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Abstract: Increased oxidative stress has been associated with the aging process. However,
recent studies have revealed that a low-level oxidative stress can even extend the lifespan
of organisms. Reactive oxygen species (ROS) are important signaling molecules, e.g.,
being required for autophagic degradation. SIRT1, a class III protein deacetylase, is a
crucial cellular survival protein, which is also involved in combatting oxidative stress. For
instance, SIRT1 can stimulate the expression of antioxidants via the FoxO pathways.
Moreover, in contrast to ROS, SIRT1 inhibits NF-kB signaling which is a major inducer of
inflammatory responses, e.g., with inflammasome pathway. Recent studies have
demonstrated that an increased level of ROS can both directly and indirectly control the
activity of SIRT1 enzyme. For instance, ROS can inhibit SIRT1 activity by evoking
oxidative modifications on its cysteine residues. Decreased activity of SIRT1 enhances the
NF-kB signaling, which supports inflammatory responses. This crosstalk between the
SIRT1 and ROS signaling provokes in a context-dependent manner a decline in autophagy
and a low-grade inflammatory phenotype, both being common hallmarks of ageing. We
will review the major mechanisms controlling the signaling balance between the ROS
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production and SIRT1 activity emphasizing that this crosstalk has a crucial role in the
regulation of the aging process.
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1. Introduction

As an organism ages, more and more errors occur in the cellular homeostasis system, e.g., in energy
metabolic regulation and protein quality control [1-4]. Mitochondrial defects are one crucial
component of the aging process and several age-related diseases. Mitochondrial impairments increase
the production of reactive oxygen species (ROS) and the appearance of oxidative stress, a condition
that increases with aging. Mitochondrial disturbances lead to deteriorations in protein quality control,
especially to the decline in autophagic degradation with aging [1,2,5]. The increased ROS production
enhances the accumulation of aberrant protein aggregates and dysfunctional organelles, which activate
inflammasomes, cellular receptor systems dealing with danger-associated molecular patterns
(DAMPs) [6-9]. On the other hand, there are multiple survival mechanisms, which can combat
stress-related dangers by improving the efficiency of housekeeping, e.g., autophagic cleansing potency.
These actions support healthspan and thus can extend lifespan. One of these longevity factors is SIRT1,
a class III protein deacetylase. This enzyme can regulate several survival functions by deacetylating
not only histones but also many crucial transcription factors e.g., those controlling autophagy and ROS
production [10-13]. Interestingly, it seems that oxidative stress and the increased levels of ROS, in
turn, can control the activity of SIRT1. We will review the major mechanisms involved in the crosstalk
between SIRT1 and ROS and examine how this context-dependent balance governs both autophagy
and inflammatory responses, which are key factors in the regulation of the aging process.

2. Falling of the Aging Dogmas
2.1. Free Radical Theory of Aging

In 1956, Denham Harman [14] proposed his theory on the role of free radicals as the cause of the
aging process. He refined his theory later, e.g., implicating mitochondrial function in the production of
free radicals and the extension of life span [15]. Because of unpaired electrons, free radicals are very
reactive in cellular milieu attacking cell constituents, thus causing damage. In cellular context, the
most common reactive oxygen species (ROS) are superoxide anion, hydrogen peroxide and hydroxyl
radicals. Many metabolic processes, e.g., mitochondrial electron transport chain and distinct enzymes,
produce free radicals, which according to the theory, can potentially damage cellular lipids, proteins
and DNA. Especially with aging, this process can ultimately lead to organismal deterioration. There is
solid evidence to support this theory, e.g., (i) the level of oxidative damage increases with aging in
proteins, lipids and DNA, (ii) there is an extensive antioxidant system, the deficiencies of which
increase oxidative damage in cells, (iii)) an increased metabolic rate promotes ROS production,
consistent with the rate-of-living theory [16], and (iv) mitochondrial ROS production gradually
increases with aging, simultaneously with a decline in energy production capacity and increased
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mtDNA damages. Many review articles have been written on the role of oxidative stress in the aging
process and age-related diseases [17-20]. However, all of these experimental observations are
correlations rather than causal connections.

During the last decade, an increasing number of studies have appeared that have questioned the free
radical theory of the aging process. Conflicting results were reported in experiments on C. elegans but
also on rodents, which clearly revealed that ROS production does not control the aging process.
Hekimi et al. [21] and Ristow and Schmeisser [22] have recently reviewed in detail these observations.
For instance, there are long-lived species and genetic mutants displaying a high level of oxidative
damage and chronic oxidative stress [23—25]. The naked mole-rat, the longest-lived rodent with a
lifespan over 30 years, is a striking example refuting the age-related oxidative degeneration theory.
Andziak et al. [23] demonstrated that naked mole-rats displayed lower antioxidant capacity, elevated
lipid peroxide concentrations and significantly higher levels of oxidative damage to lipids, proteins and
DNA than physiologically age-matched mice did. It seems that naked-mole rats can tolerate oxidative
stress and damage better than their short-lived counterparts via mechanisms currently unknown [26].
These rats are also protected against tumorigenesis and show a striking decline in the appearance of
senescent phenotype although they express clearly elevated levels of ROS and oxidative damages [27].
In addition, there are studies indicating that the increase in oxidative stress, e.g., by knocking out
antioxidants, can extend the lifespan of C. elegans [25,28]. Moreover, superoxide dismutase, an
enzyme, which is indispensable for the detoxification of superoxide radicals, is not obligatory to
achieve a normal lifespan of C. elegans [29]. On the other hand, somatic mutations in mtDNA induce a
premature aging phenotype in mice but do not affect ROS production or increase oxidative stress [30].
Sanz et al. [31] also conducted many experiments demonstrating that mitochondrial ROS production
was not crucial for the control of lifespan in Drosophila. In this respect, it is no surprise that many
clinical dietary antioxidant trials have not achieved any consistent health benefits but occasionally
have even increased the incidence of cancers [32,33].

Recent studies have demonstrated that reactive oxygen species are important cellular signaling
molecules, similarly as reactive nitrogen species [34-36]. In this context, it is important to note that an
excessive supply of synthetic antioxidants can induce antioxidative stress and the redox imbalance can
lead to harmful effects [33]. The cysteine residues in proteins are the most sensitive targets for the
ROS-induced oxidation. Hydrogen peroxide (H,0;), the stable form of ROS, is a potent signaling
molecule inhibiting many protein phosphatases, e.g., PTEN and PP2a, and thus stimulating the growth
factor pathways, e.g., insulin/PI3K/AKT signaling [35-37]. Salmeen and Barford [37] have described
the chemical reactions in the redox regulation of the nucleophilic catalytic cysteines of protein and
lipid phosphatases. On the other hand, ROS can activate some protein kinases, e.g., AMPK, ASK1 and
Src, and also stimulate several transcription factors including HIF-a, NF-xB and NRF2 [34-36].
However, the redox balance can be restored by antioxidants, e.g., glutathione reductase and
thioredoxin systems which implies that ROS have a crucial role in the regulation of signaling pathways.
These examples clearly indicate that ROS perform fundamental cell survival functions by controlling
cell signaling pathways and activating adaptive gene expression mechanisms whereas higher doses of
ROS can directly damage proteins, lipids and DNA, as proposed by Hamanaka and Chandel [34].
Considering all these facts, the free radical theory of aging seems over-simplistic, and many
researchers have refined the theory. For instance, Hekimi et al. [21] have proposed that there is a
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gradual ROS response hypothesis, which could explain the role of ROS in age-related diseases. In
conclusion, it seems that an optimal level of ROS is required for a successful aging process (Figure 1).
However, the basic mechanism of aging might be ROS-independent although the excessive presence
of ROS with aging seems to enhance age-related degeneration and expose the individual to diseases.

Figure 1. A schematic figure depicting the crosstalk between ROS production and SIRT1
activity in the regulation of age-related pathology. (A) The concentration-dependent
regulation of the lifespan by ROS. The upper part shows the hypothetical balance between
the SIRT1 activity and the presence of ROS in the control of age-related changes. There
seems to be an optimal level of cellular ROS production, which confers the most favorable
benefits on the healthspan and consequently extends the lifespan. (B) The signaling
interplay between the ROS production and the SIRT1 activity, which controls the
autophagy and the NF-«xB signaling and consequently, induces age-related pathology and
cellular senescence. Double-edged arrows indicate context-dependent interactions, not
specific activation or inhibition.
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2.2. Sirtuins as an Elixir of Longevity

Sirtuins, seven isoforms of SIRT1-SIRT7 proteins, are mammalian homologs of yeast Sir2, a silent
information regulator 2, which is a class III protein deacetylase [12,38]. In 1999, Kaeberlein et al. [39]
observed that Sir2 overexpression extended the lifespan of budding yeast. It was predicted that Sir2
could be a universal longevity factor although the aging of yeast is caused by the nucleolar
fragmentation linked to the appearance of extrachromosomal rDNA circles which are not present in
mammalian aging [40]. Soon after this original discovery in yeasts, it was demonstrated that the
overexpression of Sir2 homologs also extended the lifespan in C. elegans and Drosophila [41,42].
Moreover, Howitz et al. [43] revealed that resveratrol, a polyphenol present in red wine, could activate
Sir2 and prolonged the lifespan of the yeast. After that observation, resveratrol was celebrated as an
elixir of longevity. Resveratrol was also claimed to extend the lifespan of C. elegans and
Drosophila [44,45] but not that of wild-type mice although it improved their healthspan [46].
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The recent progress on the Sir2 research has not been so spectacular. Burnett et al. [47]
re-examined the earlier studies on the effect of Sir2 overexpression on the lifespan of C. elegans and
Drosophila. Surprisingly, after the standardization of the genetic background and the use of
appropriate controls, they could not find any significant lifespan extension achieved by Sir2
overexpression. They also observed that Drosophila Sir2 was not involved in the lifespan extension
induced by dietary restriction. Currently, this topic is still a matter of fierce debate. In addition,
Fabrizio et al. [48] conducted experiments with yeast and revealed that Sir2 could extend only the
replicative lifespan but not the chronological lifespan. Recently, Park ef al. [49] demonstrated that
resveratrol was a nonselective inhibitor of cAMP-degrading phosphodiesterases including PDEIL,
PDE3 and PDE4. Thus, resveratrol upregulated cellular cAMP levels which increased intracellular
Ca”" concentration via the activation of the Epacl pathway. Consequently, Ca** stimulated AMPK and
increased cellular NAD" levels. NAD" is known to be an activator of SIRT1 and thus resveratrol could
indirectly stimulate not only SIRT1 but also many other signaling pathways, which could affect the
healthspan and lifespan. They also revealed that rolipram, an inhibitor of PDE4, conferred similar
metabolic benefits as resveratrol, i.e., improved mitochondrial function and protected against
diet-induced obesity in mice. Moreover, Gerhart-Hines et al. [50] observed that the cAMP/PKA
pathway phosphorylated directly the Ser434 on the SIRT1 catalytic domain, which stimulated its
activity without evoking any changes in the NAD" level. They also described some health benefits
associated with SIRT1 activation, e.g., stimulation of fatty acid oxidation. In conclusion, the studies
concerning the role of Sir2/SIRT1 in the lifespan extension are currently controversial; many of the
putative beneficial effects can be linked to the capacity of SIRT1 to improve the healthspan. It is also
probable that in mammals, the age-related observations are attributable to SIRT6, instead of SIRTI.
Recently, Kanfi ef al. [51] demonstrated that the overexpression of SIRT6 could increase the lifespan
of male mice. It is known that SIRT6 is involved in chromatin regulation and the genome
maintenance [52]. Moreover, the deletion of Sirt6 gene induced a premature aging phenotype in mice [53].

There is substantial evidence showing that SIRT1 is a crucial regulator of mammalian energy
metabolism as well as of many survival functions [12,54,55]. SIRT1 controls mitochondrial biogenesis
via PGC-1a and subsequently the oxidation of energy metabolic substrates. Moreover, NAD" is a
potent activator of SIRT1, which makes SIRT1 to be a sensor of metabolic homeostasis. There is also
an abundant literature indicating that the functional dysregulation of SIRT1 is associated with many
age-related diseases, e.g., metabolic syndrome, cardiovascular and neurodegenerative diseases, and
cancer [12,54,56]. Currently, it seems that SIRT1 is not the fountain of youth, as proposed ten years
ago, but a major regulator of metabolic and survival functions and, in that way, an important
contributor to the maintenance of a healthy aging process. Thus, SIRT1 represents a significant
therapeutic target in the drug discovery programs concentrating on age-related diseases [57].

3. Signaling Crosstalk between ROS and SIRT1
3.1. SIRTI Controls ROS Level

Alcendor et al. [58] revealed that there was an extensive crosstalk between the SIRT1 expression
and the level of oxidative stress in mouse cardiac muscle. Using the overexpression technique, they
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were able to demonstrate that the moderate overexpression of SIRT1 could protect against oxidative
stress by inducing the expression of catalase, a major antioxidant, and it also attenuated the appearance
of age-related cardiomyopathy involving hypertrophy. In contrast, the high level of SIRT1 expression
(12.5-fold increase) clearly increased oxidative stress and evoked pathological changes in the heart. It
should be noted that they did not record whether SIRT1 was functionally active or inhibited by
excessive ROS, which could provoke cardiac pathology (Section 3.2.). Overexpressed proteins are
commonly prone to aggregate, a factor that could stimulate oxidative stress. On the other hand,
Alcendor et al. [58] confirmed that the increase in catalase expression was induced by the FoxOl
transcription factor. There is a substantial literature demonstrating that SIRT1 can deacetylate the
FoxO factors, i.e., FoxOl, FoxO3a and FoxO4, and subsequently stimulate the expression of
antioxidants, e.g., catalase, MnSOD and Trx, and via an auto-feedback loop also potentiate SIRTI
expression [59—63]. The SIRT1/FoxO axis is an evolutionarily well conserved survival pathway that
regulates cellular responses to both metabolic changes and many stress insults including oxidative
stress. FoxO1 and FoxO3 can also promote autophagy [61], a process which declines with aging and is
disturbed in several age-related diseases (Section 4.).

SIRT1 regulates immune responses via NF-kB signaling and in that way also controls the ROS
production (Section 4.2.). Yeung et al. [64] revealed that SIRT1 could inhibit the transactivation
capacity of the NF-kB complex by deacetylating the Lys310 residue of RelA/p65 component.
Subsequently, many studies have demonstrated that SIRT1 is a potent intracellular inhibitor of
oxidative stress and inflammatory responses [65—67]. In addition to mitochondria, NADPH oxidases,
including an evolutionarily conserved Nox family [68], produce superoxide radicals. The mammalian
Nox1-4 enzymes are commonly expressed in mammalian tissues, especially in professional phagocytes.
NF-xB signaling, a major immune defense system, is a potent inducer of the expression of
NADPH oxidase components, e.g., gp91”"* and p22°"* [69-71]. Moreover, NF-kB signaling also
transactivates the iNOS expression and thus increases the production of reactive nitrogen
radicals [72,73]. However, NF-kB signaling can also induce the expression of several antioxidants, e.g.,
MnSOD, Cu,Zn-SOD and Trx1 [74], which means that in the crosstalk with NF-kB system, SIRT1 can
not only repress the ROS production but also reduce the antioxidant defense. In the
Section 4.2., we will discuss this topic in greater detail with respect to aging and age-related diseases.

SIRT1 can also inhibit some other transcription factors, which are involved in the regulation of
cellular redox balance. Kawai et al. [75] demonstrated that SIRT1 inhibited the transactivation
capacity of NRF2 by deacetylating the Lys588 and Lys591 residues, which subsequently suppressed
the binding of NRF2 to its cognate DNA response element ARE (antioxidant response element). The
ARE site is an important cis-element in several antioxidant genes e.g., driving the expression of
glutathione peroxidase 2, peroxiredoxin 4 and thioredoxin reductase [76—78]. Kawai et al. [75]
revealed that the SIRTI1-mediated deacetylation of NRF2 protein terminated the transcription of
antioxidant genes and consequently, NRF2 was translocated out of the nuclei into the cytoplasm. They
also reported that an exposure to resveratrol, a putative SIRT1 activator, inhibited the nuclear
accumulation of NRF2 after an oxidative insult. These studies indicated that the overexpression of
SIRT1 could disturb cellular redox balance by repressing the NRF2-induced antioxidant defense. On
the other hand, oxidative stress can activate the NRF2 signaling through the inactivation of Keapl, an
inhibitor of NRF2 [79]. Keap]1 is degraded by autophagy and thus autophagy can control the cellular
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redox status [80] (Section 4.1.). Moreover, the decline in autophagic flux increases the protein level of
p62, a selective autophagy receptor, which consequently dismantles the Keapl/NRF2 complex and
thus stimulates the NRF2-mediated transcription, which potentiates the antioxidant defense [81]. In
addition, the NRF2 signaling can enhance the expression of p62 and subsequently augment autophagy
since the promoter of p62 contains the ARE sequence [82]. These studies indicate that there is a
complex interplay between SIRT1 and the Keapl/NRF2 signaling in the control of the cellular redox
homeostasis and autophagy (Section 4.1.).

Mitochondria are a major source of ROS production in most of the mammalian tissues. The
mitochondrial electron transport chain, especially complexes I and III, generates superoxide radicals,
the intensity of production being dependent on the level of oxygen and respiratory activity [83].
PGC-1a is a transcriptional co-activator, which regulates mitochondrial biogenesis through the control
of many transcription factors involved in the expression of mitochondrial proteins [84,85]. Certain
signaling pathways can regulate the expression level of PGC-1a protein; however, more importantly,
some post-translational modifications control the transactivation capacity of PGC-1a protein. SIRT1 is
one of these factors, which affect mitochondrial respiration, and thus ROS production via the
modulation of PGC-1a activity. Currently, there are controversial results concerning the role of SIRT1
in the regulation of mitochondrial respiration through the deacetylation of PGC-1a. Nemoto ef al. [86]
demonstrated that SIRT1 physically interacted with PGC-1a protein and induced its deacetylation.
They reported that this deacetylation reaction inhibited the transcriptional activity of PGC-1la protein
and, consistently, the overexpression of SIRT1 reduced oxygen consumption in PC12 cells. Several
subsequent studies have confirmed that SIRT1 could deacetylate PGC-1a factor although the effects
have been somewhat inconclusive. Rodgers et al. [87] observed that the deacetylation of PGC-1la
stimulated the expression of gluconeogenic genes but did not affect the regulation on the mitochondrial
genes in the rat liver. However, there are studies indicating that SIRT1 could activate the
PGC-1la-mediated expression of mitochondrial respiratory genes and thus enhance respiration,
particularly in skeletal muscles [10,50,88]. Recently, Philp et al. [89] demonstrated with transgenic
mice lacking the SIRT1 deacetylase activity that SIRT1 was involved neither in the endurance
exercise-induced deacetylation of PGC-1a nor in the subsequent mitochondrial biogenesis. Moreover,
Amat et al. [90] revealed that SIRT1 stimulated the transcription of PGC-1a gene together with MyoD
in myogenic cells. It seems that SIRT1 can regulate the PGC-1a-mediated mitochondrial respiration
and thus the ROS production via several distinct mechanisms in a context-dependent manner.

There is a substantial literature indicating that overwhelming ROS production during intensive
aerobic respiration can be uncoupled by respiratory uncoupling proteins (UCP). UCP2 and UCP3, two
tissue-specific uncoupling proteins, can attenuate the mitochondrial ROS production and thus protect
cells against oxidative damage [91,92]. Andrews and Horwath [93] demonstrated that increased
expression of UCP2 could reduce the ROS production and oxidative stress in the tissues of mice and
consequently extend the lifespan of the animals. Vidal-Puig ef al. [94] also observed that the knockout
of the UCP3 gene increased the mitochondrial ROS production in mouse skeletal muscle. Moreover, it
does seem that there is a negative feedback control of ROS production in the mitochondria since an
increased level of ROS can activate UCP2 and UCP3 proteins [92]. These observations agree with the
hypothesis of "mitochondrial uncoupling-to-survive" theory of aging. In this respect, there are several
interesting studies indicating that SIRT1 can repress the expression of UCP2 and UCP3 [95,96].
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Bordone et al. [95] demonstrated that SIRT1 could bind directly to the promoter region of UCP2 gene
and inhibit UCP2 expression in pancreatic 3 cells. Subsequently, while confirming this observation,
they also revealed that the UCP2 levels were increased in the pancreas of SIRT1 knockout mice and in
the knockdown f cells. The down-regulation of UCP2 expression provoked glucose-stimulated insulin
secretion. Moreover, Amat et al. [96] observed that treatment with glucocorticoids induced the
expression of UCP3 in skeletal muscle where it was preferentially expressed. They also demonstrated
that SIRT1 was a potent repressor of glucocorticoid-induced UCP3 expression due to its ability to
prevent the interaction between the glucocorticoid receptor and p300 histone acetyltransferase. In
conclusion, it seems that SIRT1 can enhance mitochondrial ROS production by suppressing UCP
expression, although currently it is not known whether uncoupling is the major function of UCPs in
mitochondria. For instance, UCP2 has also been associated with the glucose and lipid metabolism in
mitochondria [97].

3.2. ROS Control SIRTI Activity

There is accumulating evidence indicating that an increased ROS level can directly or indirectly
control the activity of SIRTI enzyme. The excessive presence of ROS, e.g., during aging and in
several age-related diseases, complicates the estimation of the functional role of SIRT1 in these
conditions. Kamata et al. [98] demonstrated that ROS induced a sustained activation of JNKI1 by
inhibiting JNK phosphatases, e.g., MKP-1, MKP-3, and MKP-5. ROS could also activate JNK1 by
stimulating the redox-regulated ASK1 kinase [99]. Recently, Nasrin et al. [100] revealed that oxidative
stress triggered the interaction of JNK1 with SIRT1 and consequently, JNK1 phosphorylated SIRT1
on Ser27, Ser47 and Thr530 residues. This modification increased the activity of SIRT1 and induced
its translocation into the nuclei. Interestingly, the activation of SIRT1 by JNKI1 specifically
deacetylated histone H3 but not p53, a major target of SIRTI. This finding implies that ROS can
regulate directly gene expression via the JNKI1-SIRT1 link, in addition to their effects mediated
through signaling pathways. On the other hand, Gao et al. [101] demonstrated that the persistent
activation of JNK1 achieved by treatment with insulin or glucose triggered the ubiquitination of SIRT1
protein and subsequently its degradation via proteasomes in mouse liver. The depletion of SIRTI
promoted the appearance of hepatic steatosis in mice. However, the ROS-activated JNK pathway
could also generate a tolerance to oxidative stress and consequently prolong the lifespan in
Drosophila [102]. This may be associated with the JNK-mediated activation of FoxO factors and the
ability of JNK to inhibit insulin signaling [103]. Both of these effects are evolutionarily conserved
longevity mechanisms which can also protect against age-related metabolic diseases.

In addition to modulating the JNK signaling, ROS also control the activation of AMPK, a major
regulator of metabolic homeostasis [104]. Remarkably, AMPK can reciprocally activate SIRT1 by
increasing cellular NAD" synthesis [105]. AMPK is a redox-sensing enzyme, and both oxygen and
nitrogen radicals, i.e., HyO, and NO, can oxidize distinct cysteine residues of AMPK subunits
producing S-hydroxylated and S-nitrosylated thiols which subsequently react with reduced glutathione
(GSH) generating S-glutathionylated derivatives of AMPK components [104]. Zmijevski et al. [106]
demonstrated that H,O, triggered the S-glutathionylation of both AMPKa and AMPKJ subunits, a
modification which increased the activity of the AMPK complex. In particular, the Cys299 and
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Cys304 amino acids in the AMPKa subunit were sensitive towards cysteine oxidation. Furthermore,
Mungai et al. [107] revealed that the hypoxia-induced ROS production triggered Ca" release from the
endoplasmic reticulum stimulating CaMKKf, which subsequently activated AMPK signaling. In
hypoxia, AMPK is activated by mitochondria-derived ROS rather than increased AMP/ATP
ratio [108]. NO can also activate AMPK through the stimulation of CaMKKJ in vascular endothelial
cells [109]. These studies indicate that AMPK is a sensitive redox target as well as a metabolic gauge.
It is well known that AMPK signaling is linked downstream to an integrated signaling network,
including also SIRT1, which controls both the aging process and age-related diseases [110].

Oxidative stress can inhibit the SIRT1 mRNA level by inducing the expression of microRNAs.
Yamakuchi ef al. [111] revealed that miR-34a could bind to 3'UTR of SIRT1 mRNA and inhibit the
SIRT1 expression. Consequently, miR-34a increased the acetylation of p53, a major deacetylation
target of SIRT1, and it could induce a cancer cell apoptosis. Interestingly, there appears to be a
positive feedback loop since p53 can stimulate the transcription of miR-34a, which blocks the
expression of SIRT1, an inhibitor of p53. MiR-34a has several target mRNAs and it controls the cell
cycle, apoptosis and metabolism [112]. MiR-34a also targets the mRNAs of some antioxidants, e.g.,
superoxide dismutase 2 and thioredoxin reductase 2 [113]. Recently, Li ef al. [114] reported that the
expression of miR-34a increased in rat liver with aging, and accordingly the expression of SIRTI
decreased. In endothelial cells, overexpression of miR34a provoked cellular senescence [115]. There is
a substantial literature indicating that oxidative stress can either stimulate or suppress the p53-driven
transcription [116,117], and thus it may control SIRT1 levels via the expression of miR-34a. Moreover,
Guo et al. [118] demonstrated that oxidative stress directly activated ATM protein kinase, an upstream
activator of p53, by inducing the oxidation of specific cysteine residues in ATM protein. However, it is
clear that p53 protein itself can also undergo several context-dependent, redox-related modifications,
e.g., oxidation of cysteines and nitration of tyrosines, which affect its functional properties [117,119].

There are studies indicating that the cysteine residues of SIRT1 are vulnerable to oxidation in
conditions of oxidative stress and that this affects both the activity of SIRT1 and its degradation in the
proteasomes [120-122]. Although SIRT1 inhibits NF-xB signaling and suppresses inflammation
(Section 3.1.), the kind of chronic oxidative stress encountered in inflammatory conditions clearly
down-regulates the expression and activity of SIRT1 [123]. Interestingly, Cai ef al. [122] observed that
the chronic oral administration of the pro-oxidative advanced glycation endproduts (AGE) strongly
reduced the levels of SIRT1 protein in the mouse white adipose tissue, liver and skeletal muscle. This
change was associated with enhanced adiposity and insulin resistance, which are typical features of
type 2 diabetes. Caito et al. [121] reported that oxidant/aldehyde stress increased the appearance of
carbonylation and alkylation of SIRT1 cysteine groups and induced the concomitant degradation of
SIRT1 protein in the proteasomes. They also observed that the redox status, especially the level of
intracellular thiols, affected the loss of SIRT1 during exposure to environmental stress. Oxidative
stress can also induce a transient S-glutathionylation of SIRT1 [124]. Kornberg et al. [125]
demonstrated that SIRT1 could also be nitrosylated via the GAPDH-mediated transnitrosylation
reaction, which clearly reduced the activity of SIRTI1. Moreover, oxidative stress can decrease the
level of NAD" and thus inhibit SIRT1 activity [120]. These studies clearly indicate that SIRT1 enzyme
itself can be the target of oxidative modifications and become inhibited during oxidative stress.
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Caito et al. [121] reported that the exposure of lung epithelial cells to oxidative stress by H,O, and
cigarette smoke extract induced the translocation of SIRT1 from the nuclei to cytoplasm. More
recently, Tong et al. [126] observed that ischemic stress also provoked the translocation of nuclear
SIRT1 to the cytoplasm in cardiomyocytes. They also revealed that SIRT1 was sumoylated in the
nuclei of cardiomyocytes under normal physiological conditions, whereas ischemic stress induced a
desumoylation and translocation of SIRT1 into the cytoplasm. Interestingly, this process was
dependent on the age of animals, i.e., nuclear-to-cytoplasmic shuttling was significantly increased in
aged mice compared to their younger counterparts, which did not exhibit any cytoplasmic translocation.
Moreover, ischemic insult strongly increased the cardiac NAD" level in young mice but not in old
animals enhancing the activity of SIRT1. Yang ef al. [127] demonstrated that the sumoylation of
SIRT1 at Lys734 increased its deacetylase activity whereas desumoylation by SENP1 had an opposite
effect. They also observed that oxidative stress evoked by UV-radiation and H,O, promoted the
interaction of SIRT1 with SENP1 leading to the desumoylation and inhibition of SIRT1 activity. These
studies indicate that sumoylation can enhance the activity of SIRT1, which consequently prevents
apoptotic cell death. In contrast, oxidative stress stimulates desumoylation and exposes
cardiomyocytes to apoptosis. Currently, it is not known whether this mechanism is present in any other
tissues in addition to heart and lung.

4. Age-Related Effects of the Crosstalk between ROS and SIRT1

There is a growing literature revealing that autophagy is impaired with aging and consequently, a
low-grade inflammatory phenotype prevails in aging tissues [5,8,128—131]. Since SIRT1 and oxidative
stress are important regulators of both autophagy and inflammation (see below), it seems that the
context-dependent control of the balance between SIRT1 and ROS may play a crucial role in the
appearance of these hallmarks related to both the aging process and several age-related diseases.
Currently, no distinct mechanism is known through which autophagy would decline during aging or
whether this process actually controls the aging process or not. However, it seems that the deficiency
in autophagy could enhance inflammatory responses in tissues and induce a state called
inflammaging [8].

4.1. Autophagy

Autophagy is an evolutionarily conserved cellular housekeeping mechanism which removes
aberrant cellular constituents or supplies energy by self-eating during starvation [132,133].
Thus, it is not surprising that there are studies indicating that SIRT1 is a potent inducer of
autophagy [11,134,135]. In their seminal work, Lee ef al. [134] demonstrated that SIRT1 could
directly affect autophagic flux by controlling the Atg8 (LC3) and Atgl2 conjugation systems. They
revealed that SIRT1 deacetylated Atg5, Atg7, and Atg8 proteins to stimulate autophagosome
formation, both in vitro and in vivo. Embryonic fibroblasts from these mice could not perform
autophagic induction in response to starvation. These workers also observed that the absence of SIRT1
induced the accumulation of damaged organelles, e.g., abnormally shaped mitochondria, and
disturbances in energy homeostasis in neonatal SIRT1 knockout mice. Moreover, the SIRT1™" mice
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resembled those of Atg5’ in many respects, i.e., both strains displayed disturbances in energy
metabolism and suffered early perinatal mortality.

In addition to the direct control of autophagosome formation, SIRT1 can also regulate autophagy
indirectly via the FoxO signaling. Hariharan et al. [136] demonstrated that SIRT1 deacetylated FoxOl1
during glucose starvation, a condition that stimulates autophagy in cardiac myocytes. Studies
elucidating the mechanism, they revealed that deacetylated FoxO1 could stimulate the expression of
Rab7 protein. Rab7, a small GTP-binding protein, is a crucial factor in the maturation of
autophagosomes and endosomes, inducing their fusion with lysosomes [137]. Hariharan et al. [136]
also reported that the knockdown of Rab7 inhibited the FoxOl-induced autophagy, highlighting the
critical role of Rab7 in the SIRTI1-induced autophagy. Moreover, they demonstrated that the
interaction between SIRT1 and FoxO1 was also required in vivo in the starvation-induced autophagy in
murine heart. Brunet ef al. [59] observed that SIRT1 could deacetylate FoxO3 in response to oxidative
stress and thus improve the cellular stress resistance. Later studies have revealed that FoxO3
stimulated the expression of autophagy-related proteins, e.g., LC3 and Bnip3, and subsequently
induced autophagic protein degradation in skeletal muscle during fasting [138]. Although there are
several studies indicating that the overexpression of SIRT1 can have beneficial effects in the
myocardium, these being probably mediated by autophagy [136,139] as in neurons [140], there is clear
evidence that the long-lasting overexpression of SIRT1 can have deleterious effects on cardiac muscle,
e.g., impairing mitochondrial biogenesis and morphology as well as reducing the functional capacity of
heart [58,141,142]. A persistent, non-physiological overexpression of SIRT1 could expose cells to
excessive autophagy, even autophagic cell death (Figure 1).

There is a mounting literature indicating that ROS are potent inducers of autophagy, at least under
experimental conditions [143—145]. The ability of ROS to initiate autophagy seems somewhat
contradictory in the light of the increased oxidative stress and decreased autophagy present during
aging. Superoxide radicals produced by mitochondria, NADPH oxidases and xanthine oxidases appear
to be the most crucial stimulators, which trigger the autophagic process [143,145,146]. Currently, there
are several mechanisms that are known to be involved in mediating ROS-induced autophagy in
experimental contexts but what is their role in autophagy in normal and pathological conditions still
remains to be determined. Scherz-Shouval et al. [147] demonstrated that ROS oxidized the Cys77 and
Cys81 residues of Atg4 protein. Atg4 is a cysteine protease, which cleaves Atg8 (LC3) and thus
prevents the lipidation required for autophagosome formation. Several antioxidants were able to
abolish the lipidation of LC3 and subsequent autophagy. They also reported that the autophagy
induced by starvation was dependent on the ROS-mediated LC3 inactivation.

The presence of ROS can also control autophagy via the activation of different protein kinases, e.g.,
JNK1 and AMPK (Section 3.2.). Wei et al. [148] demonstrated that JNK1 phosphorylated the Bcl-2
protein, which induced the dissociation of Bel-2 from Beclin 1, and consequently activated autophagy.
Beclin 1 is a crucial stimulator of autophagosome formation. Interestingly, these workers observed that
starvation-induced autophagy was dependent on the JNK1 activation, probably stimulated by ROS (see
below). Park ef al. [149] revealed that JNK1 activation could upregulate Beclin 1 expression and
induce Bcl-2 and p53 phosphorylation, leading to autophagic cell death. JNK1 can also trigger
autophagy by increasing the expression of Sestrin 2 [150]. However, the autophagic responses induced
by the JNK pathway seem to be context-dependent in different tissues. Xu ef al. [151] established a
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mouse model conditionally deficient of Jnk gene in neurons. Surprisingly, they observed that the
neurons of these mice displayed an increased autophagy, which was mediated via the
FoxO/Bnip3/Beclin 1 pathway. Moreover, Sarkar et al. [152] demonstrated that nitric oxide (NO), in
contrast to ROS, inhibited JNK1 by S-nitrosylation and subsequently suppressed autophagy in rat
primary neurons. However, Wang et al. [102] demonstrated that JNK signaling could induce a gene
expression program, which enhanced tolerance to oxidative stress and extended the lifespan of
Drosophila. These contradictory results imply that there are complex interactions, probably tissue and
species-specific, involved in the crosstalk between the redox status and JNK signaling pathway.

In addition to their effects on JNK signaling, ROS can also activate autophagy by stimulating
AMPK [153,154] or p38MAPK [155,156]. Alexander ef al. [153] demonstrated that oxidative stress
activated ATM, which subsequently stimulated AMPK via LKB1. They observed that AMPK
activated TSC2, an inhibitor of mTOR and thus triggered autophagy. AMPK can also induce
autophagy by stimulating ULK1 [157] or FoxO3a [158]. Interestingly, there are several upstream
effectors which activate AMPK in oxidative stress, e.g., (i) ROS-mediated oxidation and
S-glutathionylation of AMPK (Section 3.2.), (ii) ROS-induced leakage of Ca’" and subsequent
activation of CaMKKJ (Section 3.2.) and (iii)) ATM, a cellular damage sensor, particularly that of
genotoxic stress [159]. It seems possible that by activating the AMPK kinase, ROS can control an
integrated signaling network linking AMPK to several longevity factors including p53, CRTC-1,
FoxOs, NF-«kB, NRF2 and Sestrins [110]. Similar to the way that ROS can exert dual responses,
autophagy has also its beneficial health effects and detrimental outcomes in autophagic cell death. In
order to maintain cellular housekeeping, autophagy can control any excessive ROS production by
eliminating dysfunctional mitochondria through mitophagy [160]. However, the age-related decline
in autophagy disturbs the cellular quality control by enhancing the appearance of dysfunctional,
ROS-producing  mitochondria, which trigger inflammatory responses by stimulating
inflammasomes [9].

4.2. NF-xB and Inflammation

The NF-kB signaling is a crucial regulator of immune defense system and an inducer of
inflammatory responses [161]. The NF-kB system is also involved in many housekeeping and survival
functions during cellular stress e.g., by controlling apoptosis, proliferation and energy
metabolism [162—164]. Both SIRT1 and oxidative stress are known to be able to regulate NF-kB
signaling and in that way are crucially involved in the maintenance of cellular homeostasis [64,74]
(Figure 1). There are several studies demonstrating that NF-xB signaling is activated during
aging [165-168]. A low-grade inflammation is a characteristic aging phenotype at both the tissue and
organismal levels as detected by different technical approaches, e.g., by microarrays [129,169]. As
described earlier (Section 3.1.), SIRTI is a potent inhibitor of NF-kB signaling and thus it suppresses
inflammation [64,65]. Many downstream targets of SIRT1 also repress inflammatory responses, e.g.,
AMPK [67] and FoxO factors [170], by inhibiting the NF-kB signaling. Interestingly,
Gillum et al. [171] demonstrated that the expression level of SIRT1 controlled the recruitment of
macrophages into adipose tissue during chronic feeding of a high-fat diet. The reduction of SIRT1
expression in mouse adipose tissue decreased histone H3K9 deacetylation and activated NF-kB
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signaling. Consequently, increased cytokine expression triggered macrophage infiltration. On the other
hand, the overexpression of SIRT1 prevented macrophage recruitment and inflammation during
consumption of the high-fat diet [171]. This study indicated that SIRT1 could also regulate the
expression of inflammatory genes at chromatin level, in addition to direct repression of NF-kB
signaling. Recently, Liu ef al. [172] demonstrated that LPS treatment induced the binding of SIRT1 to
the promoters of TNF-a and IL-1B and the deacetylation of RelA/p65 and histone H4K16
consequently suppressed the expression of these cytokines. Subsequently, SIRT1 formed a mature
repressor complex with RelB to these promoters and thus generated endotoxin tolerance through the
epigenetic reprogramming in THP-1 cells.

The crosstalk between oxidative stress and inflammation is a complex process and there is an
abundant literature focusing on age-related degenerative and inflammatory diseases [173,174]. Briefly,
oxidative stress and excessive presence of ROS are able to stimulate the NF-kB system and thus
generate inflammatory responses [175]. However, there are several activation mechanisms and it
seems to be a cell-type specific process. Moreover, there are reports that ROS can stimulate
inflammation via the activation of inflammasomes and the production of IL-1 and IL-18 cytokines,
which subsequently trigger inflammatory responses [6,9]. Currently, the precise mechanism still needs
to be verified although the TXNIP-mediated activation is the most probable pathway [176]. There is a
plethora of articles indicating that antioxidants, e.g., dietary polyphenols, can inhibit inflammation. It
is well known that many polyphenols, such as terpenoids, are able to inhibit NF-kB signaling and thus
repress inflammation [177,178]. However, clinical experiments have failed to demonstrate any
convincing therapeutic potency [32]. As described earlier, there are copious mutual interactions and a
delicate balance between SIRT1 and ROS signaling which provoke context-dependent responses to
autophagic flux and inflammation. Moreover, there is a reciprocal control network between the
IKK-NF-kB signaling and autophagy [179], which regulates inflammatory responses in a
context-dependent manner. Currently, it seems that aging adds its own distinct flavoring to this balance
and generates the hallmarks of aging process, which are probably context-dependently potentiated in
age-related degenerative diseases.

4.3. SIRT1, ROS and Insulin/IGF-1 Paradox of Aging

The insulin/IGF-1 paradox of aging was discovered in the studies on the long-lived mutants of
Caenorhabditis elegans [180]. Several lines of experiments revealed that the loss-of-function
mutations disturbing the DAF-2 pathway extended the lifespan of C. elegans and could induce the
dauer phenotype [180,181]. The DAF-2 pathway is an ortholog to the mammalian signaling pathway
stimulated by insulin/IGF-1 receptors through the PI-3K/AKT signaling. Many studies have
demonstrated that the inhibition of this evolutionarily conserved signaling pathway can extend the
organismal lifespan, even in mammals [182,183]. The DAF-16/FoxO transcription factors are the
crucial downstream targets of the insulin/IGF-1 cascade, which suppresses the function of FoxO
factors. The insulin/IGF-1 signaling is a somatotropic pathway, which also controls protein synthesis
and many metabolic actions. A deficient activation of this pathway may lead to dwarfism. There are
many models of dwarf mice, which live 20% to 70% longer than their wild type counterparts [184]. As
described in Sections 3.1. and 4.1., FoxO factors stimulate the expression of several antioxidants and
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SIRT1 as well as many autophagy proteins. These responses increase stress resistance, which is a
hallmark of long-lived organisms [185]. Moreover, it is known that the insulin/IGF-1 pathway can
enhance inflammation via the activation of the AKT/IKK/NF-kB signaling. Therefore, the repression
of insulin/IGF-1 signaling could also reduce the level of inflammatory responses [186,187]. On the
other hand, increased IKK[ activation can induce insulin resistance, e.g., in liver, by increasing
systemic level of inflammatory mediators [188].

Growth hormone stimulates the synthesis of IGF-1 in the liver but several tissues can also produce
tissue-specific IGF-1 isoforms for paracrine and autocrine actions. For instance, the cardiac and
skeletal muscles and the brain can synthesize IGF-1 peptide isoforms for local regulation [189—-191].
Recent studies have indicated that the IGF-1 isoforms expressed by liver or locally in tissues have
clearly different functional properties. Vinciguerra et al. [191] demonstrated that the local, mIGF-1,
rather than the systemic IGF-1 isoform increased SIRT1 expression and its catalytic activity in mouse
cardiomyocytes. Several studies indicate that mIGF-1 can protect the heart against oxidative stress and
the angiotensin Il-induced hypertrophy of cardiomyocytes [191-193]. Vinciguerra et al. [193]
confirmed that the protection against oxidative stress was dependent on the SIRT1 activity in
transgenic mIGF-1 mice. They also revealed that JNK-1 activity was required for the induction and
activation of SIRT1 in mouse cardiomyocytes. This observation clearly indicates that mIGF-1 and
IGF-1 have distinct signaling pathways and SIRT1 is linked to the regulation of local IGF-1.

There are controversial observations on the role of SIRT1 in the neuronal survival associated with
the insulin/IGF-1 signaling [189,194-196]. Li et al. [195] observed that the inhibition of SIRT1
increased oxidative stress resistance in the cultured rat neurons. A reduced level of oxidative stress and
lipid peroxidation markers in the brains of SIRT1 knockout mice were also recorded. In addition, the
inhibition of SIRT1 increased the acetylation but decreased the phosphorylation level of IRS-2 protein
which is a key component in the insulin/IGF-1 signaling. This implies that SIRT1 can enhance the
insulin/IGF-1 signaling. Zhang [197] detected that SIRT1 deacetylated IRS-2 protein which crucially
increased the phosphorylation of IRS-2 and promoted insulin/IGF-2 signaling. It seems that SIRT1 is
involved in the regulation of the insulin/IGF-1 aging paradox through the IRS-2 and FoxO signaling
(Section 3.1.).

5. Conclusions

Accumulating evidence indicates that there is a need to refine the two present aging dogmas, i.e.,
the free radical theory of aging and the role of SIRT1 as a major longevity factor. Recent studies have
revealed that ROS, at the physiological level, are crucial signaling molecules and SIRT1 protein is an
important survival factor but not the fountain of youth. Furthermore, there is a complex interplay
between the regulation of cellular activity of SIRT1 and the presence of ROS. In a context-dependent
manner, these factors can control reciprocally each other’s functional activities, directly or via an
integrated signaling network. ROS and SIRT1 are major regulators of autophagy and inflammatory
responses, both of which are disturbed in the aging process. It seems that there is an optimal balance
between the level of ROS production and SIRT1 activity, which confers the most favorable benefits on
the health span; consequently, maintenance of this balance can even extend the lifespan of

an organism.
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