia, G., Langellotto, A., Rengo, F., 2011.
Ischemic preconditioning in the younger and aged heart. Aging Dis 2, 138-148.

Abeti, R., Abramov, A. Y., Duchen, M. R., 2011. B-amyloid activates PARP causing astrocytic
metabolic failure and neuronal death. Brain 134, 1658-1672.

Adam-Vizi, V., Chinopoulos, C., 2006. Bioenergetics and the formation of mitochondrial reactive
oxygen species. Trends Pharmacol Sci 27, 639-645.

Adams, J. M., Cory, S., 2002. Apoptosomes: engines for caspase activation. Curr Opin Cell Biol
14, 715-720.

Adlam, V. J., Harrison, J. C., Porteous, C. M., James, A. M., Smith, R. A., Murphy, M. P., Sammut,
I. A., 2005. Targeting an antioxidant to mitochondria decreases cardiac ischemia-
reperfusion injury. FASEB J 19, 1088-1095.

Al-Goblan, A. S., Al-Alfi, M. A.,Khan, M. Z., 2014. Mechanism linking diabetes mellitus and
obesity. Diabetes Metab Syndr Obes 7, 587-591.

72



Aliev, G., Seyidova, D., Neal, M. L., Shi, J., Lamb, B. T., Siedlak, S. L., Vinters, H. V., Head, E.,
Perry, G., Lamanna, J. C., Friedland, R. P., Cotman, C. W., 2002. Atherosclerotic lesions
and mitochondria DNA deletions in brain microvessels as a central target for the
development of human AD and AD-like pathology in aged transgenic mice. Ann N Y Acad
Sci 977, 45-64.

Altieri, D. C., 2017. Mitochondria on the move: emerging paradigms of organelle trafficking in
tumour plasticity and metastasis. British Journal of Cancer 117, 301-305.

Amara, C. E., Shankland, E. G., Jubrias, S. A., Marcinek, D. J., Kushmerick, M. J., Conley, K. E.,
2007. Mild mitochondrial uncoupling impacts cellular aging in human muscles in vivo. Proc
Natl Acad Sci U S A 104, 1057-1062.

Ames, B. N., Shigenaga, M. K., Hagen, T. M., 1993. Oxidants, antioxidants, and the degenerative
diseases of aging. Proceedings of the National Academy of Sciences 90, 7915-7922.

Ames, B. N., Shigenaga, M. K., Hagen, T. M., 1995. Mitochondrial decay in aging. Biochim
Biophys Acta 1271, 165-170.

Amir, M., Czaja, M. J., 2011. Autophagy in nonalcoholic steatohepatitis. Expert review of
gastroenterology & hepatology 5, 159-166.

Anantharaju, A., Feller, A., Chedid, A., 2002. Aging Liver. A review. Gerontology 48, 343-353.

Anderson, A., Bowman, A., Boulton, S. J., Manning, P., Birch-Machin, M. A., 2014. A role for
human mitochondrial complex II in the production of reactive oxygen species in human
skin. Redox Biol 2, 1016-1022.

Andreassen, O. A., Ferrante, R. J., Dedeoglu, A., Beal, M. F., 2001. Lipoic acid improves survival
in transgenic mouse models of Huntington's disease. Neuroreport 12, 3371-3373.

Angelova, P. R., Abramov, A. Y., 2018. Role of mitochondrial ROS in the brain: from physiology
to neurodegeneration. FEBS Letters n/a-n/a.

Anson, R. M., Hudson, E., Bohr, V. A., 2000. Mitochondrial endogenous oxidative damage has
been overestimated. FASEB J 14, 355-360.

Aon, M. A., Cortassa, S.,O'Rourke, B., 2010. Redox-optimized ROS balance: a unifying
hypothesis. Biochim Biophys Acta 1797, 865-877.

Appelhans, T., Richter, C. P., Wilkens, V., Hess, S. T., Piehler, J., Busch, K. B., 2012. Nanoscale
organization of mitochondrial microcompartments revealed by combining tracking and
localization microscopy. Nano Lett 12, 610-616.

Aquilano, K., Baldelli, S., Pagliei, B., Cannata, S. M., Rotilio, G., Ciriolo, M. R., 2013. p53
orchestrates the PGC-1alpha-mediated antioxidant response upon mild redox and metabolic
imbalance. Antioxid Redox Signal 18, 386-399.

Aravinthan, A., Scarpini, C., Tachtatzis, P., Verma, S., Penrthyn-Lowe, S., Harvey, R., Davies, S.
E., Allison, M., Coleman, N., Alexander, G., 2013. Hepatocyte senescence predicts
progression in non-alcohol-related fatty liver disease. Journal of hepatology 58, 549-556.

Area-Gomez, E., Schon, E. A., 2017. On the Pathogenesis of Alzheimer's Disease: The MAM
Hypothesis. The FASEB Journal 31, 864-867.

Arnelle, D. R., Stamler, J. S., 1995. NO+, NO., and NO— donation by S-nitrosothiols: implications
for regulation of physiological functions by S-nitrosylation and acceleration of disulfide
formation. Archives of biochemistry and biophysics 318, 279-285.

Arruda, A. P., Pers, B. M., Parlakgiil, G., Giiney, E., Inouye, K., Hotamisligil, G. S., 2014. Chronic
enrichment of hepatic endoplasmic reticulum—mitochondria contact leads to mitochondrial
dysfunction in obesity. Nature Medicine 20, 1427.

Asanuma, T., Yasui, H., Inanami, O., Waki, K., Takahashi, M., lizuka, D., Uemura, T., Durand, G.,
Polidori, A., Kon, Y., Pucci, B., Kuwabara, M., 2007. A new amphiphilic derivative, N-{[4-
(lactobionamido)methyl]benzylidene}-1,1-dimethyl-2-(octylsulfanyl)ethylamin e N-oxide,
has a protective effect against copper-induced fulminant hepatitis in Long-Evans Cinnamon
rats at an extremely low concentration compared with its original form alpha-phenyl-N-(tert-
butyl) nitrone. Chem Biodivers 4, 2253-2267.

73



Ascensao, A., Martins, M. J., Santos-Alves, E., Goncalves, 1. O., Portincasa, P., Oliveira, P. J.,
Magalhaes, J., 2013. Modulation of hepatic redox status and mitochondrial metabolism by
exercise: therapeutic strategy for liver diseases. Mitochondrion 13, 862-870.

Asencio, C., Rodriguez-Aguilera, J. C., Ruiz-Ferrer, M., Vela, J., Navas, P., 2003. Silencing of
ubiquinone biosynthesis genes extends life span in Caenorhabditis elegans. FASEB J 17,
1135-1137.

Aspnes, L. E., Lee, C. M., Weindruch, R., Chung, S. S., Roecker, E. B., Aiken, J. M., 1997. Caloric
restriction reduces fiber loss and mitochondrial abnormalities in aged rat muscle. FASEB J
11, 573-581.

Ayala-Pena, S., 2013. Role of oxidative DNA damage in mitochondrial dysfunction and
Huntington's disease pathogenesis. Free Radic Biol Med 62, 102-110.

Ayala, V., Naudi, A., Sanz, A., Caro, P., Portero-Otin, M., Barja, G., Pamplona, R., 2007. Dietary
protein restriction decreases oxidative protein damage, peroxidizability index, and
mitochondrial complex I content in rat liver. J Gerontol A Biol Sci Med Sci 62, 352-360.

Azad, M. B., Chen, Y., Gibson, S. B., 2009. Regulation of autophagy by reactive oxygen species
(ROS): implications for cancer progression and treatment. Antioxid Redox Signal 11, 777-
790.

Bahonar, A., Saadatnia, M., Khorvash, F., Maracy, M., Khosravi, A., 2017. Carotenoids as Potential
Antioxidant Agents in Stroke Prevention: A Systematic Review. Int J Prev Med 8, 70.
Baines, C. P., Kaiser, R. A., Sheiko, T., Craigen, W. J., Molkentin, J. D., 2007. Voltage-dependent
anion channels are dispensable for mitochondrial-dependent cell death. Nat Cell Biol 9, 550-

555.

Bakala, H., Delaval, E., Hamelin, M., Bismuth, J., Borot-Laloi, C., Corman, B., Friguet, B., 2003.
Changes in rat liver mitochondria with aging. European Journal of Biochemistry 270, 2295-
2302.

Bakeeva, L. E., Barskov, I. V., Egorov, M. V., Isaev, N. K., Kapelko, V. I., Kazachenko, A. V.,
Kirpatovsky, V. 1., Kozlovsky, S. V., Lakomkin, V. L., Levina, S. B., Pisarenko, O. I,
Plotnikov, E. Y., Saprunova, V. B., Serebryakova, L. 1., Skulachev, M. V., Stelmashook, E.
V., Studneva, I. M., Tskitishvili, O. V., Vasilyeva, A. K., Victorov, 1. V., Zorov, D. B,
Skulachev, V. P., 2008. Mitochondria-targeted plastoquinone derivatives as tools to
interrupt execution of the aging program. 2. Treatment of some ROS- and age-related
diseases (heart arrhythmia, heart infarctions, kidney ischemia, and stroke). Biochemistry
(Mosc) 73, 1288-1299.

Baker, D. J., Peleg, S., 2017. Biphasic Modeling of Mitochondrial Metabolism Dysregulation
during Aging. Trends Biochem Sci 42, 702-711.

Balemba, O. B., Bartoo, A. C., Nelson, M. T., Mawe, G. M., 2008. Role of mitochondria in
spontaneous rhythmic activity and intracellular calcium waves in the guinea pig gallbladder
smooth muscle. Am J Physiol Gastrointest Liver Physiol 294, G467-476.

Banerjee, R., Starkov, A. A., Beal, M. F., Thomas, B., 2009. Mitochondrial dysfunction in the
limelight of Parkinson's disease pathogenesis. Biochim Biophys Acta 1792, 651-663.

Bao, R., Shu, Y., Wu, X., Weng, H., Ding, Q., Cao, Y., Li, M., Mu, J., Wu, W., Ding, Q., 2014.
Oridonin induces apoptosis and cell cycle arrest of gallbladder cancer cells via the
mitochondrial pathway. BMC cancer 14, 217.

Baranano, D. E., Rao, M., Ferris, C. D., Snyder, S. H., 2002. Biliverdin reductase: a major
physiologic cytoprotectant. Proc Natl Acad Sci U S A 99, 16093-16098.

Barber, A. J., Antonetti, D. A., Kern, T. S., Reiter, C. E., Soans, R. S., Krady, J. K., Levison, S. W.,
Gardner, T. W., Bronson, S. K., 2005. The Ins2Akita mouse as a model of early retinal
complications in diabetes. Invest Ophthalmol Vis Sci 46, 2210-2218.

Barnhart, E. L., 2016. Mechanics of mitochondrial motility in neurons. Current Opinion in Cell
Biology 38, 90-99.

74



Baroja-Mazo, A., Martin-Sanchez, F., Gomez, A. 1., Martinez, C. M., Amores-Iniesta, J., Compan,
V., Barbera-Cremades, M., Yague, J., Ruiz-Ortiz, E., Anton, J., Bujan, S., Couillin, I,
Brough, D., Arostegui, J. L., Pelegrin, P., 2014. The NLRP3 inflammasome is released as a
particulate danger signal that amplifies the inflammatory response. Nat Immunol 15, 738-
748.

Basisty, N., Dai, D. F., Gagnidze, A., Gitari, L., Fredrickson, J., Maina, Y., Beyer, R. P., Emond,
M. J., Hsieh, E. J., MacCoss, M. J., Martin, G. M., Rabinovitch, P. S., 2016. Mitochondrial-
targeted catalase is good for the old mouse proteome, but not for the young: 'reverse'
antagonistic pleiotropy? Aging Cell 15, 634-645.

Basso, E., Fante, L., Fowlkes, J., Petronilli, V., Forte, M. A., Bernardi, P., 2005. Properties of the
permeability transition pore in mitochondria devoid of Cyclophilin D. J Biol Chem 280,
18558-18561.

Bautista-Nifo, P. K., Portilla-Fernandez, E., Vaughan, D. E., Danser, A. H. J., Roks, A. J. M., 2016.
DNA Damage: A Main Determinant of Vascular Aging. International Journal of Molecular
Sciences 17, 748.

Bayer, T. A., Schafer, S., Simons, A., Kemmling, A., Kamer, T., Tepest, R., Eckert, A., Schussel,
K., Eikenberg, O., Sturchler-Pierrat, C., Abramowski, D., Staufenbiel, M., Multhaup, G.,
2003. Dietary Cu stabilizes brain superoxide dismutase 1 activity and reduces amyloid
Abeta production in APP23 transgenic mice. Proc Natl Acad Sci U S A 100, 14187-14192.

Bayod, S., Del Valle, J., Lalanza, J. F., Sanchez-Roige, S., de Luxan-Delgado, B., Coto-Montes, A.,
Canudas, A. M., Camins, A., Escorihuela, R. M., Pallas, M., 2012. Long-term physical
exercise induces changes in sirtuin 1 pathway and oxidative parameters in adult rat tissues.
Exp Gerontol 47, 925-935.

Beal, M. F., 1994. Neurochemistry and toxin models in Huntington's disease. Curr Opin Neurol 7,
542-547.

Beal, M. F., 2003. Mitochondria, oxidative damage, and inflammation in Parkinson's disease. Ann
N Y Acad Sci 991, 120-131.

Bearn, A. G., 1953. Genetic and biochemical aspects of Wilson's disease. Am J Med 15, 442-449.

Bedard, K., Krause, K. H., 2007. The NOX family of ROS-generating NADPH oxidases:
physiology and pathophysiology. Physiol Rev 87, 245-313.

Bejma, J., Ramires, P.,Ji, L., 2000. Free radical generation and oxidative stress with ageing and
exercise: differential effects in the myocardium and liver. Acta physiologica scandinavica
169, 343-351.

Benard, G., Rossignol, R., 2008. Ultrastructure of the mitochondrion and its bearing on function
and bioenergetics. Antioxid Redox Signal 10, 1313-1342.

Benchoua, A., Trioulier, Y., Zala, D., Gaillard, M. C., Lefort, N., Dufour, N., Saudou, F., Elalouf, J.
M., Hirsch, E., Hantraye, P., Deglon, N., Brouillet, E., 2006. Involvement of mitochondrial
complex II defects in neuronal death produced by N-terminus fragment of mutated
huntingtin. Mol Biol Cell 17, 1652-1663.

Bender, A., Krishnan, K. J., Morris, C. M., Taylor, G. A., Reeve, A. K., Perry, R. H., Jaros, E.,
Hersheson, J. S., Betts, J., Klopstock, T., Taylor, R. W.,Turnbull, D. M., 2006. High levels
of mitochondrial DNA deletions in substantia nigra neurons in aging and Parkinson disease.
Nat Genet 38, 515-517.

Bernal-Mizrachi, C., Gates, A. C., Weng, S., Imamura, T., Knutsen, R. H., DeSantis, P., Coleman,
T., Townsend, R. R., Muglia, L. J., Semenkovich, C. F., 2005. Vascular respiratory
uncoupling increases blood pressure and atherosclerosis. Nature 435, 502-506.

Bernhardt, D., Miiller, M., Reichert, A. S., Osiewacz, H. D., 2015. Simultaneous impairment of
mitochondrial fission and fusion reduces mitophagy and shortens replicative lifespan.
Scientific Reports 5, 7885.

Berson, A., De Beco, V., Letteron, P., Robin, M. A., Moreau, C., El Kahwaji, J., Verthier, N.,
Feldmann, G., Fromenty, B., Pessayre, D., 1998. Steatohepatitis-inducing drugs cause

75



mitochondrial dysfunction and lipid peroxidation in rat hepatocytes. Gastroenterology 114,
764-774.

Bertolotti, M., Abate, N., Bertolotti, S., Loria, P., Concari, M., Messora, R., Carubbi, F., Pinetti, A.,
Carulli, N., 1993. Effect of aging on cholesterol 7 alpha-hydroxylation in humans. J Lipid
Res 34, 1001-1007.

Beutner, G., Alanzalon, R. E.,Porter, G. A. Jr., 2017. Cyclophilin D regulates the dynamic assembly
of mitochondrial ATP synthase into synthasomes. Sci Rep 7, 14488.

Bevilacqua, L., Ramsey, J. J., Hagopian, K., Weindruch, R., Harper, M. E., 2004. Effects of short-
and medium-term calorie restriction on muscle mitochondrial proton leak and reactive
oxygen species production. Am J Physiol Endocrinol Metab 286, E§52-861.

Bhattacharyya, S., Sinha, K., Sil, P. C., 2014. Cytochrome P450s: mechanisms and biological
implications in drug metabolism and its interaction with oxidative stress. Current drug
metabolism 15, 719-742.

Birket, M. J., Passos, J. F., von Zglinicki, T., Birch-Machin, M. A., 2009. The relationship between
the aging- and photo-dependent T414G mitochondrial DNA mutation with cellular
senescence and reactive oxygen species production in cultured skin fibroblasts. J Invest
Dermatol 129, 1361-1366.

Blandini, F., Armentero, M. T., 2012. Animal models of Parkinson's disecase. FEBS J 279, 1156-
1166.

Blockhuys, S., Celauro, E., Hildesjo, C., Feizi, A., Stal, O., Fierro-Gonzalez, J. C., Wittung-
Stafshede, P., 2017. Defining the human copper proteome and analysis of its expression
variation in cancers. Metallomics 9, 112-123.

Bokov, A., Chaudhuri, A., Richardson, A., 2004. The role of oxidative damage and stress in aging.
Mech Ageing Dev 125, 811-826.

Bonekamp, N. A., Volkl, A., Fahimi, H. D., Schrader, M., 2009. Reactive oxygen species and
peroxisomes: struggling for balance. Biofactors 35, 346-355.

Bonomini, F., Rodella, L., Moghadasian, M., Lonati, C., Rezzani, R., 2013. Apolipoprotein E
deficiency and a mouse model of accelerated liver aging. Biogerontology 14, 209-220.

Bononi, A., Giorgi, C., Patergnani, S., Larson, D., Verbruggen, K., Tanji, M., Pellegrini, L.,
Signorato, V., Olivetto, F., Pastorino, S., Nasu, M., Napolitano, A., Gaudino, G., Morris, P.,
Sakamoto, G., Ferris, L. K., Danese, A., Raimondi, A., Tacchetti, C., Kuchay, S., Pass, H. L.,
Affar, E. B., Yang, H., Pinton, P., Carbone, M., 2017. BAP1 regulates [P3R3-mediated
Ca(2+) flux to mitochondria suppressing cell transformation. Nature 546, 549-553.

Bonora, M., Morganti, C., Morciano, G., Pedriali, G., Lebiedzinska-Arciszewska, M., Aquila, G.,
Giorgi, C., Rizzo, P., Campo, G., Ferrari, R., Kroemer, G., Wieckowski, M. R., Galluzzi, L.,
Pinton, P., 2017. Mitochondrial permeability transition involves dissociation of F1IFO ATP
synthase dimers and C-ring conformation. EMBO Rep 18, 1077-1089.

Booth, F. W., Laye, M. J.,Roberts, M. D., 2011. Lifetime sedentary living accelerates some aspects
of secondary aging. Journal of applied physiology 111, 1497-1504.

Bosetti, F., Brizzi, F., Barogi, S., Mancuso, M., Siciliano, G., Tendi, E. A., Murri, L., Rapoport, S.
I., Solaini, G., 2002. Cytochrome c oxidase and mitochondrial F1F0-ATPase (ATP
synthase) activities in platelets and brain from patients with Alzheimer's disease. Neurobiol
Aging 23, 371-376.

Boyapati, R. K., Tamborska, A., Dorward, D. A., Ho, G. T., 2017. Advances in the understanding
of mitochondrial DNA as a pathogenic factor in inflammatory diseases. F1000Res 6, 169.

Brand, M. D., 2010. The sites and topology of mitochondrial superoxide production. Exp Gerontol
45, 466-472.

Bravo, E., Pignatelli, E., Masella, R., Verna, R., Cantafora, A., 1994. Influence of age on hepatic
uptake of HDL1-cholesterol in male Wistar rats with bile duct cannulation. J Biochem 115,
833-836.

76



Breitling, L. P., Raum, E., Miiller, H., Rothenbacher, D., Brenner, H., 2009. Synergism between
smoking and alcohol consumption with respect to serum gammallglutamyltransferase.
Hepatology 49, 802-808.

Brewer, G. J., 2010. Risks of copper and iron toxicity during aging in humans. Chem Res Toxicol
23, 319-326.

Broche, B., Ben Fradj, S., Aguilar, E., Sancerni, T., Benard, M., Makaci, F., Berthault, C.,
Scharfmann, R., Alves-Guerra, M. C., Duvillie, B., 2018. Mitochondrial Protein UCP2
Controls Pancreas Development. Diabetes 67, 78-84.

Brown, G. C., Borutaite, V., 2011. There is no evidence that mitochondria are the main source of
reactive oxygen species in mammalian cells. Mitochondrion.

Brownlee, M., 2001. Biochemistry and molecular cell biology of diabetic complications. Nature
414, 813-820.

Brownlee, M., 2005. The pathobiology of diabetic complications: a unifying mechanism. Diabetes
54, 1615-1625.

Bruha, R., Vitek, L., Marecek, Z., Pospisilova, L., Nevsimalova, S., Martasek, P., Petrtyl, J.,
Urbanek, P., Jiraskova, A., Malikova, 1., Haluzik, M., Ferenci, P., 2012. Decreased serum
antioxidant capacity in patients with Wilson disease is associated with neurological
symptoms. J Inherit Metab Dis 35, 541-548.

Bruijn, L. 1., Houseweart, M. K., Kato, S., Anderson, K. L., Anderson, S. D., Ohama, E., Reaume,
A. G., Scott, R. W., Cleveland, D. W., 1998. Aggregation and motor neuron toxicity of an
ALS-linked SOD1 mutant independent from wild-type SOD1. Science 281, 1851-1854.

Brunt, E. M., Wong, V. W., Nobili, V., Day, C. P., Sookoian, S., Maher, J. J., Bugianesi, E., Sirlin,
C. B., Neuschwander-Tetri, B. A., Rinella, M. E., 2015. Nonalcoholic fatty liver disease.
Nat Rev Dis Primers 1, 15080.

Bugger, H., Boudina, S., Hu, X. X., Tuinei, J., Zaha, V. G., Theobald, H. A., Yun, U. J., McQueen,
A. P., Wayment, B., Litwin, S. E., Abel, E. D., 2008. Type 1 diabetic akita mouse hearts are
insulin sensitive but manifest structurally abnormal mitochondria that remain coupled
despite increased uncoupling protein 3. Diabetes 57, 2924-2932.

Bugger, H., Guzman, C., Zechner, C., Palmeri, M., Russell, K. S., Russell, R. R., 3rd, 2011.
Uncoupling protein downregulation in doxorubicin-induced heart failure improves
mitochondrial coupling but increases reactive oxygen species generation. Cancer Chemother
Pharmacol 67, 1381-1388.

Bull, P. C., Thomas, G. R., Rommens, J. M., Forbes, J. R., Cox, D. W., 1993. The Wilson disease
gene is a putative copper transporting P-type ATPase similar to the Menkes gene. Nat Genet
5, 327-337.

Bulteau, A. L., Mena, N. P., Auchere, F., Lee, ., Prigent, A., Lobsiger, C. S., Camadro, J. M.,
Hirsch, E. C., 2017. Dysfunction of mitochondrial Lon protease and identification of
oxidized protein in mouse brain following exposure to MPTP: Implications for Parkinson
disease. Free Radic Biol Med 108, 236-246.

Bulua, A. C., Simon, A., Maddipati, R., Pelletier, M., Park, H., Kim, K. Y., Sack, M. N., Kastner,
D. L., Siegel, R. M., 2011. Mitochondrial reactive oxygen species promote production of
proinflammatory cytokines and are elevated in TNFR1-associated periodic syndrome
(TRAPS). J Exp Med 208, 519-533.

Burkewitz, K., Morantte, I., Weir, H. J. M., Yeo, R., Zhang, Y., Huynh, F. K., Ilkayeva, O. R.,
Hirschey, M. D., Grant, A. R., Mair, W. B., 2015. Neuronal CRTC-1 governs systemic
mitochondrial metabolism and lifespan via a catecholamine signal. Cell 160, 842-855.

Butterfield, D. A., Di Domenico, F., Barone, E., 2014. Elevated Risk of Type 2 Diabetes for
Development of Alzheimer Disease: a Key Role for Oxidative Stress in Brain. Biochimica
et biophysica acta 1842, 1693-1706.

71



Cacciatore, F., Abete, P., Maggi, S., Luchetti, G., Calabrese, C., Viati, L., Leosco, D., Ferrara, N.,
Vitale, D. F., Rengo, F., 2004. Disability and 6-year mortality in elderly population. Role of
visual impairment. Aging Clin Exp Res 16, 382-388.

Cadenas, E., Davies, K. J., 2000. Mitochondrial free radical generation, oxidative stress, and aging.
Free Radic Biol Med 29, 222-230.

Cahill, A., Hershman, S., Davies, A., Sykora, P., 2005. Ethanol feeding enhances age-related
deterioration of the rat hepatic mitochondrion. Am J Physiol Gastrointest Liver Physiol 289,
G1115-1123.

Caino, M. C., Seo, J. H., Aguinaldo, A., Wait, E., Bryant, K. G., Kossenkov, A. V., Hayden, J. E.,
Vaira, V., Morotti, A., Ferrero, S., Bosari, S., Gabrilovich, D. 1., Languino, L. R., Cohen, A.
R., Altieri, D. C., 2016. A neuronal network of mitochondrial dynamics regulates
metastasis. Nature Communications 7, 13730.

Caldeira da Silva, C. C., Cerqueira, F. M., Barbosa, L. F., Medeiros, M. H., Kowaltowski, A. J.,
2008. Mild mitochondrial uncoupling in mice affects energy metabolism, redox balance and
longevity. Aging Cell 7, 552-560.

Caldwell, S. H., Crespo, D. M., 2004. The spectrum expanded: cryptogenic cirrhosis and the
natural history of non-alcoholic fatty liver diseasePowell EE, Cooksley WGE, Hanson R,
Searle J, Halliday JW, Powell LW. The natural history of nonalcoholic steatohepatitis: a
follow-up study of forty-two patients for up to 21 years [Hepatology 1990; 11: 74-80].
Journal of hepatology 40, 578-584.

Calkins, M. J., Jakel, R. J., Johnson, D. A., Chan, K., Kan, Y. W., Johnson, J. A., 2005. Protection
from mitochondrial complex II inhibition in vitro and in vivo by Nrf2-mediated
transcription. Proc Natl Acad Sci U S A 102, 244-249.

Calkins, M. J., Manczak, M., Mao, P., Shirendeb, U., Reddy, P. H., 2011. Impaired mitochondrial
biogenesis, defective axonal transport of mitochondria, abnormal mitochondrial dynamics
and synaptic degeneration in a mouse model of Alzheimer's disease. Human Molecular
Genetics 20, 4515-4529.

Cao, Z., Lindsay, J. G.,Isaacs, N. W., 2007. Mitochondrial peroxiredoxins. Subcell Biochem 44,
295-315.

Carpi, A., Menabo, R., Kaludercic, N., Pelicci, P., Di Lisa, F., Giorgio, M., 2009. The
cardioprotective effects elicited by p66(Shc) ablation demonstrate the crucial role of
mitochondrial ROS formation in ischemia/reperfusion injury. Biochim Biophys Acta 1787,
774-780.

Cecchi, C., Fiorillo, C., Sorbi, S., Latorraca, S., Nacmias, B., Bagnoli, S., Nassi, P., Liguri, G.,
2002. Oxidative stress and reduced antioxidant defenses in peripheral cells from familial
Alzheimer's patients. Free Radic Biol Med 33, 1372-1379.

Cereghetti, G. M., Scorrano, L., 2006. The many shapes of mitochondrial death. Oncogene 25,
4717-4724.

Ceriello, A., Testa, R., 2009. Antioxidant anti-inflammatory treatment in type 2 diabetes. Diabetes
Care 32 Suppl 2, S232-236.

Chacko, B. K., Reily, C., Srivastava, A., Johnson, M. S., Ye, Y., Ulasova, E., Agarwal, A., Zinn, K.
R., Murphy, M. P., Kalyanaraman, B., Darley-Usmar, V., 2010. Prevention of diabetic
nephropathy in Ins2(+/)(Akital) mice by the mitochondria-targeted therapy MitoQ. Biochem
J432,9-19.

Chakrabarti, R., Ji, W.-K., Stan, R. V., de Juan Sanz, J., Ryan, T. A., Higgs, H. N., 2017. INF2-
mediated actin polymerization at the ER stimulates mitochondrial calcium uptake, inner
membrane constriction, and division. The Journal of Cell Biology.

Chalmers, S., Saunter, C. D., Girkin, J. M., McCarron, J. G., 2016. Age decreases mitochondrial
motility and increases mitochondrial size in vascular smooth muscle. The Journal of
Physiology 594, 4283-4295.

78



Chance, B., Sies, H.,Boveris, A., 1979. Hydroperoxide metabolism in mammalian organs. Physiol
Rev 59, 527-605.

Chang, D. T., Rintoul, G. L., Pandipati, S., Reynolds, I. J., 2006. Mutant huntingtin aggregates
impair mitochondrial movement and trafficking in cortical neurons. Neurobiol Dis 22, 388-
400.

Chen, C.-M., Wu, Y.-R., Cheng, M.-L., Liu, J.-L., Lee, Y.-M., Lee, P.-W., Soong, B.-W., Chiu, D.
T.-Y., 2007a. Increased oxidative damage and mitochondrial abnormalities in the peripheral
blood of Huntington’s disease patients. Biochemical and Biophysical Research
Communications 359, 335-340.

Chen, H., Chan, D. C., 2009. Mitochondrial dynamics—fusion, fission, movement, and mitophagy—
in neurodegenerative diseases. Human Molecular Genetics 18, R169-R176.

Chen, H., Detmer, S. A., Ewald, A. J., Griffin, E. E., Fraser, S. E., Chan, D. C., 2003. Mitofusins
Mitnl and Mfn2 coordinately regulate mitochondrial fusion and are essential for embryonic
development. The Journal of Cell Biology 160, 189-200.

Chen, L., Gong, Q., Stice, J. P., Knowlton, A. A., 2009. Mitochondrial OPA1, apoptosis, and heart
failure. Cardiovascular Research 84, 91-99.

Chen, L., Liu, T., Tran, A., Lu, X., Tomilov, A. A., Davies, V., Cortopassi, G., Chiamvimonvat, N.,
Bers, D. M., Votruba, M., Knowlton, A. A., 2012a. OPA1 Mutation and Late-Onset
Cardiomyopathy: Mitochondrial Dysfunction and mtDNA Instability. Journal of the
American Heart Association 1.

Chen, Y., Cai, J.,, Murphy, T. J., Jones, D. P., 2002. Overexpressed human mitochondrial
thioredoxin confers resistance to oxidant-induced apoptosis in human osteosarcoma cells. J
Biol Chem 277, 33242-33248.

Chen, Y., McMillan-Ward, E., Kong, J., Israels, S. J., Gibson, S. B., 2007b. Mitochondrial electron-
transport-chain inhibitors of complexes I and II induce autophagic cell death mediated by
reactive oxygen species. J Cell Sci 120, 4155-4166.

Chen, Z., Vigueira, P. A., Chambers, K. T., Hall, A. M., Mitra, M. S., Qi, N., McDonald, W. G.,
Colca, J. R., Kletzien, R. F., Finck, B. N., 2012b. Insulin resistance and metabolic
derangements in obese mice are ameliorated by a novel peroxisome proliferator-activated
receptor gamma-sparing thiazolidinedione. J Biol Chem 287, 23537-23548.

Cheng, E. H., Sheiko, T. V., Fisher, J. K., Craigen, W. J., Korsmeyer, S. J., 2003. VDAC?2 inhibits
BAK activation and mitochondrial apoptosis. Science 301, 513-517.

Chih-Hao, W., Shi-Bei, W., Yu-Ting, W., Yau-Huei, W., 2013. Oxidative stress response elicited
by mitochondrial dysfunction: Implication in the pathophysiology of aging. Experimental
Biology and Medicine 238, 450-460.

Chinsomboon, J., Ruas, J., Gupta, R. K., Thom, R., Shoag, J., Rowe, G. C., Sawada, N., Raghuram,
S., Arany, Z., 2009. The transcriptional coactivator PGC-1alpha mediates exercise-induced
angiogenesis in skeletal muscle. Proc Natl Acad Sci U S A 106, 21401-21406.

Cho, B., Cho, H. M., Jo, Y., Kim, H. D., Song, M., Moon, C., Kim, H., Kim, K., Sesaki, H., Rhyu,
I. J., Kim, H., Sun, W., 2017a. Constriction of the mitochondrial inner compartment is a
priming event for mitochondrial division. Nature Communications 8, 15754.

Cho, S., Namkoong, K., Shin, M., Park, J., Yang, E., Thm, J., Thu, V. T., Kim, H. K.,Han, J., 2017b.
Cardiovascular Protective Effects and Clinical Applications of Resveratrol. J] Med Food 20,
323-334.

Choi, W. S., Kruse, S. E., Palmiter, R. D., Xia, Z., 2008. Mitochondrial complex I inhibition is not
required for dopaminergic neuron death induced by rotenone, MPP+, or paraquat. Proc Natl
Acad Sci U S A 105, 15136-15141.

Choi, Y. S., Ide, T.,Sugano, M., 1987. Age-related changes in the regulation of cholesterol
metabolism in rats. Exp Gerontol 22, 339-349.

Choksi, S., Lin, Y., Pobezinskaya, Y., Chen, L., Park, C., Morgan, M., Li, T., Jitkaew, S., Cao, X.,
Kim, Y. S, Kim, H. S., Levitt, P., Shih, G., Birre, M., Deng, C. X., Liu, Z. G., 2011. A HIF-

79



1 target, ATIA, protects cells from apoptosis by modulating the mitochondrial thioredoxin,
TRX2. Mol Cell 42, 597-609.

Chung, F. L., Nath, R. G., Nagao, M., Nishikawa, A., Zhou, G. D., Randerath, K., 1999.
Endogenous formation and significance of 1,N2-propanodeoxyguanosine adducts. Mutat
Res 424, 71-81.

Cicchetti, F., Lapointe, N., Roberge-Tremblay, A., Saint-Pierre, M., Jimenez, L., Ficke, B. W.,
Gross, R. E., 2005. Systemic exposure to paraquat and maneb models early Parkinson's
disease in young adult rats. Neurobiol Dis 20, 360-371.

Cipolat, S., de Brito, O. M., Dal Zilio, B., Scorrano, L., 2004. OPA1 requires mitofusin 1 to
promote mitochondrial fusion. Proceedings of the National Academy of Sciences of the
United States of America 101, 15927-15932.

Clapham, J. C., Arch, J. R., Chapman, H., Haynes, A., Lister, C., Moore, G. B., Piercy, V., Carter,
S. A., Lehner, 1., Smith, S. A., Beeley, L. J., Godden, R. J., Herrity, N., Skehel, M.,
Changani, K. K., Hockings, P. D., Reid, D. G., Squires, S. M., Hatcher, J., Trail, B.,
Latcham, J., Rastan, S., Harper, A. J., Cadenas, S., Buckingham, J. A., Brand, M. D., Abuin,
A., 2000. Mice overexpressing human uncoupling protein-3 in skeletal muscle are
hyperphagic and lean. Nature 406, 415-418.

Cocheme, H. M., Quin, C., McQuaker, S. J., Cabreiro, F., Logan, A., Prime, T. A., Abakumova, L.,
Patel, J. V., Fearnley, I. M., James, A. M., Porteous, C. M., Smith, R. A., Saeed, S., Carre, J.
E., Singer, M., Gems, D., Hartley, R. C., Partridge, L., Murphy, M. P., 2011. Measurement
of H202 within living Drosophila during aging using a ratiometric mass spectrometry probe
targeted to the mitochondrial matrix. Cell Metab 13, 340-350.

Codogno, P., Meijer, A. J., 2005. Autophagy and signaling: their role in cell survival and cell
death. Cell Death Differ 12 Suppl 2, 1509-1518.

Cogger, V. C., Svistounov, D., Warren, A., Zykova, S., Melvin, R. G., Solon-Biet, S. M., O'Reilly,
J. N., McMahon, A. C., Ballard, J. W., De Cabo, R., Le Couteur, D. G., Lebel, M., 2014.
Liver aging and pseudocapillarization in a Werner syndrome mouse model. J Gerontol A
Biol Sci Med Sci 69, 1076-1086.

Cohen, H. Y., Miller, C., Bitterman, K. J., Wall, N. R., Hekking, B., Kessler, B., Howitz, K. T.,
Gorospe, M., de Cabo, R., Sinclair, D. A., 2004. Calorie restriction promotes mammalian
cell survival by inducing the SIRT1 deacetylase. science 305, 390-392.

Cohen, J. C., Horton, J. D.,Hobbs, H. H., 2011. Human fatty liver disease: old questions and new
insights. Science 332, 1519-1523.

Colca, J. R., McDonald, W. G., McCommis, K. S., Finck, B. N., 2017. Treating fatty liver disease
by modulating mitochondrial pyruvate metabolism. Hepatology Communications 1, 193-
197.

Colca, J. R., VanderLugt, J. T., Adams, W. J., Shashlo, A., McDonald, W. G., Liang, J., Zhou, R.,
Orloff, D. G., 2013. Clinical proof-of-concept study with MSDC-0160, a prototype mTOT-
modulating insulin sensitizer. Clin Pharmacol Ther 93, 352-359.

Collins, J. J., Evason, K., Kornfeld, K., 2006. Pharmacology of delayed aging and extended lifespan
of Caenorhabditis elegans. Exp Gerontol 41, 1032-1039.

Colman, R. J., Anderson, R. M., Johnson, S. C., Kastman, E. K., Kosmatka, K. J., Beasley, T. M.,
Allison, D. B., Cruzen, C., Simmons, H. A., Kemnitz, J. W., Weindruch, R., 2009. Caloric
restriction delays disease onset and mortality in rhesus monkeys. Science 325, 201-204.

Copeland, J. M., Cho, J., Lo, T., Hur, J. H., Bahadorani, S., Arabyan, T., Rabie, J., Soh, J., Walker,
D. W., 2009. Extension of Drosophila Life Span by RNAi of the Mitochondrial Respiratory
Chain. Current Biology 19, 1591-1598.

Corbi, G., Conti, V., Russomanno, G., Rengo, G., Vitulli, P., Ciccarelli, A. L., Filippelli, A.,
Ferrara, N., 2012. Is physical activity able to modify oxidative damage in cardiovascular
aging? Oxid Med Cell Longev 2012, 728547.

80



Cordero, M. D., Williams, M. R., Ryffel, B., 2018. AMP-Activated Protein Kinase Regulation of
the NLRP3 Inflammasome during Aging. Trends Endocrinol Metab 29, 8-17.

Corral-Debrinski, M., Horton, T., Lott, M. T., Shoffner, J. M., Flint Beal, M., Wallace, D. C., 1992.
Mitochondrial DNA deletions in human brain: regional variability and increase with
advanced age. Nature Genetics 2, 324.

Correia, S. C., Perry, G., Moreira, P. 1., 2016. Mitochondrial traffic jams in Alzheimer's disease -
pinpointing the roadblocks. Biochim Biophys Acta 1862, 1909-1917.

Cortez-Pinto, H., Chatham, J., Chacko, V. P., Arnold, C., Rashid, A., Diehl, A. M., 1999.
Alterations in liver ATP homeostasis in human nonalcoholic steatohepatitis: a pilot study.
JAMA 282, 1659-1664.

Costantini, P., Chernyak, B. V., Petronilli, V., Bernardi, P., 1996. Modulation of the mitochondrial
permeability transition pore by pyridine nucleotides and dithiol oxidation at two separate
sites. J Biol Chem 271, 6746-6751.

Coulom, H., Birman, S., 2004. Chronic exposure to rotenone models sporadic Parkinson's disease
in Drosophila melanogaster. J Neurosci 24, 10993-10998.

Covey, M. V., Murphy, M. P., Hobbs, C. E., Smith, R. A., Oorschot, D. E., 2006. Effect of the
mitochondrial antioxidant, Mito Vitamin E, on hypoxic-ischemic striatal injury in neonatal
rats: a dose-response and stereological study. Exp Neurol 199, 513-519.

Cozzolino, M., Pesaresi, M. G., Amori, 1., Crosio, C., Ferri, A., Nencini, M., Carri, M. T., 2009.
Oligomerization of mutant SOD1 in mitochondria of motoneuronal cells drives
mitochondrial damage and cell toxicity. Antioxid Redox Signal 11, 1547-1558.

Croce, C. M., Sozzi, G., Huebner, K., 1999. Role of FHIT in human cancer. J Clin Oncol 17, 1618-
1624.

Csiszar, A., Labinskyy, N., Perez, V., Recchia, F. A., Podlutsky, A., Mukhopadhyay, P., Losonczy,
G., Pacher, P., Austad, S. N., Bartke, A., Ungvari, Z., 2008. Endothelial function and
vascular oxidative stress in long-lived GH/IGF-deficient Ames dwarf mice. Am J Physiol
Heart Circ Physiol 295, H1882-1894.

Cuervo, A. M., Dice, J. F., 2000. Age-related decline in chaperone-mediated autophagy. J Biol
Chem 275, 31505-31513.

Cumings, J. N., 1948. The copper and iron content of brain and liver in the normal and in hepato-
lenticular degeneration. Brain 71, 410-415.

D'Autreaux, B., Toledano, M. B., 2007. ROS as signalling molecules: mechanisms that generate
specificity in ROS homeostasis. Nat Rev Mol Cell Biol 8, 813-824.

Dagda, R. K., Zhu, J., Chu, C. T., 2009. Mitochondrial kinases in Parkinson's disease: converging
insights from neurotoxin and genetic models. Mitochondrion 9, 289-298.

Dai, D. F., Chen, T., Szeto, H., Nieves-Cintron, M., Kutyavin, V., Santana, L. F., Rabinovitch, P.
S., 2011. Mitochondrial targeted antioxidant Peptide ameliorates hypertensive
cardiomyopathy. J] Am Coll Cardiol 58, 73-82.

Daiber, A., 2010. Redox signaling (cross-talk) from and to mitochondria involves mitochondrial
pores and reactive oxygen species. Biochim Biophys Acta 1797, 897-906.

Damiano, M., Galvan, L., Deglon, N., Brouillet, E., 2010. Mitochondria in Huntington's disease.
Biochim Biophys Acta 1802, 52-61.

Dani, D., Shimokawa, 1., Komatsu, T., Higami, Y., Warnken, U., Schokraie, E., Schnolzer, M.,
Krause, F., Sugawa, M. D., Dencher, N. A., 2010. Modulation of oxidative phosphorylation
machinery signifies a prime mode of anti-ageing mechanism of calorie restriction in male rat
liver mitochondria. Biogerontology 11, 321-334.

Danz, E. D., Skramsted, J., Henry, N., Bennett, J. A., Keller, R. S., 2009. Resveratrol prevents
doxorubicin cardiotoxicity through mitochondrial stabilization and the Sirtl pathway. Free
Radic Biol Med 46, 1589-1597.

81



Daum, B., Walter, A., Horst, A., Osiewacz, H. D., Kuhlbrandt, W., 2013. Age-dependent
dissociation of ATP synthase dimers and loss of inner-membrane cristae in mitochondria.
Proc Natl Acad Sci U S A 110, 15301-15306.

David, D. C., Hauptmann, S., Scherping, 1., Schuessel, K., Keil, U., Rizzu, P., Ravid, R., Drose, S.,
Brandt, U., Muller, W. E., Eckert, A., Gotz, J., 2005. Proteomic and functional analyses
reveal a mitochondrial dysfunction in P301L tau transgenic mice. J Biol Chem 280, 23802-
23814.

Davidson, S. M., 2010. Endothelial mitochondria and heart disease. Cardiovasc Res 88, 58-66.

de Almeida, A. F., Curi, R., Newsholme, P., Newsholme, E. A., 1989. Maximal activities of key
enzymes of glutaminolysis, glycolysis, Krebs cycle and pentose-phosphate pathway of
several tissues in mature and aged rats. Int J Biochem 21, 937-940.

de Moura, M. B., dos Santos, L. S., Van Houten, B., 2010. Mitochondrial dysfunction in
neurodegenerative diseases and cancer. Environ Mol Mutagen 51, 391-405.

De Paepe, B., Van Coster, R., 2017. A Critical Assessment of the Therapeutic Potential of
Resveratrol Supplements for Treating Mitochondrial Disorders. Nutrients 9.

DeBalsi, K. L., Hoff, K. E., Copeland, W. C., 2017. Role of the mitochondrial DNA replication
machinery in mitochondrial DNA mutagenesis, aging and age-related diseases. Ageing Res
Rev 33, 89-104.

Debattisti, V., Gerencser, A. A., Saotome, M., Das, S., Hajnéczky, G., 2017. ROS control
mitochondrial motility through p38 and the motor adaptor Miro/Trak. Cell reports 21, 1667-
1680.

Delles, C., Miller, W. H., Dominiczak, A. F., 2008. Targeting reactive oxygen species in
hypertension. Antioxid Redox Signal 10, 1061-1077.

Deus, C. M., Serafim, T. L., Magalhaes-Novais, S., Vilaca, A., Moreira, A. C., Sardao, V. A.,
Cardoso, S. M., Oliveira, P. J., 2017. Sirtuin 1-dependent resveratrol cytotoxicity and pro-
differentiation activity on breast cancer cells. Arch Toxicol 91, 1261-1278.

Devi, L., Prabhu, B. M., Galati, D. F., Avadhani, N. G., Anandatheerthavarada, H. K., 2006.
Accumulation of amyloid precursor protein in the mitochondrial import channels of human
Alzheimer's disease brain is associated with mitochondrial dysfunction. J Neurosci 26,
9057-9068.

Dhanasekaran, A., Kotamraju, S., Kalivendi, S. V., Matsunaga, T., Shang, T., Keszler, A., Joseph,
J., Kalyanaraman, B., 2004. Supplementation of endothelial cells with mitochondria-
targeted antioxidants inhibit peroxide-induced mitochondrial iron uptake, oxidative damage,
and apoptosis. J Biol Chem 279, 37575-37587.

Di Ciaula, A., Garruti, G., Baccetto, R. L., Molina-Molina, E., Bonfrate, L., Wang, D. Q.,
Portincasa, P., 2017. Bile Acid Physiology. Annals of hepatology 16, 4-14.

Di Ciaula, A., Wang, D. Q., Portincasa, P., 2018. An update on the pathogenesis of cholesterol
gallstone disease. Current opinion in gastroenterology 34, 71-80.

Di Lisa, F., Bernardi, P., 2006. Mitochondria and ischemia-reperfusion injury of the heart: fixing a
hole. Cardiovasc Res 70, 191-199.

Diao, J., Allister, E. M., Koshkin, V., Lee, S. C., Bhattacharjee, A., Tang, C., Giacca, A., Chan, C.
B., Wheeler, M. B., 2008. UCP2 is highly expressed in pancreatic alpha-cells and influences
secretion and survival. Proc Natl Acad Sci U S A 105, 12057-12062.

Diehl, A. K., 1991. Epidemiology and natural history of gallstone disease. Gastroenterol Clin North
Am. 20, 1-19.

DiMauro, S., Hirano, M., 2009. Pathogenesis and treatment of mitochondrial disorders. Adv Exp
Med Biol 652, 139-170.

Diogo, C. V., Grattagliano, I., Oliveira, P. J., Bonfrate, L., Portincasa, P., 2011. Re-wiring the
circuit: mitochondria as a pharmacological target in liver disease. Current medicinal
chemistry 18, 5448-5465.

82



Diotte, N. M., Xiong, Y., Gao, J., Chua, B. H., Ho, Y. S., 2009. Attenuation of doxorubicin-induced
cardiac injury by mitochondrial glutaredoxin 2. Biochim Biophys Acta 1793, 427-438.

Dolle, C., Flones, 1., Nido, G. S., Miletic, H., Osuagwu, N., Kristoffersen, S., Lilleng, P. K., Larsen,
J. P., Tysnes, O. B., Haugarvoll, K., Bindoff, L. A., Tzoulis, C., 2016. Defective
mitochondrial DNA homeostasis in the substantia nigra in Parkinson disease. Nat Commun
7, 13548.

Dong, Z., Shanmughapriya, S., Tomar, D., Siddiqui, N., Lynch, S., Nemani, N., Breves, S. L.,
Zhang, X., Tripathi, A., Palaniappan, P., Riitano, M. F., Worth, A. M., Seelam, A.,
Carvalho, E., Subbiah, R., Jana, F., Soboloff, J., Peng, Y., Cheung, J. Y., Joseph, S. K.,
Caplan, J., Rajan, S., Stathopulos, P. B., Madesh, M., 2017. Mitochondrial Ca(2+) Uniporter
Is a Mitochondrial Luminal Redox Sensor that Augments MCU Channel Activity. Mol Cell
65, 1014-1028 e1017.

Dorn, G. W., Scorrano, L., 2010. Two close, too close: Sarcoplasmic reticulum-mitochondrial
cross-talk and cardiomyocyte fate. Circulation research 107, 689-699.

Droge, W., 2002. Free radicals in the physiological control of cell function. Physiol Rev 82, 47-95.

Du, C., Fujii, Y., Ito, M., Harada, M., Moriyama, E., Shimada, R., Ikemoto, A., Okuyama, H.,
2004. Dietary polyunsaturated fatty acids suppress acute hepatitis, alter gene expression and
prolong survival of female Long-Evans Cinnamon rats, a model of Wilson disease. J Nutr
Biochem 15, 273-280.

Duchen, M. R., 2004. Roles of mitochondria in health and disease. Diabetes 53 Suppl 1, S96-102.

Duncan, K. E., Ngu, T. T., Chan, J., Salgado, M. T., Merrifield, M. E., Stillman, M. J., 2006.
Peptide folding, metal-binding mechanisms, and binding site structures in metallothioneins.
Exp Biol Med (Maywood) 231, 1488-1499.

Echtay, K. S., Roussel, D., St-Pierre, J., Jekabsons, M. B., Cadenas, S., Stuart, J. A., Harper, J. A.,
Roebuck, S. J., Morrison, A., Pickering, S., Clapham, J. C., Brand, M. D., 2002. Superoxide
activates mitochondrial uncoupling proteins. Nature 415, 96-99.

Edgar, D., Trifunovic, A., 2009. The mtDNA mutator mouse: Dissecting mitochondrial
involvement in aging. Aging (Albany NY) 1, 1028-1032.

Einarsson, K., Nilsell, K., Leijd, B., Angelin, B., 1985. Influence of age on secretion of cholesterol
and synthesis of bile acids by the liver. N Engl J Med 313, 277-282.

Elmore, S. P., Qian, T., Grissom, S. F., Lemasters, J. J., 2001. The mitochondrial permeability
transition initiates autophagy in rat hepatocytes. FASEB J 15, 2286-2287.

Emelyanova, L., Preston, C., Gupta, A., Vigar, M., Negmadjanov, U., Edwards, S., Kraft, K.,
Devana, K., Holmuhamedov, E., O'Hair, D., Tajik, A. J., Jahangir, A., 2017. Effect of Aging
on Mitochondrial Energetics in the Human Atria. J Gerontol A Biol Sci Med Sci.

Enoksson, M., Fernandes, A. P., Prast, S., Lillig, C. H., Holmgren, A., Orrenius, S., 2005.
Overexpression of glutaredoxin 2 attenuates apoptosis by preventing cytochrome c release.
Biochem Biophys Res Commun 327, 774-779.

Epperly, M. W., Wang, H., Jones, J. A., Dixon, T., Montesinos, C. A., Greenberger, J. S., 2011.
Antioxidant-chemoprevention diet ameliorates late effects of total-body irradiation and
supplements radioprotection by MnSOD-plasmid liposome administration. Radiat Res 175,
759-765.

Facchini, F. S., Hua, N., Abbasi, F., Reaven, G. M., 2001. Insulin Resistance as a Predictor of Age-
Related Diseases. The Journal of Clinical Endocrinology & Metabolism 86, 3574-3578.

Fang, D., Zhang, Z., Li, H., Yu, Q., Douglas, J. T., Bratasz, A., Kuppusamy, P., Yan, S. S., 2016.
Increased Electron Paramagnetic Resonance Signal Correlates with Mitochondrial
Dysfunction and Oxidative Stress in an Alzheimer's disease Mouse Brain. J Alzheimers Dis
51, 571-580.

Farr, S. A., Yamada, K. A., Butterficld, D. A., Abdul, H. M., Xu, L., Miller, N. E., Banks, W. A.,
Morley, J. E., 2008. Obesity and Hypertriglyceridemia Produce Cognitive Impairment.
Endocrinology 149, 2628-2636.

83



Fayet, G., Jansson, M., Sternberg, D., Moslemi, A. R., Blondy, P., Lombes, A., Fardeau, M.,
Oldfors, A., 2002. Ageing muscle: clonal expansions of mitochondrial DNA point mutations
and deletions cause focal impairment of mitochondrial function. Neuromuscul Disord 12,
484-493.

Fendel, U., Tocilescu, M. A., Kerscher, S., Brandt, U., 2008. Exploring the inhibitor binding pocket
of respiratory complex I. Biochim Biophys Acta 1777, 660-665.

Fernandez-Checa, J. C., Kaplowitz, N., Garcia-Ruiz, C., Colell, A., 1998 Mitochondrial
glutathione: importance and transport, pp. 389-401 in Seminars in liver disease. © 1998 by
Thieme Medical Publishers, Inc.

Fernandez-Sanz, C., Ruiz-Meana, M., Miro-Casas, E., Nunez, E., Castellano, J., Lourciro, M.,
Barba, I., Poncelas, M., Rodriguez-Sinovas, A., Vazquez, J., Garcia-Dorado, D., 2014.
Defective sarcoplasmic reticulum-mitochondria calcium exchange in aged mouse
myocardium. Cell Death Dis 5, e1573.

Ferrara, N., Rinaldi, B., Corbi, G., Conti, V., Stiuso, P., Boccuti, S., Rengo, G., Rossi, F., Filippelli,
A., 2008. Exercise training promotes SIRT1 activity in aged rats. Rejuvenation Res 11, 139-
150.

Ferreira, 1. L., Nascimento, M. V., Ribeiro, M., Almeida, S., Cardoso, S. M., Grazina, M., Pratas, J.,
Santos, M. J., Januario, C., Oliveira, C. R., Rego, A. C., 2010. Mitochondrial-dependent
apoptosis in Huntington's disease human cybrids. Exp Neurol 222, 243-255.

Festa, R. A., Thiele, D. J., 2011. Copper: an essential metal in biology. Curr Biol 21, R877-883.

Filadi, R., Theurey, P., Pizzo, P., 2017. The endoplasmic reticulum-mitochondria coupling in health
and disease: Molecules, functions and significance. Cell Calcium 62, 1-15.

Fjell, A. M., McEvoy, L., Holland, D., Dale, A. M., Walhovd, K. B., 2014. What is normal in
normal aging? Effects of Aging, Amyloid and Alzheimer’s Disease on the Cerebral Cortex
and the Hippocampus. Progress in neurobiology 117, 20-40.

Floreani, A., 2007. Liver diseases in the elderly: an update. Digestive diseases 25, 138-143.

Fontana, L., Zhao, E., Tanaka, K., Czaja, M. J., 2012. Aging promotes the development of diet-
induced murine steatohepatitis but not steatosis. Hepatology 56, 317A.

Ford, E. S., Giles, W. H., Dietz, W. H., 2002. Prevalence of the metabolic syndrome among US
adults: findings from the third National Health and Nutrition Examination Survey. Jama
287, 356-359.

Franceschi, C., Bonaf¢, M., Valensin, S., Olivieri, F., De Luca, M., Ottaviani, E., De Benedictis, G.,
2000. Inflamm[Jaging: an evolutionary perspective on immunosenescence. Annals of the
New York Academy of Sciences 908, 244-254.

Franceschi, C., Capri, M., Monti, D., Giunta, S., Olivieri, F., Sevini, F., Panourgia, M. P., Invidia,
L., Celani, L., Scurti, M., Cevenini, E., Castellani, G. C., Salvioli, S., 2007. Inflammaging
and anti-inflammaging: a systemic perspective on aging and longevity emerged from studies
in humans. Mech Ageing Dev 128, 92-105.

Frandsen, J. R., Narayanasamy, P., 2018. Neuroprotection through flavonoid: Enhancement of the
glyoxalase pathway. Redox Biol 14, 465-473.

Frank, N., Knauft, J., Amelung, F., Nair, J., Wesch, H., Bartsch, H., 2003. No prevention of liver
and kidney tumors in Long-Evans Cinnamon rats by dietary curcumin, but inhibition at
other sites and of metastases. Mutat Res 523-524, 127-135.

Frederick, R. L., Shaw, J. M., 2007. Moving Mitochondria: Establishing Distribution of an
Essential Organelle. Traffic (Copenhagen, Denmark) 8, 1668-1675.

Freitas, 1., Boncompagni, E., Tarantola, E., Gruppi, C., Bertone, V., Ferrigno, A., Milanesi, G.,
Vaccarone, R., Tira, M. E., Vairetti, M., 2016. In Situ Evaluation of Oxidative Stress in Rat
Fatty Liver Induced by a Methionine- and Choline-Deficient Diet. Oxid Med Cell Longev
2016, 9307064.

Fridovich, I., 2004. Mitochondria: are they the seat of senescence? Aging Cell 3, 13-16.

84



Friedman, J. R., Lackner, L. L., West, M., DiBenedetto, J. R., Nunnari, J., Voeltz, G. K., 2011. ER
Tubules Mark Sites of Mitochondrial Division. Science (New York, N.y.) 334, 358-362.

Froom, P., Miron, E., and Barak, M., 2003. Oral anticoagulants in the elderly. British journal of
haematology 120, 526-528.

Fromenty, B., Pessayre, D., 1995. Inhibition of mitochondrial beta-oxidation as a mechanism of
hepatotoxicity. Pharmacology & therapeutics 67, 101-154.

Fu, A., and Nair, K. S., 1998. Age effect on fibrinogen and albumin synthesis in humans. The
American journal of physiology 275, E1023-1030.

Gan, L., Chitturi, S., and Farrell, G. C., 2011. Mechanisms and implications of age-related changes
in the liver: nonalcoholic Fatty liver disease in the elderly. Current gerontology and
geriatrics research 2011, 831536.

Gant, J. C., Chen, K. C., Kadish, 1., Blalock, E. M., Thibault, O., Porter, N. M., Landfield, P. W.,
2015. Reversal of Aging-Related Neuronal Ca2+ Dysregulation and Cognitive Impairment
by Delivery of a Transgene Encoding FK506-Binding Protein 12.6/1b to the Hippocampus.
J Neurosci 35, 10878-10887.

Garcia-Macia, M., Vega-Naredo, 1., De Gonzalo-Calvo, D., Rodriguez-Gonzalez, S. M., Camello,
P. J., Camello-Almaraz, C., Martin-Cano, F. E., Rodriguez-Colunga, M. J., Pozo, M. J.,
Coto-Montes, A. M., 2011. Melatonin induces neural SOD2 expression independent of the
NF-kappaB pathway and improves the mitochondrial population and function in old mice. J
Pineal Res 50, 54-63.

Garcia-Martinez, 1., Santoro, N., Chen, Y., Hoque, R., Ouyang, X., Caprio, S., Shlomchik, M. J.,
Coffman, R. L., Candia, A., Mehal, W. Z., 2016. Hepatocyte mitochondrial DNA drives
nonalcoholic steatohepatitis by activation of TLRO. J Clin Invest 126, 859-864.

Garcia-Ruiz, C., Fernandez-Checa, J. C., 2006. Mitochondrial glutathione: hepatocellular survival-
death switch. J Gastroenterol Hepatol 21 Suppl 3, S3-6.

Garcia-Ruiz, 1., Rodriguez-Juan, C., Diaz-Sanjuan, T., del Hoyo, P., Colina, F., Munoz-Yague, T.,
Solis-Herruzo, J. A., 2006. Uric acid and anti-TNF antibody improve mitochondrial
dysfunction in ob/ob mice. Hepatology 44, 581-591.

Garcia-Ruiz, 1., Solis-Munoz, P., Fernandez-Moreira, D., Munoz-Yague, T., Solis-Herruzo, J. A.,
2015. In vitro treatment of HepG2 cells with saturated fatty acids reproduces mitochondrial
dysfunction found in nonalcoholic steatohepatitis. Dis Model Mech 8, 183-191.

Gasparre, G., Rossignol, R., Sonveaux, P., 2017. Mitochondria in cancer. Biochimica et Biophysica
Acta (BBA) - Bioenergetics 1858, 553-555.

Gems, D., Partridge, L., 2008. Stress-response hormesis and aging: "that which does not kill us
makes us stronger". Cell Metab 7, 200-203.

Ghosh, P. M., Shu, Z.-J., Zhu, B., Lu, Z., Ikeno, Y., Barnes, J. L., Yeh, C.-K., Zhang, B.-X., Katz,
M. S., Kamat, A., 2012. Role of B-adrenergic receptors in regulation of hepatic fat
accumulation during aging. Journal of Endocrinology 213, 251-261.

Gianello, P., Saliez, A., Bufkens, X., Pettinger, R., Misseleyn, D., Hori, S., Malfroy, B., 1996.
EUK-134, a synthetic superoxide dismutase and catalase mimetic, protects rat kidneys from
ischemia-reperfusion-induced damage. Transplantation 62, 1664-1666.

Gibson, G. E., Sheu, K. F.,Blass, J. P., 1998. Abnormalities of mitochondrial enzymes in Alzheimer
disease. J Neural Transm (Vienna) 105, 855-870.

Giorgi, C., Agnoletto, C., Baldini, C., Bononi, A., Bonora, M., Marchi, S., Missiroli, S., Patergnani,
S., Poletti, F., Rimessi, A., Zavan, B., Pinton, P., 2010. Redox control of protein kinase C:
cell- and disease-specific aspects. Antioxid Redox Signal 13, 1051-1085.

Giorgio, M., Migliaccio, E., Orsini, F., Paolucci, D., Moroni, M., Contursi, C., Pelliccia, G., Luzi,
L., Minucci, S., Marcaccio, M., Pinton, P., Rizzuto, R., Bernardi, P., Paolucci, F., Pelicci, P.
G., 2005. Electron transfer between cytochrome ¢ and p66Shc generates reactive oxygen
species that trigger mitochondrial apoptosis. Cell 122, 221-233.

Gitlin, J. D., 2003. Wilson disease. Gastroenterology 125, 1868-1877.

85



Giugliano, D., Ceriello, A., Paolisso, G., 1996. Oxidative stress and diabetic vascular
complications. Diabetes Care 19, 257-267.

Gledhill, J. R., Walker, J. E., 2005. Inhibition sites in F1-ATPase from bovine heart mitochondria.
Biochem J 386, 591-598.

Gomes, L. C., Scorrano, L., 2008. High levels of Fisl, a pro-fission mitochondrial protein, trigger
autophagy. Biochim Biophys Acta 1777, 860-866.

Goncalves, 1. O., Oliveira, P. J., Ascensao, A., Magalhaes, J., 2013. Exercise as a therapeutic tool to
prevent mitochondrial degeneration in nonalcoholic steatohepatitis. Eur J Clin Invest 43,
1184-1194.

Gounder, S. S., Kannan, S., Devadoss, D., Miller, C. J., Whitehead, K. J., Odelberg, S. J., Firpo, M.
A., Paine, R., 3rd, Hoidal, J. R., Abel, E. D., Rajasekaran, N. S., 2012. Impaired
transcriptional activity of Nrf2 in age-related myocardial oxidative stress is reversible by
moderate exercise training. PLoS One 7, e45697.

Graham, D., Huynh, N. N., Hamilton, C. A., Beattie, E., Smith, R. A., Cocheme, H. M., Murphy,
M. P., Dominiczak, A. F., 2009. Mitochondria-targeted antioxidant MitoQ10 improves
endothelial function and attenuates cardiac hypertrophy. Hypertension 54, 322-328.

Grattagliano, 1., Caraceni, P., Calamita, G., Ferri, D., Gargano, I., Palasciano, G., Portincasa, P.,
2008. Severe liver steatosis correlates with nitrosative and oxidative stress in rats. Eur J Clin
Invest 38, 523-530.

Grattagliano, 1., Caraceni, P., Portincasa, P., Domenicali, M., Palmieri, V. O., Trevisani, F.,
Bernardi, M., Palasciano, G., 2003. Adaptation of subcellular glutathione detoxification
system to stress conditions in choline-deficient diet induced rat fatty liver. Cell Biol Toxicol
19, 355-366.

Grattagliano, 1., Diogo, C. V., Mastrodonato, M., de Bari, O., Persichella, M., Wang, D. Q.,
Liquori, A., Ferri, D., Carratu, M. R., Oliveira, P. J., Portincasa, P., 2013. A silybin-
phospholipids complex counteracts rat fatty liver degeneration and mitochondrial oxidative
changes. World J Gastroenterol 19, 3007-3017.

Grattagliano, 1., Portincasa, P., Cocco, T., Moschetta, A., Di Paola, M., Palmieri, V. O., Palasciano,
G., 2004a. Effect of dietary restriction and N-acetylcysteine supplementation on intestinal
mucosa and liver mitochondrial redox status and function in aged rats. Exp Gerontol 39,
1323-1332.

Grattagliano, 1., Russmann, S., Diogo, C., Bonfrate, L., Oliveira, P. J., Wang, D. Q., Portincasa, P.,
2011. Mitochondria in chronic liver disease. Curr Drug Targets 12, 879-893.

Grattagliano, 1., Russmann, S., Palmieri, V. O., Juni, P., Bihl, F., Portincasa, P., Palasciano, G.,
Lauterburg, B. H., 2004b. Low membrane protein sulthydrils but not G6PD deficiency
predict ribavirin-induced hemolysis in hepatitis C. Hepatology 39, 1248-1255.

Grattagliano, 1., Wang, D. Q., Di, C. A., Diogo, C. V., Palasciano, G., Portincasa, P., 2009. Biliary
proteins and their redox status changes in gallstone patients. Eur.J Clin Invest 39, 986-992.

Green, D. R., Galluzzi, L.,Kroemer, G., 2011. Mitochondria and the autophagy-inflammation-cell
death axis in organismal aging. Science 333, 1109-1112.

Green, D. R., Kroemer, G., 2004. The pathophysiology of mitochondrial cell death. Science 305,
626-629.

Gregg, S. Q., Gutierrez, V., Robinson, A. R., Woodell, T., Nakao, A., Ross, M. A., Michalopoulos,
G. K., Rigatti, L., Rothermel, C. E., Kamileri, 1., Garinis, G. A., Stolz, D. B., Niedernhofer,
L. J., 2012. A mouse model of accelerated liver aging caused by a defect in DNA repair.
Hepatology 55, 609-621.

Grunewald, A., Rygiel, K. A., Hepplewhite, P. D., Morris, C. M., Picard, M., Turnbull, D. M.,
2016. Mitochondrial DNA Depletion in Respiratory Chain-Deficient Parkinson Disease
Neurons. Ann Neurol 79, 366-378.

86



Gu, M., Cooper, J. M., Butler, P., Walker, A. P., Mistry, P. K., Dooley, J. S., Schapira, A. H., 2000.
Oxidative-phosphorylation defects in liver of patients with Wilson's disease. Lancet 356,
469-474.

Guest, J. R., Russell, G. C., 1992. Complexes and complexities of the citric acid cycle in
Escherichia coli. Curr Top Cell Regul 33, 231-247.

Guo, J. Y., Chen, H. Y., Mathew, R., Fan, J., Strohecker, A. M., Karsli-Uzunbas, G., Kamphorst, J.
J., Chen, G., Lemons, J. M., Karantza, V., Coller, H. A., Dipaola, R. S., Gelinas, C.,
Rabinowitz, J. D., White, E., 2011. Activated Ras requires autophagy to maintain oxidative
metabolism and tumorigenesis. Genes Dev 25, 460-470.

Gupta, A., Roy, S., Lazar, A. J., Wang, W. L., McAuliffe, J. C., Reynoso, D., McMahon, J.,
Taguchi, T., Floris, G., Debiec-Rychter, M., Schoffski, P., Trent, J. A., Debnath, J., Rubin,
B. P., 2010. Autophagy inhibition and antimalarials promote cell death in gastrointestinal
stromal tumor (GIST). Proc Natl Acad Sci U S A 107, 14333-14338.

Guzman, J. N., Sanchez-Padilla, J., Wokosin, D., Kondapalli, J., Iljjic, E., Schumacker, P. T.,
Surmeier, D. J., 2010. Oxidant stress evoked by pacemaking in dopaminergic neurons is
attenuated by DJ-1. Nature 468, 696.

Haga, S., Terui, K., Fukai, M., Oikawa, Y., Irani, K., Furukawa, H., Todo, S., Ozaki, M., 2008.
Preventing hypoxia/reoxygenation damage to hepatocytes by p66(shc) ablation: up-
regulation of anti-oxidant and anti-apoptotic proteins. J Hepatol 48, 422-432.

Hagopian, K., Harper, M. E., Ram, J. J., Humble, S. J., Weindruch, R., Ramsey, J. J., 2005. Long-
term calorie restriction reduces proton leak and hydrogen peroxide production in liver
mitochondria. Am J Physiol Endocrinol Metab 288, E674-684.

Hailey, D. W., Rambold, A. S., Satpute-Krishnan, P., Mitra, K., Sougrat, R., Kim, P. K., Lippincott-
Schwartz, J., 2010. Mitochondria supply membranes for autophagosome biogenesis during
starvation. Cell 141, 656-667.

Halestrap, A. P., 2009. What is the mitochondrial permeability transition pore? J Mol Cell Cardiol
46, 821-831.

Hall, K. E., Proctor, D. D., Fisher, L., and Rose, S., 2005. American gastroenterological association
future trends committee report: effects of aging of the population on gastroenterology
practice, education, and research. Gastroenterology 129, 1305-1338.

Hamilton, M. L., Van Remmen, H., Drake, J. A., Yang, H., Guo, Z. M., Kewitt, K., Walter, C. A.,
Richardson, A., 2001. Does oxidative damage to DNA increase with age? Proceedings of
the National Academy of Sciences 98, 10469-10474.

Han, B., Sivaramakrishnan, P., Lin, C.-C. J., Neve, I. A. A., He, J., Tay, L. W. R., Sowa, J. N.,
Sizovs, A., Du, G., Wang, J.,, Herman, C., Wang, M. C., 2017. Microbial Genetic
Composition Tunes Host Longevity. Cell 169, 1249-1262.e1213.

Haque, M., Sanyal, A. J., 2002. The metabolic abnormalities associated with non-alcoholic fatty
liver disease. Best practice & research. Clinical gastroenterology 16, 709-731.

Harman, D., 1956. Aging: a theory based on free radical and radiation chemistry. J Gerontol 11,
298-300.

Harman, D., 1972. The biologic clock: the mitochondria? J] Am Geriatr Soc 20, 145-147.

Harrington, L. A., Harley, C. B., 1988. Effect of vitamin E on lifespan and reproduction in
Caenorhabditis elegans. Mech Ageing Dev 43, 71-78.

Hashizume, O., Ohnishi, S., Mito, T., Shimizu, A., Ishikawa, K., Nakada, K., Soda, M., Mano, H.,
Togayachi, S., Miyoshi, H., Okita, K., Hayashi, J.-I., 2015. Epigenetic regulation of the
nuclear-coded GCAT and SHMT2 genes confers human age-associated mitochondrial
respiration defects. Scientific Reports 5, 10434.

Hatch, A. L., Ji, W.-K., Merrill, R. A., Strack, S., Higgs, H. N., 2016. Actin filaments as dynamic
reservoirs for Drpl recruitment. Molecular Biology of the Cell 27, 3109-3121.

87



Hawkins, R. L., Mori, M., Inoue, M., Torii, K., 1995. Proline, ascorbic acid, or thioredoxin affect
jaundice and mortality in Long Evans cinnamon rats. Pharmacol Biochem Behav 52, 509-
515.

Hayashi, J.-I., Hashizume, O., Ishikawa, K., Shimizu, A., 2016. Mutations in mitochondrial DNA
regulate mitochondrial diseases and metastasis but do not regulate aging. Current Opinion in
Genetics & Development 38, 63-67.

Hekimi, S., Guarente, L., 2003. Genetics and the specificity of the aging process. Science 299,
1351-1354.

Hekimi, S., Lapointe, J., Wen, Y., 2011. Taking a "good" look at free radicals in the aging process.
Trends Cell Biol 21, 569-576.

Herbener, G. H., 1976. A Morphometric Study of Age-Dependent Changes in Mitochondrial
Populations of Mouse Liver and Heartl. Journal of Gerontology 31, 8-12.

Hirschey, M. D., Shimazu, T., Goetzman, E., Jing, E., Schwer, B., Lombard, D. B., Grueter, C. A.,
Harris, C., Biddinger, S., Ilkayeva, O. R., Stevens, R. D., Li, Y., Saha, A. K., Ruderman, N.
B., Bain, J. R., Newgard, C. B., Farese, R. V., Jr., Alt, F. W., Kahn, C. R., Verdin, E., 2010.
SIRT3 regulates mitochondrial fatty-acid oxidation by reversible enzyme deacetylation.
Nature 464, 121-125.

Hoekstra, J. G., Hipp, M. J., Montine, T. J., Kennedy, S. R., 2016. Mitochondrial DNA mutations
increase in early stage Alzheimer disease and are inconsistent with oxidative damage. Ann
Neurol 80, 301-306.

Hole, P. S., Pearn, L., Tonks, A. J., James, P. E., Burnett, A. K., Darley, R. L., Tonks, A., 2010.
Ras-induced reactive oxygen species promote growth factor-independent proliferation in
human CD34+ hematopoietic progenitor cells. Blood 115, 1238-1246.

Hrgovcic, M., Tessmer, C. F., Thomas, F. B., Ong, P. S., Gamble, J. F., Shullenberger, C. C., 1973.
Serum copper observations in patients with malignant lymphoma. Cancer 32, 1512-1524.

Huang, X., Atwood, C. S., Hartshorn, M. A., Multhaup, G., Goldstein, L. E., Scarpa, R. C.,
Cuajungco, M. P., Gray, D. N., Lim, J., Moir, R. D., Tanzi, R. E., Bush, A. L., 1999. The A
beta peptide of Alzheimer's disease directly produces hydrogen peroxide through metal ion
reduction. Biochemistry 38, 7609-7616.

Huang, Y., Hong, H., Li, M., Liu, J., Jiang, C., Zhang, H., Ye, L., Zheng, J., 2017. Age-Dependent
Oxidative DNA Damage Does Not Correlate with Reduced Proliferation of Cardiomyocytes
in Humans. PLoS One 12, e0170351.

Huster, D., Finegold, M. J., Morgan, C. T., Burkhead, J. L., Nixon, R., Vanderwerf, S. M., Gilliam,
C. T., Lutsenko, S., 2006. Consequences of copper accumulation in the livers of the Atp7b-
/- (Wilson disease gene) knockout mice. Am J Pathol 168, 423-434.

Hwang, ., Lee, J., Huh, J. Y., Park, J., Lee, H. B., Ho, Y. S., Ha, H., 2012. Catalase deficiency
accelerates diabetic renal injury through peroxisomal dysfunction. Diabetes 61, 728-738.

Ide, T., Tsutsui, H., Kinugawa, S., Utsumi, H., Kang, D., Hattori, N., Uchida, K., Arimura, K.,
Egashira, K., Takeshita, A., 1999. Mitochondrial electron transport complex I is a potential
source of oxygen free radicals in the failing myocardium. Circ Res 85, 357-363.

Ikeyama, S., Wang, X.-T., Li, J., Podlutsky, A., Martindale, J. L., Kokkonen, G., van Huizen, R.,
Gorospe, M., Holbrook, N. J., 2003. Expression of the Pro-apoptotic Genegadd153/chop Is
Elevated in Liver with Aging and Sensitizes Cells to Oxidant Injury. Journal of Biological
Chemistry 278, 16726-16731.

Inden, M., Kitamura, Y., Abe, M., Tamaki, A., Takata, K., Taniguchi, T., 2011. Parkinsonian
rotenone mouse model: reevaluation of long-term administration of rotenone in C57BL/6
mice. Biol Pharm Bull 34, 92-96.

Inoue, H., Ishii, H., Alder, H., Snyder, E., Druck, T., Huebner, K., Croce, C. M., 1997. Sequence of
the FRA3B common fragile region: implications for the mechanism of FHIT deletion. Proc
Natl Acad Sci U S A 94, 14584-14589.

88



Intano, G. W., Cho, E. J., McMahan, C. A., Walter, C. A., 2003. Age-related base excision repair
activity in mouse brain and liver nuclear extracts. J Gerontol A Biol Sci Med Sci 58, 205-
211.

Ishii, T., Miyazawa, M., Hartman, P. S., Ishii, N., 2011. Mitochondrial superoxide anion (O(2)(-))
inducible "mev-1" animal models for aging research. BMB Rep 44, 298-305.

Ishii, T., Yasuda, K., Akatsuka, A., Hino, O., Hartman, P. S., Ishii, N., 2005. A mutation in the
SDHC gene of complex II increases oxidative stress, resulting in apoptosis and
tumorigenesis. Cancer Res 65, 203-209.

Jain, S. K., 1998. Glutathione and glucose-6-phosphate dehydrogenase deficiency can increase
protein glycosylation. Free Radic Biol Med 24, 197-201.

Janikiewicz, J., Hanzelka, K., Kozinski, K., Kolczynska, K., Dobrzyn, A., 2015. Islet beta-cell
failure in type 2 diabetes--Within the network of toxic lipids. Biochem Biophys Res
Commun 460, 491-496.

Janssen, 1. M., Sturtz, S., Skipka, G., Zentner, A., Velasco Garrido, M., Busse, R., 2010. Ginkgo
biloba in Alzheimer's disease: a systematic review. Wien Med Wochenschr 160, 539-546.

Jedrak, P., Krygier, M., Tonska, K., Drozd, M., Kaliszewska, M., Bartnik, E., Soltan, W., Sitek, E.
J., Stanistawska-Sachadyn, A., Limon, J., Stawek, J., Wegrzyn, G., Baranska, S., 2017.
Mitochondrial DNA levels in Huntington disease leukocytes and dermal fibroblasts.
Metabolic Brain Disease 32, 1237-1247.

Jedrak, P., Sowa, N., Baranska, S., Wegrzyn, G., 2017. Characterization of conditions and
determination of practical tips for mtDNA level estimation in various human cells. Acta
biochimica Polonica 64, 699-704.

Jendrach, M., Pohl, S., V6th, M., Kowald, A., Hammerstein, P., Bereiter-Hahn, J., 2005. Morpho-
dynamic changes of mitochondria during ageing of human endothelial cells. Mechanisms of
Ageing and Development 126, 813-821.

Ji, L. L., 1993. Antioxidant enzyme response to exercise and aging. Med Sci Sports Exerc 25, 225-
231.

Ji, Q., Ikegami, H., Fujisawa, T., Kawabata, Y., Ono, M., Nishino, M., Ohishi, M., Katsuya, T.,
Rakugi, H., Ogihara, T., 2004. A common polymorphism of uncoupling protein 2 gene is
associated with hypertension. J Hypertens 22, 97-102.

Jin, J., Takova, P., Breaux, M., Sullivan, E., Jawanmardi, N., Chen, D., Jiang, Y., Medrano, E. M.,
Timchenko, N. A., 2013. Increased expression of enzymes of triglyceride synthesis is
essential for the development of hepatic steatosis. Cell reports 3, 831-843.

Johnson, S. C., Rabinovitch, P. S., Kaeberlein, M., 2013. mTOR is a key modulator of ageing and
age-related disease. Nature 493, 338.

Joseph, A.-M., Adhihetty, P. J., Buford, T. W., Wohlgemuth, S. E., Lees, H. A., Nguyen, L. M. D.,
Aranda, J. M., Sandesara, B. D., Pahor, M., Manini, T. M., Marzetti, E., Leeuwenburgh, C.,
2012. The Impact of Aging on Mitochondrial Function and Biogenesis Pathways in Skeletal
Muscle of Sedentary High- and Low-Functioning Elderly Individuals. Aging cell 11, 801-
809.

Jurk, D., Wilson, C., Passos, J. F., Oakley, F., Correia-Melo, C., Greaves, L., Saretzki, G., Fox, C.,
Lawless, C., Anderson, R., Hewitt, G., Pender, S. L., Fullard, N., Nelson, G., Mann, J., van
de Sluis, B., Mann, D. A., von Zglinicki, T., 2014. Chronic inflammation induces telomere
dysfunction and accelerates ageing in mice. Nat Commun 2, 4172.

Kachergus, J., Mata, 1. F., Hulihan, M., Taylor, J. P., Lincoln, S., Aasly, J., Gibson, J. M., Ross, O.
A., Lynch, T., Wiley, J., Payami, H., Nutt, J., Maraganore, D. M., Czyzewski, K.,
Styczynska, M., Wszolek, Z. K., Farrer, M. J., Toft, M., 2005. Identification of a novel
LRRK2 mutation linked to autosomal dominant parkinsonism: evidence of a common
founder across European populations. Am J Hum Genet 76, 672-680.

&9



Kadish, 1., Kumar, A., Beitnere, U., Jennings, E., McGilberry, W., van Groen, T., 2016. Dietary
composition affects the development of cognitive deficits in WT and Tg AD model mice.
Experimental Gerontology 86, 39-49.

Kaim, W., Rall, J., 1996. Copper - A "modern" bioelement. Angew Chem Int Edit 35, 43-60.

Kalyani, R. R., Corriere, M., Ferrucci, L., 2014. Age-related and disease-related muscle loss: the
effect of diabetes, obesity, and other diseases. The lancet. Diabetes & endocrinology 2, 819-
829.

Kamata, H., Honda, S., Maeda, S., Chang, L., Hirata, H., Karin, M., 2005. Reactive oxygen species
promote TNFalpha-induced death and sustained JNK activation by inhibiting MAP kinase
phosphatases. Cell 120, 649-661.

Kamp, F., Exner, N., Lutz, A. K., Wender, N., Hegermann, J., Brunner, B., Nuscher, B., Bartels, T.,
Giese, A., Beyer, K., Eimer, S., Winklhofer, K. F., Haass, C., 2010. Inhibition of
mitochondrial fusion by a-synuclein is rescued by PINK1, Parkin and DJ-1. The EMBO
Journal 29, 3571-3589.

Kandimalla, R., Manczak, M., Yin, X., Wang, R., Reddy, P. H., 2018. Hippocampal phosphorylated
tau induced cognitive decline, dendritic spine loss and mitochondrial abnormalities in a
mouse model of Alzheimer’s disease. Human Molecular Genetics 27, 30-40.

Kanfer, G., Kornmann, B., 2016. Dynamics of the mitochondrial network during mitosis.
Biochemical Society Transactions 44, 510-516.

Kang, K. W, Lee, S. J., Kim, S. G., 2005. Molecular mechanism of nrf2 activation by oxidative
stress. Antioxid Redox Signal 7, 1664-1673.

Kanninen, K., Heikkinen, R., Malm, T., Rolova, T., Kuhmonen, S., Leinonen, H., Yla-Herttuala, S.,
Tanila, H., Levonen, A. L., Koistinaho, M., Koistinaho, J., 2009. Intrahippocampal injection
of a lentiviral vector expressing Nrf2 improves spatial learning in a mouse model of
Alzheimer's disease. Proc Natl Acad Sci U S A 106, 16505-16510.

Karcioglu, Z. A., Sarper, R. M., Van Rinsvelt, H. A., Guffey, J. A., Fink, R. W., 1978. Trace
element concentrations in renal cell carcinoma. Cancer 42, 1330-1340.

Kasahara, A., Cipolat, S., Chen, Y., Dorn, G. W., Scorrano, L., 2013. Mitochondrial Fusion Directs
Cardiomyocyte Differentiation via Calcineurin and Notch Signaling. Science 342, 734-737.

Katayama, M., Donai, K., Sakakibara, H., Ohtomo, Y., Miyagawa, M., Kuroda, K., Kodama, H.,
Suzuki, K., Kasai, N., Nishimori, K., Uchida, T., Watanabe, K., Aso, H., Isogai, E., Sone,
H., Fukuda, T., 2014. Coffee consumption delays the hepatitis and suppresses the
inflammation related gene expression in the Long-Evans Cinnamon rat. Clin Nutr 33, 302-
310.

Katz, M. S., Dax, E. M., Gregerman, R. 1., 1993. Beta adrenergic regulation of rat liver
glycogenolysis during aging. Experimental gerontology 28, 329-340.

Kaushik, S., Arias, E., Kwon, H., Lopez, N. M., Athonvarangkul, D., Sahu, S., Schwartz, G. J.,
Pessin, J. E., Singh, R., 2012. Loss of autophagy in hypothalamic POMC neurons impairs
lipolysis. EMBO Rep 13, 258-265.

Keil, U., Bonert, A., Marques, C. A., Scherping, 1., Weyermann, J., Strosznajder, J. B., Muller-
Spahn, F., Haass, C., Czech, C., Pradier, L., Muller, W. E., Eckert, A., 2004. Amyloid beta-
induced changes in nitric oxide production and mitochondrial activity lead to apoptosis. J
Biol Chem 279, 50310-50320.

Kennedy, S. R., Salk, J. J., Schmitt, M. W., Loeb, L. A., 2013. Ultra-sensitive sequencing reveals an
age-related increase in somatic mitochondrial mutations that are inconsistent with oxidative
damage. PLoS Genet 9, €¢1003794.

Kim, A., Joseph, S., Khan, A., Epstein, C. J., Sobel, R., Huang, T. T., 2010. Enhanced expression of
mitochondrial superoxide dismutase leads to prolonged in vivo cell cycle progression and
up-regulation of mitochondrial thioredoxin. Free Radic Biol Med 48, 1501-1512.

90



Kim, E. H., Sohn, S., Kwon, H. J., Kim, S. U., Kim, M. J., Lee, S. J., Choi, K. S., 2007a. Sodium
selenite induces superoxide-mediated mitochondrial damage and subsequent autophagic cell
death in malignant glioma cells. Cancer Res 67, 6314-6324.

Kim, H.R., Won, S. J., Fabian, C., Kang, M.G., Szardenings, M., Shin, M.G., 2015. Mitochondrial
DNA Aberrations and Pathophysiological Implications in Hematopoietic Diseases, Chronic
Inflammatory Diseases, and Cancers. Annals of Laboratory Medicine 35, 1-14.

Kim, I., Rodriguez-Enriquez, S.,Lemasters, J. J., 2007b. Selective degradation of mitochondria by
mitophagy. Arch Biochem Biophys 462, 245-253.

Kirkland, R. A., Adibhatla, R. M., Hatcher, J. F., Franklin, J. L., 2002. Loss of cardiolipin and
mitochondria during programmed neuronal death: evidence of a role for lipid peroxidation
and autophagy. Neuroscience 115, 587-602.

Kirkwood, T. B. L., Kowald, A., 2012. The free-radical theory of ageing — older, wiser and still
alive. BioEssays 34, 692-700.

Kissova, 1., Deffieu, M., Samokhvalov, V., Velours, G., Bessoule, J. J., Manon, S., Camougrand,
N., 2006. Lipid oxidation and autophagy in yeast. Free Radic Biol Med 41, 1655-1661.

Kitada, T., Asakawa, S., Matsumine, H., Hattori, N., Minoshima, S., Shimizu, N., Mizuno, Y.,
1999. Positional cloning of the autosomal recessive juvenile parkinsonism (AR-JP) gene and
its diversity in deletion mutations. Parkinsonism Relat Disord 5, 163-168.

Kitamura, Y., Nishikawa, A., Nakamura, H., Furukawa, F., Imazawa, T., Umemura, T., Uchida, K.,
Hirose, M., 2005. Effects of N-acetylcysteine, quercetin, and phytic acid on spontaneous
hepatic and renal lesions in LEC rats. Toxicol Pathol 33, 584-592.

Klionsky, D. J., Abdelmohsen, K., Abe, A., Abedin, M. J., Abeliovich, H., Acevedo Arozena, A.,
Adachi, H., Adams, C. M., Adams, P. D., Adeli, K., Adhihetty, P. J., Adler, S. G., Agam,
G., Agarwal, R., Aghi, M. K., Agnello, M., Agostinis, P., Aguilar, P. V., Aguirre-Ghiso, J.,
Airoldi, E. M., Ait-Si-Alj, S., Akematsu, T., Akporiaye, E. T., Al-Rubeai, M., Albaiceta, G.
M., Albanese, C., Albani, D., Albert, M. L., Aldudo, J., Algul, H., Alirezaei, M., Alloza, 1.,
Almasan, A., Almonte-Beceril, M., Alnemri, E. S., Alonso, C., Altan-Bonnet, N., Altieri, D.
C., Alvarez, S., Alvarez-Erviti, L., Alves, S., Amadoro, G., Amano, A., Amantini, C.,
Ambrosio, S., Amelio, 1., Amer, A. O., Amessou, M., Amon, A., An, Z., Anania, F. A.,
Andersen, S. U., Andley, U. P., Andreadi, C. K., Andrieu-Abadie, N., Anel, A., Ann, D. K.,
Anoopkumar-Dukie, S., Antonioli, M., Aoki, H., Apostolova, N., Aquila, S., Aquilano, K.,
Araki, K., Arama, E., Aranda, A., Araya, J., Arcaro, A., Arias, E., Arimoto, H., Ariosa, A.
R., Armstrong, J. L., Arnould, T., Arsov, I., Asanuma, K., Askanas, V., Asselin, E.,
Atarashi, R., Atherton, S. S., Atkin, J. D., Attardi, L. D., Auberger, P., Auburger, G.,
Aurelian, L., Autelli, R., Avagliano, L., Avantaggiati, M. L., Avrahami, L., Awale, S., Azad,
N., Bachetti, T., Backer, J. M., Bae, D. H., Bae, J. S., Bae, O. N., Bae, S. H., Bachrecke, E.
H., Baek, S. H., Baghdiguian, S., Bagniewska-Zadworna, A., Bai, H., Bai, J., Bai, X. Y.,
Bailly, Y., Balaji, K. N., Balduini, W., Ballabio, A., Balzan, R., Banerjee, R., Banhegyi, G.,
Bao, H., Barbeau, B., Barrachina, M. D., Barreiro, E., Bartel, B., Bartolome, A., Bassham,
D. C,, Bassi, M. T., Bast, R. C., Jr., Basu, A., Batista, M. T., Batoko, H., Battino, M.,
Bauckman, K., Baumgarner, B. L., Bayer, K. U., Beale, R., Beaulieu, J. F., Beck, G. R., Jr.,
Becker, C., Beckham, J. D., Bedard, P. A., Bednarski, P. J., Begley, T. J., Behl, C.,,
Behrends, C., Behrens, G. M., Behrns, K. E., Bejarano, E., Belaid, A., Belleudi, F., Benard,
G., Berchem, G., Bergamaschi, D., Bergami, M., Berkhout, B., Berliocchi, L., Bernard, A.,
Bernard, M., Bernassola, F., Bertolotti, A., Bess, A. S., Besteiro, S., Bettuzzi, S., Bhalla, S.,
Bhattacharyya, S., Bhutia, S. K., Biagosch, C., Bianchi, M. W., Biard-Piechaczyk, M.,
Billes, V., Bincoletto, C., Bingol, B., Bird, S. W., Bitoun, M., Bjedov, 1., Blackstone, C.,
Blanc, L., Blanco, G. A., Blomhoff, H. K., Boada-Romero, E., Bockler, S., Boes, M.,
Boesze-Battaglia, K., Boise, L. H., Bolino, A., Boman, A., Bonaldo, P., Bordi, M., Bosch,
J., Botana, L. M., Botti, J., Bou, G., Bouche, M., Bouchecareilh, M., Boucher, M. .,
Boulton, M. E., Bouret, S. G., Boya, P., Boyer-Guittaut, M., Bozhkov, P. V., Brady, N.,

91



Braga, V. M., Brancolini, C., Braus, G. H., Bravo-San Pedro, J. M., Brennan, L. A,
Bresnick, E. H., Brest, P., Bridges, D., Bringer, M. A., Brini, M., Brito, G. C., Brodin, B.,
Brookes, P. S., Brown, E. J., Brown, K., Broxmeyer, H. E., Bruhat, A., Brum, P. C,,
Brumell, J. H., Brunetti-Pierri, N., Bryson-Richardson, R. J., Buch, S., Buchan, A. M.,
Budak, H., Bulavin, D. V., Bultman, S. J., Bultynck, G., Bumbasirevic, V., Burelle, Y.,
Burke, R. E., Burmeister, M., Butikofer, P., Caberlotto, L., Cadwell, K., Cahova, M., Cai,
D., Cai, J.,, Cai, Q., Calatayud, S., Camougrand, N., Campanella, M., Campbell, G. R.,
Campbell, M., Campello, S., Candau, R., Caniggia, 1., Cantoni, L., Cao, L., Caplan, A. B.,
Caraglia, M., Cardinali, C., Cardoso, S. M., Carew, J. S., Carleton, L. A., Carlin, C. R.,
Carloni, S., Carlsson, S. R., Carmona-Gutierrez, D., Carneiro, L. A., Carnevali, O., Carra,
S., Carrier, A., Carroll, B., Casas, C., Casas, J., Cassinelli, G., Castets, P., Castro-Obregon,
S., Cavallini, G., Ceccherini, 1., Cecconi, F., Cederbaum, A. I., Cena, V., Cenci, S., Cerella,
C., Cervia, D., Cetrullo, S., Chaachouay, H., Chae, H. J., Chagin, A. S., Chai, C. Y.,
Chakrabarti, G., Chamilos, G., Chan, E. Y., Chan, M. T., Chandra, D., Chandra, P., Chang,
C. P., Chang, R. C., Chang, T. Y., Chatham, J. C., Chatterjee, S., Chauhan, S., Che, Y.,
Cheetham, M. E., Cheluvappa, R., Chen, C. J., Chen, G., Chen, G. C., Chen, G., Chen, H.,
Chen, J. W., Chen, J. K., Chen, M., Chen, M., Chen, P., Chen, Q., Chen, Q., Chen, S. D.,
Chen, S., Chen, S. S., Chen, W., Chen, W. J., Chen, W. Q., Chen, W., Chen, X., Chen, Y.
H., Chen, Y. G., Chen, Y., Chen, Y., Chen, Y., Chen, Y. J., Chen, Y. Q., Chen, Y., Chen, Z.,
Chen, Z., Cheng, A., Cheng, C. H., Cheng, H., Cheong, H., Cherry, S., Chesney, J., Cheung,
C. H., Chevet, E., Chi, H. C., Chi, S. G., Chiacchiera, F., Chiang, H. L., Chiarelli, R.,
Chiariello, M., Chieppa, M., Chin, L. S., Chiong, M., Chiu, G. N., Cho, D. H., Cho, S. G.,
Cho, W. C.,Cho, Y. Y., Cho, Y. S., Choi, A. M., Choi, E. J., Choi, E. K., Choi, J., Choi, M.
E., Choi, S. L., Chou, T. F., Chouaib, S., Choubey, D., Choubey, V., Chow, K. C.,,
Chowdhury, K., Chu, C. T., Chuang, T. H., Chun, T., Chung, H., Chung, T., Chung, Y. L.,
Chwae, Y. J., Cianfanelli, V., Ciarcia, R., Ciechomska, I. A., Ciriolo, M. R., Cirone, M.,
Claerhout, S., Clague, M. J., Claria, J., Clarke, P. G., Clarke, R., Clementi, E., Cleyrat, C.,
Cnop, M., Coccia, E. M., Cocco, T., Codogno, P., Coers, J., Cohen, E. E., Colecchia, D.,
Coletto, L., Coll, N. S., Colucci-Guyon, E., Comincini, S., Condello, M., Cook, K. L.,
Coombs, G. H., Cooper, C. D., Cooper, J. M., Coppens, 1., Corasaniti, M. T., Corazzari, M.,
Corbalan, R., Corcelle-Termeau, E., Cordero, M. D., Corral-Ramos, C., Corti, O.,
Cossarizza, A., Costelli, P., Costes, S., Cotman, S. L., Coto-Montes, A., Cottet, S., Couve,
E., Covey, L. R., Cowart, L. A., Cox, J. S., Coxon, F. P., Coyne, C. B., Cragg, M. S.,
Craven, R. J., Crepaldi, T., Crespo, J. L., Criollo, A., Crippa, V., Cruz, M. T., Cuervo, A.
M., Cuezva, J. M., Cui, T., Cutillas, P. R., Czaja, M. J., Czyzyk-Krzeska, M. F., Dagda, R.
K., Dahmen, U., Dai, C., Dai, W., Dai, Y., Dalby, K. N., Dalla Valle, L., Dalmasso, G.,
D'Amelio, M., Damme, M., Darfeuille-Michaud, A., Dargemont, C., Darley-Usmar, V. M.,
Dasarathy, S., Dasgupta, B., Dash, S., Dass, C. R., Davey, H. M., Davids, L. M., Davila, D.,
Davis, R. J., Dawson, T. M., Dawson, V. L., Daza, P., de Belleroche, J., de Figueiredo, P.,
de Figueiredo, R. C., de la Fuente, J., De Martino, L., De Matteis, A., De Meyer, G. R., De
Milito, A., De Santi, M., de Souza, W., De Tata, V., De Zio, D., Debnath, J., Dechant, R.,
Decuypere, J. P., Deegan, S., Dehay, B., Del Bello, B., Del Re, D. P., Delage-Mourroux, R.,
Delbridge, L. M., Deldicque, L., Delorme-Axford, E., Deng, Y., Dengjel, J., Denizot, M.,
Dent, P., Der, C. J., Deretic, V., Derrien, B., Deutsch, E., Devarenne, T. P., Devenish, R. J.,
Di Bartolomeo, S., Di Daniele, N., Di Domenico, F., Di Nardo, A., Di Paola, S., Di Pietro,
A., Di Renzo, L., DiAntonio, A., Diaz-Araya, G., Diaz-Laviada, 1., Diaz-Meco, M. T., Diaz-
Nido, J., Dickey, C. A., Dickson, R. C., Diederich, M., Digard, P., Dikic, I., Dinesh-Kumar,
S. P., Ding, C., Ding, W. X_, Ding, Z., Dini, L., Distler, J. H., Diwan, A., Djavaheri-Mergny,
M., Dmytruk, K., Dobson, R. C., Doetsch, V., Dokladny, K., Dokudovskaya, S., Donadelli,
M., Dong, X. C., Dong, X., Dong, Z., Donohue, T. M., Jr., Doran, K. S., D'Orazi, G., Dorn,
G. W., 2nd, Dosenko, V., Dridi, S., Drucker, L., Du, J., Du, L. L., Du, L., du Toit, A., Dua,

92



P., Duan, L., Duann, P., Dubey, V. K., Duchen, M. R., Duchosal, M. A., Duez, H., Dugail,
I., Dumit, V. L., Duncan, M. C., Dunlop, E. A., Dunn, W. A., Jr., Dupont, N., Dupuis, L.,
Duran, R. V., Durcan, T. M., Duvezin-Caubet, S., Duvvuri, U., Eapen, V., Ebrahimi-
Fakhari, D., Echard, A., Eckhart, L., Edelstein, C. L., Edinger, A. L., Eichinger, L.,
Eisenberg, T., Eisenberg-Lerner, A., Eissa, N. T., El-Deiry, W. S., El-Khoury, V., Elazar,
Z., Eldar-Finkelman, H., Elliott, C. J., Emanuele, E., Emmenegger, U., Engedal, N.,
Engelbrecht, A. M., Engelender, S., Enserink, J. M., Erdmann, R., Erenpreisa, J., Eri, R,
Eriksen, J. L., Erman, A., Escalante, R., Eskelinen, E. L., Espert, L., Esteban-Martinez, L.,
Evans, T. J., Fabri, M., Fabrias, G., Fabrizi, C., Facchiano, A., Faergeman, N. J., Faggioni,
A., Fairlie, W. D., Fan, C., Fan, D., Fan, J., Fang, S., Fanto, M., Fanzani, A., Farkas, T.,
Faure, M., Favier, F. B., Fearnhead, H., Federici, M., Fei, E., Felizardo, T. C., Feng, H.,
Feng, Y., Feng, Y., Ferguson, T. A., Fernandez, A. F., Fernandez-Barrena, M. G.,
Fernandez-Checa, J. C., Fernandez-Lopez, A., Fernandez-Zapico, M. E., Feron, O., Ferraro,
E., Ferreira-Halder, C. V., Fesus, L., Feuer, R., Fiesel, F. C., Filippi-Chiela, E. C., Filomeni,
G., Fimia, G. M., Fingert, J. H., Finkbeiner, S., Finkel, T., Fiorito, F., Fisher, P. B., Flajolet,
M., Flamigni, F., Florey, O., Florio, S., Floto, R. A., Folini, M., Follo, C., Fon, E. A,
Fornai, F., Fortunato, F., Fraldi, A., Franco, R., Francois, A., Francois, A., Frankel, L. B.,
Fraser, I. D., Frey, N., Freyssenet, D. G., Frezza, C., Friedman, S. L., Frigo, D. E., Fu, D,
Fuentes, J. M., Fueyo, J., Fuyjitani, Y., Fujiwara, Y., Fujiya, M., Fukuda, M., Fulda, S.,
Fusco, C., Gabryel, B., Gaestel, M., Gailly, P., Gajewska, M., Galadari, S., Galili, G.,
Galindo, 1., Galindo, M. F., Galliciotti, G., Galluzzi, L., Galluzzi, L., Galy, V., Gammoh, N.,
Gandy, S., Ganesan, A. K., Ganesan, S., Ganley, I. G., Gannage, M., Gao, F. B., Gao, F.,
Gao, J. X., Garcia Nannig, L., Garcia Vescovi, E., Garcia-Macia, M., Garcia-Ruiz, C., Garg,
A. D, Garg, P. K., Gargini, R., Gassen, N. C., Gatica, D., Gatti, E., Gavard, J., Gavathiotis,
E., Ge, L., Ge, P, Ge, S., Gean, P. W., Gelmetti, V., Genazzani, A. A., Geng, J., Genschik,
P., Gerner, L., Gestwicki, J. E., Gewirtz, D. A., Ghavami, S., Ghigo, E., Ghosh, D.,
Giammarioli, A. M., Giampieri, F., Giampietri, C., Giatromanolaki, A., Gibbings, D. J.,
Gibellini, L., Gibson, S. B., Ginet, V., Giordano, A., Giorgini, F., Giovannetti, E., Girardin,
S. E., Gispert, S., Giuliano, S., Gladson, C. L., Glavic, A., Gleave, M., Godefroy, N., Gogal,
R. M., Jr., Gokulan, K., Goldman, G. H., Goletti, D., Goligorsky, M. S., Gomes, A. V.,
Gomes, L. C., Gomez, H., Gomez-Manzano, C., Gomez-Sanchez, R., Goncalves, D. A.,
Goncu, E., Gong, Q., Gongora, C., Gonzalez, C. B., Gonzalez-Alegre, P., Gonzalez-Cabo,
P., Gonzalez-Polo, R. A., Goping, 1. S., Gorbea, C., Gorbunov, N. V., Goring, D. R,
Gorman, A. M., Gorski, S. M., Goruppi, S., Goto-Yamada, S., Gotor, C., Gottlieb, R. A.,
Gozes, 1., Gozuacik, D., Graba, Y., Graef, M., Granato, G. E., Grant, G. D., Grant, S.,
Gravina, G. L., Green, D. R., Greenhough, A., Greenwood, M. T., Grimaldi, B., Gros, F.,
Grose, C., Groulx, J. F., Gruber, F., Grumati, P., Grune, T., Guan, J. L., Guan, K. L.,
Guerra, B., Guillen, C., Gulshan, K., Gunst, J., Guo, C., Guo, L., Guo, M., Guo, W., Guo,
X. G., Gust, A. A., Gustafsson, A. B., Gutierrez, E., Gutierrez, M. G., Gwak, H. S., Haas,
A., Haber, J. E., Hadano, S., Hagedorn, M., Hahn, D. R., Halayko, A. J., Hamacher-Brady,
A., Hamada, K., Hamai, A., Hamann, A., Hamasaki, M., Hamer, I., Hamid, Q., Hammond,
E. M., Han, F., Han, W., Handa, J. T., Hanover, J. A., Hansen, M., Harada, M., Harhaji-
Trajkovic, L., Harper, J. W., Harrath, A. H., Harris, A. L., Harris, J., Hasler, U., Hasselblatt,
P., Hasui, K., Hawley, R. G., Hawley, T. S., He, C., He, C. Y., He, F., He, G., He, R. R., He,
X. H., He, Y. W., He, Y. Y., Heath, J. K., Hebert, M. J., Heinzen, R. A., Helgason, G. V.,
Hensel, M., Henske, E. P., Her, C., Herman, P. K., Hernandez, A., Hernandez, C.,
Hernandez-Tiedra, S., Hetz, C., Hiesinger, P. R., Higaki, K., Hilfiker, S., Hill, B. G., Hill, J.
A., Hill, W. D., Hino, K., Hofius, D., Hofman, P., Hoglinger, G. U., Hohfeld, J., Holz, M.
K., Hong, Y., Hood, D. A., Hoozemans, J. J., Hoppe, T., Hsu, C., Hsu, C. Y., Hsu, L. C,,
Hu, D., Hu, G., Hu, H. M., Hu, H., Hu, M. C., Hu, Y. C., Hu, Z. W., Hua, F., Hua, Y.,
Huang, C., Huang, H. L., Huang, K. H., Huang, K. Y., Huang, S., Huang, S., Huang, W. P.,

93



Huang, Y. R., Huang, Y., Huang, Y., Huber, T. B., Huebbe, P., Huh, W. K., Hulmi, J. J.,
Hur, G. M., Hurley, J. H., Husak, Z., Hussain, S. N., Hussain, S., Hwang, J. J., Hwang, S.,
Hwang, T. L., Ichihara, A., Imai, Y., Imbriano, C., Inomata, M., Into, T., lovane, V.,
Iovanna, J. L., lozzo, R. V., Ip, N. Y., Irazoqui, J. E., Iribarren, P., Isaka, Y., Isakovic, A. J.,
Ischiropoulos, H., Isenberg, J. S., Ishaq, M., Ishida, H., Ishii, L., Ishmael, J. E., Isidoro, C.,
Isobe, K., Isono, E., Issazadeh-Navikas, S., Itahana, K., Itakura, E., Ivanov, A. L., Iyer, A.
K., Izquierdo, J. M., Izumi, Y., Izzo, V., Jaattela, M., Jaber, N., Jackson, D. J., Jackson, W.
T., Jacob, T. G., Jacques, T. S., Jagannath, C., Jain, A., Jana, N. R., Jang, B. K., Jani, A.,
Janji, B., Jannig, P. R., Jansson, P. J., Jean, S., Jendrach, M., Jeon, J. H., Jessen, N., Jeung,
E. B, Jia, K., Jia, L., Jiang, H., Jiang, H., Jiang, L., Jiang, T., Jiang, X., Jiang, X., Jiang, X.,
Jiang, Y., Jiang, Y., Jimenez, A., Jin, C., Jin, H., Jin, L., Jin, M., Jin, S., Jinwal, U. K., Jo, E.
K., Johansen, T., Johnson, D. E., Johnson, G. V., Johnson, J. D., Jonasch, E., Jones, C.,
Joosten, L. A., Jordan, J., Joseph, A. M., Joseph, B., Joubert, A. M., Ju, D., Ju, J., Juan, H.
F., Juenemann, K., Juhasz, G., Jung, H. S., Jung, J. U., Jung, Y. K., Jungbluth, H., Justice,
M. J., Jutten, B., Kaakoush, N. O., Kaarniranta, K., Kaasik, A., Kabuta, T., Kaeffer, B.,
Kagedal, K., Kahana, A., Kajimura, S., Kakhlon, O., Kalia, M., Kalvakolanu, D. V.,
Kamada, Y., Kambas, K., Kaminskyy, V. O., Kampinga, H. H., Kandouz, M., Kang, C.,
Kang, R., Kang, T. C., Kanki, T., Kanneganti, T. D., Kanno, H., Kanthasamy, A. G.,
Kantorow, M., Kaparakis-Liaskos, M., Kapuy, O., Karantza, V., Karim, M. R., Karmakar,
P., Kaser, A., Kaushik, S., Kawula, T., Kaynar, A. M., Ke, P. Y., Ke, Z. J., Kehrl, J. H,,
Keller, K. E., Kemper, J. K., Kenworthy, A. K., Kepp, O., Kern, A., Kesari, S., Kessel, D.,
Ketteler, R., Kettelhut Ido, C., Khambu, B., Khan, M. M., Khandelwal, V. K., Khare, S.,
Kiang, J. G., Kiger, A. A., Kihara, A., Kim, A. L., Kim, C. H., Kim, D. R., Kim, D. H,,
Kim, E. K., Kim, H. Y., Kim, H. R, Kim, J. S., Kim, J. H., Kim, J. C., Kim, J. H., Kim, K.
W., Kim, M. D., Kim, M. M., Kim, P. K., Kim, S. W, Kim, S. Y., Kim, Y. S., Kim, Y.,
Kimchi, A., Kimmelman, A. C., Kimura, T., King, J. S., Kirkegaard, K., Kirkin, V.,
Kirshenbaum, L. A., Kishi, S., Kitajima, Y., Kitamoto, K., Kitaoka, Y., Kitazato, K., Kley,
R. A., Klimecki, W. T., Klinkenberg, M., Klucken, J., Knaevelsrud, H., Knecht, E.,
Knuppertz, L., Ko, J. L., Kobayashi, S., Koch, J. C., Koechlin-Ramonatxo, C., Koenig, U.,
Koh, Y. H., Kohler, K., Kohlwein, S. D., Koike, M., Komatsu, M., Kominami, E., Kong, D.,
Kong, H. J., Konstantakou, E. G., Kopp, B. T., Korcsmaros, T., Korhonen, L., Korolchuk,
V. 1., Koshkina, N. V., Kou, Y., Koukourakis, M. 1., Koumenis, C., Kovacs, A. L., Kovacs,
T., Kovacs, W. J., Koya, D., Kraft, C., Krainc, D., Kramer, H., Kravic-Stevovic, T., Krek,
W., Kretz-Remy, C., Krick, R., Krishnamurthy, M., Kriston-Vizi, J., Kroemer, G., Kruer, M.
C., Kruger, R., Ktistakis, N. T., Kuchitsu, K., Kuhn, C., Kumar, A. P., Kumar, A., Kumar,
A., Kumar, D., Kumar, D., Kumar, R., Kumar, S., Kundu, M., Kung, H. J., Kuno, A., Kuo,
S. H., Kuret, J., Kurz, T., Kwok, T., Kwon, T. K., Kwon, Y. T., Kyrmizi, I., La Spada, A.
R., Lafont, F., Lahm, T., Lakkaraju, A., Lam, T., Lamark, T., Lancel, S., Landowski, T. H.,
Lane, D. J., Lane, J. D., Lanzi, C., Lapaquette, P., Lapierre, L. R., Laporte, J., Laukkarinen,
J., Laurie, G. W., Lavandero, S., Lavie, L., LaVoie, M. J., Law, B. Y., Law, H. K., Law, K.
B., Layfield, R., Lazo, P. A., Le Cam, L., Le Roch, K. G., Le Stunff, H., Leardkamolkarn,
V., Lecuit, M., Lee, B. H., Lee, C. H., Lee, E. F., Lee, G. M., Lee, H. J., Lee, H., Lee, J. K.,
Lee, J., Lee, J. H., Lee, J. H., Lee, M., Lee, M. S., Lee, P. J., Lee, S. W., Lee, S. J., Lee, S.
J.,Lee, S. Y., Lee, S. H,, Lee, S. S., Lee, S. J., Lee, S., Lee, Y. R., Lee, Y. J.,, Lee, Y. H.,
Leeuwenburgh, C., Lefort, S., Legouis, R., Lei, J., Lei, Q. Y., Leib, D. A., Leibowitz, G.,
Lekli, I., Lemaire, S. D., Lemasters, J. J., Lemberg, M. K., Lemoine, A., Leng, S., Lenz, G.,
Lenzi, P., Lerman, L. O., Lettieri Barbato, D., Leu, J. L., Leung, H. Y., Levine, B., Lewis, P.
A., Lezoualc'h, F., Li, C., Li, F., Li, F. J., Li, J., Li, K., Li, L., Li, M., Li, M., Li, Q., Li, R.,
Li, S, Li, W,, Li, W,, Li, X,, Li, Y., Lian, J., Liang, C., Liang, Q., Liao, Y., Liberal, J.,
Liberski, P. P., Lie, P., Lieberman, A. P., Lim, H. J., Lim, K. L., Lim, K., Lima, R. T., Lin,
C.S. Lin, C. F,, Lin, F., Lin, F., Lin, F. C,, Lin, K., Lin, K. H., Lin, P. H,, Lin, T., Lin, W.

94



W., Lin, Y. S, Lin, Y., Linden, R., Lindholm, D., Lindqvist, L. M., Lingor, P., Linkermann,
A., Liotta, L. A., Lipinski, M. M., Lira, V. A., Lisanti, M. P., Liton, P. B, Liu, B., Liu, C.,
Liu, C. F., Liu, F., Liu, H. J., Liu, J., Liu, J. J., Liu, J. L., Liu, K., Liu, L., Liu, L., Liu, Q.,
Liu, R. Y., Liu, S, Liu, S., Liu, W., Liu, X. D., Liu, X., Liu, X. H., Liu, X., Liu, X., Liu, X.,
Liu, Y., Liu, Y., Liu, Z., Liu, Z., Liuzzi, J. P., Lizard, G., Ljujic, M., Lodhi, L. J., Logue, S.
E., Lokeshwar, B. L., Long, Y. C., Lonial, S., Loos, B., Lopez-Otin, C., Lopez-Vicario, C.,
Lorente, M., Lorenzi, P. L., Lorincz, P., Los, M., Lotze, M. T., Lovat, P. E., Lu, B., Lu, B.,
Lu, J., Lu, Q. Lu, S. M., Lu, S., Ly, Y., Luciano, F., Luckhart, S., Lucocq, J. M., Ludovico,
P., Lugea, A., Lukacs, N. W., Lum, J. J., Lund, A. H., Luo, H., Luo, J., Luo, S., Luparello,
C., Lyons, T., Ma, J., Ma, Y., Ma, Y., Ma, Z., Machado, J., Machado-Santelli, G. M.,
Macian, F., Maclntosh, G. C., MacKeigan, J. P., Macleod, K. F., MacMicking, J. D.,
MacMillan-Crow, L. A., Madeo, F., Madesh, M., Madrigal-Matute, J., Maeda, A., Maeda,
T., Maegawa, G., Maellaro, E., Maes, H., Magarinos, M., Maiese, K., Maiti, T. K., Maiuri,
L., Maiuri, M. C., Maki, C. G., Malli, R., Malorni, W., Maloyan, A., Mami-Chouaib, F.,
Man, N., Mancias, J. D., Mandelkow, E. M., Mandell, M. A., Manfredi, A. A., Manie, S. N.,
Manzoni, C., Mao, K., Mao, Z., Mao, Z. W., Marambaud, P., Marconi, A. M., Marelja, Z.,
Marfe, G., Margeta, M., Margittai, E., Mari, M., Mariani, F. V., Marin, C., Marinelli, S.,
Marino, G., Markovic, 1., Marquez, R., Martelli, A. M., Martens, S., Martin, K. R., Martin,
S. J., Martin, S., Martin-Acebes, M. A., Martin-Sanz, P., Martinand-Mari, C., Martinet, W.,
Martinez, J., Martinez-Lopez, N., Martinez-Outschoorn, U., Martinez-Velazquez, M.,
Martinez-Vicente, M., Martins, W. K., Mashima, H., Mastrianni, J. A., Matarese, G.,
Matarrese, P., Mateo, R., Matoba, S., Matsumoto, N., Matsushita, T., Matsuura, A.,
Matsuzawa, T., Mattson, M. P., Matus, S., Maugeri, N., Mauvezin, C., Mayer, A.,
Maysinger, D., Mazzolini, G. D., McBrayer, M. K., McCall, K., McCormick, C.,
Mclnerney, G. M., Mclver, S. C., McKenna, S., McMahon, J. J., McNeish, I. A., Mechta-
Grigoriou, F., Medema, J. P., Medina, D. L., Megyeri, K., Mehrpour, M., Mehta, J. L., Mei,
Y., Meier, U. C., Meijer, A. J., Melendez, A., Melino, G., Melino, S., de Melo, E. J., Mena,
M. A., Meneghini, M. D., Menendez, J. A., Menezes, R., Meng, L., Meng, L. H., Meng, S.,
Menghini, R., Menko, A. S., Menna-Barreto, R. F., Menon, M. B., Meraz-Rios, M. A.,
Merla, G., Merlini, L., Merlot, A. M., Meryk, A., Meschini, S., Meyer, J. N., Mi, M. T,
Miao, C. Y., Micale, L., Michaeli, S., Michiels, C., Migliaccio, A. R., Mihailidou, A. S.,
Mijaljica, D., Mikoshiba, K., Milan, E., Miller-Fleming, L., Mills, G. B., Mills, 1. G,
Minakaki, G., Minassian, B. A., Ming, X. F., Minibayeva, F., Minina, E. A., Mintern, J. D.,
Minucci, S., Miranda-Vizuete, A., Mitchell, C. H., Miyamoto, S., Miyazawa, K.,
Mizushima, N., Mnich, K., Mograbi, B., Mohseni, S., Moita, L. F., Molinari, M., Molinari,
M., Moller, A. B., Mollereau, B., Mollinedo, F., Mongillo, M., Monick, M. M.,
Montagnaro, S., Montell, C., Moore, D. J., Moore, M. N., Mora-Rodriguez, R., Moreira, P.
L., Morel, E., Morelli, M. B., Moreno, S., Morgan, M. J., Moris, A., Moriyasu, Y., Morrison,
J. L., Morrison, L. A., Morselli, E., Moscat, J., Moseley, P. L., Mostowy, S., Motori, E.,
Mottet, D., Mottram, J. C., Moussa, C. E., Mpakou, V. E., Mukhtar, H., Mulcahy Levy, J.
M., Muller, S., Munoz-Moreno, R., Munoz-Pinedo, C., Munz, C., Murphy, M. E., Murray,
J. T., Murthy, A., Mysorekar, 1. U., Nabi, I. R., Nabissi, M., Nader, G. A., Nagahara, Y.,
Nagai, Y., Nagata, K., Nagelkerke, A., Nagy, P., Naidu, S. R., Nair, S., Nakano, H.,
Nakatogawa, H., Nanjundan, M., Napolitano, G., Naqvi, N. 1., Nardacci, R., Narendra, D.
P., Narita, M., Nascimbeni, A. C., Natarajan, R., Navegantes, L. C., Nawrocki, S. T,
Nazarko, T. Y., Nazarko, V. Y., Neill, T., Neri, L. M., Netea, M. G., Netea-Maier, R. T.,
Neves, B. M., Ney, P. A., Nezis, L. P., Nguyen, H. T., Nguyen, H. P., Nicot, A. S., Nilsen,
H., Nilsson, P., Nishimura, M., Nishino, 1., Niso-Santano, M., Niu, H., Nixon, R. A., Njar,
V. C., Noda, T., Noegel, A. A., Nolte, E. M., Norberg, E., Norga, K. K., Noureini, S. K.,
Notomi, S., Notterpek, L., Nowikovsky, K., Nukina, N., Nurnberger, T., O'Donnell, V. B.,
O'Donovan, T., O'Dwyer, P. J., Ochme, 1., Oeste, C. L., Ogawa, M., Ogretmen, B., Ogura,

95



Y., Oh, Y. J., Ohmuraya, M., Ohshima, T., Ojha, R., Okamoto, K., Okazaki, T., Oliver, F.
J., Ollinger, K., Olsson, S., Orban, D. P., Ordonez, P., Orhon, I., Orosz, L., O'Rourke, E. J.,
Orozco, H., Ortega, A. L., Ortona, E., Osellame, L. D., Oshima, J., Oshima, S., Osiewacz,
H. D., Otomo, T., Otsu, K., Ou, J. H., Outeiro, T. F., Ouyang, D. Y., Ouyang, H.,
Overholtzer, M., Ozbun, M. A., Ozdinler, P. H., Ozpolat, B., Pacelli, C., Paganetti, P., Page,
G., Pages, G., Pagnini, U., Pajak, B., Pak, S. C., Pakos-Zebrucka, K., Pakpour, N., Palkova,
Z., Palladino, F., Pallauf, K., Pallet, N., Palmieri, M., Paludan, S. R., Palumbo, C., Palumbo,
S., Pampliega, O., Pan, H., Pan, W., Panaretakis, T., Pandey, A., Pantazopoulou, A.,
Papackova, Z., Papademetrio, D. L., Papassideri, 1., Papini, A., Parajuli, N., Pardo, J.,
Parekh, V. V., Parenti, G., Park, J. 1., Park, J., Park, O. K., Parker, R., Parlato, R., Parys, J.
B., Parzych, K. R., Pasquet, J. M., Pasquier, B., Pasumarthi, K. B., Patschan, D., Patterson,
C., Pattingre, S., Pattison, S., Pause, A., Pavenstadt, H., Pavone, F., Pedrozo, Z., Pena, F. J.,
Penalva, M. A., Pende, M., Peng, J., Penna, F., Penninger, J. M., Pensalfini, A., Pepe, S.,
Pereira, G. J., Pereira, P. C., Perez-de la Cruz, V., Perez-Perez, M. E., Perez-Rodriguez, D.,
Perez-Sala, D., Perier, C., Perl, A., Perlmutter, D. H., Perrotta, 1., Pervaiz, S., Pesonen, M.,
Pessin, J. E., Peters, G. J., Petersen, M., Petrache, 1., Petrof, B. J., Petrovski, G., Phang, J.
M., Piacentini, M., Pierdominici, M., Pierre, P., Pierrefite-Carle, V., Pietrocola, F.,
Pimentel-Muinos, F. X., Pinar, M., Pineda, B., Pinkas-Kramarski, R., Pinti, M., Pinton, P.,
Piperdi, B., Piret, J. M., Platanias, L. C., Platta, H. W., Plowey, E. D., Poggeler, S., Poirot,
M., Polcic, P., Poletti, A., Poon, A. H., Popelka, H., Popova, B., Poprawa, 1., Poulose, S. M.,
Poulton, J., Powers, S. K., Powers, T., Pozuelo-Rubio, M., Prak, K., Prange, R., Prescott,
M., Priault, M., Prince, S., Proia, R. L., Proikas-Cezanne, T., Prokisch, H., Promponas, V.
J., Przyklenk, K., Puertollano, R., Pugazhenthi, S., Puglielli, L., Pujol, A., Puyal, J., Pyeon,
D., Qi, X., Qian, W. B., Qin, Z. H., Qiu, Y., Qu, Z., Quadrilatero, J., Quinn, F., Raben, N.,
Rabinowich, H., Radogna, F., Ragusa, M. J., Rahmani, M., Raina, K., Ramanadham, S.,
Ramesh, R., Rami, A., Randall-Demllo, S., Randow, F., Rao, H., Rao, V. A., Rasmussen, B.
B., Rasse, T. M., Ratovitski, E. A., Rautou, P. E., Ray, S. K., Razani, B., Reed, B. H.,
Reggiori, F., Rehm, M., Reichert, A. S., Rein, T., Reiner, D. J., Reits, E., Ren, J., Ren, X,
Renna, M., Reusch, J. E., Revuelta, J. L., Reyes, L., Rezaie, A. R., Richards, R. I,
Richardson, D. R., Richetta, C., Riehle, M. A., Rihn, B. H., Rikihisa, Y., Riley, B. E.,
Rimbach, G., Rippo, M. R., Ritis, K., Rizzi, F., Rizzo, E., Roach, P. J., Robbins, J.,
Roberge, M., Roca, G., Roccheri, M. C., Rocha, S., Rodrigues, C. M., Rodriguez, C. 1., de
Cordoba, S. R., Rodriguez-Muela, N., Roelofs, J., Rogov, V. V., Rohn, T. T., Rohrer, B.,
Romanelli, D., Romani, L., Romano, P. S., Roncero, M. 1., Rosa, J. L., Rosello, A., Rosen,
K. V., Rosenstiel, P., Rost-Roszkowska, M., Roth, K. A., Roue, G., Rouis, M., Rouschop,
K. M., Ruan, D. T., Ruano, D., Rubinsztein, D. C., Rucker, E. B., 3rd, Rudich, A., Rudolf,
E., Rudolf, R., Ruegg, M. A., Ruiz-Roldan, C., Ruparelia, A. A., Rusmini, P., Russ, D. W.,
Russo, G. L., Russo, G., Russo, R., Rusten, T. E., Ryabovol, V., Ryan, K. M., Ryter, S. W.,
Sabatini, D. M., Sacher, M., Sachse, C., Sack, M. N., Sadoshima, J., Saftig, P., Sagi-
Eisenberg, R., Sahni, S., Saikumar, P., Saito, T., Saitoh, T., Sakakura, K., Sakoh-
Nakatogawa, M., Sakuraba, Y., Salazar-Roa, M., Salomoni, P., Saluja, A. K., Salvaterra, P.
M., Salvioli, R., Samali, A., Sanchez, A. M., Sanchez-Alcazar, J. A., Sanchez-Prieto, R.,
Sandri, M., Sanjuan, M. A., Santaguida, S., Santambrogio, L., Santoni, G., Dos Santos, C.
N., Saran, S., Sardiello, M., Sargent, G., Sarkar, P., Sarkar, S., Sarrias, M. R., Sarwal, M.
M., Sasakawa, C., Sasaki, M., Sass, M., Sato, K., Sato, M., Satriano, J., Savaraj, N.,
Saveljeva, S., Schaefer, L., Schaible, U. E., Scharl, M., Schatzl, H. M., Schekman, R.,
Scheper, W., Schiavi, A., Schipper, H. M., Schmeisser, H., Schmidt, J., Schmitz, I.,
Schneider, B. E., Schneider, E. M., Schneider, J. L., Schon, E. A., Schonenberger, M. J.,
Schonthal, A. H., Schorderet, D. F., Schroder, B., Schuck, S., Schulze, R. J., Schwarten, M.,
Schwarz, T. L., Sciarretta, S., Scotto, K., Scovassi, A. 1., Screaton, R. A., Screen, M., Seca,
H., Sedej, S., Segatori, L., Segev, N., Seglen, P. O., Segui-Simarro, J. M., Segura-Aguilar,

96



J., Seki, E., Sell, C., Seiliez, 1., Semenkovich, C. F., Semenza, G. L., Sen, U., Serra, A. L.,
Serrano-Puebla, A., Sesaki, H., Setoguchi, T., Settembre, C., Shacka, J. J., Shajahan-Haq, A.
N., Shapiro, I. M., Sharma, S., She, H., Shen, C. K., Shen, C. C., Shen, H. M., Shen, S.,
Shen, W., Sheng, R., Sheng, X., Sheng, Z. H., Shepherd, T. G., Shi, J., Shi, Q., Shi, Q., Shi,
Y., Shibutani, S., Shibuya, K., Shidoji, Y., Shieh, J. J., Shih, C. M., Shimada, Y., Shimizu,
S., Shin, D. W., Shinohara, M. L., Shintani, M., Shintani, T., Shioi, T., Shirabe, K., Shiri-
Sverdlov, R., Shirihai, O., Shore, G. C., Shu, C. W., Shukla, D., Sibirny, A. A., Sica, V.,
Sigurdson, C. J., Sigurdsson, E. M., Sijwali, P. S., Sikorska, B., Silveira, W. A., Silvente-
Poirot, S., Silverman, G. A., Simak, J., Simmet, T., Simon, A. K., Simon, H. U., Simone, C.,
Simons, M., Simonsen, A., Singh, R., Singh, S. V., Singh, S. K., Sinha, D., Sinha, S.,
Sinicrope, F. A., Sirko, A., Sirohi, K., Sishi, B. J., Sittler, A., Siu, P. M., Sivridis, E.,
Skwarska, A., Slack, R., Slaninova, 1., Slavov, N., Smaili, S. S., Smalley, K. S., Smith, D.
R., Soenen, S. J., Soleimanpour, S. A., Solhaug, A., Somasundaram, K., Son, J. H.,,
Sonawane, A., Song, C., Song, F., Song, H. K., Song, J. X., Song, W., Soo, K. Y., Sood, A.
K., Soong, T. W., Soontornniyomkij, V., Sorice, M., Sotgia, F., Soto-Pantoja, D. R.,
Sotthibundhu, A., Sousa, M. J., Spaink, H. P., Span, P. N., Spang, A., Sparks, J. D., Speck,
P. G., Spector, S. A., Spies, C. D., Springer, W., Clair, D. S., Stacchiotti, A., Staels, B.,
Stang, M. T., Starczynowski, D. T., Starokadomskyy, P., Steegborn, C., Steele, J. W.,
Stefanis, L., Steffan, J., Stellrecht, C. M., Stenmark, H., Stepkowski, T. M., Stern, S. T.,
Stevens, C., Stockwell, B. R., Stoka, V., Storchova, Z., Stork, B., Stratoulias, V.,
Stravopodis, D. J., Strnad, P., Strohecker, A. M., Strom, A. L., Stromhaug, P., Stulik, J., Su,
Y. X., Su, Z., Subauste, C. S., Subramaniam, S., Sue, C. M., Suh, S. W., Sui, X., Sukseree,
S., Sulzer, D., Sun, F. L., Sun, J, Sun, J,, Sun, S. Y., Sun, Y., Sun, Y., Sun, Y.,
Sundaramoorthy, V., Sung, J., Suzuki, H., Suzuki, K., Suzuki, N., Suzuki, T., Suzuki, Y. J.,
Swanson, M. S., Swanton, C., Sward, K., Swarup, G., Sweeney, S. T., Sylvester, P. W.,
Szatmari, Z., Szegezdi, E., Szlosarek, P. W., Taegtmeyer, H., Tafani, M., Taillebourg, E.,
Tait, S. W., Takacs-Vellai, K., Takahashi, Y., Takats, S., Takemura, G., Takigawa, N.,
Talbot, N. J., Tamagno, E., Tamburini, J., Tan, C. P., Tan, L., Tan, M. L., Tan, M., Tan, Y.
J., Tanaka, K., Tanaka, M., Tang, D., Tang, D., Tang, G., Tanida, 1., Tanji, K., Tannous, B.
A., Tapia, J. A., Tasset-Cuevas, 1., Tatar, M., Tavassoly, 1., Tavernarakis, N., Taylor, A.,
Taylor, G. S., Taylor, G. A., Taylor, J. P., Taylor, M. J., Tchetina, E. V., Tee, A. R,,
Teixeira-Clerc, F., Telang, S., Tencomnao, T., Teng, B. B., Teng, R. J., Terro, F.,
Tettamanti, G., Theiss, A. L., Theron, A. E., Thomas, K. J., Thome, M. P., Thomes, P. G.,
Thorburn, A., Thorner, J., Thum, T., Thumm, M., Thurston, T. L., Tian, L., Till, A., Ting, J.
P., Titorenko, V. 1., Toker, L., Toldo, S., Tooze, S. A., Topisirovic, 1., Torgersen, M. L.,
Torosantucci, L., Torriglia, A., Torrisi, M. R., Tournier, C., Towns, R., Trajkovic, V.,
Travassos, L. H., Triola, G., Tripathi, D. N., Trisciuoglio, D., Troncoso, R., Trougakos, I. P.,
Truttmann, A. C., Tsai, K. J., Tschan, M. P., Tseng, Y. H., Tsukuba, T., Tsung, A.,
Tsvetkov, A. S., Tu, S., Tuan, H. Y., Tucci, M., Tumbarello, D. A., Turk, B., Turk, V.,
Turner, R. F., Tveita, A. A., Tyagi, S. C., Ubukata, M., Uchiyama, Y., Udelnow, A., Ueno,
T., Umekawa, M., Umemiya-Shirafuji, R., Underwood, B. R., Ungermann, C., Ureshino, R.
P., Ushioda, R., Uversky, V. N., Uzcategui, N. L., Vaccari, T., Vaccaro, M. ., Vachova, L.,
Vakifahmetoglu-Norberg, H., Valdor, R., Valente, E. M., Vallette, F., Valverde, A. M., Van
den Berghe, G., Van Den Bosch, L., van den Brink, G. R., van der Goot, F. G., van der Klei,
I. J., van der Laan, L. J., van Doorn, W. G., van Egmond, M., van Golen, K. L., Van Kaer,
L., van Lookeren Campagne, M., Vandenabeele, P., Vandenberghe, W., Vanhorebeek, 1.,
Varela-Nieto, 1., Vasconcelos, M. H., Vasko, R., Vavvas, D. G., Vega-Naredo, 1., Velasco,
G., Velentzas, A. D., Velentzas, P. D., Vellai, T., Vellenga, E., Vendelbo, M. H.,
Venkatachalam, K., Ventura, N., Ventura, S., Veras, P. S., Verdier, M., Vertessy, B. G.,
Viale, A., Vidal, M., Vieira, H. L., Vierstra, R. D., Vigneswaran, N., Vij, N., Vila, M.,
Villar, M., Villar, V. H., Villarroya, J., Vindis, C., Viola, G., Viscomi, M. T., Vitale, G.,

97



Vogl, D. T., Voitsekhovskaja, O. V., von Haefen, C., von Schwarzenberg, K., Voth, D. E.,
Vouret-Craviari, V., Vuori, K., Vyas, J. M., Waeber, C., Walker, C. L., Walker, M. J,
Walter, J., Wan, L., Wan, X., Wang, B., Wang, C., Wang, C. Y., Wang, C., Wang, C.,
Wang, C., Wang, D., Wang, F., Wang, F., Wang, G., Wang, H. J., Wang, H., Wang, H. G.,
Wang, H., Wang, H. D., Wang, J., Wang, J., Wang, M., Wang, M. Q., Wang, P. Y., Wang,
P., Wang, R. C., Wang, S., Wang, T. F., Wang, X., Wang, X. J., Wang, X. W., Wang, X.,
Wang, X., Wang, Y., Wang, Y., Wang, Y., Wang, Y. J., Wang, Y., Wang, Y., Wang, Y. T.,
Wang, Y., Wang, Z. N., Wappner, P., Ward, C., Ward, D. M., Warnes, G., Watada, H.,
Watanabe, Y., Watase, K., Weaver, T. E., Weekes, C. D., Weli, J., Weide, T., Weihl, C. C.,
Weindl, G., Weis, S. N., Wen, L., Wen, X., Wen, Y., Westermann, B., Weyand, C. M.,
White, A. R., White, E., Whitton, J. L., Whitworth, A. J., Wiels, J., Wild, F., Wildenberg,
M. E., Wileman, T., Wilkinson, D. S., Wilkinson, S., Willbold, D., Williams, C., Williams,
K., Williamson, P. R., Winklhofer, K. F., Witkin, S. S., Wohlgemuth, S. E., Wollert, T.,
Wolvetang, E. J., Wong, E., Wong, G. W., Wong, R. W., Wong, V. K., Woodcock, E. A.,
Wright, K. L., Wu, C., Wu, D., Wu, G. S., Wu, J., Wu, J., Wu, M., Wu, M., Wu, S., Wu, W.
K., Wu, Y., Wu, Z., Xavier, C. P., Xavier, R. J., Xia, G. X,, Xia, T., Xia, W., Xia, Y., Xiao,
H., Xiao, J., Xiao, S., Xiao, W., Xie, C. M., Xie, Z., Xie, Z., Xilouri, M., Xiong, Y., Xu, C.,
Xu, C., Xu, F., Xu, H., Xu, H., Xu, J., Xu, J., Xu, J., Xu, L., Xu, X., Xu, Y., Xu, Y., Xu, Z.
X., Xu, Z., Xue, Y., Yamada, T., Yamamoto, A., Yamanaka, K., Yamashina, S., Yamashiro,
S., Yan, B., Yan, B., Yan, X., Yan, Z., Yanagi, Y., Yang, D. S., Yang, J. M., Yang, L.,
Yang, M., Yang, P. M., Yang, P., Yang, Q., Yang, W., Yang, W. Y., Yang, X., Yang, Y.,
Yang, Y., Yang, Z., Yang, Z., Yao, M. C,, Yao, P. J., Yao, X., Yao, Z., Yao, Z., Yasui, L.
S., Ye, M., Yedvobnick, B., Yeganeh, B., Yeh, E. S., Yeyati, P. L., Yi, F., Yi, L., Yin, X.
M., Yip, C. K., Yoo, Y. M., Yoo, Y. H., Yoon, S. Y., Yoshida, K., Yoshimori, T., Young,
K. H., Yu, H, Yu,J. J,, Yu, J. T., Yu, J., Yu, L., Yu, W. H., Yu, X. F., Yu, Z., Yuan, J.,
Yuan, Z. M., Yue, B. Y., Yue, J., Yue, Z., Zacks, D. N., Zacksenhaus, E., Zaffaroni, N.,
Zaglia, T., Zakeri, Z., Zecchini, V., Zeng, J., Zeng, M., Zeng, Q., Zervos, A. S., Zhang, D.
D., Zhang, F., Zhang, G., Zhang, G. C., Zhang, H., Zhang, H., Zhang, H., Zhang, H., Zhang,
J., Zhang, J., Zhang, J., Zhang, J., Zhang, J. P., Zhang, L., Zhang, L., Zhang, L., Zhang, L.,
Zhang, M. Y., Zhang, X., Zhang, X. D., Zhang, Y., Zhang, Y., Zhang, Y., Zhang, Y., Zhang,
Y., Zhao, M., Zhao, W. L., Zhao, X., Zhao, Y. G., Zhao, Y., Zhao, Y., Zhao, Y. X., Zhao,
Z., Zhao, Z. J., Zheng, D., Zheng, X. L., Zheng, X., Zhivotovsky, B., Zhong, Q., Zhou, G.
Z., Zhou, G., Zhou, H., Zhou, S. F., Zhou, X. J., Zhu, H., Zhu, H., Zhu, W. G., Zhu, W.,
Zhu, X. F., Zhu, Y., Zhuang, S. M., Zhuang, X., Ziparo, E., Zois, C. E., Zoladek, T., Zong,
W. X., Zorzano, A., Zughaier, S. M., 2016. Guidelines for the use and interpretation of
assays for monitoring autophagy (3rd edition). Autophagy 12, 1-222.

Knight, E. M., Martins, 1. V. A., Giimiisgoz, S., Allan, S. M., Lawrence, C. B., 2014. High-fat diet-
induced memory impairment in triple-transgenic Alzheimer's disease (3xTgAD) mice
is independent of changes in amyloid and tau pathology. Neurobiology of Aging 35, 1821-
1832.

Ko, J. H,, Sethi, G., Um, J. Y., Shanmugam, M. K., Arfuso, F., Kumar, A. P., Bishayee, A., Ahn, K.
S., 2017. The Role of Resveratrol in Cancer Therapy. Int J] Mol Sci 18.

Koch, K. A., Pena, M. M., Thiele, D. J., 1997. Copper-binding motifs in catalysis, transport,
detoxification and signaling. Chem Biol 4, 549-560.

Koehler, E. M., Schouten, J. N., Hansen, B. E., van Rooij, F. J., Hofman, A., Stricker, B. H.,
Janssen, H. L., 2012. Prevalence and risk factors of non-alcoholic fatty liver disease in the
elderly: results from the Rotterdam study. Journal of hepatology 57, 1305-1311.

Kokoszka, J. E., Waymire, K. G., Levy, S. E., Sligh, J. E., Cai, J., Jones, D. P., MacGregor, G. R.,
Wallace, D. C., 2004. The ADP/ATP translocator is not essential for the mitochondrial
permeability transition pore. Nature 427, 461-465.

98



Koliaki, C., Szendroedi, J., Kaul, K., Jelenik, T., Nowotny, P., Jankowiak, F., Herder, C.,
Carstensen, M., Krausch, M., Knoefel, W. T., Schlensak, M., Roden, M., 2015. Adaptation
of hepatic mitochondrial function in humans with non-alcoholic fatty liver is lost in
steatohepatitis. Cell Metab 21, 739-746.

Korbecki, J., Baranowska-Bosiacka, 1., Gutowska, 1., Chlubek, D., 2013. The effect of reactive
oxygen species on the synthesis of prostanoids from arachidonic acid. J Physiol Pharmacol
64, 409-421.

Korobova, F., Gauvin, T. J., Higgs, H. N., 2014. A role for myosin II in mammalian mitochondrial
fission. Current biology : CB 24, 409-414.

Korobova, F., Ramabhadran, V., Higgs, H. N., 2013. An Actin-Dependent Step in Mitochondrial
Fission Mediated by the ER-Associated Formin INF2. Science (New York, N.Y.) 339,
10.1126/science.1228360.

Korshunov, S. S., Korkina, O. V., Ruuge, E. K., Skulachev, V. P., Starkov, A. A., 1998. Fatty acids
as natural uncouplers preventing generation of O2.- and H202 by mitochondria in the
resting state. FEBS Lett 435, 215-218.

Korshunov, S. S., Skulachev, V. P., Starkov, A. A., 1997. High protonic potential actuates a
mechanism of production of reactive oxygen species in mitochondria. FEBS Lett 416, 15-
18.

Kowaltowski, A. J., Castilho, R. F., Vercesi, A. E., 2001. Mitochondrial permeability transition and
oxidative stress. FEBS Lett 495, 12-15.

Kraus, F., Ryan, M. T., 2017. The constriction and scission machineries involved in mitochondrial
fission. Journal of Cell Science 130, 2953-2960.

Krauss, S., Zhang, C. Y., Scorrano, L., Dalgaard, L. T., St-Pierre, J., Grey, S. T., Lowell, B. B.,
2003. Superoxide-mediated activation of uncoupling protein 2 causes pancreatic beta cell
dysfunction. J Clin Invest 112, 1831-1842.

Krawczyk, M., Bonfrate, L., Portincasa, P., 2010. Nonalcoholic fatty liver disease. Best practice &
research. Clinical gastroenterology 24, 695-708.

Krawczyk, M., Portincasa, P., Lammert, F., 2013. PNPLA3-associated steatohepatitis: toward a
gene-based classification of fatty liver disease. Seminars in liver disease 33, 369-379.
Kraytsberg, Y., Kudryavtseva, E., McKee, A. C., Geula, C., Kowall, N. W., Khrapko, K., 2006.
Mitochondrial DNA deletions are abundant and cause functional impairment in aged human

substantia nigra neurons. Nat Genet 38, 518-520.

Kroemer, G., Galluzzi, L., Brenner, C., 2007. Mitochondrial membrane permeabilization in cell
death. Physiol Rev 87, 99-163.

Kroemer, G., Marino, G., Levine, B., 2010. Autophagy and the integrated stress response. Mol Cell
40, 280-293.

Kuchay, S., Giorgi, C., Simoneschi, D., Pagan, J., Missiroli, S., Saraf, A., Florens, L., Washburn,
M. P., Collazo-Lorduy, A., Castillo-Martin, M., Cordon-Cardo, C., Sebti, S. M., Pinton, P.,
Pagano, M., 2017. PTEN counteracts FBXL2 to promote IP3R3- and Ca(2+)-mediated
apoptosis limiting tumour growth. Nature 546, 554-558.

Kuyjoth, G. C., Hiona, A., Pugh, T. D., Someya, S., Panzer, K., Wohlgemuth, S. E., Hofer, T., Seo,
A. Y., Sullivan, R., Jobling, W. A., Morrow, J. D., Van Remmen, H., Sedivy, J. M.,
Yamasoba, T., Tanokura, M., Weindruch, R., Leeuwenburgh, C., Prolla, T. A., 2005.
Mitochondrial DNA Mutations, Oxidative Stress, and Apoptosis in Mammalian Aging.
Science 309, 481-484.

Kukat, C., Wurm, C. A., Spahr, H., Falkenberg, M., Larsson, N. G., Jakobs, S., 2011. Super-
resolution microscopy reveals that mammalian mitochondrial nucleoids have a uniform size
and frequently contain a single copy of mtDNA. Proc Natl Acad Sci U S A 108, 13534-
13539.

99



Kumar, V., Kalita, J., Bora, H. K., Misra, U. K., 2016. Relationship of antioxidant and oxidative
stress markers in different organs following copper toxicity in a rat model. Toxicol Appl
Pharmacol 293, 37-43.

Kuroda, J., Ago, T., Matsushima, S., Zhai, P., Schneider, M. D., Sadoshima, J., 2010. NADPH
oxidase 4 (Nox4) is a major source of oxidative stress in the failing heart. Proc Natl Acad
SciUS A 107, 15565-15570.

Kushnareva, Y., Murphy, A. N., Andreyev, A., 2002. Complex [-mediated reactive oxygen species
generation: modulation by cytochrome ¢ and NAD(P)+ oxidation-reduction state. Biochem J
368, 545-553.

Kwon, S., Seok, S., Yau, P., Li, X., Kemper, B., Kemper, J. K., 2017. Obesity and aging diminish
sirtuin 1 (SIRTI)-mediated deacetylation of SIRT3, leading to hyperacetylation and
decreased activity and stability of SIRT3. J Biol Chem 292, 17312-17323.

Laganiere, S., Byung, P. Y., 1993. Modulation of membrane phospholipid fatty acid composition
by age and food restriction. Gerontology 39, 7-18.

Lagouge, M., Argmann, C., Gerhart-Hines, Z., Meziane, H., Lerin, C., Daussin, F., Messadeq, N.,
Milne, J., Lambert, P., Elliott, P., Geny, B., Laakso, M., Puigserver, P., Auwerx, J., 2006.
Resveratrol improves mitochondrial function and protects against metabolic disease by
activating SIRT1 and PGC-1alpha. Cell 127, 1109-1122.

Lagouge, M., Larsson, N. G., 2013. The role of mitochondrial DNA mutations and free radicals in
disease and ageing. Journal of Internal Medicine 273, 529-543.

Lagranha, C. J., Deschamps, A., Aponte, A., Steenbergen, C., Murphy, E., 2010. Sex differences in
the phosphorylation of mitochondrial proteins result in reduced production of reactive
oxygen species and cardioprotection in females. Circ Res 106, 1681-1691.

Lambert, A. J., Boysen, H. M., Buckingham, J. A., Yang, T., Podlutsky, A., Austad, S. N., Kunz, T.
H., Buffenstein, R., Brand, M. D., 2007. Low rates of hydrogen peroxide production by
isolated heart mitochondria associate with long maximum lifespan in vertebrate
homeotherms. Aging Cell 6, 607-618.

Lambertucci, R. H., Hirabara, S. M., Silveira Ldos, R., Levada-Pires, A. C., Curi, R., Pithon-Curi,
T. C., 2008. Palmitate increases superoxide production through mitochondrial electron
transport chain and NADPH oxidase activity in skeletal muscle cells. J Cell Physiol 216,
796-804.

Lange, K. W., Li, S., 2017. Resveratrol, pterostilbene, and dementia. Biofactors.

Langston, J. W., Ballard, P., Tetrud, J. W., Irwin, 1., 1983. Chronic Parkinsonism in humans due to
a product of meperidine-analog synthesis. Science 219, 979-980.

Lanza, 1. R., Short, D. K., Short, K. R., Raghavakaimal, S., Basu, R., Joyner, M. J., McConnell, J.
P., Nair, K. S., 2008. Endurance exercise as a countermeasure for aging. Diabetes 57, 2933-
2942.

Lapasset, L., Milhavet, O., Prieur, A., Besnard, E., Babled, A., Ait-Hamou, N., Leschik, J.,
Pellestor, F., Ramirez, J.-M., De Vos, J., Lehmann, S., Lemaitre, J.-M., 2011. Rejuvenating
senescent and centenarian human cells by reprogramming through the pluripotent state.
Genes & Development 25, 2248-2253.

Lapointe, J., Hekimi, S., 2008. Early mitochondrial dysfunction in long-lived Mclkl+/- mice. J
Biol Chem 283, 26217-26227.

Larsen, P. L., Clarke, C. F., 2002. Extension of life-span in Caenorhabditis elegans by a diet lacking
coenzyme Q. Science 295, 120-123.

Laughlin, M. H., Simpson, T., Sexton, W. L., Brown, O. R., Smith, J. K., Korthuis, R. J., 1990.
Skeletal muscle oxidative capacity, antioxidant enzymes, and exercise training. J Appl
Physiol (1985) 68, 2337-2343.

Lauri, A., Pompilio, G., Capogrossi, M. C., 2014. The mitochondrial genome in aging and
senescence. Ageing Res Rev 18, 1-15.

100



Lavrovsky, Y., Song, C. S., Chatterjee, B., Roy, A. K., 2000. Age-dependent increase of heme
oxygenase—1 gene expression in the liver mediated by NFkB. Mechanisms of ageing and
development 114, 49-60.

Leduc-Gaudet, J.-P., Picard, M., Pelletier, F. S.-J., Sgarioto, N., Auger, M.-J., Vallée, J., Robitaille,
R., St-Pierre, D. H., Gouspillou, G., 2015. Mitochondrial morphology is altered in atrophied
skeletal muscle of aged mice. Oncotarget 6, 17923-17937.

Lee, H.C., Wei, Y.H. 2012. Mitochondria and Aging. In "Advances in Mitochondrial Medicine"
(Scatena, R., Bottoni, P., and Giardina, B., Ed.)pp. 311-327. Springer Netherlands,
Dordrecht.

Lee, H. C., Wei, Y. H., 1997. Mutation and oxidative damage of mitochondrial DNA and defective
turnover of mitochondria in human aging. J Formos Med Assoc 96, 770-778.

Lee, I. H., Cao, L., Mostoslavsky, R., Lombard, D. B., Liu, J., Bruns, N. E., Tsokos, M., Alt, F. W.,
Finkel, T., 2008. A role for the NAD-dependent deacetylase Sirtl in the regulation of
autophagy. Proc Natl Acad Sci U S A 105, 3374-3379.

Lee, J., Kim, Y., Liu, T., Hwang, Y. J., Hyeon, S. J., Im, H., Lee, K., Alvarez, V. E., McKee, A. C.,
Um, S. J., Hur, M., Mook-Jung, 1., Kowall, N. W., Ryu, H., 2017. SIRT3 deregulation is
linked to mitochondrial dysfunction in Alzheimer's disease. Aging Cell.

Lee, J. E., Westrate, L. M., Wu, H., Page, C., Voeltz, G. K., 2016a. Multiple Dynamin family
members collaborate to drive mitochondrial division. Nature 540, 139-143.

Lee, W.-H., Higuchi, H., Ikeda, S., Macke, E. L., Takimoto, T., Pattnaik, B. R., Liu, C., Chu, L.-F.,
Siepka, S. M., Krentz, K. J., Rubinstein, C. D., Kalejta, R. F., Thomson, J. A., Mullins, R.
F., Takahashi, J. S., Pinto, L. H., Ikeda, A., 2016b. Mouse Tmem135 mutation reveals a
mechanism involving mitochondrial dynamics that leads to age-dependent retinal
pathologies. eLife 5, €19264.

Lenaz, G., 2001. The mitochondrial production of reactive oxygen species: mechanisms and
implications in human pathology. [IUBMB Life 52, 159-164.

Leonard, S. S., Harris, G. K., Shi, X., 2004. Metal-induced oxidative stress and signal transduction.
Free Radic Biol Med 37, 1921-1942.

Lepetsos, P., Papavassiliou, A. G., 2016. ROS/oxidative stress signaling in osteoarthritis. Biochim
Biophys Acta 1862, 576-591.

Leuner, K., Hauptmann, S., Abdel-Kader, R., Scherping, 1., Keil, U., Strosznajder, J. B., Eckert, A.,
Muller, W. E., 2007. Mitochondrial dysfunction: the first domino in brain aging and
Alzheimer's disease? Antioxid Redox Signal 9, 1659-1675.

Leung, A. W., Varanyuwatana, P., Halestrap, A. P., 2008. The mitochondrial phosphate carrier
interacts with cyclophilin D and may play a key role in the permeability transition. J Biol
Chem 283, 26312-26323.

Levine, B., Kroemer, G., 2008. Autophagy in the pathogenesis of disease. Cell 132, 27-42.

Li, H.F., Wang, X.A., Xiang, S.S., Hu, Y.P., Jiang, L., Shu, Y.J., Li, M.L., Wu, X.S., Zhang, F., Ye,
Y.Y., 2015a. Oleanolic acid induces mitochondrial-dependent apoptosis and G0/G1 phase
arrest in gallbladder cancer cells. Drug design, development and therapy 9, 3017.

Li, J. M., Shah, A. M., 2003. ROS generation by nonphagocytic NADPH oxidase: potential
relevance in diabetic nephropathy. J Am Soc Nephrol 14, S221-226.

Li, S., Xu, S., Roelofs, B. A., Boyman, L., Lederer, W. J., Sesaki, H., Karbowski, M., 2015b.
Transient assembly of F-actin on the outer mitochondrial membrane contributes to
mitochondrial fission. The Journal of Cell Biology 208, 109-123.

Li, Y., Huang, T. T., Carlson, E. J., Melov, S., Ursell, P. C., Olson, J. L., Noble, L. J., Yoshimura,
M. P., Berger, C., Chan, P. H., Wallace, D. C., Epstein, C. J., 1995. Dilated cardiomyopathy
and neonatal lethality in mutant mice lacking manganese superoxide dismutase. Nat Genet
11, 376-381.

Li, Y. R, Li, S.,Lin, C. C., 2017. Effect of resveratrol and pterostilbene on aging and longevity.
Biofactors.

101



Liang, H., Masoro, E. J., Nelson, J. F., Strong, R., McMahan, C. A., Richardson, A., 2003. Genetic
mouse models of extended lifespan. Exp Gerontol 38, 1353-1364.

Lichtmannegger, J., Leitzinger, C., Wimmer, R., Schmitt, S., Schulz, S., Kabiri, Y., Eberhagen, C.,
Rieder, T., Janik, D., Neff, F., Straub, B. K., Schirmacher, P., DiSpirito, A. A., Bandow, N.,
Baral, B. S., Flatley, A., Kremmer, E., Denk, G., Reiter, F. P., Hohenester, S., Eckardt-
Schupp, F., Dencher, N. A., Adamski, J., Sauer, V., Niemietz, C., Schmidt, H. H., Merle, U.,
Gotthardt, D. N., Kroemer, G., Weiss, K. H., Zischka, H., 2016. Methanobactin reverses
acute liver failure in a rat model of Wilson disease. J Clin Invest 126, 2721-2735.

Lim, K. S., Jeyaseelan, K., Whiteman, M., Jenner, A., Halliwell, B., 2005. Oxidative damage in
mitochondrial DNA is not extensive. Ann N 'Y Acad Sci 1042, 210-220.

Lin, M. T., Beal, M. F., 2006. Mitochondrial dysfunction and oxidative stress in neurodegenerative
diseases. Nature 443, 787-795.

Lin, M. T., Cantuti-Castelvetri, 1., Zheng, K., Jackson, K. E., Tan, Y. B., Arzberger, T., Lees, A. J.,
Betensky, R. A., Beal, M. F., Simon, D. K., 2012. Somatic mitochondrial DNA mutations in
early Parkinson and incidental Lewy body disease. Ann Neurol 71, 850-854.

Lin, M. T., Simon, D. K., Ahn, C. H., Kim, L. M.,Beal, M. F., 2002. High aggregate burden of
somatic mtDNA point mutations in aging and Alzheimer's disease brain. Hum Mol Genet
11, 133-145.

Linder, M. C., 2016. Ceruloplasmin and other copper binding components of blood plasma and
their functions: an update. Metallomics 8, 887-905.

Linke, A., Adams, V., Schulze, P. C., Erbs, S., Gielen, S., Fiehn, E., Mobius-Winkler, S., Schubert,
A., Schuler, G., Hambrecht, R., 2005. Antioxidative effects of exercise training in patients
with chronic heart failure: increase in radical scavenger enzyme activity in skeletal muscle.
Circulation 111, 1763-1770.

Linnane, A. W., Marzuki, S., Ozawa, T., Tanaka, M., 1989. Mitochondrial DNA mutations as an
important contributor to ageing and degenerative diseases. Lancet 1, 642-645.

Lippard, S. J., 1999. Free copper ions in the cell? Science 284, 748-749.

Liu, C. S., Cheng, W. L., Kuo, S. J.,, Li, J. Y., Soong, B. W., Wei, Y. H., 2008. Depletion of
mitochondrial DNA in leukocytes of patients with poly-Q diseases. J Neurol Sci 264, 18-21.

Liu, T. Y., Tan, Z. J., Jiang, L., Gu, J. F., Wu, X. S., Cao, Y., Li, M. L., Wu, K. J., Liu, Y. B., 2013.
Curcumin induces apoptosis in gallbladder carcinoma cell line GBC-SD cells. Cancer Cell
Int 13, 64.

Liu, X., Zhang, L., Wang, P., Li, X., Qiu, D., Li, L., Zhang, J., Hou, X., Han, L., Ge, J., Li, M., Gu,
L., Wang, Q., 2017. Sirt3-dependent deacetylation of SOD2 plays a protective role against
oxidative stress in oocytes from diabetic mice. Cell Cycle 16, 1302-1308.

Liu, Y., Fiskum, G., Schubert, D., 2002. Generation of reactive oxygen species by the
mitochondrial electron transport chain. J Neurochem 80, 780-787.

Liu, Y., Liu, J., Tetzlaff, W., Paty, D. W., Cynader, M. S., 2006. Biliverdin reductase, a major
physiologic cytoprotectant, suppresses experimental autoimmune encephalomyelitis. Free
Radic Biol Med 40, 960-967.

Liver.,, E. A. f. S. 0., 2012. EASL Clinical Practice Guidelines: Wilson's disease. J Hepatol 56, 671-
685.

Lloret, A., Badia, M. C., Mora, N. J., Pallardo, F. V., Alonso, M. D., Vina, J., 2009. Vitamin E
paradox in Alzheimer's disease: it does not prevent loss of cognition and may even be
detrimental. J Alzheimers Dis 17, 143-149.

Lonnrot, K., Holm, P., Lagerstedt, A., Huhtala, H., Alho, H., 1998. The effects of lifelong
ubiquinone Q10 supplementation on the Q9 and Q10 tissue concentrations and life span of
male rats and mice. Biochem Mol Biol Int 44, 727-737.

Lopez-Lluch, G., Rodriguez-Aguilera, J. C., Santos-Ocana, C., Navas, P., 2010. Is coenzyme Q a
key factor in aging? Mech Ageing Dev 131, 225-235.

102



Lopez-Torres, M., Gredilla, R., Sanz, A., Barja, G., 2002. Influence of aging and long-term caloric
restriction on oxygen radical generation and oxidative DNA damage in rat liver
mitochondria. Free Radic Biol Med 32, 882-889.

Losén, O. C., Song, Z., Chen, H., Chan, D. C., 2013. Fisl, Mff, MiD49, and MiD51 mediate Drp1
recruitment in mitochondrial fission. Molecular Biology of the Cell 24, 659-667.

Lu, J. M., Lin, P. H., Yao, Q., Chen, C., 2010. Chemical and molecular mechanisms of
antioxidants: experimental approaches and model systems. J Cell Mol Med 14, 840-860.

Lu, Z.,Luo,R. Z., Lu, Y., Zhang, X., Yu, Q., Khare, S., Kondo, S., Kondo, Y., Yu, Y., Mills, G. B.,
Liao, W. S., Bast, R. C., Jr., 2008. The tumor suppressor gene ARHI regulates autophagy
and tumor dormancy in human ovarian cancer cells. J Clin Invest 118, 3917-3929.

Lu, Z., Sack, M. N., 2008. ATF-1 is a hypoxia-responsive transcriptional activator of skeletal
muscle mitochondrial-uncoupling protein 3. J Biol Chem 283, 23410-23418.

Lustbader, J. W., Cirilli, M., Lin, C., Xu, H. W., Takuma, K., Wang, N., Caspersen, C., Chen, X.,
Pollak, S., Chaney, M., Trinchese, F., Liu, S., Gunn-Moore, F., Lue, L. F., Walker, D. G.,
Kuppusamy, P., Zewier, Z. L., Arancio, O., Stern, D., Yan, S. S., Wu, H., 2004. ABAD
directly links Abeta to mitochondrial toxicity in Alzheimer's disease. Science 304, 448-452.

McLean, A. J., Cogger, V. C., Chong, G. C., Warren, A., Markus, A. M., Dahlstrom, J. E., and Le
Couteur, D. G., 2003. Age-related pseudocapillarization of the human liver. The Journal of
pathology 200, 112-117.

McLean, A. J., and Le Couteur, D. G., 2004. Aging biology and geriatric clinical pharmacology.
Pharmacol Rev 56, 163-184.

Madamanchi, N. R., Runge, M. S., 2007. Mitochondrial dysfunction in atherosclerosis. Circ Res
100, 460-473.

Maesako, M., Uemura, M., Tashiro, Y., Sasaki, K., Watanabe, K., Noda, Y., Ueda, K., Asada-
Utsugi, M., Kubota, M., Okawa, K., Thara, M., Shimohama, S., Uemura, K., Kinoshita, A.,
2015. High Fat Diet Enhances B-Site Cleavage of Amyloid Precursor Protein (APP) via
Promoting B-Site APP Cleaving Enzyme 1/Adaptor Protein 2/Clathrin Complex Formation.
PLOS ONE 10, e0131199.

Magwere, T., West, M., Riyahi, K., Murphy, M. P., Smith, R. A., Partridge, L., 2006. The effects of
exogenous antioxidants on lifespan and oxidative stress resistance in Drosophila
melanogaster. Mech Ageing Dev 127, 356-370.

Mai, S., Klinkenberg, M., Auburger, G., Bereiter-Hahn, J., Jendrach, M., 2010. Decreased
expression of Drpl and Fisl mediates mitochondrial elongation in senescent cells and
enhances resistance to oxidative stress through PINKI1. Journal of Cell Science 123, 917-
926.

Mailloux, R. J., Harper, M. E., 2011. Uncoupling proteins and the control of mitochondrial reactive
oxygen species production. Free Radic Biol Med 51, 1106-1115.

Malouitre, S., Dube, H., Selwood, D., Crompton, M., 2010. Mitochondrial targeting of cyclosporin
A enables selective inhibition of cyclophilin-D and enhanced cytoprotection after glucose
and oxygen deprivation. Biochem J 425, 137-148.

Manczak, M., Calkins, M. J.,Reddy, P. H., 2011. Impaired mitochondrial dynamics and abnormal
interaction of amyloid beta with mitochondrial protein Drpl in neurons from patients with
Alzheimer's disease: implications for neuronal damage. Human Molecular Genetics 20,
2495-25009.

Manczak, M., Kandimalla, R., Fry, D., Sesaki, H., Reddy, P. H., 2016. Protective effects of reduced
dynamin-related protein 1 against amyloid beta-induced mitochondrial dysfunction and
synaptic damage in Alzheimer’s disease. Human Molecular Genetics 25, 5148-5166.

Manczak, M., Reddy, P. H., 2012. Abnormal interaction between the mitochondrial fission protein
Drpl and hyperphosphorylated tau in Alzheimer's disease neurons: implications for
mitochondrial dysfunction and neuronal damage. Human Molecular Genetics 21, 2538-
2547.

103



Manor, U., Bartholomew, S., Golani, G., Christenson, E., Kozlov, M., Higgs, H., Spudich, J.,
Lippincott-Schwartz, J., 2015. A mitochondria-anchored isoform of the actin-nucleating
spire protein regulates mitochondrial division. eLife 4, e08828.

Mansouri, A., Gaou, 1., Fromenty, B., Berson, A., Letteron, P., Degott, C., Erlinger, S., Pessayre,
D., 1997. Premature oxidative aging of hepatic mitochondrial DNA in Wilson's disease.
Gastroenterology 113, 599-605.

Marchi, S., Patergnani, S., Missiroli, S., Morciano, G., Rimessi, A., Wieckowski, M. R., Giorgi, C.,
Pinton, P., 2018. Mitochondrial and endoplasmic reticulum calcium homeostasis and cell
death. Cell Calcium 69, 62-72.

Marinho, H. S., Real, C., Cyrne, L., Soares, H.,Antunes, F., 2014. Hydrogen peroxide sensing,
signaling and regulation of transcription factors. Redox Biol 2, 535-562.

Martin-Maestro, P., Gargini, R., Garcia, E., Perry, G., Avila, J.,Garcia-Escudero, V., 2017. Slower
Dynamics and Aged Mitochondria in Sporadic Alzheimer's Disease. Oxidative Medicine
and Cellular Longevity 2017, 14.

Martinet, W., Agostinis, P., Vanhoecke, B., Dewaele, M., De Meyer, G. R., 2009. Autophagy in
disease: a double-edged sword with therapeutic potential. Clin Sci (Lond) 116, 697-712.

Martinon, F., Mayor, A.,Tschopp, J., 2009. The inflammasomes: guardians of the body. Annu Rev
Immunol 27, 229-265.

Massey, A. C., Kaushik, S., Sovak, G., Kiffin, R., Cuervo, A. M., 2006. Consequences of the
selective blockage of chaperone-mediated autophagy. Proc Natl Acad Sci U S A 103, 5805-
5810.

Mateo, M. C. M., Bustamante, J. B., Arellano, 1. F., 1979. Serum Copper, Ceruloplasmin, Lactic-
Desydrogenase and Alpha-2-Globulin in Lung-Cancer. Biomed Express 31, 66-68.

Mattson, M. P., 2000. Apoptosis in neurodegenerative disorders. Nat Rev Mol Cell Biol 1, 120-129.

McCommis, K., Hodges, W., Brunt, E., Nalbantoglu, 1., McDonald, W., Holley, C., Fujiwara, H.,
Schaffer, J., Colca, J., Finck, B., 2016. Targeting the Mitochondrial Pyruvate Carrier
Attenuates Fibrosis in a Mouse Model of Nonalcoholic Steatohepatitis. Hepatology
(Baltimore, Md.).

McCommis, K. S., Chen, Z., Fu, X., McDonald, W. G., Colca, J. R., Kletzien, R. F., Burgess, S. C.,
Finck, B. N., 2015. Loss of Mitochondrial Pyruvate Carrier 2 in the Liver Leads to Defects
in Gluconeogenesis and Compensation via Pyruvate-Alanine Cycling. Cell Metab 22, 682-
694.

McCord, J. M., Edeas, M. A., 2005. SOD, oxidative stress and human pathologies: a brief history
and a future vision. Biomed Pharmacother 59, 139-142.

McCullough, A. J., Raguso, C., 1999. Effect of cirrhosis on energy expenditure. The American
journal of clinical nutrition 69, 1066-1068.

McNaught, K. S., Perl, D. P., Brownell, A. L., Olanow, C. W., 2004. Systemic exposure to
proteasome inhibitors causes a progressive model of Parkinson's disease. Ann Neurol 56,
149-162.

Meigs, J. B., Muller, D. C., Nathan, D. M., Blake, D. R., Andres, R., 2003. The Natural History of
Progression From Normal Glucose Tolerance to Type 2 Diabetes in the Baltimore
Longitudinal Study of Aging. Diabetes 52, 1475-1484.

Melkov, A., Abdu, U., 2018. Regulation of long-distance transport of mitochondria along
microtubules. Cellular and Molecular Life Sciences 75, 163-176.

Merksamer, P. 1., Liu, Y., He, W., Hirschey, M. D., Chen, D., Verdin, E., 2013. The sirtuins,
oxidative stress and aging: an emerging link. Aging (Albany NY) 5, 144-150.

Merriman, R. B., Aouizerat, B. E., Bass, N. M., 2006. Genetic influences in nonalcoholic fatty liver
disease. J Clin Gastroenterol 40 Suppl 1, S30-33.

Migliaccio, E., Giorgio, M., Mele, S., Pelicci, G., Reboldi, P., Pandolfi, P. P., Lanfrancone, L.,
Pelicci, P. G., 1999. The p66shc adaptor protein controls oxidative stress response and life
span in mammals. Nature 402, 309-313.

104



Migliaccio, E., Giorgio, M., Pelicci, P. G., 2006. Apoptosis and aging: role of p66Shc redox
protein. Antioxid Redox Signal 8, 600-608.

Miller, N., 1984. Why does plasma low density lipoprotein concentration in adults increase with
age? The Lancet 323, 263-267.

Miquel, J., Economos, A. C., Fleming, J., Johnson, J. E. J.r., 1980. Mitochondrial role in cell aging.
Exp Gerontol 15, 575-591.

Miquel, J., Ferrandiz, M. L., De Juan, E., Sevila, I.,Martinez, M., 1995. N-acetylcysteine protects
against age-related decline of oxidative phosphorylation in liver mitochondria. Eur J
Pharmacol 292, 333-335.

Misgeld, T., Schwarz, T. L., Mitostasis in Neurons: Maintaining Mitochondria in an Extended
Cellular Architecture. Neuron 96, 651-666.

Mishra, P., Chan, D. C., 2014. Mitochondrial dynamics and inheritance during cell division,
development and disease. Nature reviews. Molecular cell biology 15, 634-646.

Misra, M. K., Sarwat, M., Bhakuni, P., Tuteja, R., Tuteja, N., 2009. Oxidative stress and ischemic
myocardial syndromes. Med Sci Monit 15, RA209-219.

Miuma, S., Saldivar, J. C., Karras, J. R., Waters, C. E., Paisie, C. A., Wang, Y., Jin, V., Sun, J.,
Druck, T., Zhang, J., Huebner, K., 2013. Fhit deficiency-induced global genome instability
promotes mutation and clonal expansion. PLoS One 8, ¢80730.

Monsenego, J., Mansouri, A., Akkaoui, M., Lenoir, V., Esnous, C., Fauveau, V., Tavernier, V.,
Girard, J., Prip-Buus, C., 2012. Enhancing liver mitochondrial fatty acid oxidation capacity
in obese mice improves insulin sensitivity independently of hepatic steatosis. J Hepatol 56,
632-639.

Monteiro-Cardoso, V. F., Oliveira, M. M., Melo, T., Domingues, M. R., Moreira, P. 1., Ferreiro, E.,
Peixoto, F., Videira, R. A., 2015. Cardiolipin profile changes are associated to the early
synaptic mitochondrial dysfunction in Alzheimer's disease. J Alzheimers Dis 43, 1375-1392.

Montero, R., Pineda, M., Aracil, A., Vilaseca, M. A., Briones, P., Sanchez-Alcazar, J. A., Navas, P.,
Artuch, R., 2007. Clinical, biochemical and molecular aspects of cerebellar ataxia and
Coenzyme Q10 deficiency. Cerebellum 6, 118-122.

Moore, A. S., Wong, Y. C., Simpson, C. L., Holzbaur, E. L. F., 2016. Dynamic actin cycling
through mitochondrial subpopulations locally regulates the fission—fusion balance within
mitochondrial networks. Nature Communications 7, 12886.

Moosmann, B., Behl, C., 2008. Mitochondrially encoded cysteine predicts animal lifespan. Aging
Cell 7, 32-46.

Mootha, V. K., Lindgren, C. M., Eriksson, K.-F., Subramanian, A., Sihag, S., Lehar, J., Puigserver,
P., Carlsson, E., Ridderstrdle, M., Laurila, E., Houstis, N., Daly, M. J., Patterson, N.,
Mesirov, J. P., Golub, T. R., Tamayo, P., Spiegelman, B., Lander, E. S., Hirschhorn, J. N,
Altshuler, D., Groop, L. C., 2003. PGC-la-responsive genes involved in oxidative
phosphorylation are coordinately downregulated in human diabetes. Nature Genetics 34,
267.

Morciano, G., Bonora, M., Giorgi, C., Pinton, P., 2017. Other bricks for the correct construction of
the mitochondrial permeability transition pore complex. Cell Death Dis 8, €2698.

Morciano, G., Giorgi, C., Bonora, M., Punzetti, S., Pavasini, R., Wieckowski, M. R., Campo, G.,
Pinton, P., 2015. Molecular identity of the mitochondrial permeability transition pore and its
role in ischemia-reperfusion injury. J Mol Cell Cardiol 78, 142-153.

Morita, M., Prudent, J., Basu, K., Goyon, V., Katsumura, S., Hulea, L., Pearl, D., Siddiqui, N.,
Strack, S., McGuirk, S., St-Pierre, J., Larsson, O., Topisirovic, 1., Vali, H., McBride, H. M.,
Bergeron, J. J., Sonenberg, N., 2017. mTOR Controls Mitochondrial Dynamics and Cell
Survival via MTFP1. Molecular Cell 67, 922-935.€925.

Morrison, C. D., Pistell, P. J., Ingram, D. K., Johnson, W. D., Liu, Y., Fernandez-Kim, S. O.,
White, C. L., Purpera, M. N., Uranga, R. M., Bruce-Keller, A. J., Keller, J. N., 2010. High

105



Fat Diet Increases Hippocampal Oxidative Stress and Cognitive Impairment in Aged Mice:
Implications for decreased Nrf2 signaling. Journal of neurochemistry 114, 1581-1589.
Morsci, N. S., Hall, D. H., Driscoll, M., Sheng, Z.H., 2016. Age-Related Phasic Patterns of
Mitochondrial Maintenance in Adult Caenorhabditis elegans Neurons. The Journal of

Neuroscience 36, 1373-1385.

Morse, D., Choi, A. M., 2005. Heme oxygenase-1: from bench to bedside. Am J Respir Crit Care
Med 172, 660-670.

Morselli, E., Maiuri, M. C., Markaki, M., Megalou, E., Pasparaki, A., Palikaras, K., Criollo, A.,
Galluzzi, L., Malik, S. A., Vitale, 1., Michaud, M., Madeo, F., Tavernarakis, N., Kroemer,
G., 2010. Caloric restriction and resveratrol promote longevity through the Sirtuin-1-
dependent induction of autophagy. Cell Death Dis 1, e10.

Muhammad, M. H., Allam, M. M., 2017. Resveratrol and/or exercise training counteract aging-
associated decline of physical endurance in aged mice; targeting mitochondrial biogenesis
and function. J Physiol Sci.

Murai, M., Ishihara, A., Nishioka, T., Yagi, T., Miyoshi, H., 2007. The ND1 subunit constructs the
inhibitor binding domain in bovine heart mitochondrial complex I. Biochemistry 46, 6409-
6416.

Murakami, K., Murata, N., Noda, Y., Tahara, S., Kaneko, T., Kinoshita, N., Hatsuta, H.,
Murayama, S., Barnham, K. J., Irie, K., Shirasawa, T., Shimizu, T., 2011. SODI
(copper/zinc superoxide dismutase) deficiency drives amyloid beta protein oligomerization
and memory loss in mouse model of Alzheimer disease. J Biol Chem 286, 44557-44568.

Murphy, M. P., Smith, R. A., 2007. Targeting antioxidants to mitochondria by conjugation to
lipophilic cations. Annu Rev Pharmacol Toxicol 47, 629-656.

Murry, C. E., Jennings, R. B., Reimer, K. A., 1986. Preconditioning with ischemia: a delay of lethal
cell injury in ischemic myocardium. Circulation 74, 1124-1136.

Muscari, C., Giaccari, A., Stefanelli, C., Viticchi, C., Giordano, E., Guarnieri, C., Caldarera, C. M.,
1996. Presence of a DNA-4236 bp deletion and 8-hydroxy-deoxyguanosine in mouse
cardiac mitochondrial DNA during aging. Aging (Milano) 8, 429-433.

Nagasaka, H., Inoue, I., Inui, A., Komatsu, H., Sogo, T., Murayama, K., Murakami, T., Yorifuji, T.,
Asayama, K., Katayama, S., Uemoto, S., Kobayashi, K., Takayanagi, M., Fujisawa, T.,
Tsukahara, H., 2006. Relationship between oxidative stress and antioxidant systems in the
liver of patients with Wilson disease: hepatic manifestation in Wilson disease as a
consequence of augmented oxidative stress. Pediatr Res 60, 472-477.

Nagesh Babu, G., Kumar, A., Singh, R. L., 2011. Chronic pretreatment with acetyl-L-carnitine and
+/-DL-alpha-lipoic acid protects against acute glutamate-induced neurotoxicity in rat brain
by altering mitochondrial function. Neurotox Res 19, 319-329.

Nagy, N., Malik, G., Tosaki, A., Ho, Y. S., Maulik, N., Das, D. K., 2008. Overexpression of
glutaredoxin-2 reduces myocardial cell death by preventing both apoptosis and necrosis. J
Mol Cell Cardiol 44, 252-260.

Nair, J., Sone, H., Nagao, M., Barbin, A., Bartsch, H., 1996. Copper-dependent formation of
miscoding etheno-DNA adducts in the liver of Long Evans cinnamon (LEC) rats developing
hereditary hepatitis and hepatocellular carcinoma. Cancer Res 56, 1267-1271.

Nakagawa, T., Shimizu, S., Watanabe, T., Yamaguchi, O., Otsu, K., Yamagata, H., Inohara, H.,
Kubo, T., Tsujimoto, Y., 2005. Cyclophilin D-dependent mitochondrial permeability
transition regulates some necrotic but not apoptotic cell death. Nature 434, 652-658.

Nakahira, K., Haspel, J. A., Rathinam, V. A., Lee, S. J., Dolinay, T., Lam, H. C., Englert, J. A.,
Rabinovitch, M., Cernadas, M., Kim, H. P., Fitzgerald, K. A., Ryter, S. W., Choi, A. M.,
2011. Autophagy proteins regulate innate immune responses by inhibiting the release of
mitochondrial DNA mediated by the NALP3 inflammasome. Nat Immunol 12, 222-230.

106



Nakamura, M., Yamazaki, 1., 1972. One-electron transfer reactions in biochemical systems. VI.
Changes in electron transfer mechanism of lipoamide dehydrogenase by modification of
sulthydryl groups. Biochim Biophys Acta 267, 249-257.

Narasimhan, M., Rajasekaran, N. S., 2016. Exercise, Nrf2 and Antioxidant Signaling in Cardiac
Aging. Front Physiol 7, 241.

Narendra, D. P., Jin, S. M., Tanaka, A., Suen, D. F., Gautier, C. A., Shen, J., Cookson, M. R.,
Youle, R. J., 2010. PINK1 is selectively stabilized on impaired mitochondria to activate
Parkin. PLoS Biol 8, e1000298.

Navarro-Cruz, A. R., Ramirez, Y. A. R., Ochoa-Velasco, C., Brambila, E., Avila-Sosa, R., Perez-
Fernandez, S., Morales-Medina, J. C., Aguilar-Alonso, P., 2017. Effect of Chronic
Administration of Resveratrol on Cognitive Performance during Aging Process in Rats.
Oxid Med Cell Longev 2017, 8510761.

Navarro, A., Boveris, A., 2004. Rat brain and liver mitochondria develop oxidative stress and lose
enzymatic activities on aging. Am J Physiol Regul Integr Comp Physiol 287, R1244-1249.

Navarro, A., Gomez, C., Sanchez-Pino, M. J., Gonzalez, H., Bandez, M. J., Boveris, A. D., Boveris,
A., 2005. Vitamin E at high doses improves survival, neurological performance, and brain
mitochondrial function in aging male mice. Am J Physiol Regul Integr Comp Physiol 289,
R1392-1399.

Nemoto, S., Combs, C. A., French, S., Ahn, B. H., Fergusson, M. M., Balaban, R. S., Finkel, T.,
2006. The mammalian longevity-associated gene product p66shc regulates mitochondrial
metabolism. J Biol Chem 281, 10555-10560.

Nguyen, T., Nioi, P., Pickett, C. B., 2009. The Nrf2-antioxidant response element signaling
pathway and its activation by oxidative stress. J Biol Chem 284, 13291-13295.

Nikitovic, D., Holmgren, A., 1996. S-nitrosoglutathione is cleaved by the thioredoxin system with
liberation of glutathione and redox regulating nitric oxide. Journal of Biological Chemistry
271, 19180-19185.

Nimse, S. B., Pal, D., 2015. Free radicals, natural antioxidants, and their reaction mechanisms. RSC
Advances 5, 27986-28006.

Nishikawa, T., Edelstein, D., Du, X. L., Yamagishi, S., Matsumura, T., Kaneda, Y., Yorek, M. A.,
Beebe, D., Oates, P. J., Hammes, H. P., Giardino, 1., Brownlee, M., 2000. Normalizing
mitochondrial superoxide production blocks three pathways of hyperglycaemic damage.
Nature 404, 787-790.

Nisoli, E., Tonello, C., Cardile, A., Cozzi, V., Bracale, R., Tedesco, L., Falcone, S., Valerio, A.,
Cantoni, O., Clementi, E., Moncada, S., Carruba, M. O., 2005. Calorie Restriction Promotes
Mitochondrial Biogenesis by Inducing the Expression of eNOS. Science 310, 314-317.

Norton, M., Ng, A. C.-H., Baird, S., Dumoulin, A., Shutt, T., Mah, N., Andrade-Navarro, M. A.,
McBride, H. M., Screaton, R. A., 2014. ROMOI1 Is an Essential Redox-Dependent
Regulator of Mitochondrial Dynamics. Science Signaling 7, ral0-ral0.

Nosadini, R., Avogaro, A., Mollo, F., Marescotti, C., Tiengo, A., Duner, E., MERKEL, A., Gatta,
A., Zuin, R., De Kreutzenberg, S., 1984. Carbohydrate and lipid metabolism in cirrhosis.
Evidence that hepatic uptake of gluconeogenic precursors and of free fatty acids depends on
effective hepatic flow. The Journal of Clinical Endocrinology & Metabolism 58, 1125-1132.

Noureddin, M., Yates, K. P., Vaughn, 1. A., Neuschwander-Tetri, B. A., Sanyal, A. J., McCullough,
A., Merriman, R., Hameed, B., Doo, E., Kleiner, D. E., Behling, C., Loomba, R., Nash, C.
R. N., 2013. Clinical and histological determinants of nonalcoholic steatohepatitis and
advanced fibrosis in elderly patients. Hepatology 58, 1644-1654.

Ohhira, M., Ono, M., Ohhira, M., Sekiya, C., Namiki, M., Fujimoto, Y., Nagao, M., Mori, M.,
1995. Changes in free radical-metabolizing enzymes and lipid peroxides in the liver of
Long-Evans with cinnamon-like coat color rats. J Gastroenterol 30, 619-623.

107



Okawara, M., Katsuki, H., Kurimoto, E., Shibata, H., Kume, T.,Akaike, A., 2007. Resveratrol
protects dopaminergic neurons in midbrain slice culture from multiple insults. Biochem
Pharmacol 73, 550-560.

Oliveira, H. C., Cosso, R. G., Alberici, L. C., Maciel, E. N., Salerno, A. G., Dorighello, G. G.,
Velho, J. A., de Faria, E. C., Vercesi, A. E., 2005. Oxidative stress in atherosclerosis-prone
mouse is due to low antioxidant capacity of mitochondria. FASEB J 19, 278-280.

Orr, W. C., Sohal, R. S.,; 1994. Extension of life-span by overexpression of superoxide dismutase
and catalase in Drosophila melanogaster. Science 263, 1128-1130.

Orsini, F., Migliaccio, E., Moroni, M., Contursi, C., Raker, V. A., Piccini, D., Martin-Padura, 1.,
Pelliccia, G., Trinei, M., Bono, M., Puri, C., Tacchetti, C., Ferrini, M., Mannucci, R.,
Nicoletti, I., Lanfrancone, L., Giorgio, M., Pelicci, P. G., 2004. The life span determinant
p66Shc localizes to mitochondria where it associates with mitochondrial heat shock protein
70 and regulates trans-membrane potential. J Biol Chem 279, 25689-25695.

Otten, A. B., Smeets, H. J., 2015. Evolutionary defined role of the mitochondrial DNA in fertility,
disease and ageing. Hum Reprod Update 21, 671-689.

Otterbein, L. E., Choi, A. M., 2000. Heme oxygenase: colors of defense against cellular stress. Am
J Physiol Lung Cell Mol Physiol 279, L1029-1037.

Paddenberg, R., Goldenberg, A., Faulhammer, P., Braun-Dullaeus, R. C., Kummer, W., 2003a.
Mitochondrial complex II is essential for hypoxia-induced ROS generation and
vasoconstriction in the pulmonary vasculature. Adv Exp Med Biol 536, 163-169.

Paddenberg, R., Ishaq, B., Goldenberg, A., Faulhammer, P., Rose, F., Weissmann, N., Braun-
Dullaeus, R. C.,Kummer, W., 2003b. Essential role of complex II of the respiratory chain in
hypoxia-induced ROS generation in the pulmonary vasculature. Am J Physiol Lung Cell
Mol Physiol 284, L710-719.

Page, M. M., Robb, E. L., Salway, K. D., Stuart, J. A., 2010. Mitochondrial redox metabolism:
aging, longevity and dietary effects. Mech Ageing Dev 131, 242-252.

Pagel-Langenickel, 1., Bao, J., Pang, L., Sack, M. N., 2010. The role of mitochondria in the
pathophysiology of skeletal muscle insulin resistance. Endocr Rev 31, 25-51.

Pahl, H. L., 1999. Activators and target genes of Rel/NF-kappaB transcription factors. Oncogene
18, 6853-6866.

Pajonk, F. G., Kessler, H., Supprian, T., Hamzei, P., Bach, D., Schweickhardt, J., Herrmann, W.,
Obeid, R., Simons, A., Falkai, P., Multhaup, G., Bayer, T. A., 2005. Cognitive decline
correlates with low plasma concentrations of copper in patients with mild to moderate
Alzheimer's disease. J Alzheimers Dis 8, 23-27.

Palacios, O. M., Carmona, J. J., Michan, S., Chen, K. Y., Manabe, Y., Ward, J. L., 3rd, Goodyear,
L. J., Tong, Q., 2009. Diet and exercise signals regulate SIRT3 and activate AMPK and
PGC-1alpha in skeletal muscle. Aging (Albany NY) 1, 771-783.

Palasciano, G., Portincasa, P., Vinciguerra, V., Velardi, A., Tardi, S., Baldassarre, G., Albano, O.,
1989. Gallstone prevalence and gallbladder volume in children and adolescents: an
epidemiological ultrasonographic survey and relationship to body mass index. Am J
Gastroenterol 84, 1378-1382.

Pamplona, R., 2011. Mitochondrial DNA Damage and Animal Longevity: Insights from
Comparative Studies. Journal of Aging Research 2011, 807108.

Pamplona, R., Barja, G., Portero-Otin, M., 2002. Membrane fatty acid unsaturation, protection
against oxidative stress, and maximum life span: a homeoviscous-longevity adaptation? Ann
N'Y Acad Sci 959, 475-490.

Pamplona, R., Portero-Otin, M., Riba, D., Ruiz, C., Prat, J., Bellmunt, M. J., Barja, G., 1998.
Mitochondrial membrane peroxidizability index is inversely related to maximum life span in
mammals. J Lipid Res 39, 1989-1994.

Pandey, M., Shukla, V., 2000. Fatty acids, biliary bile acids, lipid peroxidation products and
gallbladder carcinogenesis. European journal of cancer prevention 9, 165-172.

108



Pandya, J. D., Grondin, R., Yonutas, H. M., Haghnazar, H., Gash, D. M., Zhang, Z., Sullivan, P. G.,
2015. Decreased mitochondrial bioenergetics and calcium buffering capacity in the basal
ganglia correlates with motor deficits in a nonhuman primate model of aging. Neurobiol
Aging 36, 1903-1913.

Pangrazzi, L., Meryk, A., Naismith, E., Koziel, R., Lair, J., Krismer, M., Trieb, K., Grubeck-
Loebenstein, B., 2017. "Inflamm-aging" influences immune cell survival factors in human
bone marrow. Eur J Immunol 47, 481-492.

Pappu, A., Fatterpaker, P., Sreenivasan, A., 1978. Phospholipase A2 of rat liver mitochondria in
vitamin E deficiency. Biochemical Journal 172, 349-352.

Paradies, G., Paradies, V., Ruggiero, F. M., Petrosillo, G., 2013. Changes in the mitochondrial
permeability transition pore in aging and age-associated diseases. Mech Ageing Dev 134, 1-
9.

Paradies, G., Paradies, V., Ruggiero, F. M., Petrosillo, G., 2017. Mitochondrial bioenergetics decay
in aging: beneficial effect of melatonin. Cell Mol Life Sci 74, 3897-3911.

Paradies, G., Petrosillo, G., Paradies, V., Reiter, R. J., Ruggiero, F. M., 2010. Melatonin,
cardiolipin and mitochondrial bioenergetics in health and disease. J Pineal Res 48, 297-310.

Paradies, G., Petrosillo, G., Pistolese, M., Ruggiero, F. M., 2002. Reactive oxygen species affect
mitochondrial electron transport complex I activity through oxidative cardiolipin damage.
Gene 286, 135-141.

Park, G., Sim, Y., Lee, W., Sung, S. H., Oh, M. S., 2016. Protection on Skin Aging Mediated by
Antiapoptosis Effects of the Water Lily (Nymphaea Tetragona Georgi) via Reactive Oxygen
Species Scavenging in Human Epidermal Keratinocytes. Pharmacology 97, 282-293.

Park, H., Ishigami, A., Shima, T., Mizuno, M., Maruyama, N., Yamaguchi, K., Mitsuyoshi, H.,
Minami, M., Yasui, K., Itoh, Y., 2010. Hepatic senescence marker protein-30 is involved in
the progression of nonalcoholic fatty liver disease. Journal of gastroenterology 45, 426-434.

Parkes, T. L., Elia, A. J., Dickinson, D., Hilliker, A. J., Phillips, J. P., Boulianne, G. L., 1998.
Extension of Drosophila lifespan by overexpression of human SOD1 in motorneurons. Nat
Genet 19, 171-174.

Parkinson, G. M., Dayas, C. V., Smith, D. W., 2014. Increased mitochondrial DNA deletions in
substantia nigra dopamine neurons of the aged rat. Curr Aging Sci 7, 155-160.

Parkinson Study, G., 1993. Effects of tocopherol and deprenyl on the progression of disability in
early Parkinson's disease. N Engl J Med 328, 176-183.

Pathak, D., Sepp, K. J.,, Hollenbeck, P. J., 2010. Evidence that Myosin Activity Opposes
Microtubule-based Axonal Transport of Mitochondria. The Journal of neuroscience : the
official journal of the Society for Neuroscience 30, 8984-8992.

Paul, A., Belton, A., Nag, S., Martin, I., Grotewiel, M. S., Duttaroy, A., 2007. Reduced
mitochondrial SOD displays mortality characteristics reminiscent of natural aging. Mech
Ageing Dev 128, 706-716.

Pavlov, P. F., Wiehager, B., Sakai, J., Frykman, S., Behbahani, H., Winblad, B., Ankarcrona, M.,
2011. Mitochondrial gamma-secretase participates in the metabolism of mitochondria-
associated amyloid precursor protein. FASEB J 25, 78-88.

Pereira, C. V., Lebiedzinska, M., Wieckowski, M. R., Oliveira, P. J., 2012. Regulation and
protection of mitochondrial physiology by sirtuins. Mitochondrion 12, 66-76.

Perez-Carreras, M., Del Hoyo, P., Martin, M. A., Rubio, J. C., Martin, A., Castellano, G., Colina,
F., Arenas, J., Solis-Herruzo, J. A., 2003. Defective hepatic mitochondrial respiratory chain
in patients with nonalcoholic steatohepatitis. Hepatology 38, 999-1007.

Perez, V. 1., Bokov, A., Van Remmen, H., Mele, J., Ran, Q., Ikeno, Y., Richardson, A., 2009a. Is
the oxidative stress theory of aging dead? Biochim Biophys Acta 1790, 1005-1014.

Perez, V. 1., Van Remmen, H., Bokov, A., Epstein, C. J., Vijg, J., Richardson, A., 2009b. The
overexpression of major antioxidant enzymes does not extend the lifespan of mice. Aging
Cell 8, 73-75.

109



Pernas, L., Scorrano, L., 2016. Mito-Morphosis: Mitochondrial Fusion, Fission, and Cristae
Remodeling as Key Mediators of Cellular Function. Annual Review of Physiology 78, 505-
531.

Perry, R. J., Kim, T., Zhang, X. M., Lee, H. Y., Pesta, D., Popov, V. B., Zhang, D., Rahimi, Y.,
Jurczak, M. J., Cline, G. W., Spiegel, D. A., Shulman, G. I, 2013. Reversal of
hypertriglyceridemia, fatty liver disease, and insulin resistance by a liver-targeted
mitochondrial uncoupler. Cell Metab 18, 740-748.

Pessayre, D., Fromenty, B., 2005. NASH: a mitochondrial disease. J Hepatol 42, 928-940.

Petersen, K. F., Befroy, D., Dufour, S., Dziura, J., Ariyan, C., Rothman, D. L., DiPietro, L., Cline,
G. W., Shulman, G. 1., 2003. Mitochondrial dysfunction in the elderly: possible role in
insulin resistance. Science 300, 1140-1142.

Petersen, M. H., Budtz-Jorgensen, E., Sorensen, S. A., Nielsen, J. E., Hjermind, L. E., Vinther-
Jensen, T., Nielsen, S. M., Norremolle, A., 2014. Reduction in mitochondrial DNA copy
number in peripheral leukocytes after onset of Huntington's disease. Mitochondrion 17, 14-
21.

Petri, S., Kiaei, M., Damiano, M., Hiller, A., Wille, E., Manfredi, G., Calingasan, N. Y., Szeto, H.
H., Beal, M. F., 2006. Cell-permeable peptide antioxidants as a novel therapeutic approach
in a mouse model of amyotrophic lateral sclerosis. J Neurochem 98, 1141-1148.

Petrosillo, G., Fattoretti, P., Matera, M., Ruggiero, F. M., Bertoni-Freddari, C., Paradies, G., 2008.
Melatonin prevents age-related mitochondrial dysfunction in rat brain via cardiolipin
protection. Rejuvenation Res 11, 935-943.

Petrosillo, G., Matera, M., Moro, N., Ruggiero, F. M., Paradies, G., 2009. Mitochondrial complex I
dysfunction in rat heart with aging: critical role of reactive oxygen species and cardiolipin.
Free Radic Biol Med 46, 88-94.

Petrosillo, G., Portincasa, P., Grattagliano, 1., Casanova, G., Matera, M., Ruggiero, F. M., Ferri, D.,
Paradies, G., 2007. Mitochondrial dysfunction in rat with nonalcoholic fatty liver
Involvement of complex I, reactive oxygen species and cardiolipin. Biochim Biophys Acta
1767, 1260-1267.

Petrov, D., Pedroés, 1., Artiach, G., Sureda, F. X., Barroso, E., Pallas, M., Casadesus, G., Beas-
Zarate, C., Carro, E., Ferrer, 1., Vazquez-Carrera, M., Folch, J., Camins, A., 2015. High-fat
diet-induced deregulation of hippocampal insulin signaling and mitochondrial homeostasis
deficiences contribute to Alzheimer disease pathology in rodents. Biochimica et Biophysica
Acta (BBA) - Molecular Basis of Disease 1852, 1687-1699.

Pinti, M., Gibellini, L., Nasi, M., De Biasi, S., Bortolotti, C. A., Iannone, A., Cossarizza, A., 2016.
Emerging role of Lon protease as a master regulator of mitochondrial functions. Biochim
Biophys Acta 1857, 1300-1306.

Pinton, P., Rimessi, A., Marchi, S., Orsini, F., Migliaccio, E., Giorgio, M., Contursi, C., Minucci,
S., Mantovani, F., Wieckowski, M. R., Del Sal, G., Pelicci, P. G., Rizzuto, R., 2007. Protein
kinase C beta and prolyl isomerase 1 regulate mitochondrial effects of the life-span
determinant p66Shc. Science 315, 659-663.

Pinton, P., Rizzuto, R., 2008. p66Shc, oxidative stress and aging: importing a lifespan determinant
into mitochondria. Cell Cycle 7, 304-308.

Planavila, A., Iglesias, R., Giralt, M., Villarroya, F., 2011. Sirtl acts in association with PPARalpha
to protect the heart from hypertrophy, metabolic dysregulation, and inflammation.
Cardiovasc Res 90, 276-284.

Plecita-Hlavata, L., Jezek, J., Jezek, P., 2009. Pro-oxidant mitochondrial matrix-targeted
ubiquinone MitoQ10 acts as anti-oxidant at retarded electron transport or proton pumping
within Complex I. Int J Biochem Cell Biol 41, 1697-1707.

Polo, M., Alegre, F., Moragrega, A. B., Gibellini, L., Marti-Rodrigo, A., Blas-Garcia, A.,
Esplugues, J. V., Apostolova, N., 2017. Lon protease: a novel mitochondrial matrix protein

110



in the interconnection between drug-induced mitochondrial dysfunction and endoplasmic
reticulum stress. Br J Pharmacol 174, 4409-4429.

Poo, J. L., Rosas-Romero, R., Montemayor, A. C., Isoard, F., Uribe, M., 2003. Diagnostic value of
the copper/zinc ratio in hepatocellular carcinoma: a case control study. J Gastroenterol 38,
45-51.

Portincasa, P., Di Ciaula, A., Baldassarre, G., Palmieri, V., Gentile, A., Cimmino, A., Palasciano,
G., 1994. Gallbladder motor function in gallstone patients: sonographic and in vitro studies
on the role of gallstones, smooth muscle function and gallbladder wall inflammation. J
Hepatol 21, 430-440.

Portincasa, P., Moschetta, A., Berardino, M., Di-Ciaula, A., Vacca, M., Baldassarre, G.,
Pietrapertosa, A., Cammarota, R., Tannoia, N., Palasciano, G., 2004. Impaired gallbladder
motility and delayed orocecal transit contribute to pigment gallstone and biliary sludge
formation in beta-thalassemia major adults. World J Gastroenterol 10, 2383-2390.

Portincasa, P., Moschetta, A., Palasciano, G., 2006. Cholesterol gallstone disease. Lancet 368, 230-
239.

Portincasa, P., Wang, D. Q. H. (2015). Gallstones. /n "Yamada's Textbook of Gastroenterology"
(Podolsky, K. D., Camilleri, M., Fitz, J. G., Kalloo, A. N., Shanahan, F., and Wang, T. C.,
Ed.)pp. 1808-1834. Wiley-Blackwell, UK.

Portincasa, P., Wang, D. Q. H. (2016). Gallstones. /n "Yamada's Atlas of Gastroenterology"
(Podolsky, K. D., Camilleri, M., Fitz, J. G., Kalloo, A. N., Shanahan, F., and Wang, T. C.,
Ed.)pp. 335-353. Wiley-Blackwell, UK.

Powers, S. K., Criswell, D., Lawler, J., Ji, L. L., Martin, D., Herb, R. A., Dudley, G., 1994.
Influence of exercise and fiber type on antioxidant enzyme activity in rat skeletal muscle.
Am J Physiol 266, R375-380.

Powers, S. K., Ji, L. L., Leeuwenburgh, C., 1999. Exercise training-induced alterations in skeletal
muscle antioxidant capacity: a brief review. Med Sci Sports Exerc 31, 987-997.

Prakash, C., Soni, M., Kumar, V., 2015. Biochemical and Molecular Alterations Following
Arsenic-Induced Oxidative Stress and Mitochondrial Dysfunction in Rat Brain. Biol Trace
Elem Res 167, 121-129.

Premoli, A., Paschetta, E., Hvalryg, M., Spandre, M., Bo, S., and Durazzo, M., 2009.
Characteristics of liver diseases in the elderly: a review. Minerva gastroenterologica e
dietologica 55, 71-78.

Prudent, J., McBride, Heidi M., Mitochondrial Dynamics: ER Actin Tightens the Drpl Noose.
Current Biology 26, R207-R2009.

Przedborski, S., Jackson-Lewis, V., 1998. Mechanisms of MPTP toxicity. Mov Disord 13 Suppl 1,
35-38.

Ptak, R. G., Gallay, P. A., Jochmans, D., Halestrap, A. P., Ruegg, U. T., Pallansch, L. A., Bobardt,
M. D., de Bethune, M. P., Neyts, J., De Clercq, E., Dumont, J. M., Scalfaro, P., Besseghir,
K., Wenger, R. M., Rosenwirth, B., 2008. Inhibition of human immunodeficiency virus type
1 replication in human cells by Debio-025, a novel cyclophilin binding agent. Antimicrob
Agents Chemother 52, 1302-1317.

Puddu, P., Puddu, G. M., Cravero, E., Rosati, M., Muscari, A., 2008. The molecular sources of
reactive oxygen species in hypertension. Blood Press 17, 70-77.

Putti, R., Migliaccio, V., Sica, R., Lionetti, L., 2015. Skeletal Muscle Mitochondrial Bioenergetics
and Morphology in High Fat Diet Induced Obesity and Insulin Resistance: Focus on Dietary
Fat Source. Frontiers in Physiology 6, 426.

Pyo, J. O., Yoo, S. M., Ahn, H. H., Nah, J., Hong, S. H., Kam, T. L, Jung, S., Jung, Y. K., 2013.
Overexpression of Atg5 in mice activates autophagy and extends lifespan. Nat Commun 4,
2300.

Qiu, X., Brown, K., Hirschey, M. D., Verdin, E., Chen, D., 2010. Calorie restriction reduces
oxidative stress by SIRT3-mediated SOD2 activation. Cell Metab 12, 662-667.

111



Quan, C., Cho, M. K., Perry, D., Quan, T., 2015. Age-associated reduction of cell spreading induces
mitochondrial DNA common deletion by oxidative stress in human skin dermal fibroblasts:
implication for human skin connective tissue aging. J Biomed Sci 22, 62.

Quiles, J. L., Ochoa, J. J., Huertas, J. R., Mataix, J., 2004. Coenzyme Q supplementation protects
from age-related DNA double-strand breaks and increases lifespan in rats fed on a PUFA-
rich diet. Exp Gerontol 39, 189-194.

Quinlan, C. L., Perevoshchikova, 1. V., Hey-Mogensen, M., Orr, A. L., Brand, M. D., 2013. Sites of
reactive oxygen species generation by mitochondria oxidizing different substrates. Redox
Biol 1, 304-312.

Quinn, J. F., Bussiere, J. R., Hammond, R. S., Montine, T. J., Henson, E., Jones, R. E., Stackman,
R. W., Jr., 2007. Chronic dietary alpha-lipoic acid reduces deficits in hippocampal memory
of aged Tg2576 mice. Neurobiol Aging 28, 213-225.

Quintanilla, R. A., Tapia, C., Perez, M. J., 2017. Possible role of mitochondrial permeability
transition pore in the pathogenesis of Huntington disease. Biochem Biophys Res Commun
483, 1078-1083.

Rae, T. D., Schmidt, P. J., Pufahl, R. A., Culotta, V. C., O'Halloran, T. V., 1999. Undetectable
intracellular free copper: the requirement of a copper chaperone for superoxide dismutase.
Science 284, 805-808.

Raha, S., McEachern, G. E., Myint, A. T., Robinson, B. H., 2000. Superoxides from mitochondrial
complex III: the role of manganese superoxide dismutase. Free Radic Biol Med 29, 170-
180.

Raha, S., Robinson, B. H., 2000. Mitochondria, oxygen free radicals, disease and ageing. Trends
Biochem Sci 25, 502-508.

Rahman, M., Halade, G. V., Bhattacharya, A., Fernandes, G., 2009. The fat-1 transgene in mice
increases antioxidant potential, reduces pro-inflammatory cytokine levels, and enhances
PPAR-gamma and SIRT-1 expression on a calorie restricted diet. Oxid Med Cell Longev 2,
307-316.

Rahmioglu, N., Andrew, T., Cherkas, L., Surdulescu, G., Swaminathan, R., Spector, T., and
Ahmadi, K. R., 2009. Epidemiology and genetic epidemiology of the liver function test
proteins. PloS one 4, e4435.

Rana, A., Oliveira, M. P., Khamoui, A. V., Aparicio, R., Rera, M., Rossiter, H. B., Walker, D. W.,
2017. Promoting Drpl-mediated mitochondrial fission in midlife prolongs healthy lifespan
of Drosophila melanogaster. Nature Communications 8, 448.

Rana, A., Rera, M., Walker, D. W., 2013. Parkin overexpression during aging reduces
proteotoxicity, alters mitochondrial dynamics, and extends lifespan. Proceedings of the
National Academy of Sciences 110, 8638-8643.

Rapizzi, E., Pinton, P., Szabadkai, G., Wieckowski, M. R., Vandecasteele, G., Baird, G., Tuft, R.
A., Fogarty, K. E., Rizzuto, R., 2002. Recombinant expression of the voltage-dependent
anion channel enhances the transfer of Ca2+ microdomains to mitochondria. J Cell Biol
159, 613-624.

Rapsomaniki, E., Timmis, A., George, J., Pujades-Rodriguez, M., Shah, A. D., Denaxas, S., White,
I. R, Caulfield, M. J., Deanfield, J. E., Smeeth, L., Williams, B., Hingorani, A.,
Hemingway, H., 2014. Blood pressure and incidence of twelve cardiovascular diseases:
lifetime risks, healthy life-years lost, and age-specific associations in 1-25 million people.
Lancet 383, 1899-1911.

Rebrin, 1., Sohal, R. S., 2004. Comparison of thiol redox state of mitochondria and homogenates of
various tissues between two strains of mice with different longevities. Exp Gerontol 39,
1513-1519.

Reddehase, S., Grumbt, B., Neupert, W., Hell, K., 2009. The disulfide relay system of mitochondria
is required for the biogenesis of mitochondrial Ccsl and Sod1. J Mol Biol 385, 331-338.

112



Reddy, P. H., 2006. Amyloid precursor protein-mediated free radicals and oxidative damage:
implications for the development and progression of Alzheimer's disease. J Neurochem 96,
1-13.

Reddy, P. H., Beal, M. F., 2008. Amyloid beta, mitochondrial dysfunction and synaptic damage:
implications for cognitive decline in aging and Alzheimer's disease. Trends Mol Med 14,
45-53.

Reddy, P. H., Manczak, M., Yin, X., 2017. Mitochondria-Division Inhibitor 1 Protects Against
Amyloid-B induced Mitochondrial Fragmentation and Synaptic Damage in Alzheimer’s
Disease. Journal of Alzheimer's disease : JAD 58, 147-162.

Regev, A., Schiff, E. R., 2001. Liver disease in the elderly. Gastroenterology Clinics of North
America 30, 547-563.

Regmi, S. G., Rolland, S. G., Conradt, B., 2014. Age-dependent changes in mitochondrial
morphology and volume are not predictors of lifespan. Aging (Albany NY) 6, 118-130.

Rego, A. C., Oliveira, C. R., 2003. Mitochondrial dysfunction and reactive oxygen species in
excitotoxicity and apoptosis: implications for the pathogenesis of neurodegenerative
diseases. Neurochem Res 28, 1563-1574.

Rhein, V., Song, X., Wiesner, A., Ittner, L. M., Baysang, G., Meier, F., Ozmen, L., Bluethmann, H.,
Drose, S., Brandt, U., Savaskan, E., Czech, C., Gotz, J., Eckert, A., 2009. Amyloid-beta and
tau synergistically impair the oxidative phosphorylation system in triple transgenic
Alzheimer's disease mice. Proc Natl Acad Sci U S A 106, 20057-20062.

Rimessi, A., Bezzerri, V., Patergnani, S., Marchi, S., Cabrini, G., Pinton, P., 2015. Mitochondrial
Ca2+-dependent NLRP3 activation exacerbates the Pseudomonas aeruginosa-driven
inflammatory response in cystic fibrosis. Nature Communications 6, 6201.

Rimessi, A., Bonora, M., Marchi, S., Patergnani, S., Marobbio, C. M., Lasorsa, F. M., Pinton, P.,
2013. Perturbed mitochondrial Ca2+ signals as causes or consequences of mitophagy
induction. Autophagy 9, 1677-1686.

Rimessi, A., Marchi, S., Fotino, C., Romagnoli, A., Huebner, K., Croce, C. M., Pinton, P., Rizzuto,
R., 2009. Intramitochondrial calcium regulation by the FHIT gene product sensitizes to
apoptosis. Proc Natl Acad Sci U S A 106, 12753-12758.

Rinaldi, B., Corbi, G., Boccuti, S., Filippelli, W., Rengo, G., Leosco, D., Rossi, F., Filippelli, A.,
Ferrara, N., 2006. Exercise training affects age-induced changes in SOD and heat shock
protein expression in rat heart. Experimental Gerontology 41, 764-770.

Ristow, M., Schmeisser, S., 2011. Extending life span by increasing oxidative stress. Free Radic
Biol Med 51, 327-336.

Ristow, M., Zarse, K., 2010. How increased oxidative stress promotes longevity and metabolic
health: The concept of mitochondrial hormesis (mitohormesis). Exp Gerontol 45, 410-418.

Rizzuto, R., Pinton, P., Carrington, W., Fay, F. S., Fogarty, K. E., Lifshitz, L. M., Tuft, R. A.,
Pozzan, T., 1998. Close contacts with the endoplasmic reticulum as determinants of
mitochondrial Ca2+ responses. Science 280, 1763-1766.

Robb, E. L., Winkelmolen, L., Visanji, N., Brotchie, J., Stuart, J. A., 2008. Dietary resveratrol
administration increases MnSOD expression and activity in mouse brain. Biochem Biophys
Res Commun 372, 254-259.

Roberts, E. A., Robinson, B. H., Yang, S., 2008. Mitochondrial structure and function in the
untreated Jackson toxic milk (tx-j) mouse, a model for Wilson disease. Mol Genet Metab 93,
54-65.

Robson-Doucette, C. A., Sultan, S., Allister, E. M., Wikstrom, J. D., Koshkin, V., Bhattacharjee,
A., Prentice, K. J., Sereda, S. B., Shirihai, O. S., Wheeler, M. B., 2011. Beta-cell uncoupling
protein 2 regulates reactive oxygen species production, which influences both insulin and
glucagon secretion. Diabetes 60, 2710-2719.

113



Rodriguez-Enriquez, S., Kai, Y., Maldonado, E., Currin, R. T., Lemasters, J. J., 2009. Roles of
mitophagy and the mitochondrial permeability transition in remodeling of cultured rat
hepatocytes. Autophagy 5, 1099-1106.

Rodriguez, A., Muller, D. C., Metter, E. J., Maggio, M., Harman, S. M., Blackman, M. R., Andres,
R., 2007. Aging, androgens, and the metabolic syndrome in a longitudinal study of aging.
The Journal of Clinical Endocrinology & Metabolism 92, 3568-3572.

Rodriguez, M., Rodriguez-Sabate, C., Morales, 1., Sanchez, A., Sabate, M., 2015. Parkinson's
disease as a result of aging. Aging Cell 14, 293-308.

Rogina, B., Helfand, S. L., 2004. Sir2 mediates longevity in the fly through a pathway related to
calorie restriction. Proc Natl Acad Sci U S A 101, 15998-16003.

Roh, J., Rhee, J., Chaudhari, V., Rosenzweig, A., 2016. The Role of Exercise in Cardiac Aging:
From Physiology to Molecular Mechanisms. Circ Res 118, 279-295.

Romanello, V., Guadagnin, E., Gomes, L., Roder, I., Sandri, C., Petersen, Y., Milan, G., Masiero,
E., Del Piccolo, P., Foretz, M., Scorrano, L., Rudolf, R., Sandri, M., 2010. Mitochondrial
fission and remodelling contributes to muscle atrophy. The EMBO Journal 29, 1774-1785.

Rossignol, R., Faustin, B., Rocher, C., Malgat, M., Mazat, J. P., Letellier, T., 2003. Mitochondrial
threshold effects. Biochem J 370, 751-762.

Ro6th, D., Krammer, P. H., Giilow, K., 2014. Dynamin related protein 1-dependent mitochondrial
fission regulates oxidative signalling in T cells. FEBS Letters 588, 1749-1754.

Rottenberg, H., Hoek, J. B., 2017. The path from mitochondrial ROS to aging runs through the
mitochondrial permeability transition pore. Aging Cell 16, 943-955.

Roy, S., Debnath, J., 2010. Autophagy and tumorigenesis. Semin Immunopathol 32, 383-396.

Rubino, J. T., Franz, K. J., 2012. Coordination chemistry of copper proteins: how nature handles a
toxic cargo for essential function. J Inorg Biochem 107, 129-143.

Rui, M., Suzuki, K. T., 1997. Copper in plasma reflects its status and subsequent toxicity in the
liver of LEC rats. Res Commun Mol Pathol Pharmacol 98, 335-346.

Ryan, M. J., Dudash, H. J., Docherty, M., Geronilla, K. B., Baker, B. A., Haff, G. G., Cutlip, R. G.,
Alway, S. E., 2010. Vitamin E and C supplementation reduces oxidative stress, improves
antioxidant enzymes and positive muscle work in chronically loaded muscles of aged rats.
Exp Gerontol 45, 882-895.

Sack, M. N., 2006. Mitochondrial depolarization and the role of uncoupling proteins in ischemia
tolerance. Cardiovasc Res 72, 210-219.

Safdar, A., Little, J. P., Stokl, A. J., Hettinga, B. P., Akhtar, M., Tarnopolsky, M. A., 2011. Exercise
increases mitochondrial PGC-1alpha content and promotes nuclear-mitochondrial cross-talk
to coordinate mitochondrial biogenesis. J Biol Chem 286, 10605-10617.

Salmon, A. B., 2016. Beyond Diabetes: Does Obesity-Induced Oxidative Stress Drive the Aging
Process? Antioxidants 5, 24.

Salvemini, D., Wang, Z. Q., Zweier, J. L., Samouilov, A., Macarthur, H., Misko, T. P., Currie, M.
G., Cuzzocrea, S., Sikorski, J. A., Riley, D. P., 1999. A nonpeptidyl mimic of superoxide
dismutase with therapeutic activity in rats. Science 286, 304-306.

Sama, C., Labate, A. M., Taroni, F., Barbara, L., 1990. Epidemiology and natural history of
gallstone disease. Semin.Liver Dis 10, 149-158.

Samuele, A., Mangiagalli, A., Armentero, M. T., Fancellu, R., Bazzini, E., Vairetti, M., Ferrigno,
A., Richelmi, P., Nappi, G., Blandini, F., 2005. Oxidative stress and pro-apoptotic
conditions in a rodent model of Wilson's disease. Biochim Biophys Acta 1741, 325-330.

Sanguino, E., Bejarano, R., Alegret, M., Sanchez, R., Vazquez-Carrera, M., Laguna, J., 2004.
Sexual dimorphism in lipid metabolic phenotype associated with old age in Sprague—
Dawley rats. Experimental gerontology 39, 1295-1306.

Sano, M., Ernesto, C., Thomas, R. G., Klauber, M. R., Schafer, K., Grundman, M., Woodbury, P.,
Growdon, J., Cotman, C. W., Pfeiffer, E., Schneider, L. S., Thal, L. J., 1997. A controlled

114



trial of selegiline, alpha-tocopherol, or both as treatment for Alzheimer's disease. The
Alzheimer's Disease Cooperative Study. N Engl J Med 336, 1216-1222.

Santos, R. X., Correia, S. C., Zhu, X., Smith, M. A., Moreira, P. 1., Castellani, R. J., Nunomura, A.,
Perry, G., 2013. Mitochondrial DNA oxidative damage and repair in aging and Alzheimer's
disease. Antioxid Redox Signal 18, 2444-2457.

Sanyal, A. J., Campbell-Sargent, C., Mirshahi, F., Rizzo, W. B., Contos, M. J., Sterling, R. K.,
Luketic, V. A., Shiffman, M. L., Clore, J. N., 2001. Nonalcoholic steatohepatitis: association
of insulin resistance and mitochondrial abnormalities. Gastroenterology 120, 1183-1192.

Sanz, A., Caro, P., Ibanez, J., Gomez, J., Gredilla, R., Barja, G., 2005. Dietary restriction at old age
lowers mitochondrial oxygen radical production and leak at complex I and oxidative DNA
damage in rat brain. J Bioenerg Biomembr 37, 83-90.

Sastre, J., Pallardo, F. V., Pla, R., Pellin, A., Juan, G., O'Connor, J. E., Estrela, J. M., Miquel, J.,
Vina, J., 1996. Aging of the liver: age-associated mitochondrial damage in intact
hepatocytes. Hepatology 24, 1199-1205.

Satoh, T., Kosaka, K., Itoh, K., Kobayashi, A., Yamamoto, M., Shimojo, Y., Kitajima, C., Cui, J.,
Kamins, J., Okamoto, S., [zumi, M., Shirasawa, T., Lipton, S. A., 2008. Carnosic acid, a
catechol-type electrophilic compound, protects neurons both in vitro and in vivo through
activation of the Keapl/Nrf2 pathway via S-alkylation of targeted cysteines on Keapl. J
Neurochem 104, 1116-1131.

Sauer, S. W., Merle, U., Opp, S., Haas, D., Hoffmann, G. F., Stremmel, W., Okun, J. G., 2011.
Severe dysfunction of respiratory chain and cholesterol metabolism in Atp7b(-/-) mice as a
model for Wilson disease. Biochim Biophys Acta 1812, 1607-1615.

Sawda, C., Moussa, C., Turner, R. S., 2017. Resveratrol for Alzheimer's disease. Ann N Y Acad Sci
1403, 142-149.

Schaffer, S., Muller, W. E., Eckert, G. P., 2005. Tocotrienols: constitutional effects in aging and
disease. J Nutr 135, 151-154.

Scheckhuber, C. Q., Erjavec, N., Tinazli, A., Hamann, A., Nystrom, T., Osiewacz, H. D., 2006.
Reducing mitochondrial fission results in increased life span and fitness of two fungal
ageing models. Nature Cell Biology 9, 99.

Scherz-Shouval, R., Elazar, Z., 2007. ROS, mitochondria and the regulation of autophagy. Trends
Cell Biol 17, 422-427.

Scherz-Shouval, R., Shvets, E., Fass, E., Shorer, H., Gil, L., Elazar, Z., 2007. Reactive oxygen
species are essential for autophagy and specifically regulate the activity of Atgd. EMBO J
26, 1749-1760.

Schlicker, C., Gertz, M., Papatheodorou, P., Kachholz, B., Becker, C. F., Steegborn, C., 2008.
Substrates and regulation mechanisms for the human mitochondrial sirtuins Sirt3 and Sirt5.
J Mol Biol 382, 790-801.

Schmucker, D. L., 1998. Aging and the liver: an update. J Gerontol A Biol Sci Med Sci 53, B315-
320.

Schmucker, D. L., 2001. Liver function and phase I drug metabolism in the elderly. Drugs & aging
18, 837-851.

Schmucker, D. L., 2005. Age-related changes in liver structure and function: Implications for
disease ? Exp Gerontol 40, 650-659.

Schmucker, D. L., Gilbert, R., Jones, A. L., Hradek, G. T., Bazin, H., 1985. Effect of aging on the
hepatobiliary transport of dimeric immunoglobulin A in the male Fischer rat.
Gastroenterology 88, 436-443.

Schneeman, B. O., Richter, D., 1993. Changes in plasma and hepatic lipids, small intestinal
histology and pancreatic enzyme activity due to aging and dietary fiber in rats. The Journal
of nutrition 123, 1328-1337.

115



Schriewer, J. M., Peek, C. B., Bass, J., Schumacker, P. T., 2013. ROS-mediated PARP activity
undermines mitochondrial function after permeability transition pore opening during
myocardial ischemia-reperfusion. ] Am Heart Assoc 2, ¢000159.

Schriner, S. E., Linford, N. J., Martin, G. M., Treuting, P., Ogburn, C. E., Emond, M., Coskun, P.
E., Ladiges, W., Wolf, N., Van Remmen, H., Wallace, D. C., Rabinovitch, P. S., 2005.
Extension of murine life span by overexpression of catalase targeted to mitochondria.
Science 308, 1909-1911.

Schroder, K., Tschopp, J., 2010. The inflammasomes. Cell 140, 821-832.

Senft, D., Ronai, Z. e. A., 2016. Regulators of mitochondrial dynamics in cancer. Current opinion in
cell biology 39, 43-52.

Seo, D. W., Choi, H.-S., Lee, S. P., Kuver, R., 2004. Oxysterols from human bile induce apoptosis
of canine gallbladder epithelial cells in monolayer culture. American Journal of Physiology-
Gastrointestinal and Liver Physiology 287, G1247-G1256.

Sepuri, N. B. V., Angireddy, R., Srinivasan, S., Guha, M., Spear, J., Lu, B., Anandatheerthavarada,
H. K., Suzuki, C. K., Avadhani, N. G., 2017. Mitochondrial LON protease-dependent
degradation of cytochrome c oxidase subunits under hypoxia and myocardial ischemia.
Biochim Biophys Acta 1858, 519-528.

Serviddio, G., Romano, A. D., Cassano, T., Bellanti, F., Altomare, E., Vendemiale, G., 2011.
Principles and therapeutic relevance for targeting mitochondria in aging and
neurodegenerative diseases. Curr Pharm Des 17, 2036-2055.

Shabalina, 1. G., Nedergaard, J., 2011. Mitochondrial ('mild") uncoupling and ROS production:
physiologically relevant or not? Biochem Soc Trans 39, 1305-1309.

Shao, X., Li, Q., Mogilner, A., Bershadsky, A. D., Shivashankar, G. V., 2015. Mechanical
stimulation induces formin-dependent assembly of a perinuclear actin rim. Proceedings of
the National Academy of Sciences of the United States of America 112, E2595-E2601.

Shelke, R. R., Leeuwenburgh, C., 2003. Lifelong caloric restriction increases expression of
apoptosis repressor with a caspase recruitment domain (ARC) in the brain. The FASEB
journal 17, 494-496.

Shenouda, S. M., Widlansky, M. E., Chen, K., Xu, G., Holbrook, M., Tabit, C. E., Hamburg, N. M.,
Frame, A. A., Caiano, T. L., Kluge, M. A., Duess, M.-A., Levit, A., Kim, B., Hartman, M.-
L., Joseph, L., Shirihai, O. S., Vita, J. A., 2011. Altered Mitochondrial Dynamics
Contributes to Endothelial Dysfunction in Diabetes Mellitus. Circulation 124, 444-453.

Sherer, T. B., Richardson, J. R., Testa, C. M., Seo, B. B., Panov, A. V., Yagi, T., Matsuno-Yagi, A.,
Miller, G. W., Greenamyre, J. T., 2007. Mechanism of toxicity of pesticides acting at
complex I: relevance to environmental etiologies of Parkinson's disease. J Neurochem 100,
1469-1479.

Shi, R., Guberman, M., Kirshenbaum, L. A., 2017. Mitochondrial quality control: The role of
mitophagy in aging. Trends Cardiovasc Med.

Shibata, T., Nagayasu, H., Kawano, T., Kitajo, H., Hamada, J., Moriuchi, T., Okada, F., Watanabe,
S., Yasuda, S., Okuyama, H., Kobayashi, H., Arisue, M., 1999. Unsaturated fatty acid
feeding prevents the development of acute hepatitis in Long-Evans cinnamon (LEC) rats.
Anticancer Res 19, 5169-5174.

Shibata, T., Nagayasu, H., Kitajo, H., Arisue, M., Yamashita, T., Hatakeyama, D., Iwasaki, T.,
Kobayashi, H., 2006. Inhibitory effects of fermented brown rice and rice bran on the
development of acute hepatitis in Long-Evans Cinnamon rats. Oncol Rep 15, 869-874.

Shintoku, R., Takigawa, Y., Yamada, K., Kubota, C., Yoshimoto, Y., Takeuchi, T., Koshiishi, I.,
Torii, S., 2017. Lipoxygenase-mediated generation of lipid peroxides enhances ferroptosis
induced by erastin and RSL3. Cancer science 108, 2187-2194.

Shiva, S., Sack, M. N., Greer, J. J., Duranski, M., Ringwood, L. A., Burwell, L., Wang, X.,
MacArthur, P. H., Shoja, A., Raghavachari, N., Calvert, J. W., Brookes, P. S., Lefer, D. J.,

116



Gladwin, M. T., 2007. Nitrite augments tolerance to ischemia/reperfusion injury via the
modulation of mitochondrial electron transfer. J Exp Med 204, 2089-2102.

Shpilka, T., Haynes, C. M., 2017. The mitochondrial UPR: mechanisms, physiological functions
and implications in ageing. Nature Reviews Molecular Cell Biology.

Shu, Y.J., Bao, R.F., Wu, X.S., Weng, H., Ding, Q., Cao, Y., Li, M.L., Mu, J.S., Wu, W.G., Ding,
Q.C., 2014. Baicalin induces apoptosis of gallbladder carcinoma cells in vitro via a
mitochondrial-mediated pathway and suppresses tumor growth in vivo. Anti-Cancer Agents
in Medicinal Chemistry (Formerly Current Medicinal Chemistry-Anti-Cancer Agents) 14,
1136-1145.

Siddig, A., Ayoub, 1. A., Chavez, J. C., Aminova, L., Shah, S., LaManna, J. C., Patton, S. M.,
Connor, J. R., Cherny, R. A., Volitakis, 1., Bush, A. 1., Langsetmo, L., Seeley, T., Gunzler,
V., Ratan, R. R., 2005. Hypoxia-inducible factor prolyl 4-hydroxylase inhibition. A target
for neuroprotection in the central nervous system. J Biol Chem 280, 41732-41743.

Sies, H., 2017. Hydrogen peroxide as a central redox signaling molecule in physiological oxidative
stress: Oxidative eustress. Redox Biol 11, 613-619.

Siler-Marsiglio, K. 1., Pan, Q., Paiva, M., Madorsky, 1., Khurana, N. C., Heaton, M. B., 2005.
Mitochondrially targeted vitamin E and vitamin E mitigate ethanol-mediated effects on
cerebellar granule cell antioxidant defense systems. Brain Res 1052, 202-211.

Silva, J. P., Shabalina, 1. G., Dufour, E., Petrovic, N., Backlund, E. C., Hultenby, K., Wibom, R.,
Nedergaard, J., Cannon, B., Larsson, N. G., 2005. SOD2 overexpression: enhanced
mitochondrial tolerance but absence of effect on UCP activity. EMBO J 24, 4061-4070.

Singh, 1., Sagare, A. P., Coma, M., Perlmutter, D., Gelein, R., Bell, R. D., Deane, R. J., Zhong, E.,
Parisi, M., Ciszewski, J., Kasper, R. T., Deane, R., 2013. Low levels of copper disrupt brain
amyloid-beta homeostasis by altering its production and clearance. Proc Natl Acad Sci U S
A 110, 14771-14776.

Skulachev, V. P., Anisimov, V. N., Antonenko, Y. N., Bakeeva, L. E., Chernyak, B. V., Erichev, V.
P., Filenko, O. F., Kalinina, N. I., Kapelko, V. I., Kolosova, N. G., Kopnin, B. P,
Korshunova, G. A., Lichinitser, M. R., Obukhova, L. A., Pasyukova, E. G., Pisarenko, O. L.,
Roginsky, V. A., Ruuge, E. K., Senin, II, Severina, II, Skulachev, M. V., Spivak, 1. M.,
Tashlitsky, V. N., Tkachuk, V. A., Vyssokikh, M. Y., Yaguzhinsky, L. S., Zorov, D. B.,
2009. An attempt to prevent senescence: a mitochondrial approach. Biochim Biophys Acta
1787, 437-461.

Slawik, M., Vidal-Puig, A. J., 2006. Lipotoxicity, overnutrition and energy metabolism in aging.
Ageing research reviews 5, 144-164.

Smith, R. A., Porteous, C. M., Gane, A. M., Murphy, M. P., 2003. Delivery of bioactive molecules
to mitochondria in vivo. Proc Natl Acad Sci U S A 100, 5407-5412.

Snow, B. J., Rolfe, F. L., Lockhart, M. M., Frampton, C. M., O'Sullivan, J. D., Fung, V., Smith, R.
A., Murphy, M. P., Taylor, K. M., 2010. A double-blind, placebo-controlled study to assess
the mitochondria-targeted antioxidant MitoQ as a disease-modifying therapy in Parkinson's
disease. Mov Disord 25, 1670-1674.

Sohal, R. S., Weindruch, R., 1996. Oxidative stress, caloric restriction, and aging. Science 273, 59-
63.

Sokol, R. J., Twedt, D., McKim, J. M., Jr., Devereaux, M. W., Karrer, F. M., Kam, 1., von
Steigman, G., Narkewicz, M. R., Bacon, B. R., Britton, R. S.,et al., 1994. Oxidant injury to
hepatic mitochondria in patients with Wilson's disease and Bedlington terriers with copper
toxicosis. Gastroenterology 107, 1788-1798.

Solaini, G., Harris, D. A., 2005. Biochemical dysfunction in heart mitochondria exposed to
ischaemia and reperfusion. Biochem J 390, 377-394.

Somani, S. M., Frank, S., Rybak, L. P., 1995. Responses of antioxidant system to acute and trained
exercise in rat heart subcellular fractions. Pharmacol Biochem Behav 51, 627-634.

117



Someya, S., Yu, W., Hallows, W. C., Xu, J., Vann, J. M., Leeuwenburgh, C., Tanokura, M., Denu,
J. M., Prolla, T. A., 2010. Sirt3 mediates reduction of oxidative damage and prevention of
age-related hearing loss under caloric restriction. Cell 143, 802-812.

Soong, N. W., Hinton, D. R., Cortopassi, G., Arnheim, N., 1992. Mosaicism for a specific somatic
mitochondrial DNA mutation in adult human brain. Nat Genet 2, 318-323.

Sorato, E., Menazza, S., Zulian, A., Sabatelli, P., Gualandi, F., Merlini, L., Bonaldo, P., Canton, M.,
Bernardi, P., Di Lisa, F., 2014. Monoamine oxidase inhibition prevents mitochondrial
dysfunction and apoptosis in myoblasts from patients with collagen VI myopathies. Free
Radic Biol Med 75, 40-47.

Sotaniemi, E. A., Arranto, A. J., Pelkonen, O., and Pasanen, M., 1997. Age and cytochrome P450-
linked drug metabolism in humans: an analysis of 226 subjects with equal histopathologic
conditions. Clinical pharmacology and therapeutics 61, 331-339.

Sparks, D. L., Schreurs, B. G., 2003. Trace amounts of copper in water induce beta-amyloid
plaques and learning deficits in a rabbit model of Alzheimer's disease. Proc Natl Acad Sci U
S A 100, 11065-11069.

Squitti, R., Polimanti, R., 2013. Copper phenotype in Alzheimer's disease: dissecting the pathway.
Am J Neurodegener Dis 2, 46-56.

St-Pierre, J., Buckingham, J. A., Roebuck, S. J., Brand, M. D., 2002. Topology of superoxide
production from different sites in the mitochondrial electron transport chain. J Biol Chem
277, 44784-44790.

St-Pierre, J., Drori, S., Uldry, M., Silvaggi, J. M., Rhee, J., Jager, S., Handschin, C., Zheng, K., Lin,
J., Yang, W., Simon, D. K., Bachoo, R., Spiegelman, B. M., 2006. Suppression of reactive
oxygen species and neurodegeneration by the PGC-1 transcriptional coactivators. Cell 127,
397-408.

Stadtman, E. R., 1992. Protein oxidation and aging. Science 257, 1220-1224.

Stadtman, E. R., 2006. Protein oxidation and aging. Free Radic Res 40, 1250-1258.

Stanley, B. A., Sivakumaran, V., Shi, S., McDonald, I., Lloyd, D., Watson, W. H., Aon, M. A.,
Paolocci, N., 2011. Thioredoxin reductase-2 is essential for keeping low levels of H(2)O(2)
emission from isolated heart mitochondria. J Biol Chem 286, 33669-33677.

Starkov, A. A., Fiskum, G., Chinopoulos, C., Lorenzo, B. J., Browne, S. E., Patel, M. S., Beal, M.
F., 2004. Mitochondrial alpha-ketoglutarate dehydrogenase complex generates reactive
oxygen species. J Neurosci 24, 7779-7788.

Stefanatos, R., Sanz, A., 2011. Mitochondrial complex I: a central regulator of the aging process.
Cell Cycle 10, 1528-1532.

Sterky, F. H., Lee, S., Wibom, R., Olson, L., Larsson, N.G., 2011. Impaired mitochondrial transport
and Parkin-independent degeneration of respiratory chain-deficient dopamine neurons in
vivo. Proceedings of the National Academy of Sciences of the United States of America
108, 12937-12942.

Sternlieb, 1., 1968. Mitochondrial and fatty changes in hepatocytes of patients with Wilson's
disease. Gastroenterology 55, 354-367.

Sternlieb, I., 1992. Fraternal concordance of types of abnormal hepatocellular mitochondria in
Wilson's disease. Hepatology 16, 728-732.

Sternlieb, 1., Feldmann, G., 1976. Effects of anticopper therapy on hepatocellular mitochondria in
patients with Wilson's disease: an ultrastructural and stereological study. Gastroenterology
71,457-461.

Sternlieb, 1., Quintana, N., Volenberg, I., Schilsky, M. L., 1995. An array of mitochondrial
alterations in the hepatocytes of Long-Evans Cinnamon rats. Hepatology 22, 1782-1787.

Stockl, P., Zankl, C., Hutter, E., Unterluggauer, H., Laun, P., Heeren, G., Bogengruber, E.,
Herndler-Brandstetter, D., Breitenbach, M., Jansen-Durr, P., 2007. Partial uncoupling of
oxidative phosphorylation induces premature senescence in human fibroblasts and yeast
mother cells. Free Radic Biol Med 43, 947-958.

118



Stoyanovsky, D. A., Tyurina, Y. Y., Tyurin, V. A., Anand, D., Mandavia, D. N., Gius, D., Ivanova,
J., Pitt, B, Billiar, T. R., Kagan, V. E., 2005. Thioredoxin and lipoic acid catalyze the
denitrosation of low molecular weight and protein S-nitrosothiols. J Am Chem Soc 127,
15815-15823.

Sturtz, L. A., Diekert, K., Jensen, L. T., Lill, R., Culotta, V. C., 2001. A fraction of yeast Cu,Zn-
superoxide dismutase and its metallochaperone, CCS, localize to the intermembrane space
of mitochondria. A physiological role for SODI in guarding against mitochondrial oxidative
damage. J Biol Chem 276, 38084-38089.

Sugrue, M. M., Tatton, W. G., 2001. Mitochondrial membrane potential in aging cells. Biol Signals
Recept 10, 176-188.

Summer, K. H., Eisenburg, J., 1985. Low content of hepatic reduced glutathione in patients with
Wilson's disease. Biochem Med 34, 107-111.

Sun, M. K., Hongpaisan, J., Nelson, T. J., Alkon, D. L., 2008. Poststroke neuronal rescue and
synaptogenesis mediated in vivo by protein kinase C in adult brains. Proc Natl Acad Sci U S
A 105, 13620-13625.

Sun, N., Youle, R. J., Finkel, T., 2016. The Mitochondrial Basis of Aging. Mol Cell 61, 654-666.

Sundaresan, N. R., Gupta, M., Kim, G., Rajamohan, S. B., Isbatan, A., Gupta, M. P., 2009. Sirt3
blocks the cardiac hypertrophic response by augmenting Foxo3a-dependent antioxidant
defense mechanisms in mice. J Clin Invest 119, 2758-2771.

Suski, J., Lebiedzinska, M., Machado, N. G., Oliveira, P. J., Pinton, P., Duszynski, J., Wieckowski,
M. R., 2011. Mitochondrial tolerance to drugs and toxic agents in ageing and disease. Curr
Drug Targets 12, 827-849.

Swerdlow, R. H., Burns, J. M., Khan, S. M., 2014. The Alzheimer's Disease Mitochondrial Cascade
Hypothesis: Progress and Perspectives. Biochimica et biophysica acta 1842, 1219-1231.

Szczepanowska, K., Trifunovic, A., 2017. Origins of mtDNA mutations in ageing. Essays In
Biochemistry 61, 325-337.

Szeto, H. H., 2006. Mitochondria-targeted peptide antioxidants: novel neuroprotective agents.
AAPS J 8, E521-531.

Szymanski, J., Janikiewicz, J., Michalska, B., Patalas-Krawczyk, P., Perrone, M., Ziolkowski, W.,
Duszynski, J., Pinton, P., Dobrzyn, A., Wieckowski, M. R., 2017. Interaction of
Mitochondria with the Endoplasmic Reticulum and Plasma Membrane in Calcium
Homeostasis, Lipid Trafficking and Mitochondrial Structure. Int J Mol Sci 18.

Tahara, E. B., Barros, M. H., Oliveira, G. A., Netto, L. E., Kowaltowski, A. J., 2007. Dihydrolipoyl
dehydrogenase as a source of reactive oxygen species inhibited by caloric restriction and
involved in Saccharomyces cerevisiae aging. FASEB J 21, 274-283.

Tamagno, E., Parola, M., Bardini, P., Piccini, A., Borghi, R., Guglielmotto, M., Santoro, G., Davit,
A., Danni, O., Smith, M. A., Perry, G., Tabaton, M., 2005. Beta-site APP cleaving enzyme
up-regulation induced by 4-hydroxynonenal is mediated by stress-activated protein kinases
pathways. J Neurochem 92, 628-636.

Tanzi, R. E., Petrukhin, K., Chernov, I., Pellequer, J. L., Wasco, W., Ross, B., Romano, D. M.,
Parano, E., Pavone, L., Brzustowicz, L. M.,et al., 1993. The Wilson disease gene is a copper
transporting ATPase with homology to the Menkes disease gene. Nat Genet 5, 344-350.

Tchkonia, T., Morbeck, D. E., Von Zglinicki, T., Van Deursen, J., Lustgarten, J., Scrable, H.,
Khosla, S., Jensen, M. D., Kirkland, J. L., 2010. Fat tissue, aging, and cellular senescence.
Aging cell 9, 667-684.

Teshima, Y., Akao, M., Jones, S. P., Marban, E., 2003. Uncoupling protein-2 overexpression
inhibits mitochondrial death pathway in cardiomyocytes. Circ Res 93, 192-200.

Thallas-Bonke, V., Thorpe, S. R., Coughlan, M. T., Fukami, K., Yap, F. Y., Sourris, K. C., Penfold,
S. A., Bach, L. A., Cooper, M. E., Forbes, J. M., 2008. Inhibition of NADPH oxidase
prevents advanced glycation end product-mediated damage in diabetic nephropathy through
a protein kinase C-alpha-dependent pathway. Diabetes 57, 460-469.

119



Thomas, R. P., Guigneaux, M., Wood, T., Evers, B. M., 2002. Age-associated changes in gene
expression patterns in the liver. J Gastrointest Surg 6, 445-453; discussion 454.

Tiepolo, T., Angelin, A., Palma, E., Sabatelli, P., Merlini, L., Nicolosi, L., Finetti, F., Braghetta, P.,
Vuagniaux, G., Dumont, J. M., Baldari, C. T., Bonaldo, P., Bernardi, P., 2009. The
cyclophilin inhibitor Debio 025 normalizes mitochondrial function, muscle apoptosis and
ultrastructural defects in Col6al-/- myopathic mice. Br J Pharmacol 157, 1045-1052.

Tietz, N. W., Shuey, D. F., Wekstein, D. R., 1992. Laboratory values in fit aging individuals--
sexagenarians through centenarians. Clinical chemistry 38, 1167-1185.

Tomas[]Loba, A., Bernardes de Jesus, B., Mato, J. M., Blasco, M. A., 2013. A metabolic signature
predicts biological age in mice. Aging cell 12, 93-101.

Tomasetti, M., Alleva, R., Borghi, B., Collins, A. R., 2001. In vivo supplementation with coenzyme
Q10 enhances the recovery of human lymphocytes from oxidative DNA damage. FASEB J
15, 1425-1427.

Tran, T. T., Yamamoto, Y., Gesta, S., Kahn, C. R., 2008. Beneficial effects of subcutaneous fat
transplantation on metabolism. Cell metabolism 7, 410-420.

Trapasso, F., Pichiorri, F., Gaspari, M., Palumbo, T., Ageilan, R. 1., Gaudio, E., Okumura, H.,
Iuliano, R., Di Leva, G., Fabbri, M., Birk, D. E., Raso, C., Green-Church, K., Spagnoli, L.
G., Venuta, S., Huebner, K., Croce, C. M., 2008. Fhit interaction with ferredoxin reductase
triggers generation of reactive oxygen species and apoptosis of cancer cells. J Biol Chem
283, 13736-13744.

Triantafilou, K., Hughes, T. R., Triantafilou, M., Morgan, B. P., 2013. The complement membrane
attack complex triggers intracellular Ca2+ fluxes leading to NLRP3 inflammasome
activation. J Cell Sci 126, 2903-2913.

Trifunovic, A., Hansson, A., Wredenberg, A., Rovio, A. T., Dufour, E., Khvorostov, 1., Spelbrink,
J. N., Wibom, R., Jacobs, H. T., Larsson, N. G., 2005. Somatic mtDNA mutations cause
aging phenotypes without affecting reactive oxygen species production. Proc Natl Acad Sci
U S A 102, 17993-17998.

Trifunovic, A., Wredenberg, A., Falkenberg, M., Spelbrink, J. N., Rovio, A. T., Bruder, C. E.,
Bohlooly, Y. M., Gidlof, S., Oldfors, A., Wibom, R., Tornell, J., Jacobs, H. T., Larsson, N.
G., 2004. Premature ageing in mice expressing defective mitochondrial DNA polymerase.
Nature 429, 417-423.

Trinei, M., Giorgio, M., Cicalese, A., Barozzi, S., Ventura, A., Migliaccio, E., Milia, E., Padura, L.
M., Raker, V. A., Maccarana, M., Petronilli, V., Minucci, S., Bernardi, P., Lanfrancone, L.,
Pelicci, P. G., 2002. A p53-p66Shc signalling pathway controls intracellular redox status,
levels of oxidation-damaged DNA and oxidative stress-induced apoptosis. Oncogene 21,
3872-3878.

Trnka, J., Blaikie, F. H., Logan, A., Smith, R. A., Murphy, M. P., 2009. Antioxidant properties of
MitoTEMPOL and its hydroxylamine. Free Radic Res 43, 4-12.

Truong, V. L., Jun, M., Jeong, W. S., 2017. Role of resveratrol in regulation of cellular defense
systems against oxidative stress. Biofactors.

Tschopp, J., 2011. Mitochondria: Sovereign of inflammation? Eur J Immunol 41, 1196-1202.

Tubbs, E., Rieusset, J., 2017. Metabolic signaling functions of ER—mitochondria contact sites: role
in metabolic diseases. Journal of Molecular Endocrinology 58, R87-R106.

Tubbs, E., Theurey, P., Vial, G., Bendridi, N., Bravard, A., Chauvin, M. A., Ji-Cao, J., Zoulim, F.,
Bartosch, B., Ovize, M., Vidal, H., Rieusset, J., 2014. Mitochondria-associated endoplasmic
reticulum membrane (MAM) integrity is required for insulin signaling and is implicated in
hepatic insulin resistance. Diabetes 63, 3279-3294.

Turnheim, K., 2003. When drug therapy gets old: pharmacokinetics and pharmacodynamics in the
elderly. Exp Gerontol 38, 843-853.

Twig, G., Elorza, A., Molina, A. J., Mohamed, H., Wikstrom, J. D., Walzer, G., Stiles, L., Haigh, S.
E., Katz, S., Las, G., Alroy, J., Wu, M., Py, B. F., Yuan, J., Deeney, J. T., Corkey, B. E.,

120



Shirihai, O. S., 2008. Fission and selective fusion govern mitochondrial segregation and
elimination by autophagy. EMBO J 27, 433-446.

Tzoulis, C., Schwarzlmuller, T., Biermann, M., Haugarvoll, K., Bindoff, L. A., 2016. Mitochondrial
DNA homeostasis is essential for nigrostriatal integrity. Mitochondrion 28, 33-37.

Ulanowska, K., Piosik, J., Gwizdek-Wisniewska, A., Wegrzyn, G., 2007. Impaired mutagenic
activities of MPDP(+) (1-methyl-4-phenyl-2,3-dihydropyridinium) and MPP(+) (1-methyl-
4-phenylpyridinium) due to their interactions with methylxanthines. Bioorg Med Chem 15,
5150-5157.

Ulanowska, K., Wegrzyn, G., 2006. Mutagenic activity of I-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine. J Appl Genet 47, 85-87.

Ungvari, Z., Parrado-Fernandez, C., Csiszar, A., de Cabo, R., 2008. Mechanisms underlying caloric
restriction and lifespan regulation: implications for vascular aging. Circ Res 102, 519-528.

Uttara, B., Singh, A. V., Zamboni, P., Mahajan, R. T., 2009. Oxidative stress and neurodegenerative
diseases: a review of upstream and downstream antioxidant therapeutic options. Curr
Neuropharmacol 7, 65-74.

Uzhachenko, R., Boyd, K., Olivares-Villagomez, D., Zhu, Y., Goodwin, J. S., Rana, T., Shanker,
A., Tan, W. J. T., Bondar, T., Medzhitov, R., Ivanova, A. V., 2017. Mitochondrial protein
Fus1/Tusc2 in premature aging and age-related pathologies: critical roles of calcium and
energy homeostasis. Aging (Albany NY) 9, 627-648.

Valcarcel-Jimenez, L., Gaude, E., Torrano, V., Frezza, C., Carracedo, A., 2017. Mitochondrial
Metabolism: Yin and Yang for Tumor Progression. Trends in Endocrinology & Metabolism
28, 748-757.

Valdivieso, V., Palma, R., Wunkhaus, R., Antezana, C., Severin, C., Contreras, A., 1978. Effect of
aging on biliary lipid composition and bile acid metabolism in normal Chilean women.
Gastroenterology 74, 871-874.

Valle, A., Guevara, R., Garcia-Palmer, F. J., Roca, P., Oliver, J., 2007. Sexual dimorphism in liver
mitochondrial oxidative capacity is conserved under caloric restriction conditions. Am J
Physiol Cell Physiol 293, C1302-1308.

van de Veerdonk, F. L., Smeekens, S. P., Joosten, L. A., Kullberg, B. J., Dinarello, C. A., van der
Meer, J. W.,Netea, M. G., 2010. Reactive oxygen species-independent activation of the IL-
Ibeta inflammasome in cells from patients with chronic granulomatous disease. Proc Natl
Acad Sci U S A 107, 3030-3033.

van der Poorten, D., Samer, C. F., Ramezanil/Moghadam, M., Coulter, S., Kacevska, M.,
Schrijnders, D., Wu, L. E., McLeod, D., Bugianesi, E., Komuta, M., 2013. Hepatic fat loss
in advanced nonalcoholic steatohepatitis: are alterations in serum adiponectin the cause?
Hepatology 57, 2180-2188.

Vecchie, A., Dallegri, F., Carbone, F., Bonaventura, A., Liberale, L., Portincasa, P., Fruhbeck, G.,
Montecucco, F., 2017. Obesity phenotypes and their paradoxical association with
cardiovascular diseases. European journal of internal medicine.

Vecchione, G., Grasselli, E., Cioffi, F., Baldini, F., Oliveira, P. J., Sardao, V. A., Cortese, K.,
Lanni, A., Voci, A., Portincasa, P., Vergani, L., 2017. The Nutraceutic Silybin Counteracts
Excess Lipid Accumulation and Ongoing Oxidative Stress in an In Vitro Model of Non-
Alcoholic Fatty Liver Disease Progression. Frontiers in nutrition 4, 42.

Vecchione, G., Grasselli, E., Voci, A., Baldini, F., Grattagliano, I., Wang, D. Q., Portincasa, P.,
Vergani, L., 2016. Silybin counteracts lipid excess and oxidative stress in cultured steatotic
hepatic cells. World J Gastroenterol 22, 6016-6026.

Vertfaillie, T., Rubio, N., Garg, A. D., Bultynck, G., Rizzuto, R., Decuypere, J. P., Piette, J.,
Linehan, C., Gupta, S., Samali, A., Agostinis, P., 2012. PERK is required at the ER-
mitochondrial contact sites to convey apoptosis after ROS-based ER stress. Cell Death
Differ 19, 1880-1891.

121



Vermulst, M., Bielas, J. H., Kujoth, G. C., Ladiges, W. C., Rabinovitch, P. S., Prolla, T. A., Loeb,
L. A., 2007. Mitochondrial point mutations do not limit the natural lifespan of mice. Nat
Genet 39, 540-543.

Villalba, J. M., Parrado, C., Santos-Gonzalez, M., Alcain, F. J., 2010. Therapeutic use of coenzyme
Q10 and coenzyme Q10-related compounds and formulations. Expert Opin Investig Drugs
19, 535-554.

Vittorini, S., Paradiso, C., Donati, A., Cavallini, G., Masini, M., Gori, Z., Pollera, M., Bergamini,
E., 1999. The age-related accumulation of protein carbonyl in rat liver correlates with the
age-related decline in liver proteolytic activities. J Gerontol A Biol Sci Med Sci 54, B318-
323.

von Herbay, A., de Groot, H., Hegi, U., Stremmel, W., Strohmeyer, G., Sies, H., 1994. Low vitamin
E content in plasma of patients with alcoholic liver disease, hemochromatosis and Wilson's
disease. J Hepatol 20, 41-46.

Von Zglinicki, T., Marzabadi, M., Roomans, G., 1991. Water and ion distributions in myocytes
cultured under oxidative stress mimic changes found in the process of aging. Mechanisms of
ageing and development 58, 49-60.

Wai, T., Garcia-Prieto, J., Baker, M. J., Merkwirth, C., Benit, P., Rustin, P., Rupérez, F. J., Barbas,
C., Ibafiez, B., Langer, T., 2015. Imbalanced OPA1l processing and mitochondrial
fragmentation cause heart failure in mice. Science 350.

Wainio, W. W., Vanderwende, C., Shimp, N. F., 1959. Copper in Cytochrome-C Oxidase. J Biol
Chem 234, 2433-2436.

Wales, P., Schuberth, C. E., Aufschnaiter, R., Fels, J., Garcia-Aguilar, 1., Janning, A., Dlugos, C. P.,
Schéfer-Herte, M., Klingner, C., Wilte, M., Kuhlmann, J., Menis, E., Hockaday Kang, L.,
Maier, K. C., Hou, W., Russo, A., Higgs, H. N., Pavenstddt, H., Vogl, T., Roth, J.,
Qualmann, B., Kessels, M. M., Martin, D. E., Mulder, B., Wedlich-S6ldner, R., 2016.
Calcium-mediated actin reset (CaAR) mediates acute cell adaptations. eLife 5, €19850.

Wang, D. Q., 2002. Aging per se is an independent risk factor for cholesterol gallstone formation in
gallstone susceptible mice. J Lipid Res 43, 1950-1959.

Wang, D. Q., Portincasa, P., Tso, P., 2017a. Transintestinal cholesterol excretion: A secondary,
nonbiliary pathway contributing to reverse cholesterol transport. Hepatology 66, 1337-1340.

Wang, D. Q. H., Neuschwander-Tetri, B. A., Portincasa, P., 2017b. The Biliary System. 2nd ed.
Colloquium Series on Integrated Systems Physiology: From Molecule to Function 8, i-178.

Wang, D. Q. H., Portincasa, P., (Editors) (2017 pp. 1-676). "Gallstones. Recent advances in
epidemiology, pathogenesis, diagnosis and management. The first edition". Nova Science
Publisher Inc., New York, NY.

Wang, X., Su, B., Fujioka, H., Zhu, X., 2008a. Dynamin-Like Protein 1 Reduction Underlies
Mitochondrial Morphology and Distribution Abnormalities in Fibroblasts from Sporadic
Alzheimer’s Disease Patients. The American Journal of Pathology 173, 470-482.

Wang, X., Su, B., Siedlak, S. L., Moreira, P. 1., Fujioka, H., Wang, Y., Casadesus, G., Zhu, X.,
2008b. Amyloid-p overproduction causes abnormal mitochondrial dynamics via differential
modulation of mitochondrial fission/fusion proteins. Proceedings of the National Academy
of Sciences of the United States of America 105, 19318-19323.

Wang, X. A., Xiang, S. S., Li, H. F., Wu, X. S,, Li, M. L., Shu, Y. J., Zhang, F., Cao, Y., Ye, Y. Y.,
Bao, R. F., Weng, H., Wu, W. G., Mu, J. S., Hu, Y. P., Jiang, L., Tan, Z. J., Lu, W., Wang,
P., Liu, Y. B., 2014. Cordycepin induces S phase arrest and apoptosis in human gallbladder
cancer cells. Molecules 19, 11350-11365.

Watanabe, T., Shimada, H., and Tanaka, Y., 1978. Human hepatocytes and aging: a
cytophotometrical analysis in 35 sudden-death cases. Virchows Archiv B, Cell pathology
27,307-316.

Waters, C. E., Saldivar, J. C., Hosseini, S. A., Huebner, K., 2014. The FHIT gene product: tumor
suppressor and genome "caretaker". Cell Mol Life Sci 71, 4577-4587.

122



Webster, B. R., Lu, Z., Sack, M. N., Scott, 1., 2012. The role of sirtuins in modulating redox
stressors. Free Radic Biol Med 52, 281-290.

Weglewska, A., Jakobkiewicz-Banecka, J., Wegrzyn, G., 2005. A modified procedure for
quantitative analysis of mtDNA, detecting mtDNA depletion. J Appl Genet 46, 423-428.

Wei, Y., Clark, S. E., Thyfault, J. P., Uptergrove, G. M., Li, W., Whaley-Connell, A. T., Ferrario,
C. M., Sowers, J. R., Ibdah, J. A., 2009. Oxidative stress-mediated mitochondrial
dysfunction contributes to angiotensin II-induced nonalcoholic fatty liver disease in
transgenic Ren2 rats. Am J Pathol 174, 1329-1337.

Wei, Y. H., 1992. Mitochondrial DNA alterations as ageing-associated molecular events. Mutat Res
275, 145-155.

Wei, Y. H., 1998. Oxidative stress and mitochondrial DNA mutations in human aging. Proc Soc
Exp Biol Med 217, 53-63.

Wei, Y. H, Ma, Y. S., Lee, H. C., Lee, C. F., Lu, C. Y., 2001. Mitochondrial theory of aging
matures--roles of mtDNA mutation and oxidative stress in human aging. Zhonghua Yi Xue
Za Zhi (Taipei) 64, 259-270.

Weng, H., Tan, Z. J., Hu, Y. P., Shu, Y. J., Bao, R. F., Jiang, L., Wu, X. S., Li, M. L., Ding, Q.,
Wang, X. A., Xiang, S. S., Li, H. F., Cao, Y., Tao, F., Liu, Y. B., 2014. Ursolic acid induces
cell cycle arrest and apoptosis of gallbladder carcinoma cells. Cancer Cell Int 14, 96.

Wieckowski, M. R., Wojtczak, L., 1997. Involvement of the dicarboxylate carrier in the
protonophoric action of long-chain fatty acids in mitochondria. Biochem Biophys Res
Commun 232, 414-417.

Wiel, C., Lallet-Daher, H., Gitenay, D., Gras, B., Le Calvé, B., Augert, A., Ferrand, M.,
Prevarskaya, N., Simonnet, H., Vindrieux, D., Bernard, D., 2014. Endoplasmic reticulum
calcium release through ITPR2 channels leads to mitochondrial calcium accumulation and
senescence. Nature Communications 5, 3792.

Wiesner, R. J., Zsurka, G., Kunz, W. S., 2006. Mitochondrial DNA damage and the aging process:
facts and imaginations. Free Radic Res 40, 1284-1294.

Willems, P. H., Rossignol, R., Dieteren, C. E., Murphy, M. P., Koopman, W. J., 2015. Redox
Homeostasis and Mitochondrial Dynamics. Cell Metab 22, 207-218.

Williams, C. D., Stengel, J., Asike, M. 1., Torres, D. M., Shaw, J., Contreras, M., Landt, C. L.,
Harrison, S. A., 2011. Prevalence of nonalcoholic fatty liver disease and nonalcoholic
steatohepatitis among a largely middle-aged population utilizing ultrasound and liver
biopsy: a prospective study. Gastroenterology 140, 124-131.

Wilson, P., Franks, L. (1975). The effect of age on mitochondrial ultrastructure and enzymes. In
"Cell impairment in aging and development" pp. 171-183. Springer.

Winter, W. E., Bazydlo, L. A., Harris, N. S., 2014. The molecular biology of human iron
metabolism. Lab Med 45, 92-102.

Wojtczak, L., Lebiedzinska, M., Suski, J. M., Wieckowski, M. R., Schonfeld, P., 2011. Inhibition
by purine nucleotides of the release of reactive oxygen species from muscle mitochondria:
indication for a function of uncoupling proteins as superoxide anion transporters. Biochem
Biophys Res Commun 407, 772-776.

Wu, J., Li, X., Zhu, G., Zhang, Y., He, M., Zhang, J., 2016. The role of Resveratrol-induced
mitophagy/autophagy in peritoneal mesothelial cells inflammatory injury via NLRP3
inflammasome activation triggered by mitochondrial ROS. Exp Cell Res 341, 42-53.

Wu, S. Y., Lan, S. H., Cheng, D. E., Chen, W. K., Shen, C. H., Lee, Y. R., Zuchini, R., Liu, H. S.,
2011. Ras-related tumorigenesis is suppressed by BNIP3-mediated autophagy through
inhibition of cell proliferation. Neoplasia 13, 1171-1182.

Wynne, H. A., Cope, L. H., Mutch, E., Rawlins, M. D., Woodhouse, K. W., and James, O. F., 1989.
The effect of age upon liver volume and apparent liver blood flow in healthy man.
Hepatology 9, 297-301.

123



Xu, Y., Kim, S. O, Li, Y., Han, J.,, 2006. Autophagy contributes to caspase-independent
macrophage cell death. J Biol Chem 281, 19179-19187.

Yagi, T., Hatefi, Y., 1987. Thiols in oxidative phosphorylation: thiols in the FO of ATP synthase
essential for ATPase activity. Arch Biochem Biophys 254, 102-109.

Yamada, T., Adachi, Y., lijima, M., Sesaki, H., Making a Division Apparatus on Mitochondria.
Trends in Biochemical Sciences 41, 209-210.

Yamada, T., Sogawa, K., Suzuki, Y., [zumi, K., Agui, T., Matsumoto, K., 1992. Elevation of the
Level of Lipid-Peroxidation Associated with Hepatic-Injury in Lec Mutant Rat. Res
Commun Chem Path 77, 121-124.

Yamamoto, F., Kasai, H., Togashi, Y., Takeichi, N., Hori, T., Nishimura, S., 1993. Elevated Level
of 8-Hydroxydeoxyguanosine in DNA of Liver, Kidneys, and Brain of Long-Evans
Cinnamon Rats. Jpn J Cancer Res 84, 508-511.

Yamamoto, H., Hirose, K., Hayasaki, Y., Masuda, M., Kazusaka, A., Fujita, S., 1999. Mechanism
of enhanced lipid peroxidation in the liver of Long-Evans cinnamon (LEC) rats. Arch
Toxicol 73, 457-464.

Yamamoto, H., Watanabe, T., Mizuno, H., Endo, K., Fukushige, J., Hosokawa, T., Kazusaka, A.,
Fujita, S., 2001. The antioxidant effect of DL-alpha-lipoic acid on copper-induced acute
hepatitis in Long-Evans Cinnamon (LEC) rats. Free Radic Res 34, 69-80.

Yamashita, T., Ohshima, H., Asanuma, T., Inukai, N., Miyoshi, 1., Kasai, N., Kon, Y., Watanabe,
T., Sato, F., Kuwabara, M., 1996. The effects of alpha-phenyl-tert-butyl nitrone (PBN) on
copper-induced rat fulminant hepatitis with jaundice. Free Radic Biol Med 21, 755-761.

Yamazaki, K., Ohyama, H., Kurata, K.,Wakabayashi, T., 1993. Effects of dietary vitamin E on
clinical course and plasma glutamic oxaloacetic transaminase and glutamic pyruvic
transaminase activities in hereditary hepatitis of LEC rats. Lab Anim Sci 43, 61-67.

Yang, C. C., Chen, D., Lee, S. S., Walter, L., 2011. The dynamin-related protein DRP-1 and the
insulin signaling pathway cooperate to modulate C. elegans longevity. Aging cell 10, 724-
728.

Yang, J. C., Cortopassi, G. A., 1998. Induction of the mitochondrial permeability transition causes
release of the apoptogenic factor cytochrome c. Free Radic Biol Med 24, 624-631.

Yang, L., Li, P, Fu, S., Calay, E. S., Hotamisligil, G. S., 2010. Defective hepatic autophagy in
obesity promotes ER stress and causes insulin resistance. Cell Metab 11, 467-478.

Yang, L., Zhao, K., Calingasan, N. Y., Luo, G., Szeto, H. H., Beal, M. F., 2009. Mitochondria
targeted  peptides  protect  against  l-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
neurotoxicity. Antioxid Redox Signal 11, 2095-2104.

Yang, S., Zhu, H., Li, Y., Lin, H., Gabrielson, K., Trush, M. A., Diehl, A. M., 2000. Mitochondrial
adaptations to obesity-related oxidant stress. Arch Biochem Biophys 378, 259-268.

Yang, W., Hekimi, S., 2010. A mitochondrial superoxide signal triggers increased longevity in
Caenorhabditis elegans. PLoS Biol 8, e1000556.

Yankovskaya, V., Horsefield, R., Tornroth, S., Luna-Chavez, C., Miyoshi, H., Leger, C., Byrne, B.,
Cecchini, G., Iwata, S., 2003. Architecture of succinate dehydrogenase and reactive oxygen
species generation. Science 299, 700-704.

Yen, T.C., Chen, Y.S., King, K.L., Yeh, S.H., Wei, Y.H., 1989. Liver mitochondrial respiratory
functions decline with age. Biochemical and Biophysical Research Communications 165,
994-1003.

Yen, T. C., Su, J. H., King, K. L., Wei, Y. H., 1991. Ageing-associated 5 kb deletion in human liver
mitochondrial DNA. Biochem Biophys Res Commun 178, 124-131.

Youle, R. J., van der Bliek, A. M., 2012. Mitochondrial Fission, Fusion, and Stress. Science 337,
1062-1065.

Yu, T., Robotham, J. L.,Yoon, Y., 2006. Increased production of reactive oxygen species in
hyperglycemic conditions requires dynamic change of mitochondrial morphology. Proc Natl
Acad Sci U S A 103, 2653-2658.

124



Yu, Y., Guerrero, C. R., Liu, S., Amato, N. J., Sharma, Y., Gupta, S., Wang, Y., 2016.
Comprehensive Assessment of Oxidatively Induced Modifications of DNA in a Rat Model
of Human Wilson's Disease. Mol Cell Proteomics 15, 810-817.

Yun, J., Finkel, T., 2014. Mitohormesis. Cell Metabolism 19, 757-766.

Yurkova, L. L., Arnhold, J., Fitzl, G., Huster, D., 2011. Fragmentation of mitochondrial cardiolipin
by copper ions in the Atp7b-/- mouse model of Wilson's disease. Chem Phys Lipids 164,
393-400.

Zapico, S. C., Ubelaker, D. H., 2013. mtDNA Mutations and Their Role in Aging, Diseases and
Forensic Sciences. Aging and Disease 4, 364-380.

Zelber[1Sagi, S., Nitzan[]Kaluski, D., Halpern, Z., Oren, R., 2006. Prevalence of primary nonl]
alcoholic fatty liver disease in a population/based study and its association with
biochemical and anthropometric measures. Liver International 26, 856-863.

Zhang, H., Luo, Y., Zhang, W., He, Y., Dai, S., Zhang, R., Huang, Y., Bernatchez, P., Giordano, F.
J., Shadel, G., Sessa, W. C., Min, W., 2007. Endothelial-specific expression of
mitochondrial thioredoxin improves endothelial cell function and reduces atherosclerotic
lesions. Am J Pathol 170, 1108-1120.

Zhang, H. J., Xu, L. J., Drake, V. J., Xie, L. T., Oberley, L. W., Kregel, K. C., 2003. Heat-induced
liver injury in old rats is associated with exaggerated oxidative stress and altered
transcription factor activation. Faseb Journal 17, 2293-2295.

Zhang, L., Deng, S., Zhao, S., Ai, Y., Zhang, L., Pan, P., Su, X., Tan, H., Wu, D., 2016. Intra-
Peritoneal Administration of Mitochondrial DNA Provokes Acute Lung Injury and Systemic
Inflammation via Toll-Like Receptor 9. Int J Mol Sci 17.

Zhang, Y., Ikeno, Y., Qi, W., Chaudhuri, A., Li, Y., Bokov, A., Thorpe, S. R., Baynes, J. W.,
Epstein, C., Richardson, A., Van Remmen, H., 2009. Mice deficient in both Mn superoxide
dismutase and glutathione peroxidase-1 have increased oxidative damage and a greater
incidence of pathology but no reduction in longevity. J Gerontol A Biol Sci Med Sci 64,
1212-1220.

Zhao, K., Zhao, G. M., Wu, D., Soong, Y., Birk, A. V., Schiller, P. W., Szeto, H. H., 2004. Cell-
permeable peptide antioxidants targeted to inner mitochondrial membrane inhibit
mitochondrial swelling, oxidative cell death, and reperfusion injury. J Biol Chem 279,
34682-34690.

Zhao, Y., Ye, L., Liu, H., Xia, Q., Zhang, Y., Yang, X., Wang, K., 2010. Vanadium compounds
induced mitochondria permeability transition pore (PTP) opening related to oxidative stress.
J Inorg Biochem 104, 371-378.

Zhou, R., Yazdi, A. S., Menu, P., Tschopp, J., 2011. A role for mitochondria in NLRP3
inflammasome activation. Nature 469, 221-225.

Zhu, C. G, Liu, Y. X., Wang, H., Wang, B. P., Qu, H. Q., Wang, B. L., Zhu, M., 2017. Active form
of vitamin D ameliorates non-alcoholic fatty liver disease by alleviating oxidative stress in a
high-fat diet rat model. Endocr J 64, 663-673.

Zini, R., Morin, C., Bertelli, A., Bertelli, A. A., Tillement, J. P., 1999. Effects of resveratrol on the
rat brain respiratory chain. Drugs Exp Clin Res 25, 87-97.

Zischka, H., Lichtmannegger, J., Schmitt, S., Jagemann, N., Schulz, S., Wartini, D., Jennen, L.,
Rust, C., Larochette, N., Galluzzi, L., Chajes, V., Bandow, N., Gilles, V. S., DiSpirito, A.
A., Esposito, 1., Goettlicher, M., Summer, K. H., Kroemer, G., 2011. Liver mitochondrial
membrane crosslinking and destruction in a rat model of Wilson disease. J Clin Invest 121,
1508-1518.

Zmijewski, J. W., Moellering, D. R., Le Goffe, C., Landar, A., Ramachandran, A., Darley-Usmar,
V. M., 2005. Oxidized LDL induces mitochondrially associated reactive oxygen/nitrogen
species formation in endothelial cells. Am J Physiol Heart Circ Physiol 289, H852-861.

Zoratti, M., Szabo, 1., 1995. The mitochondrial permeability transition. Biochim Biophys Acta
1241, 139-176.

125



Table 1. Effect of aging on changes of liver mass and function.

Finding(s)

Change(s)

Reference

Liver mass

Decrease by 20-40%

(Schmucker, 2005; Wynne
etal., 1989)

Perfusion and blood flow

Decrease by up to

(McLean and Le Couteur,

50% after age 30 2004)
Accumulation of hepatic dense Increase (Gregg et al., 2012;
body compartment (lipofuscin) Schmucker, 1998) (Cogger
et al., 2014; Schmucker,
2005)
Hepatocyte size Increase (Schmucker, 1998)
(macrohepatocytes) (Watanabe et al., 1978)
Polyploidy Increase (Schmucker, 1998;
Watanabe et al., 1978)
Pseudocapillarization Increase (Cogger et al., 2014;
McLean et al., 2003)
Functional liver function tests Decrease (Hall et al., 2005;

Rahmioglu et al., 2009)

Albumin synthesis

Decreased (animal
studies)
Unchanged (human
studies)

(Anantharaju et al., 2002)
(Fu and Nair, 1998)

Serum albumin

Minor decrease

(Tietz, N. W. et al., 1992)

Hepatic uptake of HDL1- Decrease (Bravo et al., 1994)

cholesterol

LDL receptor Decrease (Miller, 1984; Schmucker,
2005)

serum LDL-cholesterol levels Increase (Anantharaju et al., 2002)
(Miller, 1984)

Liver steatosis, inflammation, Increase (Gregg et al., 2012)

fibrosis, anisokaryosis, cellular

senescence

Accumulation of oxidation Increase (Gregg et al., 2012)

products

Cytochrome P450 Decrease by 30% (Sotaniemi et al., 1997)

Drug metabolic clearance

Slower by 20-40%

(Turnheim, 2003)

Synthesis of vitamin-K-dependent
clotting factors

Decrease

(Froom et al., 2003)

Gallbladder bile

Increased cholesterol
saturation index

(Valdivieso et al., 1978;
Wang, 2002)

Mitogen-activated protein kinase Decrease (Schmucker, 2005)
activity
Number of binucleated hepatocytes | Increase (Gan et al., 2011; Premoli et

al., 2009)
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Table 2. Damaging effects of aging on mitochondria of the hepatocytes.

Finding(s) Change(s) Reference

mtDNA damage Oxidative lesions (Ames et al., 1993;
Lopez-Torres et al.,
2002)

mtDNA mutations Increased apoptosis (Kujoth et al., 2005)

Unchanged oxidative stress

Mitochondrial lipid oxidation

Decreased membrane
phospholipid peroxidability.
Decreased A9-desaturase activity
coefficient. Decreased levels of
16:1 and 18:1 fatty acids.
Decreased membrane stability

Increased amount of
polyunsaturated fatty acids (in
cardiolipin)

Increased inner mitochondrial
phospholipase A; activity

(Laganiere and
Byung, 1993)
(Pappu et al., 1978)

Content of cytochrome oxidase | Loss of enzymatic activity (Wilson and Franks,
1975)

Malondehaldeide accumulation | Increase (Von Zglinicki et al.,
1991)

Mitochondrial number Decrease (Cogger et al., 2014;

Gan et al., 2011;
Premoli et al., 2009)

Intracellular oxidant production
(dichlorofuorescin)

Increased (whole tissue,
mitochondria)

Mediated by electron transport
chain and NADPH oxidase

(Bejma, J et al., 2000;
Bejma, J. et al., 2000)
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Figure 1. Potential role of mitochondrial ROS increase in aging

During aging, mitochondrial ROS production steadily increases, leading to mitochondrial damage
and decreased lifespan. Here we report the major events contributing to aging (upper panel), or
most important chemicals and experimental interventions, which may promote longevity (bottom

panel).

Figure 2 Schematic representations of two pivotal apoptotic molecular routes, involved during
oxidative stress and oncogenic stress, respectively

A) Oxidative stress-induced activation of PKCp leads to phosphorylation of p66shc at Serine 36
residue, allowing translocation of protein to mitochondria by PIN1-dependent mechanism. The
mitochondrial pool of p66shc oxidizes cytochrome c and catalyzes the reduction of O, to H,O,,
inducing ROS production and successively apoptotic induction. B) Oncogenic stress promotes the
binding between FHIT and mitochondrial-import complex Hsp60/Hsp10. In mitochondria FHIT
interacts with FDXR promoting ROS production and cytochrome c release, respectively, leading to

apoptotic response.

Figure 3. Mitochondrial network displays huge heterogeneity and shape rearrangements

Examples of mitochondrial network are shown in both immortalized (A: HEK, B: Cos7, C: 1B3)
and primary cultured cell lines (D: Human Fibroblast, E: Rat Myotube, F: Rat Adipocyte, G: Rat
Oligodendrocyte Progenitor). Rearrangement of mitochondrial network is also a typical adaptation
to stress stimulus such as oxidative stress as shown for Mouse Embryonic Fibroblast before (Hi)

and after (Hii) exposure to H,O,.

Figure 4. The number of contact sites between mitochondria and the ER in young and
senescent human fibroblasts

(A) Image of the endoplasmic reticulum (ER) (green) and mitochondria (red) in young and
senescent human fibroblasts. Maximum intensity projections of confocal micrograhs from young
and old fibroblasts expressing mitochondria-targeted Cherry (magenta) and ER-targeted GFP
(green) contacts sites are represented by colocalization areas (white). Colocalization extents were
quantified using Pearson’s and Mander’s coefficients. (B) Activity of senescence-associated [3-
galactosidase in young and senescent human fibroblasts. Cells referred as “young” fibroblasts were

at 4" passage, and the “old” ones (senescent) at 16" passage.
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Figure 5. Fenton and Haber-Weiss reaction
In the presence of catalytic amounts of trace metals (like iron and copper), highly reactive hydroxyl

radicals (OH) are generated from hydrogen peroxide via the Fenton and Haber-Weiss reaction.

Figure 6. Putative pathways linking oxidative stress, mitochondrial dysfunction and
hyperglycemia
GSH, glutathione; ROS, reactive oxygen species; UCP2, uncoupling protein-2.

Figure 7. ROS as causative agents in cardiovascular diseases (CVDs) and therapeutic
approaches targeting mitochondrial oxidative damage

(A) Principal mechanisms of ROS production and subsequent mitochondrial dysfunction leading to
CVDs. Mitochondria participate in the pathogenesis of hypertension: increased blood pressure has
been associated with an excessive endothelial cells (EC) production of superoxide (O,") and H,O;
UCP1 expression also increases O," production and decreases the availability of NO. ROS
production by endothelial mitochondria contribute to heart disease: angiotensin-II, hyperglycemia,
or hypoxia increase mitochondrial ROS production in EC, which then stimulate the NADPH
oxidase; moreover ROS produced by the NADPH oxidase, activate mitochondrial KATP channels,
suggesting a possible feedback amplification system. Exposure of endothelial cells to oxidized
lipids (oxLDL) induces ROS formation, which has a pivotal role in atherogenesis. During ischemia
O, is lacking and mitochondria hydrolyze ATP in order to maintain the mitochondrial membrane
potential (AY); the cardiac cell strives to maintain ATP production, this eventually results in
mitochondrial Ca®" overload, mitochondrial depolarization, and increases the generation of ROS.
Restoration of blood flow will help to restore ATP levels, but the damaged mitochondria generate
enormous amounts of ROS during reperfusion and promote mitochondrial permeability transition
pore (mPTP) opening and activation of apoptosis, triggering ischemia/reperfusion (I/R) injury. (B)
Approaches to deliver drugs to the mitochondria and prevent ROS-induced mitochondrial oxidative
damage. Compounds conjugated to the lipophilic triphenylphosphonium cation (TPP") can be
delivered selectively into the mitochondrial matrix in a potential-driven manner; a series of
mitochondria-targeted antioxidants have been designed to decrease superoxide (MitoSOD),
hydrogen peroxide (MitoPeroxidase), ferrous iron (MitoTEMPOL), lipid peroxidation (MitoQ,
MitoE) and preventing mPTP opening (TPP'-CsA). Recently, Szeto and Schiller (SS) peptides
targeting the inner mitochondrial membrane have been developed; they concentrate in a potential

independent manner and possess intrinsic mitoprotective activities.
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Figure 8. Mitochondrial calcium uptake as a function of cell culture passage number
Representative quantitation of mitochondrial Ca®" uptake elicited by ATP 100 uM in mouse
embryonic fibroblasts (MEFs) from low and high passage rates. Mitochondrial calcium

concentration ([Ca® ).

Figure 9. Mitochondrial Related Alterations in principal Neurodegenerative disorders

In Alzheimer’s Disease Amyloid peptides (Ab) can aggregate to mitochondria and interact with Ab
alcohol dehydrogenase (ABAD) to induce Cytochrome C release and ROS production.
Contemporary altered activity of Krebs Cycle enzymes (KC), complexes of respiratory chain and
proteins involved in mitochondria fusion and fission leads to impaired mitochondrial remodeling
and ROS production. Similar readouts on mitochondrial physiology are observed in Parkinson’s
disease. Aggregation of mutant synuclein (syn) impair activity of respiratory complex I similarly as
many pro-parkinsonian compounds. In this scenario should be added the activity of mutant proteins
like PINK1, DJ-1, Parkin, LRRK2 that impair mitochondrial modeling and recycling as promoting
induction of Cytochrome C release. In Huntington disease mutant huntingtin (carrying poliQ
expansion) can impair activity of II respiratory complex (with consequent ROS production) and
mitochondria transport along filaments in axons. Also superoxide dismutase 1 (SOD1) mutations
causing ALS can induce appearance of toxic mitochondrial aggregates that lead to improved toxic
ROS production. Altered protein or OXPHOS complexes activities are shown with a plus or minus

symbol in a circle, mutant proteins instead are marked by an M in a circle.

Figure 10. Schematic view of various compounds that reduce oxidative stress in diseases
mentioned in the text and their correlation with neurodegenerative disorders

Mitochondrial selective compounds can act in directly buffering ROS production, like Szeto-Shiller
peptides (SS), Vitamine E or Coenzyme Q (CoQ) and derivatives. Buffering of ROS production
could by obtained by inhibiting interaction between Keapl and the nuclear respiratory factor 2
(NRF2). Restoration of mitochondrial functions has been also obtained by the use of drugs targeting

Kreb’s cycle, like Lipoic Acid, acetyl-1-carnitine (ALCAR) or Creatine.
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