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Synopsis Although aging is a ubiquitous process that prevails in all organisms, the mechanisms governing both the rate

of decline in functionality and the age of onset remain elusive. A profound constitutively upregulated cytoprotective

response is commonly observed in naturally long-lived species and experimental models of extensions to lifespan (e.g.,

genetically-altered and/or experimentally manipulated organisms), as indicated by enhanced resistance to stress and

upregulated downstream components of the cytoprotective nuclear factor erythroid 2-related factor 2 (Nrf2)-signaling

pathway. The transcription factor Nrf2 is constitutively expressed in all tissues, although levels may vary among organs,

with the key detoxification organs (kidney and liver) exhibiting highest levels. Nrf2 may be further induced by cellular

stressors including endogenous reactive-oxygen species or exogenous electrophiles. The Nrf2-signaling pathway mediates

multiple avenues of cytoprotection by activating the transcription of more than 200 genes that are crucial in the

metabolism of drugs and toxins, protection against oxidative stress and inflammation, as well as playing an integral

role in stability of proteins and in the removal of damaged proteins via proteasomal degradation or autophagy. Nrf2

interacts with other important cell regulators such as tumor suppressor protein 53 (p53) and nuclear factor-kappa beta

(NF-kB) and through their combined interactions is the guardian of healthspan, protecting against many age-related

diseases including cancer and neurodegeneration. We hypothesize that this signaling pathway plays a critical role in the

determination of species longevity and that this pathway may indeed be the master regulator of the aging process.

Introduction

Understanding the mechanisms employed in nature

during the evolution of species with disparate long-

evities is a fundamental focus for comparative

research into the biology of aging. Long-lived species

are defined as those species that live at least twice as

long as expected on the basis of their body size

[i.e., longevity quotient (LQ) observed lifespan divid-

ed by that predicted by body size¼ 2; Fig. 1]. Using

this definition, prolonged longevity with concomi-

tant attenuated rates of aging, has evolved repeatedly

in mammals with long-lived species (e.g., bats, naked

mole-rats, and humans) reported in many

mammalian taxa. Among the rodents, the naked

mole-rat, a mouse-sized hystricognath, stands out

as being exceptionally long-lived (Buffenstein 2005),

with a maximum lifespan of 30 years and a similar

longevity quotient to that of humans (Buffenstein

2008). However, several other rodent species in mul-

tiple families live at least twice as long as expected on

the basis of body size. By comparing species of sim-

ilar size, we are able to elucidate both common and

novel mechanisms naturally involved in aging pro-

cesses. This approach may also identify common

mechanisms for abrogating aging, as well as those

traits that are unique to a particular species or

phyla. Few studies in aging research have employed

a comparative approach to address the elusive
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mechanisms involved in divergent rates of aging.

This approach, though, through the use of

non-traditional animal models, is poised to make

pivotal inroads by identifying pathways that are al-

tered in long-lived species, leading to a better under-

standing of aging mechanisms that indeed may

highlight new directions for aging research that

may be particularly pertinent to human aging.

Aging is an inherently blatant process, easily distin-

guishable in all mammals. The decline in individual

fitness and quality of health, coupled with increased

difficulty in overcoming illness or physical stresses,

leads to permanent loss of function and increased mor-

tality in the elderly. These aging traits are generally

thought to be due to a gradual loss of genomic, pro-

teomic, and metabolic integrity. However, despite con-

siderable research endeavor, the mechanisms that

contribute to and characterize the aging process

remain obscure. It often has been suggested that

aging is a multi-causal process linked to multiple mo-

lecular and cellular causes of damage (Rattan 2006;

Hayflick 2007; Kirkwood 2008). However, current

proximate theories of aging are generally focused on

a single causative factor of aging. For example, the

most widely accepted theory of aging is that it is due

to oxidative stress. First proposed by Denham Harman

in 1956, this theory postulates that reactive oxygen

species (ROS), inevitable byproducts of aerobic respi-

ration, inflict indiscriminate oxidative modification of

all cellular components leading to damage that cannot

always be completely neutralized by antioxidants and/

or repaired (Harman 1956). Damage then can accrue

with age leading to the gradual decline in cellular in-

tegrity and functionality. Furthermore, ROS levels may

increase in damaged or aged mitochondria, causing

even higher levels of ROS production and increased

levels of subsequent damage. Despite the intuitive

logic and vast support for this theory (Barja et al.

1994; Beckman and Ames 1998; Sohal et al. 2002;

Droge and Schipper 2007), a causal link between oxi-

dative stress and the rate of aging still has not been

clearly established, and in recent times a considerable

pool of data incompatible with predictions of this

theory have led many to question its validity (Sanz

et al. 2006; Muller et al. 2007; Buffenstein et al. 2008;

Pérez et al. 2009; Lapointe and Hekimi 2010). Many

long-lived rodents, reptiles, bats, and birds (Hamilton

et al. 2001; Brunet Rossinni 2004; Andziak and

Buffenstein 2006; Furtado-Filho et al. 2007; Wilhelm

Filho et al. 2007; Buffenstein et al. 2008), exhibit high

levels of oxidative damage, even in young individuals,

and these data are not commensurate with their lon-

gevity. Furthermore, data from transgenic manipula-

tions of antioxidant levels (Huang et al. 2000; Van

Remmen et al. 2003; Pérez et al. 2009) are also contrary

to the basic premises of the oxidative-stress theory of

aging, for the life spans of these animals are not influ-

enced by either the levels of antioxidant expression

and/or accrued oxidative damage. This august theory

of aging, while definitively implicated in certain

age-associated diseased states, is now openly chal-

lenged by many, including renowned scientists who

have spent the great majority of their research career

focusing on this mechanism of aging (Howes 2006;

Sanz et al. 2006; Bonawitz and Shadel 2007; Kregel

and Zhang 2007; Buffenstein et al. 2008; Fukui and

Moraes 2008; Gems and Doonan 2009; Pérez et al.

2009; Salmon et al. 2009b). Clearly, the oxidative

stress theory of aging has been over simplified and

requires some modification.

A common denominator exists between the many

naturally long-lived species and the transgenic

models that exhibit extended longevity and offer

some support for the oxidative-stress theory of

aging; namely skin fibroblasts from long-living

animals show greater levels of cytoprotection and

are more resistant to oxidative and chemical insults

(Ogburn et al. 1998; Kapahi et al. 1999; Salmon et al.

2005; Harper et al. 2006; Mele et al. 2006;

Fig. 1 Lifespan is predicted by body size. The natural log (Ln) of

body size in mammals and birds has long been known to

correlate allometrically with maximum species lifespan (MLSP) as

modified from Sacher (1959) and updated with new species

longevity data. This relationship may be described by the

equation MLSP¼ 3.34(Mass)0.193 (from Hulbert et al. 2007). The

LQ is the ratio of actual longevity to the expected longevity from

this regression of longevity on body size of non-flying, eutherian

mammals. Species that live twice as long as expected on the basis

of this relationship are considered long-lived and may have

evolved mechanisms that resist the aging process. We

hypothesize that the cytoprotective Nrf2-signalling pathway is

upregulated in long-lived species, conferring enhanced

resilience, and resistance to the aging process.
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Salmon et al. 2008). The strong relationship between

species longevity and cellular resistance to oxidative

insults has been reported in a wide variety of organ-

isms across the animal kingdom (Kapahi et al. 1999;

Salmon et al. 2005; Labinskyy et al. 2006; Harper

et al. 2007). Cellular stress resistance, however, ex-

tends to numerous other non-oxidative stressors.

These include heat, heavy metals that are not in-

volved in redox reactions, chemotherapeutic agents,

dietary alterations, and xenobiotics. This pronounced

difference between short-lived and long-lived species

most likely represents an evolutionary trade-off be-

tween diverting energy and resources into somatic

maintenance (and thereby contributing to the surviv-

al of the individual) versus investments in growth

and reproduction, thereby ensuring the rapid attain-

ment of sexual maturity and the long-term survival

of the species (Kirkwood et al. 2000).

An alternate explanation may be that cellular pro-

tection against oxidative insults is just one component

of a multi-factorial cytoprotective pathway that pro-

tects against a plethora of cellular stressors by activat-

ing a diverse suite of defenses, including synthesis of

molecular chaperones, components of cell cycle sur-

veillance and protein degradation as well as antioxi-

dants, to maintain the cellular, protein, and genomic

integrity observed in long-lived species (Pérez et al.

2009; Salmon et al. 2009b). One such pathway is me-

diated by the transcription factor nuclear factor ery-

throid 2-related factor 2 (Nrf2) (Motohashi and

Yamamoto 2004). Nrf2 (Fig. 2) is a master regulator

of a diverse array of more than 200 cytoprotective

genes encoding proteins that neutralize and detoxify

both endogenous and environmental toxins, regulate

factors in cell cycle and growth, and facilitate the main-

tenance of a high quality proteome (Lee et al. 2003; Liu

et al. 2007). Given that Nrf2 controls a broad sweep of

cytoprotective mechanisms, this signaling pathway

may substantially contribute to the multi-factorial

phenotype associated with the aging process.

Furthermore, this could explain why some data report-

edly support the oxidative-stress theory of aging

whereas other data are incompatible with this theory;

for example the full spectrum of positive and negative

correlations and no correlation at all between antiox-

idant activities and lifespan (Perez-Campo et al. 1993;

Sohal et al. 1993; Andziak et al. 2005; Pamplona and

Barja 2007; Wilhelm Filho et al. 2007). Those data that

appear to be irreconcilable with this theory, such as the

reported high levels of oxidative damage in long-lived

birds (Hamilton et al. 2001), vampire bats

(Ferreira-Cravo et al. 2007), and naked mole-rats

(Andziak and Buffenstein 2006) may be explained by

a constitutive upregulation of other compensatory

components of the cytoprotective Nrf2 signaling path-

way (such as molecular chaperones, upregulation of

cell cycle surveillance mechanisms, and components

of quality control of proteins).

The Nrf2-signaling pathway

Nrf2 is a member of the Cap ‘n’ Collar (CNC)

subfamily of transcription factors that con-

tain a basic-region leucine zipper (bZIP) DNA

binding domain at its C-terminus (Hayes and

Fig. 2 The Nrf2 cytoprotective signaling pathway. This pathway

regulates transcription of a variety of cellular defenses that bol-

ster an organism’s response to stresses normally encountered

during metabolism as well as protect against unexpected cellular

insults from environmental toxins. Following its biosynthesis in

the endoplasmic reticulum, Nrf2 may translocate directly into the

nucleus (as indicated by the arrow) where it transactivates its

target genes, thereby contributing to their constitutive expres-

sion. Steady state levels of Nrf2 are determined primarily through

modulation of its continuous proteasomal degradation following

ubiquitination by Cullin-3/Rbx1. Under homeostatic conditions

Nrf2 is bound in the cytoplasm to Keap1 an E3 ubiquitin ligase

substrate adaptor that targets Nrf2 for degradation. Under

stressful conditions, conformational changes in Keap1 block the

ubiquitylation of Nrf2, increasing both the half-life of Nrf2 and

the size of the free Nrf2 pool, allowing more Nrf2 to translocate

into the nucleus, bind to the ARE/EpRE and induce expression of

a multitude of cytoprotective enzymes, including GSTs and

NQO1 and those that increase GSH biosynthesis. Not

surprisingly, depletion and deregulation of this pathway and or

downstream components is implicated in diverse pathological

conditions, many of which show increased incidence with age

(e.g., diabetes, cancer, and neurodegeneration). We predict

that this pathway is constitutively upregulated in longer-lived

species.

Nrf2 signaling, a master regulator of cytoprotection, and species longevity 831
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McMahon 2001; Aleksunes and Manautou 2007;

Kensler et al. 2007; Cavin et al. 2008). The CNC

family includes the closely related factors Nrf1,

Nrf3 and p45 NF-E2 in addition to Nrf2

(Motohashi et al. 2002; Blank 2008). Both Nrf1

and Nrf2 are ubiquitously expressed in all tissues

and show similar binding to the antioxidant/electro-

philic response element (ARE/EpRE) (Bishop and

Guarente 2007) and whilst they regulate some

common genes, Nrf1 differs from Nrf2 in that it is

targeted to the endoplasmic reticulum (Zhang et al.

2006). However, knock-out studies reveal that Nrf1

and Nrf2 have distinct phenotypes and different

roles in the activation of ARE-dependent genes

(Leung et al. 2003; Ohtsuji et al. 2008). The function

of Nrf3 has yet to be truly elucidated, but its expres-

sion is restricted to placenta and liver and it

possesses relatively weak transactivation activity

(Sankaranarayanan and Jaiswal 2004; Zhang et al.

2009). Evidence suggests that while Nrf1 and Nrf2

are both constitutively active, Nrf2 is principally ac-

tivated by pro-oxidants and electrophiles.

Under homeostatic, non-stressful conditions, the

levels of Nrf2 are restricted through binding to

Kelch-like ECH-associated protein 1 (Keap1) by a

‘hinge-and-latch’ mechanism, otherwise called a

‘two-site tethering’ mechanism, and is targeted for

polyubiquitination and subsequent degradation by

the proteasome via interactions with Keap1 and

Cullin 3 based-E3/Rbx1 ligase complex (Tong et al.

2006; McMahon et al. 2006) (Fig. 2). Under these

basal conditions, the half-life of Nrf2 remains short

(�15 min). Upon a stressful insult to the organism

or cell itself, cysteine residues (C151, C273, and C288)

in the intervening region of Keap1 are oxidized or

chemically modified by oxidants or electrophiles pre-

venting the ubiquitylation of Nrf2, thus increasing its

half-life to �60 min. Nrf2 then rapidly moves into

the nucleus and forms a heterodimer with other

transcription factors such as small musculoaponeuro-

tic fibrosarcoma proteins (Mafs) that bind to the

ARE/EpRE, initiating the transcription of a diverse

array of cytoprotective molecules and enzymes

(Thimmulappa et al. 2002; Kwak et al. 2003), and

thereby controlling cellular detoxification as well as

those processes involved in maintenance of stability

and integrity of proteins (Fig. 2).

Nrf2-mediated cytoprotection

Nrf2 plays a central role in cytoprotection, by detox-

ifying and eliminating ROS, xenobiotics and electro-

philic carcinogens, as well as removing damaged

proteins and organelles (McMahon et al. 2001;

Kwak et al. 2003; Cho et al. 2005). Importantly,

Nrf2 regulates the synthesis of glutathione (GSH),

as well as enzymes involved in GSH homeostasis,

namely glutamate-cysteine ligase catalytic (GCLC)

and glutamate-cysteine modifier (GCLM) subunits

that combine to form the GCL heterodimer, which

catalyses the rate-limiting enzymes in GSH biosyn-

thesis, and glutathione reductase 1 (GR), which re-

duces the oxidized glutathione disulfide (GSSG) and

thereby recycles GSH. Nrf2 also mediates induction

of several other classes of antioxidant proteins [e.g.,

thioredoxin, peroxiredoxin, sulfiredoxin, ferritin,

metallothionein, and heme oxygenase 1 (HO-1)]

and mediates induction of phase I and phase II

drug-metabolizing enzymes [e.g., aldo–keto reduc-

tases (AKRs), glutathione S-transferases (GSTs), and

NAD(P)H:quinone oxidoreductase 1 (NQO1)].

Perhaps the most important role of Nrf2 in the

response to toxins is the regulation of GSH biosyn-

thesis and detoxification through direct regulation of

GCL and NQO1. GSH production augments the ca-

pacity of cells to scavenge ROS and upon conjuga-

tion with xenobiotics, decreases their hydrophobic

nature and increases their elimination via MRP

efflux pumps (Hayes et al. 2005; Meijerman et al.

2008). NQO1 inhibits the formation of free radicals

by the redox-cycling of quinones and also stabilizes

p53, which may lead to better regulation of the cell

cycle under genotoxic stress (Nioi and Hayes 2004).

GST is an enzyme essential for the detoxification

of organic hyperoxides and a,b-unsaturated alde-

hydes and is also an important component in the

regulation of GSH, of which Nrf2 also plays a

direct role. GSH is considered to be an abundant

(present in mM concentrations in tissues) and an

important intracellular, non-protein sulfhydryl com-

pound (Meister and Anderson 1983; Franco et al.

2007; Wu et al. 2009) as GSH is involved in the

reduction and detoxification of ROS, electrophiles,

and xenobiotics (Hayes et al. 2005). GSH also par-

ticipates in limiting the deleterious actions of NO

and inhibits peroxynitrite formation and

NO-induced neuronal apoptosis, and as such is an

important neuroprotectant (Vargas et al. 2006). GSH

also serves as a large and important reservoir of cys-

teine, a cofactor in metabolism (e.g., formaldehyde

dehydrogenase), hormone biosynthesis and is the

conjugating substrate involved in GST-mediated de-

toxification (Jones 2008).

The importance of Nrf2 in many cytoprotective

activities has been clearly illustrated through the

use of Nrf2 knock-out (Nrf2–/–) mice or their fibro-

blasts under stressful conditions (Enomoto et al.

2001; Chanas et al. 2002; Gong and Cederbaum

832 K. N. Lewis et al.
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2006). Under normal laboratory conditions, Nrf2–/–

mice show very few phenotypic differences from

wild-type (Nrf2þ/þ) mice (Yanagawa et al. 2004).

However, these knock-out animals are more suscep-

tible than are their wild-type equivalents to

pro-oxidant stimuli such as hyperoxia, lipopolysac-

charide (LPS), cigarette smoke, diesel exhaust fumes,

and ultraviolet irradiation (UVA and UVB), as well

as numerous chemicals such as butylated hydroxytol-

uene and benzo[a]pyrene (Cho et al. 2002;

Rangasamy et al. 2004; Hirota et al. 2005;

Thimmulappa et al. 2006a; Reddy et al. 2007).

Cytoprotective effects of Nrf2 are evident in all tis-

sues studied to date, with reports of increased sus-

ceptibility to many cancers (Ramos-Gomez et al.

2001; Iida et al. 2004; Xu et al. 2006; Kensler et al.

2007; Osburn and Kensler 2008), neurodegeneration

(Shih et al. 2005; Burton et al. 2006), lung disease

(Cho et al. 2004; Rangasamy et al. 2005), impaired

liver and gastrointestinal function (Enomoto et al.

2001; Khor et al. 2008) and inflammation

(Rangasamy et al. 2005; Thimmulappa et al. 2006b;

Osburn et al. 2007) in Nrf2�/� mice. Indeed, even

the tumor-protective effects of dietary restriction are

dependent upon the presence of Nrf2 and are virtu-

ally ablated in calorically restricted Nrf2�/� mice

(Pearson et al. 2008). Because an abundance of cyto-

protective molecules would be beneficial for any or-

ganism, we believe that these factors would be

selected for in longer-lived species, better protecting

them against cytotoxicity and thereby contributing to

longer healthspans.

The many roles of the Nrf2-signaling
pathway

The Nrf2 signaling pathway is emerging as a critical

and principal factor in the protection against cancer,

neurodegeneration, and inflammation (Hayes and

McMahon 2001; Droge and Schipper 2007; Nair

et al. 2007). Because of its prominence in a large

variety of age-associated diseases and processes, we

propose that Nrf2 plays a pivotal role in longevity

and in determination of healthspan (Fig. 3).

Detoxification

Many diverse types of stress continuously challenge

cells of all organisms. These include endogenous

stressors (e.g., ROS, hydroperoxides, carbonyls, and

quinones) and environmental stressors (e.g. heat, UV

irradiation, air pollutants, food toxins, heavy metals,

drugs, and bacterial or viral infections). Although

agents like ROS are predictably and continuously

produced as metabolic byproducts, other stressors

may be more capricious, resulting from acute expo-

sure to toxins in food, pollutants, or even infections.

These different types of stress, independent of origin,

can cause modifications of cellular protein and DNA,

possibly leading to the decline in function of cells

and tissues and, in extreme cases, resulting in death

of the organism. The role of Nrf2 has been mainly

studied with regards to the metabolism of toxins

including acetaminophen, butylated hydroxytoluene,

bleomycin, and 7,12-dimethylbenz(a)anthracene

(Copple et al. 2008). Nrf2 is the primary responder

to such toxins and upregulates expression of several

compounds and enzymes (NQO1, GSH, GST) that

promote the efficient neutralization, conjugation and

concomitant elimination of the toxins.

Stability and turnover of proteins

Changes in the stability and degradation of proteins

have been argued to lead to age-related conforma-

tional changes in proteins with a propensity for

aggregation. This correlation has been observed in

several neurodegenerative diseases (Grune et al.

2004; Gregersen et al. 2006) including Alzheimer’s

disease. Maintenance of proteasome activity is re-

quired for cell survival, and loss of proteasomal ca-

pacity may further exacerbate cellular stress due to

the accrual of misfolded or damaged proteins. When

Fig. 3 Increased cytoprotection is a key contributor to longevity.

We predict that marked differences among species in Nrf2

protein levels and concomitant signaling exist and that they are

commensurate with species longevity. In this regard we predict

that naturally or genetically-altered long-lived species have more

free Nrf2 that is localized in the nucleus, resulting in greater Nrf2

binding to the ARE and thus in an increase in the transcription of

cytoprotective target genes such as GST and NQO1, which show

greater activity and that this enhanced cellular protection con-

tributes to species longevity. We hypothesize that shorter-lived

species, in contrast, show low constitutive levels of Nrf2 with

concomitant lower primed defenses against cellular insults and

are thus more susceptible to toxins and accumulated damage.

Nrf2 signaling, a master regulator of cytoprotection, and species longevity 833
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ineffectively removed and degraded, damaged pro-

teins can form toxic aggregates (Glickman and

Ciechanover 2002). Not surprisingly, failure to prop-

erly maintain stability and turnover of proteins has

been hypothesized to be a causal factor in the aging

process (Grune 2000; Herczenik and Gebbink 2008;

Pérez et al. 2009).

Homeostasis of proteins is maintained in part by

ubiquitin-mediated targeting of misfolded proteins

for both 26S proteasomal degradation and autop-

hagy. However, during oxidative stress, both have

been shown to play a minor role in the degradation

of oxidized proteins (Shringarpure et al. 2001).

Instead, the 19S subunits dissociate from the 26S

proteasome, and oxidatively modified proteins are

directly targeted to the 20S catalytic cylindrical core

of the proteasome (Grune and Davies 1997).

Microrrays have shown that Nrf2 also influences

expression of molecular chaperones, subunits of

the 26S and 20S proteasome, and the sequestosome

1 (p62), a key component in autophagy (Kwak et al.

2003; Korashy and El-Kadi 2006; Hayes and

McMahon 2009), thereby controlling mechanisms

that enable folding of proteins and the removal of

misfolded and ubiquitinated proteins as well as dam-

aged organelles (Lane 1992; Nioi and Hayes 2004;

Gamet-Payrastre 2006). Kapeta et al. (2010) have

demonstrated a role of Nrf2 and proteasome func-

tion is regulating replicative senescence of human

cells. Induction of Nrf2 preserves proteasome func-

tion in human fibroblasts and extends replicative

lifespan up to 65% by reducing the levels of ROS

and oxidized proteins. This finding supports our

premise of the protective role of Nrf2 in regulating

longevity (Fig. 3) as observed in one model of cellu-

lar aging.

Long-lived species and mutant-mouse models

appear to share features that contribute to enhanced

protein stability that may be regulated in part by

elevated levels of Nrf2. Several researchers have

demonstrated that long-lived bats and naked mole-

rats possess proteins that are resistant to unfolding,

low levels of ubiquitinated-proteins, and moderate to

higher levels of 20S proteasomal specific activity,

compared to shorter-lived bats and mice (Pérez

et al. 2009; Salmon et al. 2009a); all these traits are

indicators of enhanced stability of proteins and

maintenance of protein quality. These observations

may be explained if long-lived species have elevated

levels of Nrf2 that would become active during times

of oxidative stress and act on target genes to dissi-

pate that stress and degrade misfolded proteins with

a 20S proteasome complement of greater specific

activity.

Cellular integrity

Nrf2 also interacts with p53, the tumor suppressor

transcription factor widely regarded as the guardian

of the genome. p53 regulates cellular pathways of

response to stress that may lead to cell-cycle arrest,

repair of DNA, cellular senescence and apoptosis.

p53 also transcriptionally activates p21 under toxic

conditions, allowing p21 to exert its function as an

inhibitor of the cell cycle. Alternatively p53 can

activate a variety of apoptotic genes, leading to cell

death (Shen 2001). Chen et al. (2009) have demon-

strated that p21 increases Nrf2 levels by interfering

with Keap1-directed Nrf2 ubiquitination and degra-

dation. Thus, p21 widens the survival functions of

p53 under conditions of low to moderate stress

through an interaction with the Nrf2 pathway by

protecting the cell from cytotoxins and may be an-

other mechanism by which p21 suppresses tumors. If

toxin levels exceed a certain threshold, p21 may

induce cell cycle arrest to allow time for DNA

repair. Should damage exceed the repair capabilities

of the organism, apoptosis is induced (Villeneuve

et al. 2009). Thus, the p21-Nrf2-dependent and

p21-dependent pathways of cell-cycle arrest may rep-

resent two separate, but reinforcing, cytoprotective

mechanisms mediated by p53 and Nrf2 all at the

level of p21. It is not known whether Nrf2 signaling

is constitutively elevated in different types of cells

that may accumulate p21 in response to stress.

An interesting question that arises from the

influence of p21 on Nrf2 activity is whether cells of

long-lived and short-lived organisms have different

thresholds for switching from p21-induced upregula-

tion of Nrf2-dependent cell-survival mechanisms to

that of p53/p21-induced cell death. In contrast, p53

has been shown to antagonize Nrf2 binding at ARE-

containing promoters, suggesting that at high levels

of stress and/or irreparable damage the balance shifts

to a pro-apoptotic state, reinforced by attenuated

activitiy of Nrf2 and increased levels of ROS. Given

the difference in cellular resistance to cytotoxins

among species of disparate longevity, we hypothesize

that cells of long-lived species have higher thresholds

of stress tolerance, favoring the upregulation of

Nrf2-dependent cytoprotection, and only as a last

resort, when damage is excessive and/or irreparable,

suppressing Nrf2 responses and thereby inducing

apoptosis. The decision whether p53 selects induc-

tion of growth arrest or apoptosis appears to be

defined by the availability of the survival signal.

When survival signals dominate, p53 activation

leads to cessation of the cell cycle and facilitates

repair. Conversely, when survival signals are

834 K. N. Lewis et al.
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inadequate, p53 will drive apoptosis (Ashcroft et al.

2000; Sears 2002). Long-lived species may maintain a

more stable environment, which coordinates more

survival signals through p53 activation, which

biases the system to enter pathways of repair or

cell-cycle arrest. Nrf2 target genes, such as NQO1,

have been shown to bind and stabilize p53. This

could lead to a mutually reinforcing feedback loop

regulating cell-cycle arrest or apoptosis, depending

on the degree of ROS and the number of damaged

macromolecules.

Thus, there are numerous interacting points be-

tween the p53 and Nrf2 pathways that are critically

dependent upon the severity of stress and upon the

kinetics of the Nrf2 response, either of which may

determine survival or cell death.

Inflammation

Recent data also reveal that Nrf2 signaling plays an

important role in reducing the inflammatory

response. Nrf2 also represses multiple pro-

inflammatory genes, including tumor necrosis

factor a (TNFa), and the interleukins (IL-1b, IL-6)

as well as cell adhesion molecules, prostaglandin me-

tabolites, matrix-metalloproteinases, and inducible

nitric oxide synthase (Kim et al. 2009). This is

thought to be primarily through its ability to antag-

onize NF-kB (Chen et al. 2006; Jin et al. 2008). For

example lipopolysaccharide (LPS) induction of

NF-kB can be attenuated by chemical activators

(e.g., curcumin or sulforaphane) of Nrf2 (Jeong

et al. 2004). The enzyme, HO-1 has prominent

anti-inflammatory activity. Importantly, HO-1 is

up-regulated by Nrf2 and this is likely to modulate

innate immunity, inflammation, and wound healing

(Srisook et al. 2005; Patil et al. 2008). There is also

considerable cross-talk between the Nrf2 pathway

and inflammatory signaling. NF-kB has been re-

ported to directly repress Nrf2 signaling at the tran-

scriptional level. Moreover, NF-kB may also impede

Nrf2 signaling through the induction of hypoacetyla-

tion through the recruitment of histone deacetylase 3

(HDAC) and by competitively binding to the tran-

scription coactivator-binding protein (CBP) (Liu and

Shen 2008).

Nrf2-induced repression of the inflammatory

system has widespread implications for many dis-

eased states. Chronic inflammation is implicated in

the etiology of several degenerative human diseases

and promotes the pathogenesis and progression of

autoimmune disease, asthma, neurodegeneration

(e.g., Parkinson’s and Alzheimer’s disease), pulmo-

nary fibrosis, osteoarthritis, colitis, renal failure,

cardiovascular disease, atherosclerosis, and cancer

(for review see Kim et al. 2009). For example, the

down-regulation of pro-inflammatory factors appears

to have a profound beneficial effect on cardiovascu-

lar function and has made Nrf2 a novel target in the

maintenance of cardiac health. Nrf2 upregulation has

been shown to protect arterial endothelial cells from

inflammation (Zakkar et al. 2009) and attenuate a

variety of factors associated with cardiovascular dis-

ease (Ungvari et al. 2008). Sulforaphane, an activator

of Nrf2, has been shown to protect against ischemic

injury via the upregulation of phase-II detoxification

enzymes as well as HO-1 (Piao et al. 2009). The

protective antioxidant enzyme HO-1 also mediates

mitochondrial biogenesis in cardiac tissue

(Piantadosi et al. 2008). The Nrf2 cytoprotective

pathway is crucial in protecting the cardiovascular

system against oxidative damage by ROS (Zhu

et al. 2008).

Similarly, the drugs used in treatment for rheuma-

toid arthritis, a chronic inflammatory autoimmune

disease that causes progressive damage to joints, are

known to activate the Nrf2-signaling pathway and

upregulate the expression of HO-1 and GCL.

Upregulation of Nrf2 by Auranofin in rheumatoid

arthritis, and by asthma medications may abrogate

the accumulation of prostaglandin through the inhi-

bition of cyclooxygenase-2 (Kim et al. 2009).

Chronic neuroinflammation is commonly associ-

ated with neurodegenerative diseases (Rojo et al.

2010) and is attributed to the uncontrolled defensive

microglial activity. Microglia promote healing of the

brain by removing pathogens and cellular debris.

Damaged neurons release chemical stimuli that

trigger the expansion of the microglial pool in

response to inflammatory stress and this in turn

promotes further neuronal death, chronic neuroin-

flammation and neurodegeneration (Kim et al.

2009; Rojo et al. 2010).

Neurodegeneration

The role of Nrf2 in the protection against neurode-

generative diseases and maintenance of cognitive

function is being aggressively pursued. Nrf2 is re-

quired for adequate healing after a traumatic injury

to the brain and is now regarded as an important

therapeutic agent in a variety of age-associated

neurodegenerative disorders (Jin et al. 2009).

Neuronal cell death, commonly associated with

several disorders, including Alzheimer’s and

Parkinson’s disease, is decreased in vitro following

induction of Nrf2 signaling in neurons (Johnson

et al. 2008). In addition, upregulation of the Nrf2
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signaling pathway in astrocytes protects neighboring

neurons from cytotoxic threats (Kraft et al. 2004).

Similarly, in both Parkinson’s and Alzheimer’s dis-

ease high levels of oxidative stress may be countered

by an upregulation of Nrf2 signaling and concomi-

tant enhanced levels of HO-1, NQO1, and other

downstream targets involved in GSH metabolism

(Cuadrado et al. 2009). Laboratory mice show an

age-related decline in Nrf2 levels and downstream

signaling components in the nervous system (Duan

et al. 2009) and this is thought to possibly contribute

to their age-related cognitive decline.

Cancer

Chronic inflammation may also lead to spontaneous

neoplasia (Ahmad et al. 2009). Nrf2 has been shown

to have both positive and negative effects on the

development and treatment of cancer (Lau et al.

2008). Tumor cell lines isolated and profiled from

human patients have indicated that many tumors

have adapted to exploit the cytoprotective actions

of Nrf2 both in vivo and in vitro through mutations

of Keap1 and Nrf2, which lead to the constitutive

upregulation and permanent activation of

Nrf2-signaling to enhance the tolerance of the

cancer cells to toxins and thereby limit the efficacy

of chemotherapeutic agents (Wang et al. 2008). It is

not currently known at what stage of tumorigenesis

these somatic mutations contribute most to the

tumorigenic phenotype. Chemotherapeutic-resistant

tumor lines also often upregulate GSH biosynthetic

and drug-metabolizing enzyme pathways making

them difficult to treat in vivo. It has been shown

that upregulation of GSH biosynthetic and GSH-

dependent enzymes is associated with resistance to

drugs (McLellan and Wolf 1999) and we now recog-

nize that this is likely to be due to dysregulation of

Nrf2 (Hayes and McMahon 2009).

Potential benefits may be realized by studying how

long-lived species prevent these mutations and main-

tain control of the regulation of the Nrf2-Keap1

pathway. The chemo-preventative effects of the

Nrf2-signaling pathway, the anti-tumorigenic proper-

ties of the Nrf2-signaling pathway and its widespread

presence throughout the organism are most likely an

integral component of cancer resistance and aug-

mented longevity. In addition, learning how to reg-

ulate the Nrf2-Keap1 pathway may lead to more

effective treatments for human cancers.

Other roles of Nrf2

Although the roles of Nrf2-signaling are being thor-

oughly studied in fields of cancer biology and

neurodegeneration, the importance of Nrf2 cytopro-

tection is emerging in other research areas as well.

Nrf2 upregulation has also been hypothesized to play

a role in global antioxidant defense during arousal

from hibernation in various species. In squirrels,

constitutive Nrf2 levels, as well as components

downstream of Nrf2, are increased throughout hiber-

nation but return to normal levels after resuming

normal activity (Morin et al. 2008). Nrf2 also medi-

ates protection against damage from oxidative stress

during dehydration in the African clawed frog (Malik

and Storey 2009). These fascinating studies per-

formed in different species illustrate the diverse yet

profound physiological effects Nrf2 can exert in

biology.

Because Nrf2 cytoprotection is implicated in so

many areas of research, compounds that activate

this signaling pathway are of great interest to bio-

medical scientists. Many natural compounds, parti-

cularly phytochemicals from edible plants, have

already been identified as stimulants of this pathway

including sulforaphane (present in broccoli), resver-

atrol (a flavenoid from grape skin), and curcumin

(the key component of turmeric) (Lee and

Surh 2005).

Activation of Nrf2 confers protection against oxi-

dative stressors, electrophiles, pro-inflammatory

agents and situations that lead to accumulation of

damaged proteins and other molecules. Given this

myriad of cytoprotective regulatory functions, Nrf2

is most likely an important component of enhanced

stress resistance in long-lived species, long-lived

transgenic mouse models (e.g., dwarf mice), as well

as those species subjected to life-extending environ-

mental manipulations (e.g., caloric restriction).

Novel therapeutics, mainly dietary polyphenols,

which elicit beneficial effects through the activation

of Nrf2 also modulate cellular signaling processes

that are important in the defense against inflamma-

tion, neurodegeneration, and cancer.

The Nrf2-signaling pathway and aging

The paradigm of hormesis has been used to explain

the ability of long-lived species to handle stress and

thereby increase longevity (Masoro 2007). Indeed ca-

loric restriction is viewed as a mild stress that indu-

ces protective cellular mechanisms and these most

likely are dependent upon the Nrf2-ARE cytoprotec-

tive cell-signaling pathway. The hormetic profile of

Nrf2 action has been recently reviewed from an evo-

lutionary perspective (Maher and Yamimoto 2010).

These authors make the point that there is a narrow

range of Nrf2 activity that provides an optimal
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ability of an organism to detoxify stressors. We hy-

pothesize that long-lived species constitutively have a

primed Nrf2 pathway ready to respond immediately

to cell stressors and thereby minimize exposure to

substances that may induce cell damage. These or-

ganisms may also have a broader range of set points

before Nrf2 levels result in the unmasking of unfa-

vorable states. Evidence in support of this premise

comes from constitutive expression of ARE-regulated

genes (as observed in the Keap1 knockout mice) or

improper expression of ARE-regulated genes which

may give rise to deleterious effects observed in dis-

ease states (e.g., multidrug resistance phenotype in

cancer cells). There is mounting evidence across evo-

lutionarily distant species that Nrf2-ARE-dependent

components are associated with both longevity and

extension of healthspan. Nrf2-dependent enzymes in-

volved in detoxification and GSH metabolism are

increased in multiple murine models of the extension

of lifespan, including calorically restricted mice,

methionine-restricted mice, and dwarf mice under

non-stressful conditions (Brown-Borg and Rakoczy

2005; Amador-Noguez et al. 2007). Enhanced GSH

has also been implicated as a potential mechanism in

cellular resistance to drug-induced apoptosis

(O’Brien and Tew 1996). Depletion of GSH alters

cellular resistance to electrophiles and hydroper-

oxides (Higgins et al. 2009) and reduced GSH bio-

availability has been implicated in aging and

associated age-related diseases (Maher 2005; Droge

and Schipper 2007).

Similarly, flies that overexpress the GCL

rate-limiting enzyme responsible for GSH synthesis

in neural tissue, and have as a consequence higher

GSH levels in their central nervous sytem, live 50%

longer than do wild type flies (Orr et al. 2005).

Longer-living mutants of Caenorhabditis elegans,

with alterations in insulin/IGF-1-like signaling, have

been found to up-regulate GSH biosynthetic enzymes

as well as phase I and phase II drug-metabolizing

enzymes including NQO1 and GST (McElwee et al.

2004; Jasper 2008; Tullet et al. 2008), and overex-

pression of GSTs increases worm median lifespan

(Ayyadevara et al. 2005a;. 2005b). Conversely, it is

well known that short-lived rats and mice possess a

diminished thiol status as they age, and that this is

associated with decreased Nrf2 activity (Suh et al.

2004).

We have found that, like experimental mouse

models of extended longevity (Brown-Borg and

Rakoczy 2005), long-lived rodents such as naked

mole-rats and white-footed mice (Peromyscus leuco-

pus) exhibit constitutive elevation of both GSH and

GST. As discussed above, raised GSH confers

considerable protection, firstly by serving as a

redox buffer, as well as a co-substrate required to

neutralize and eliminate ROS and electrophiles

(Hayes and Strange 1995; Maher 2005). Based on

work in the mouse (McMahon et al. 2001), it

seems probable that these increases in

GSH-dependent enzymes in long-lived rodents are

directed by Nrf2. Furthermore, we have found that

both young (2-year-old) and old (26-year-old) naked

mole-rats show similarly low levels of ubiquitinated

protein, indicative of highly efficient removal of

damaged proteins (Pérez et al. 2009). As Nrf2 regu-

lates a and b subunits of the 26S proteasome, along

with p62, a protein that promotes protein aggregate

removal by autophagy (Bjorkoy et al. 2006; Nakaso

et al. 2006; Du et al. 2009), it seems likely that

up-regulation of the ARE-gene battery may, at least

in part, account for the failure to accumulate ubiqui-

tinated protein. We therefore speculate that

long-lived species have a constitutively active Nrf2

cytoprotective pathway. Consistent with this notion,

we have found that under normal physiological con-

ditions the levels of Nrf2 protein are between

three-fold and eight-fold higher in the various

organs and fibroblasts of naked mole-rats than in

those of mice, and that the white-footed mouse

shows intermediate values. The molecular basis for

this apparent constitutive upregulation and activa-

tion of Nrf2 in naked mole-rats is not known, nor

is the consequence of its activation clear. We expect

that augmented Nrf2 activity contributes significantly

to the extraordinary longevity of this species and

hypothesize that this is a common feature in

long-lived mammals.

Interestingly, one of the two transcription factors

implicated in longevity in C. elegans is Skn-1, a

CNC-type protein that is related to mammalian

Nrf2 (An et al. 2005; Tullet et al. 2008), which is

required for longevity induced by dietary restriction

in C. elegans (Bishop and Guarente 2007). Support

for the notion that Nrf2 has the capacity to increase

longevity also comes from Drosophila in which dele-

tion of one Keap1 allele increases expression of

GSTD1, resulting in resistance to paraquat, and lon-

gevity in male flies (Sykiotis and Bohmann 2008).

Over-expression of downstream components of the

Nrf2 signaling pathway extends Drosophila’s lifespan

(Orr et al. 2005) and long-lived C. elegans models

also exhibit upregulated expression of Skn-

1-dependent enzymes (Jasper 2008). Conversely,

when the homologue of Nrf2 is knocked out in

both flies and worms, the extension of lifespan asso-

ciated with caloric restriction is abrogated (Bishop

and Guarente 2007). Taken together, these studies
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suggest that the Nrf2-ARE pathway (or its evolution-

ary equivalent in invertebrates) is commonly in-

volved in paradigms of prolonged longevity in the

mouse, worm, and fly.

Collectively, these data, further support our hy-

pothesis that Nrf2 directly plays a role in the deter-

mination of both longevity and healthspan. Despite

the well-documented relationship between Nrf2 and

cellular protective mechanisms relevant to aging, sur-

prisingly very few studies have evaluated the role of

Nrf2 in mediating rates of aging and longevity.

However, these indirect data outlined above, support

our premise that the protective role of Nrf2 against

toxins and tumorigenesis actively determines longev-

ity and healthspan (Fig. 3). Many of the single gene

mutations that have been shown to modulate aging

could induce their effects through manipulation of

this pathway and it thus may be a source of novel

hypothesis testing in comparative aging research in

this direction. Mechanistic dissection of this pathway

and its regulatory role in aging will determine the

validity of those hypotheses and may ultimately lead

to intervention studies culminating in an extension

of life and prolonged good health in humans.
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