Cell. Mol. Life Sci. 65 (2008) 10491058
1420-682X/08/071049-10

DOI 10.1007/s00018-008-7461-3

© Birkhduser Verlag, Basel, 2008

Review

ICeIIuIar and Molecular Life Sciences

Interaction of aging-associated signaling cascades: Inhibition of
NF-kB signaling by longevity factors FoxOs and SIRT1

A. Salminen™"*, J. Ojala®, J. Huuskonen®, A. Kauppinen®, T. Suuronen® and K. Kaarniranta*

2 Department of Neuroscience and Neurology, University of Kuopio, P.O. Box 1627, 70211 Kuopio (Finland),

Fax: 4358 17162048, e-mail: antero.salminen@uku.fi

® Department of Neurology, University Hospital of Kuopio, P.O. Box 1777, 70211 Kuopio (Finland)
¢ Department of Ophthalmology, University of Kuopio, P.O. Box 1627, 70211 Kuopio (Finland)

Received 4 October 2007; received after revision 7 November 2007; accepted 9 November 2007

Online First 15 January 2008

Abstract. Research on aging in model organisms has
revealed different molecular mechanisms involved in
the regulation of the lifespan. Studies on Saccharo-
myces cerevisiae have highlighted the role of the Sir2
family of genes, human Sirtuin homologs, as the
longevity factors. In Caenorhabditis elegans, the daf-
16 gene, a mammalian homolog of FoxO genes, was
shown to function as a longevity gene. A wide array of
studies has provided evidence for a role of the
activation of innate immunity during aging process

in mammals. This process has been called inflamm-
aging. The master regulator of innate immunity is the
NF-kB system. In this review, we focus on the several
interactions of aging-associated signaling cascades
regulated either by Sirtuins and FoxOs or NF-kB
signaling pathways. We provide evidence that signal-
ing via the longevity factors of FoxOs and SIRT1 can
inhibit NF-xB signaling and simultaneously protect
against inflamm-aging process.
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Introduction

Traditionally, aging research has attempted to devise
plausible mechanisms to explain the aging process.
During the last decade, molecular research has
focused on the aging mechanisms of several model
organisms, such as the budding yeast Saccharomyces
cerevisiae and the nematode Caenorhabditis elegans.
This approach has been profitable in unraveling the
complex molecular mechanisms behind the aging
process in these model organisms. The Sir2 family of
genes governs the budding exhaustion in S. cerevisiae
[1,2] and the daf-16 gene regulates lifespan extension
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in C. elegans [3, 4]. Both of those genes are conserved
during evolution and several homologs of Sirtuins and
FoxOs (daf-16 homologs) have been cloned in mam-
mals. The relevance of these models for illustrating
mammalian aging has been criticized [5-7]. For
instance, the yeast model seems to mimic better
cellular senescence rather than organism aging. Since
C. elegans is a continuously growing organism, it may
be more useful in elucidating the role of signaling
pathways specialized in growth and cellular resistance,
such as insulin/IGF/PI3K pathway. Furthermore,
germline signaling occurs in C. elegans [8], but this
does not probably take place in mammals.

Several studies have highlighted the direct correlation
between cellular resistance and lifespan of lower
organisms [9-12]. This is attributable to hormesis and
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resistance to age-related stress. Effective defense
mechanisms against inherent cellular stress and envi-
ronmental attacks are essential for successful aging
process and long lifespan. Innate and adaptive im-
munity are the major defense mechanisms in the
higher organisms. Innate immunity is already present
in unicellular organisms but novel mechanisms of
adaptive immunity have developed during evolution
in the defense capabilities of multicellular organisms
[13]. The pattern recognition receptors and signaling
pathways involved in innate immunity have been
highly conserved during evolution. The master regu-
lator of innate immunity is the evolutionary ancient
NF-kB signaling system [14]. Interestingly, the effi-
ciency of adaptive immunity significantly declines
during aging, whereas innate immunity is clearly
activated. This induces a pro-inflammatory condition
called inflamm-aging [15-17]. The role of NF-xB
signaling is important in organism defense since it
links the inherent system with that devoted to
responding to environmental danger signals and in
that way organizes the cellular defense [18-20].

Simultaneously with the discoveries in molecular
aging mechanisms, enormous progress has been
made in our understanding about cellular signaling
cascades and interactions of different pathways in the
regulation of gene expression. Several key players
have been discovered in aging research that are
important participants in signaling networks: FoxOs
and NF-kB are transcription factors, and Sirtuins are
the protein deacetylases that regulate the activity of
FoxOs and NF-kB (Fig. 1). In this review, we postulate
that the aging-associated signaling cascades regulate
each other and all interactions affect the final outcome
of the signaling network. Aging-associated signaling
may represent the lifespan extending, longevity reg-
ulation, or the age-related degenerative, pro-aging
signaling. We propose that the signaling cascades
mediated via Sirtuins and FoxO represent the lifespan
extending, anti-aging type of regulation. Conversely,
NF-«B signaling enhances the tissue atrophy and
inflammation and supports inflamm-aging. We also
provide evidence that the signaling via longevity
factors FoxOs and SIRT1 can inhibit the NF-xB
signaling and simultaneously protect against inflamm-

aging.

Longevity regulation: Signaling via FoxOs and
Sirtuins

Daf-16/FoxO family of C. elegans longevity genes

C. elegans is a nematode that has been extensively
studied in aging paradigms [21]. C. elegans has a short
lifespan and it is able to enter a developmental
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Figure 1. Schematic representation of the molecular interactions
between longevity signaling mediated by FoxOs and inflamm-aging
signaling involving NF-«B system. More details are presented in
the text.

diapause state, i.e., the dauer larva stage, in unfavor-
able environmental conditions [22,23]. The formation
of the dauer stage involves the induction of alternate
metabolism regulated by endocrine changes [4]. Over
30 dauer pathway genes have been cloned and named
as daf genes [24,25]. The most extensively studied and
important of dauer pathways is the DAF-2 pathway,
which includes DAF-2 (homolog to mammalian
insulin/IGF-1 receptor), AGE-1 (PI-3K), DAF-18
(PTEN) and DAF-16 (FoxOs). Mutations in the
genes of the DAF-2 pathway considerably extend
the lifespan and can induce a dauer stage in the larva
[23, 25, 26]. The DAF-2 pathway is an analog to
mammalian insulin/IGF pathway and DAF-16 (the
homolog to mammalian FoxOs) seems to be a key
factor in the longevity regulation in C. elegans. DAF-
16 is a transcription factor that has numerous target
genes, many of which regulate stress resistance and
longevity [27-29]. Assurance of energy availability
may be the main function of DAF-16 in C. elegans
supporting the disposable soma theory of aging [30].
The mammalian FoxO gene family contains four
members: FoxOl (earlier FKHR), FoxO3
(FKHRLY1), FoxO4 (AFX) and FoxO6 [31, 32]. The
function of FoxOs is regulated by phosphorylation,
acetylation and ubiquitination [31-33] with phosphor-
ylation being the most critical since it regulates the
nucleo-cytoplasmic shuttling of most FoxO factors,
except that of FoxO6 which is a nuclear factor. The
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insulin/IGFs/PI-3K/Akt pathway phosphorylates
FoxO proteins ensuring their retention in cytosol in
acomplex with 14-3-3 protein. Mutations in the genes
or a decline in insulin/IGF signaling induce the
translocation of FOXO proteins to the nucleus and
the activation of target gene transcription [31-34]. In
addition to the major FoxO kinase, AKT kinase,
several other kinases, such as SGK (serum and
glucocorticoid-regulated kinase), JNK (c-N-Jun ter-
minal kinase), IKK (IkB kinase), CK1 (casein kinase),
CDK?2 (cyclin-dependent kinase-2) and DYRK (dual-
specificity regulated kinase) can phosphorylate all or,
in a specific manner, some of the FoxO proteins,
affecting not only the translocation but probably also
the transactivation efficiency of FoxO proteins
[31-35]. Interestingly, FoxO proteins can link together
different aging-associated transduction pathways,
such as AKT, JNK and IKK regulated pathways (see
below).

With respect to aging, it seems that the DAF-2/DAF-
16 connection has been conserved during evolution.
The insulin/IGF pathway may have a profound role in
the regulation of mammalian aging process either
directly via transactivation of the FoxO target gene or
via FoxO-dependent inhibition of NF-xB signaling
(Fig. 1). Klotho mice may represent a good mamma-
lian example of the role of the insulin/FoxO cascade in
the pathway to extending lifespan [36]. In 1997, Kuro-
o et al. [37] cloned a klotho gene, the mutation of
which leads to a progeroid syndrome resembling
ageing in mouse. Importantly, the overexpression of a
functional Klotho protein extended the lifespan of
mice and hence Klotho can be viewed as an aging
suppressor gene [38].

Recently, it was observed that Klotho functions as a
cofactor that activates FGF-23 signaling [39]. This
observation indicates that it is not Klotho deficien-
cy, which is the primary cause of accelerated aging
but rather its absence, which leads to the impaired
FGF-23 signaling [40]. Studies attempting to deter-
mine the Klotho-dependent receptors and signaling
are currently ongoing. Kurosu et al. [38] observed
that Klotho represses the intracellular signaling of
insulin and IGF-1, and hence can activate FoxO
signaling and induce the resistance to oxidative
stress, one of the hallmark functions of FoxO
proteins [41].

Long-lived dwarf mice may be another example of the
role of insulin/IGF-1 regulation in mammalian lon-
gevity [36,42]. Lack of growth hormone (GH) reduces
hepatic synthesis of IGF-1 and reduces insulin/IGF-1
signaling and causes a dwarf phenotype but does
extend the lifespan. Ames and Snell dwarf mice as well
as several transgenic mouse lines have been examined
and links found between GH deficiency, insulin
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signaling and life extension. Bartke and Brown-Borg
[42] have extensively reviewed the topic.
Summarizing, FoxO transcription factors are situated
at a crossroads (Fig. 1) linking endocrine signaling and
stress-related signals, e.g., those from JNK and IKKs.
The FoxO factors undertake interactions with several
other transcription factors, e.g., with NF-kB and p53,
and thus can regulate the cellular survival responses,
including metabolic, stress resistance and cell-cycle
responses, and ultimately longevity [34, 43].

Sirtuins: Longevity regulation via protein acetylation
The seven mammalian sirtuins are yeast Sir2 (silent
information regulator 2) homologs and an evolution-
ary conserved class III type of NAD-dependent
protein deacetylases [44—46]. Sir2 is the gatekeeper
to the budding type of aging in Saccharomyces
cerevisiae [1, 2, 26]. Although mammalian aging
does not proceed via the accumulation of extrachro-
mosomal rDNA circles, as has been shown to be the
case in S. cerevisiae, sirtuins have been demonstrated
to be important regulators of cellular metabolism,
survival and longevity [47-50].

SIRT1, the most extensively studied of the sirtuins,
represents a perfect example of the interactions
between aging-associated signaling cascades (Fig. 1).
SIRT1 is a selective activator of FoxO signaling but
simultaneously also an inhibitor of the NF-xB path-
way [51-53]. This type of regulation can enhance the
FoxO-dependent longevity functions, while inhibiting
NF-«B-dependent pro-aging processes of inflamm-
aging (see below). It seems that FoxOs/Daf-16 and
sirtuins/Sir2 longevity genes have several overlapping
activities both in C. elegans [54] and in mammalian
systems [52, 55]. For instance, the interplay between
FoxOs and SIRT1 potentiates the resistance to
oxidative stress and enhances the cell-cycle arrest,
two properties that promote cellular survival and
longevity of organism. It seems that the sirtuins can
affect longevity through different mechanisms. For
instance, SIRT1 can enhance the nuclear translocation
and trapping of FoxO1 [56] and probably promote
target gene-specific transcription [53]. SIRT2 in turn
increases the DNA binding of FoxO proteins [57].
Furthermore, sirtuins have also FoxO-independent
longevity enhancing functions, e.g., SIRT6 promotes
the DNA repair [58].

Inflamm-aging: Pro-aging signaling via NF-kB system

Signaling via FoxOs and sirtuins represents the
longevity regulation, which increases the cellular
resistance and maintains homeostasis, and in that
way can extend lifespan of the organism. Theoret-
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ically, a deficiency of aging suppressors should lead to
a premature aging phenotype and conversely the
potentiation of longevity regulation via FoxOs and
sirtuins should extend the lifespan but also produce an
aging phenotype. However, the more probable sce-
nario is that the signaling via FoxOs and sirtuins can
protect against pro-aging signaling, i.e., cascades that
accelerate aging process. Aging research has devised
several theories about pro-aging mechanisms, such as
oxidative stress [59] and DNA damage [60, 61]. One
common denominator, linked to evolutionarily con-
served defense systems, might be the activation of
innate immunity during aging. The major regulation
pathways of innate immunity all impinge on the NF-
kB system. Interestingly, longevity factors, FoxOs and
sirtuins, are the inhibitors of NF-kB system (see
below).

Activation of innate immunity during aging
Immunosenescence is a well-characterized decline in
the function of the adaptive immune system occurring
during aging [15-17, 62-65]. Age-related remodeling
in adaptive immunity involves many facets, e.g.,
thymic involution, alterations in T cell subsets, and
reduction in antibody production. Although the
efficiency of adaptive immunity declines, the inci-
dence of autoimmune responses increases in the
elderly [65]. Age-associated immunosenescence in
adaptive immunity increases the burden on the
activity of the innate immunity system. Antigenic
stress, either external or inherent, associated with
oxidative stress leads to a low-level but chronic pro-
inflammatory phenotype. Franceschi et al. [16] termed
this age-related immune status “inflamm-aging”.
Different research approaches have confirmed the
presence of this age-associated pro-inflammatory
phenotype [17, 67-70].

We have observed that the DNA-binding activity of
nuclear NF-kB complexes is increased in the tissues of
old mice and rats [71-73]. However, the nuclear
DNA-binding pattern of the NF-xB complexes was
similar in young and old animals, indicating that aging
does not affect the protein composition of the NF-xB
complexes. The DNA-binding activity of several other
transcription factors was unaffected or decreased, e.g.,
those of AP-1 and Sp1 factors [71-73]. In agreement
with the EMSA results, the protein levels of p52 and
p65 were also clearly increased in the nuclear but not
in cytoplasmic fractions in old rodents [73]. Ageing
did not affect the protein levels of the main IkB
inhibitors, IKK subunits, or NIK protein. The expres-
sion levels of p52 and p65 mRNAs, as well as those of
IxB o/ mRNAs were unaffected by aging [73]. These
observations imply that the retention of NF-«xB
proteins in the nuclei may increase during aging.

Interactions of aging-associated signaling

Toll-like receptors (TLRs) are the major host defense
receptors recognizing a variety of pathogen-associat-
ed molecular patterns, either invading pathogens
(PAMPs) or damage-associated molecular structures
(DAMPs) [74, 75]. TLR signaling is linked to the NF-
kB system via a variety of adapter proteins and
kinases. Most inflammatory signals, either mediated
via TLRs or cytokine receptors, occur due to activa-
tion of the IKKo/IKKf kinase complex [19, 74]. The
signaling of several other PAMP (or DAMP) recep-
tors, such as NODs and NALPs, is also connected to
the NF-kB system [76, 77]. It seems that an ancient
host defense signaling system, NF-kB signaling, sits at
the crossroads receiving signals from PAMPs and
DAMPs and inducing inflammatory responses to
maintain the viability of organism.

Signaling via NF-kB: All roads lead to NF-xB

Over 20years ago, Lenardo and Baltimore [78]
proposed that the NF-kB system is a pleiotrophic
mediator of inducible and tissue-specific gene control
— a truly remarkable insight. There are several
similarities but also distinct differences in the signal-
ing between FoxOs and NF-kB systems [20, 31-34,
79-82]. Both factors are normally trapped in the
cytoplasm, FoxOs to 14-3-3 protein and NF-xB
components to IkB proteins. However, NF-kB be-
comes activated after phosphorylation, while FoxOs
are inactivated, e.g., by PI-3K/Akt (Fig. 1). Only a few
kinases can phosphorylate IkB proteins and release
the cytoplasmic NF-xB factors from their inhibitors.
The IKKs are the major kinases, but CKII (induced by
UV stress) and JNK (induced, e.g., by oxidative stress)
can also activate the NF-kB system [20, 81].

The IKK complexes, consisting of IKKa, IKKf and
their regulator protein NEMO, are the major integra-
tors of signals from different pathways [80-84]. The
canonical pathway involves the signals from TLRs and
several cytokine receptors that are mediated via IKK[
and inactivate IkB proteins. Atypical pathway, the
NEMO-mediated signaling, involves the genotoxic
signals from the nuclei. This pathway is linked to IKK
activation via ATM [82]. The non-canonical pathway
mediating signals from CD40, lymphotoxin and
BAFF/BLys receptors is IKK dependent but IkB
independent, and regulates NF-kB activation via the
p100 (NF-kBp52) processing. There are several kin-
ases upstream from IKKs, such as ATM, TAKI,
MEKK3, NIK, NAK, and, interestingly, PI-3K/AKT,
an inhibitor of FoxOs, linking several growth factor
receptors to the activation of IKKa [83, 84]. IKKa and
IKKp have very different upstream signaling and
downstream targets [81]. In general, IKK3 mediates
the innate immunity responses, as well as cancer
signals via a variety of distinct upstream and down-
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stream pathways [20]. Interestingly, IKKf phosphor-
ylates and thus inactivates FoxO3 protein, a tumor
suppressor, and in this way can increase cell prolifer-
ation [20].

Several protein kinases, e.g., GSK-33, MSK1, RSK1,
PKA, PKCT and PI-3K/AKT can also phosphorylate
NF-«B proteins directly, mostly the RelA (p65) com-
ponent, and regulate their transcriptional function [76,
79, 80]. Furthermore, the site-specific acetylation of
RelA (p65) protein via PCAF and p300/CBP enhances
the transcriptional efficiency of the NF-kB complexes
[79]. Interestingly, SIRT1 can deacetylate Rel A protein
and inhibit the signaling via NF-kB (see below). Protein
sumoylation also regulates the efficiency of NF-«B
signaling. The response can either enhance or inhibit
the transactivation efficiency, depending on the protein
component sumoylated [85].

Pro-aging output of NF-xB signaling: Inflammation
and tissue atrophy

The NF-kB transcription factor system is very com-
plex both at the upstream signaling level and the
transcriptional downstream level. A multitude of
signals as well as the co-activators and repressors
regulate the transactivation specificity and expression
level. The question arises, how can such a pleiotrophic
factor regulate pro-aging responses? The major
function of NF-kB system is to induce inflammation
and innate immunity responses [81, 84, 86]. TLR-
induced signals, as well as inherent DAMPs, can
expand and interact in signaling networks, e.g., via
cytokine production, the activation of different cyto-
kine receptors, and their downstream signaling, such
as via the JAK-STAT pathway [87]. Furthermore, RIP
kinases can integrate the signals from different path-
ways and activate NF-kB and JNK signaling [88]. It is
difficult to predict the genome-wide response of this
kind of self-supporting enhancing mechanism. Several
profiling studies related to NF-kB-dependent gene
networks have been reported (e.g., [89]) but the
responses have appeared to be highly specific for
different inducers and cell types.

In addition to the regulation of innate immunity, NF-
kB factors are essential for the development and
functions of T and B lymphocytes, dysregulation of
these cells causes many diseases [64, 90, 91]. Kumar et
al. [90] have listed the genes whose expression is
regulated by NF-xB, as well as the major diseases
associated with functional changes in NF-kB system.
Most of the diseases are chronic and aging-associated
degenerative diseases. For example, the role of NF-xB
signaling via the RANKL-RANK (receptor activator
of NF-«kB) is recognized in the development of
osteoporosis [92]. Furthermore, the activation of
NF-«B signaling may be the major signaling pathway

Review Article 1053

causing tissue atrophy associated with cachexia and
sarcopenia [93, 94]. Cytokine TNF-a, earlier known as
cachectin, promotes NF-«xB signaling to activate the
expression of MuRF1, E3 ubiquitin ligase, which
enhances the proteasome-mediated tissue atrophy in
muscle. In addition, FoxO pathway also regulates the
expression of atrogin-1, another E3 ubiquitin ligase,
and enhances muscle proteolysis and atrophy [95].
NF-«B signaling has a major role in the anti-apoptotic
signaling and the development of cellular resistance
against apoptosis [96-98]. However, increased resist-
ance to apoptosis may expose dividing cells to cancer-
ous proliferation. Thus, NF-xB signaling represents
the link between inflammation and cancer develop-
ment and progression [99]. Inhibition of apoptosis is
mediated by the expression of IAPs (inhibitor pro-
teins of apoptosis), such as c-FLIP, Bcl-xL, c-1AP1, c-
IAP2 and XIAP. NF-xB inhibits also apoptosis by
inhibiting the function of JNK [100]. The resistance to
apoptosis has been believed to be a double-edged
sword, since any decline in apoptosis can lead to the
accumulation of functionally defective proteins and
activate danger-recognizing DAMP receptors. It
seems that the activation of innate immunity, in-
creased NF-«B signaling and the apoptotic resistance
could induce the age-related accumulation of cellular
waste products, the so-called ”garbage-can hypothe-
sis” of aging [101, 102].

The NF-kB system is a pleiotrophic signaling mediator
(see above) and the output is most probably age
dependent. Generally, inflammation and the activa-
tion of NF-«xB system protect tissues and organisms
against pathogen attacks and traumatic tissue damage.
This is especially important in young organisms to
protect the reproduction but later in the life the
pleiotrophic functions of the NF-xB system may carry
out the disposable soma program.

Antagonistic interactions between FoxOs and NF-xB
pathways

FoxO/DAF-16 is involved in cellular resistance
against different stresses, e.g., against oxidative stress,
as well as the extension of lifespan in C. elegans [28,
29]. The mechanism of how it extends lifespan is still
largely unknown, although the resistance against
several inherent and environmental stresses including
anti-apoptotic and anti-mitotic responses is the major
candidates for longevity. The key question is still
whether a 1-mm worm represents a valid model of
mammalian aging. Several critical opinions have been
raised in this debate [6, 7, 103]. In this review, we
emphasize that the immunity system of C. elegans is
faint and less developed than the corresponding
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system in mammals [104, 105], the NF-xB system is
absent, and most importantly, in mammals FoxO
proteins are important immune regulators [106, 107].
It seems that during evolution, FoxOs and NF-«B, two
ancient regulators of gene expression, have establish-
ed interactive signaling connections. Here we demon-
strate that two ancient longevity factors, DAF-16/
FoxOs and SIRT1, are directly or indirectly the
inhibitors of NF-xB function (Fig. 1). This antagonis-
tic regulation supports the inflamm-aging theory of
aging in mammals.

FoxOs inhibit NF-xB signaling

Stanford Peng and his colleagues [107, 108] have
studied the regulation of mammalian immune system
by FoxO proteins. They have observed that FoxO3a
deficiency in mice leads to a spontaneous proliferation
in lymphoid organs and elevated inflammation in
several tissues. Autoinflammation was associated with
the presence of hyperactivated helper T cells that
secreted a higher amount of Th1l and Th2 cytokines.
They convincingly displayed that FoxO3a protein can
inhibit NF-kB activation (Fig. 1) and that the auto-
inflammation encountered in FoxO3a-deficient mice
was due to the overactivity of the NF-«xB system and the
activation of helper T cells [108]. They also observed
that the protein levels of inhibitor proteins of NF-«xB,
IxBp and IxBe, were significantly reduced in the T cells
of FoxO3a-deficient mice. The effect of FoxO3a on the
expression of IkB proteins is probably indirect and
mediated via Foxjl, an anti-inflammatory transcrip-
tional factor that is known to regulate the expression of
IkB genes [107, 108]. These results are interesting with
respect to aging since Spencer et al. [109] have observed
that the constitutive activation level of NF-kB system
was clearly increased in the major lymphoid tissues and
cells, including spleen, bone marrow, and mesenteric
and peripheral lymph nodes in old mice. T and B
lymphocytes and macrophages isolated from the spleen
of old mice displayed a prominent increase in nuclear
DNA-binding activity of NF-kB factors compared to
the cells from adult mice [109].

FoxO factors are important regulators of different
kinds of stress resistance, including apoptotic stress and
oxidative stress, as well as acting as metabolic regu-
lators and cell-cycle inhibitors [34]. The inhibitory
response of FoxO factors on the NF-«B system could be
induced by some stress resistance factor, other than IxB
proteins [110]. For instance, Hsp70 inhibits NF-xB
system and attenuates inflammatory responses [111].
Furthermore, FoxO factors and the NF-kB system
exhibit antagonistic effects in cell-cycle regulation.
FoxO factors are potent cell-cycle inhibitors but the
NF-kB system is a well-known tumor promoter [112,
113]. The interaction of FoxOs and NF-«xB in tumori-
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genesis is largely unknown, although two mechanisms
have been proposed: either insulin/IGF/PI3K/Akt-
induced down-regulation of FoxO function relieves
the activation of NF-kB (see above) or IKKf activation
in inflammation blocks the activation of FoxO factors
[35, 113], which could potentiate NF-kB function, not
only in inflammation but also in tumor progression
(Fig. 1). The interaction between FoxO and NF-«B
signaling could be a sensitive balance regulating the
cellular fate between senescence and the risk of
cancerous cell-cycle escape. This topic has been thor-
oughly reviewed by Campisi [114].

IKKSs and JNKSs: Opposite regulation of FoxOs and
NF-xB

The function of FoxO factors and NF-«xB system has
been strictly regulated by post-translational regula-
tion [20, 32-34, 79-84]. Both the FoxO proteins and
NF-xB components have been regulated by phos-
phorylation, acetylation, and ubiquitination. The most
interesting protein kinases with respect to aging are
JNK and IKKs along with PI3K/Akt, which displays
antagonistic effects in the regulation of FoxO and NF-
kB. PI3K/Akt signaling inhibits FoxOs, but, in con-
trast, activates NF-xB [115] (Fig. 1). The logic of this
type of regulation would be that it represents one way
of maintaining the growth and survival of cells.
Inhibition of FoxOs promotes growth and the activa-
tion of NF-xB prevents apoptosis. The risk of this kind
of regulation is the cancerous escape of the cells,
especially senescing cells. From the prospect of
longevity, this has a synergistic benefit since any
inhibition of the PI3K/Akt signaling activates FoxO
and supports cellular resistance, while a reduction of
NF-«B signaling might reduce the inflammatory and
atrophic responses and combat against the process of
inflamm-aging.

JNK and IKKs are the two major kinases mediating
stress and inflammation signals to FoxOs and NF-«B,
and both have connections to aging-associated signal-
ing (Fig.1). Stress-responsive JNK can extend the
lifespan in C. elegans and Drosophila by activating
FoxO factors [116, 117]. Furthermore, it is known that
JNK can antagonize Akt-mediated signaling by phos-
phorylating 14—-3-3 protein and promoting the trans-
location of FoxO3a to the nuclei [118]. Oxidative stress
and several environmental insults can activate JNK,
which activates FoxOs and hence mediates the protec-
tion against oxidative stress (e.g., [119]). JNK also
suppresses insulin/IGF signaling [119], which poten-
tiates the FoxO response (Fig. 1). However, it is known
that the FoxO regulation involves both cell-type and
stimulus-specific responses. For instance, the MST-
FoxO activation leads to cell death in mammalian
neurons but to lifespan extension in C. elegans [120].
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Inflammation cascades from TLRs and some cytokine
receptors not only activate IKKs but also JNK via the
TRAF/TRIF connection (Fig.1). The integrating
kinase is TAK1, which can activate both IKKf} and
JNK [121]. The TAK1-mediated JNK activation is
linked to the AP-1 activation, which provokes and
maintains an inflammatory response. Furthermore,
the inflammatory signals impinging on IKKf can
inhibit the FoxO3a factor, promoting cell proliferation
and tumorigenesis in chronic inflammation [35].
There is also crosstalk between NF-xB and JNK
[122]. NF-«kB signaling activates the expression of
Gadd45p which inhibits MKK7, an upstream kinase of
JNK, and hence NF-kB can inhibit apoptosis via JNK
signaling (Fig. 1). This control is especially important
in inflammatory cells to protect these cells from
undergoing apoptosis due to the presence of chronic
inflammation. Overall, it seems that pro-inflamma-
tory signaling can antagonize longevity regulation via
JNK and FoxO. Simultaneously, the down-regulation
of FoxOs exposes cells to the risk of proliferation and
cancer progression.

SIRT1: Opposite regulation of FoxOs and NF-xB
Protein acetylation is an important post-translational
regulation mechanism acting on FoxOs and NF-xB
proteins [33, 34, 123]. SIRT1, a member of the sirtuin
family of longevity factors, regulates the function of
FoxOs and NF-«xB by protein deacetylation. Interest-
ingly, SIRT1 activates the function of FoxOs, whereas
simultaneously SIRT1 is an inhibitor of NF-«B signal-
ing [51-53] (Fig.1). SIRT1 enhances the nuclear
translocation of FoxOs and probably regulates the
gene-specific transcription [53, 56], while SIRT2 can
increase the DN A-binding efficiency of FoxO proteins
[57]. SIRT1 can inhibit the NF-kB-mediated trans-
activation either by deacetylating the RelA/p65 sub-
unit of NF-xB complex [51] or by interacting with
TLE1, a transcriptional co-repressor, in the NF-xB
complex [124]. This type of antagonistic regulation of
SIRT1 between FoxOs and NF-«kB would provide
synergistic benefits for longevity. The activation of
FoxO signaling can support the cellular viability, e.g.,
by providing resistance against oxidative stress,
whereas the inhibition of NF-kB signaling can reduce
inflammatory and atrophic responses and combat
against inflamm-aging.

Lifespan extension: Via enhancing longevity
regulation or inhibiting pro-aging regulation?

Studies on the molecular mechanisms of longevity
regulation originate from work done in S. cerevisiae
and C. elegans. The families of Sir2 and FoxOs have
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expanded during evolution, but also new aspects in
respect of aging process have emerged during aging.
For instance, evolution has greatly intensified the
power of the immune system in the host defense, at the
same time as there has been an extension of lifespan.
There is no NF-xkB system in C. elegans and the
immune system is not comparable to that of mammals.
Also cancer does not appear in C. elegans, probably
due to the life-long growth process in this organism. In
these respects, it is relevant to remember that
evolution has tipped to the reproduction and cellular
resistance.

It seems that metabolism has been the consistent
theme in lifespan regulation during evolution. Caloric
restriction extends the lifespan in organisms from
budding yeast to mammals [125-127]. However, the
mechanism to explain this phenomenon is still un-
known, although the longevity genes, especially
SIRT1 has been proposed to be involved in C. elegans.
In mammals, the mechanism may be more complex,
since caloric restriction induces also resistance to
inflammation [128] and causes hormonal changes,
such as release of glucocorticoids [129] which are
powerful inhibitors of NF-kB system and inflamma-
tion [130]. Energy availability, especially extreme
dauer stage formation, may be crucial in the life of
worms and flies [30] but in mammals the luxurious
dauer state seems to be replaced with immunity
defenses. Progeroid syndromes, such as the Werner
and Hutchinson-Gilford syndromes, are not energy
availability syndromes but originate due to the defects
in DNA stability and repair [131]. Furthermore,
several animal models of accelerated aging, such as
Klotho and SAMP8 mouse models [40, 132, 133], are
not energy deficiency syndromes, and most probably
not related to Sir2-FoxO longevity regulation. It
seems that the accelerated aging syndromes could be
inherent danger syndromes and involve signaling via
DAMP receptors to activate NF-kB system and
inflamm-aging process [75, 134].
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