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The preternaturally long-lived naked mole-rat, like other long-
lived species and experimental models of extended longevity, is
resistant to both endogenous (e.g., reactive oxygen species) and
environmental stressors and also resists age-related diseases such
as cancer, cardiovascular disease, and neurodegeneration. The
mechanisms behind the universal resilience of longer-lived organ-
isms to stress, however, remain elusive. We hypothesize that this
resilience is linked to the activity of a highly conserved transcrip-
tion factor, nuclear factor erythroid 2-related factor (Nrf2). Nrf2
regulates the transcription of several hundred cytoprotective mol-
ecules, including antioxidants, detoxicants, and molecular chaper-
ones (heat shock proteins). Nrf2 itself is tightly regulated by
mechanisms that either promote its activity or increase its degra-
dation. We used a comparative approach and examined Nrf2-sig-
naling activity in naked mole-rats and nine other rodent species
with varying maximum lifespan potential (MLSP). We found that
constitutive Nrf2-signaling activity was positively correlated (P =
0.0285) with MLSP and that this activity was also manifested in
high levels of downstream gene expression and activity. Surpris-
ingly, we found that species longevity was not linked to the pro-
tein levels of Nrf2 itself, but rather showed a significant (P < 0.01)
negative relationship with the regulators Kelch-like ECH-Associ-
ated Protein 1 (Keap1) and p-transducin repeat-containing protein
(BTrCP), which target Nrf2 for degradation. These findings high-
light the use of a comparative biology approach for the identifi-
cation of evolved mechanisms that contribute to health span,
aging, and longevity.
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he quest for molecular mechanisms that may stave off the
aging process and extend good health remains elusive. Ex-
tended longevity in fungi, plants, and animals is strongly associ-
ated with enhanced stress resistance (1). Moreover, the degree of
stress resistance is proportional to observed lifespan extension in
long-lived mutants of yeasts (2), worms (3), flies (4), and labo-
ratory mouse strains (5). Similarly, data based upon cell lines
derived from long-lived mammals support this premise (6, 7).
Clearly, long-lived species have evolved ways to shield their cells
from both chronic [e.g., reactive oxygen species (ROS)] and
unpredictable stressors. Surprisingly little is known about the
mechanism(s) responsible. Lack of progress in this regard could
reflect the predominant choice of short-lived animal models that
are likely to have an inadequate molecular arsenal to naturally
protect against the vagaries of aging (8). Comparative biology
provides a powerful tool to evaluate whether nature, through
millions of years of “evolutionary experimentation,” has evolved
cellular mechanisms that may abrogate physiological declines
during aging in long-lived species. In this study, we exploit the large
variation in mammalian maximum species lifespan potential
(MLSP) to determine whether species longevity may be linked
to specific cytoprotective mechanisms.
Species MLSP is strongly dependent on body size, such that
for every doubling of species body mass, there is a 16% increase
in MLSP (9). However, even among rodents of similar body size,
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MLSP varies eightfold. At one end of the spectrum are mice that
live approximately half as long as allometrically predicted (4 y),
and at the other is the naked mole-rat, with a MLSP of ~31y in
captivity, fivefold greater than its predicted MLSP. Throughout
their long lives, these rodents experience a prolonged health
span with attenuated declines in many physiological character-
istics—e.g., cardiac function—and age-associated diseases that
typically change with age (10). Unlike other small mammals that
are particularly susceptible to cancer, spontaneous and experi-
mentally induced neoplasia are extremely rare in naked mole-
rats (10, 11). Naked mole-rats also tolerate oxidative damage, as
well as other stressors, including DNA-damaging compounds
and heat (7, 12, 13). We hypothesize that activity of a conserved
cytoprotective signaling pathway, namely that of nuclear factor
erythroid 2-related factor 2 (Nrf2), plays a pivotal role in the
degree of stress resistance and may be directly linked to species
longevity and health span.

Nrf2 is expressed in all tissues and is active under both homeo-
static and stressful conditions (14, 15). It initiates the transcrip-
tion of several hundred molecules that possess an antioxidant
response element (ARE) (16, 17). These include the detoxi-
cant glutathione S-transferase (GST) and the redox-regulator,
NAD(P)H:quinone oxidoreductase 1 (NQO1), in addition to anti-
oxidants, molecular chaperones [heat shock proteins (HSPs)],
and proteasome subunits (16, 17). These multiple layers of pro-
tection play a pivotal role in toxin eradication and removal of
oxidative stress, and they contribute to proteostasis, using both
HSPs and the removal of damaged proteins via proteasomal
degradation or autophagy (18). Nrf2 also protects against in-
flammation, cancer induction, and neurodegeneration, and it
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likely positively influences both the health span and lifespan of
an organism (reviewed in ref. 18).

Surprisingly, little is known about Nrf2 signaling and its divergent
regulation in species with disparate MLSP. Nrf2 regulation is thought
to be largely driven by Kelch-like ECH-Associated Protein 1
(Keapl), which targets Nrf2 for proteasomal degradation (19). Re-
cently, it has become clear that regulation of Nrf2 activity is more
complex than previously reported, and numerous intracellular
molecules modulate Nrf2 expression, activation, and half-life
(19). We posit that modulation of N1f2 activity and its regulatory
proteins differs among rodents with disparate longevity. We test
this hypothesis using 10 species, ranging in MLSP from 4 to 31 y.
We focus our study specifically on rodents because this mam-
malian order is arguably the most successful and contains simi-
larly sized short-lived and extremely long-lived species, thereby
eliminating confounding allometric relationships. We hypothe-
size that those species expressing high constitutive activities of
Nrf2 are primed to rapidly respond and neutralize stress, main-
tain good health during aging, and attain extraordinary longevity.

Results

Increased Nrf2 Signaling Activity in Long-Lived Naked Mole-Rats. We
examined Nrf2 signaling by measuring the rates at which Nrf2
binds to the ARE in liver tissue of young, physiologically age-
matched long-lived naked mole-rats and short-lived mice. We
chose to use liver tissue because this tissue is histologically in-
distinguishable in these two species and is relatively homogenous
in cellular composition compared with other tissue types. Also,
liver is the primary detoxification organ for xenobiotic com-
pounds. Nrf2:ARE binding was 50% (P = 0.0001) higher in naked
mole-rats compared with mice (Fig. 14). Western blot analyses in
liver tissues revealed that total Nrf2 protein levels were almost
fivefold higher (n = 6, P = 0.0245) in naked mole-rats than in mice
(Fig. 1B). Also, the key negative regulator of Nrf2, Keapl, was
threefold lower (P = 0.0037) in naked mole-rats (Fig. 1C),
resulting in increased levels of free Nrf2 and presumably an ex-
tended half-life. Similarly, mRNA levels of Nrf2 were 2.5-fold
higher (P = 0.0195) in naked mole-rats (Fig. 1D), whereas Keapl
was lower (Fig. 1E; P = 0.0001) than observed in mice. Thus, the
higher Nrf2:ARE binding activity in the naked mole-rat is most
likely due to constitutively high levels of total Nrf2 protein paired
with very low levels of the inhibitory protein Keapl.

We further measured mRNA levels of some Nrf2-ARE sig-
naling targets, including heme oxygenase 1 (Hmox1), Glutathione-
S-transferase alpha 1 isoform (Gstal), and Nqol (n =5 or 6; Fig.
24). All of these transcripts were significantly higher in naked
mole-rats (P < 0.05). Similarly, the activities of the enzymes GST
and NQOI, determined by using colorimetric assays (Fig. 2 B and
(), were significantly higher in naked mole-rat liver tissue than those
of mice, indicating that the high total Nrf2 protein levels and ele-
vated Nrf2:ARE binding activity in the naked mole-rat facilitate
higher levels of transcriptional activation of down-stream cytopro-
tective molecules, even under nonstressed basal conditions.

Nrf2-Signaling Activity Is Positively Correlated with Maximum Lifespan.
To establish whether high basal levels of Nrf2 activity in the naked
mole-rat reflect an idiosyncratic property of the naked mole-rat or
a common mechanism directly linked to species longevity, we used
a multispecies comparative approach including eight additional ro-
dent species representing eight distinct rodent families with widely
divergent longevities (Fig. 34). We found a striking correlation
between Nrf2:ARE binding activity and MLSP in these 10
species (Fig. 3B; P = 0.0285, n = 3 or 4 for each species).

In contrast, we found no significant correlation between spe-
cies average body weight and Nrf2:ARE activity levels in these
10 species (Fig. 3C; P = 0.6082); this elevation in Nrf2-ARE
signaling activity is not related to body size. When data were
further adjusted for phylogenetic lineage, there was no additional
effect on the relationship between Nrf2-signaling activity and
MLSP, indicating that levels of Nrf2-signaling activity was linked to
MLSP, independent of body weight and phylogenetic relatedness.
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Fig. 1. Preternaturally long-lived naked mole-rats have higher Nrf2-signal-
ing activity than short-lived mice. (A) Liver tissue of naked mole-rats have higher
Nrf2-ARE-binding (n = 4) activity than that of mice (P = 0.0001). (B and C) Nrf2
total protein levels are higher (B; n = 6; P=0.0245) and Keap1 levels lower (C; P=
0.0037) in naked mole-rats. (D and F) Quantitative PCR similarly shows that Nrf2
transcript levels are markedly higher (D; P = 0.0195) and Keap1 levels strikingly
lower (E; P = 0.0001) in the longer-lived species. These data indicate that the
higher Nrf2:ARE binding activity is due to increased Nrf2 protein availability as
a result of low levels of Keap1 and concomitant decreased Nrf2 ubiquitination
and proteasomal degradation. Error bars represent SEM.

Surprisingly, despite the strong correlation between Nrf2 ac-
tivity and species MLSP under nonstressed, basal conditions, no
such relationship was evident between total protein levels of
Nrf2 and MLSP (Table 1 and Fig. S1). These data suggest that
regulatory mechanisms controlling levels of free Nrf2 rather than
total Nrf2 protein levels are responsible for this relationship.

Keap1 and pTrCP Regulate Nrf2-Signaling Activity in Long-Lived
Species. Because levels of Nrf2 total protein did not correlate
with MLSP, we evaluated whether levels of Keapl, as well as 11
other proteins known to influence Nrf2 signaling (Table 1 and
Fig. S1), were correlated with MLSP. Cyclin-dependent kinase
inhibitor p21 positively influences Nrf2 signaling by binding to
Nrf2 and thereby preventing it from binding to Keapl and
thwarting Nrf2 ubiquitination and degradation (20). Other mol-
ecules do not directly interact with Nrf2 but rather with its reg-
ulators (e.g., Keap1) and indirectly modulate Nrf2 degradation and
signaling activity. These include sequestosome 1 (SQSTM1/p62)
(21), the partner and localizer of BRCA2 (PALB2), Wilms
tumor gene on X chromosome (WTX), and dipeptidyl-peptidase
3 (DPP3) (22-24). Also, p-transducin repeat-containing protein
(BTrCP), seven in absentia homolog 2 (SIAH2), and CR6-
interacting factor 1 (CRIF1) act in a similar fashion to Keapl,
promoting Nrf2 degradation, although the specific mechanisms
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Fig. 2. Transcript expression of downstream molecules regulated by Nrf2 is
significantly higher in naked mole-rats than in mice. Naked mole-rats have
higher levels of several gene transcripts that are dominantly regulated by
Nrf2 (n = 5 or 6). (A) These include Hmox1 (Left; P = 0.0376), Gstal (Center;
P = 0.0336), and Ngo1 (Right; P = 0.0200). (B and C) Elevated Nrf2-signaling
activity in the naked mole-rat was further confirmed via higher total GST
(B; P = 0.0001) and NQO1 activities (C; P = 0.0002) than observed in mice.
Error bars represent SEM.

by which they act have yet to be fully elucidated (25-27). Because
Nrf2 phosphorylation is required for Nrf2 nuclear migration and
its binding to the ARE (28), phosphorylating kinases such as p38
mitogen-activated protein kinase (p38MAPK) may directly
phosphorylate Nrf2 or impact other proteins that carry out this
function (29), thereby influencing Nrf2 signaling.

Of the 11 proteins we tested (Table 1 and Fig. S1), we observed
significant relationships with only 3 of these proteins with MLSP
(Table 1)—mnamely, Keapl (Fig. 44; P = 0.0013), p62/SQSTM1
(P = 0.0102), and pTrCP (Fig. 4B; P = 0.0037). These molecules
were negatively correlated with Nrf2, suggesting that the lower
their levels, the greater the Nrf2 activity and the longer the MLSP.
For Keapl and pTrCP to impact Nrf2 activity, N1f2 must bind to
either protein for subsequent ubiquitination and degradation.
We confirmed that these proteins were bound to Nrf2 via im-
munoprecipitation (Fig. 4C). Additionally, the fTrCP mRNA levels
were significantly lower in naked mole-rats compared with mice
(Fig. S2; P = 0.0001). Thus, it is highly likely that both Keapl and
BTrCP contribute to the regulation of Nrf2 signaling and that
their levels are inversely linked to MLSP and longevity (Fig. 5).

Discussion

Given the importance of Nrf2 in cytoprotection and xenobiotic
metabolism, we confirmed our hypothesis that the degree of
protection afforded by Nrf2 activity was positively linked to
species longevity. Clearly, long-lived species are primed to rap-
idly and effectively respond to stressors before these damaging
agents can compromise somatic integrity, impair cell function, or
induce cell death. High constitutive levels of Nrf2 activity sup-
port our hypothesis that Nrf2 is the “guardian of health span and
the gate-keeper of species longevity” (18). To our knowledge, we
also show for the first time that increased levels of Nrf2 activity
in long-lived species are not due to increased expression of Nrf2
protein, but rather are due to reduced expression of its negative
regulators—namely, Keapl and pTrCP.

Insights from the Naked Mole-Rat. Constitutive Nrf2 levels and
activity are markedly higher in the longest-lived rodent than in
short-lived mice (Figs. 1 and 2). Given the pivotal role of Nrf2 in
cytoprotection, proteostasis, and xenobiotic metabolism, such
high levels of Nrf2 activity likely contribute to the extraordinary
resilience of naked mole-rats to a diverse suite of stressors. In
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vitro studies using primary cultures of skin fibroblasts from mice
and naked mole-rats treated with heavy metals, chemotherapeutics,
and oxidative stressors revealed that naked mole-rats require 2- to
100-fold higher concentrations of toxins to kill 50% of cells 24 h
after exposure (7, 13). Similar resistance to beta amyloid is ob-
served in neurons in culture and in brains ex vivo (30). Enhanced
cytoprotection afforded by the twofold to fourfold higher levels of
Nrf2 signaling in the brain may also contribute to sustained neu-
ronal number and integrity (30), well-maintained cardiac function
(31), unchanged levels of oxidative damage during aging (32), and
resistance to spontaneous and experimentally induced cancers (11).

Nrf2 also regulates the transcription of antioxidants, molecular
chaperones, and proteasome subunits. These Nrf2-regulated
genes are constitutively expressed at high levels up to 80-fold
higher than observed in mice (Fig. 24). Such high levels of ex-
pression and activity provide a diverse and at-the-ready arsenal
to combat both inevitable endogenous stressors (e.g., ROS) and
the barrage of unpredictable xenobiotics (e.g., food toxins or
chemical pollutants). Moreover, they also enable the removal
and repair of any damage that may have been induced by these
stressors (33, 34). As such, these primed protective mechanisms
likely contribute to better maintenance of both proteostasis and
somatic integrity, thus contributing to extended health span and
delayed aging.

Nrf2-dependent downstream molecules, GST and NQO1, show
twofold to fivefold higher activities in naked mole-rats (Fig. 2 B
and C). Similarly, long-lived dwarf mice have elevated basal GST
levels and activity (35), and a similar GST profile is associated with
increased lifespan and toxin resistance in Caenorhabditis elegans
(36). NQOL1 activity also confers multiple layers of protection by
combating oxidative stress, stabilizing membranes, and inhibiting
apoptosis. Furthermore, NQO1 facilitates the complete reduction
and detoxification of highly reactive quinones. Like longer-lived
dwarf and caloric-restricted mice, naked mole-rats have higher
basal levels than do wild-type mice (Fig. 2C) (37, 38) facilitating
augmented protection.

Common Name Species Name MLSP BW
(years)  (g)
Laboratory Mouse Mus musculus 4 30
Naked Mole-rat Heterocephalus glaber 31 40
White-footed Mouse Peromyscus leucopus 7.9 23
Damaraland Mole-rat Fukomys damarensis 20 140
Guinea Pig Cavia porcellus 12 970
Gerbil Meriones unguiculatus 6.3 53
Blind Mole-rat Spalax judaei 20 100
Blind Mole-rat Spalax carmeli 20 115
Hamster Mesocricetus auratus 3.9 105
Cactus Mouse Peromyscus eremicus 7.3 25
B Nrf2-ARE Binding Activity C Nrf2-signaling Activity vs. Bodyweight
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Fig. 3. Nrf2-ARE binding activity is significantly correlated with the lifespan
of rodent species. (A) Ten different rodent species with varying MLSPs were
used to asses basal Nrf2 signaling activities. (B) Liver Nrf2-ARE binding ac-
tivity was positively correlated with MLSP in the 10 rodent species (n = 4 per
species; P = 0.0285), whose MLSP varied between 4 and 31y and whose body
weights ranged from 20 g to almost 1 kg. (C) Nrf2 signaling did not correlate
with bodyweight (P = 0.6082). Error bars represent SEM.
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Table 1. Multiple proteins that regulate Nrf2-signaling activity correlated with MLSP in rodents

Protein Regulation of Nrf2 signaling Relationship with MLSP R? P value
Nrf2 Increased levels of total Nrf2 protein may lead to increased Nrf2-signaling activity y = 0.4253x + 4.812 0.07832  0.1035
p21 Binds to Nrf2, preventing Keap1 binding and degradation y=-0.03173x + 1.129  0.08131  0.0871
p38MAPK Phosphorylated p38MAPK potentially phosphorylates and activates Nrf2 signaling y = 0.02161x + 1.306 0.009601 0.5475
P62/SQSTM1  Competitively binds to Keap1, preventing Nrf2 degradation y =-0.01620x + 0.8494 0.1696 0.0102*
PALB2 Binds to Keap1 to inhibit Nrf2 degradation and promote Nrf2 activity y = 0.1446x + 2.292 0.04845  0.1093
WTX Competitively binds to Keap1 to prevent Nrf2 binding and ubiquitination y = 0.2896x + 0.2954 0.07801 0.2330
DPP3 Competitively binds to Keap1 to prevent Nrf2 binding and ubiquitination y=0.1621x + 1.685 0.09239  0.0674
Keap1 Targets Nrf2 for ubiquitination and degradation via the proteasome y =-0.04825x + 2.065  0.2396 0.0013*
BTrCP Binds to Nrf2 to promote ubiquitination and degradation via the proteasome y =-0.01547x + 0.6708 0.2010 0.0037*
SIAH2 Suppresses and contributes to the degradation of Nrf2 y = 0.02748x + 1.630 0.01734  0.4180
CRIF1 Increases proteasome degradation of Nrf2; Redox independent y = 0.07633x + 2.348 0.02128  0.3691

We measured 11 different proteins that have been shown to regulate cytoprotective Nrf2-signaling activity to determine whether there was a correlation
between protein expression in liver tissue and MLSP in 10 different rodent species (*P < 0.05). Surprising, total Nrf2 protein level did not correlate with MLSP
(P =0.1035); however, its negative regulators Keap1 (P =0.0013) and pTrCP (P = 0.0037) did negatively correlate with MLSP. Notably, p62/SQSTM1, a player in

autophagy regulation, also negatively correlated with MLSP (P = 0.0102).

Nrf2 Regulation in Species with Divergent Longevity. To our
knowledge, we report for the first time a significant, positive
relationship between Nrf2 activity and species longevity (Fig. 3).
These 10 different rodent species represent five phylogenetically
distinct families, a 500-fold range in body mass (20 g to 1 kg), and
MLSPs ranging from 4 to 31 y. Only two of the species used in
this study are in the same rodent family (Bathyergidae). This
strictly subterranean family had very similar Nrf2-dependent
traits to those of another long-living subterranean rodent, Spalax
judaei (Spalacidae), which is more closely related to mice and
rats than to the Bathyergidae. High levels of Nrf2 activity in
underground-dwelling species may reflect convergent evolution
of similar protective properties in response to a habitat where
heavy metals and other soil toxins prevail and where variable
oxygen atmospheres and concomitant oxidative stress are com-
monly encountered.

This association of Nrf2 activity with MLSP further reveals
that, as species independently evolved longer lifespans, they also
augmented Nrf2 activity, such that for a 10-y increase in lifespan,
Nrf2 activity increases 1.4-fold (Fig. 3B). It is likely that in-
creased Nrf2 signaling enhances species fitness and contributes
to delayed rates of aging and ultimately to prolonged MLSP and
health span. In short-lived mice, both Nrf2 levels and down-
stream signaling components in the nervous system decrease
with age (39) and likely contribute to their observed age-related
cognitive and physiological declines. Mouse models of extended
longevity [i.e., methionine-restricted (40), little (37), and dwarf
(35) mice] all show signs of enhanced Nrf2 activity with elevated
activities of Nrf2-dependent enzymes—e.g., GST. Conversely,
when the homolog of Nrf2 is knocked out in invertebrate models,
lifespan extension associated with caloric restriction is abrogated
(41), further supporting the premise that Nrf2 is a conserved
mechanism linked to lifespan regulation. Also, given that changes
in Nrf2 signaling are closely associated with cancer, toxin re-
sistance, good health, and prolonged longevity, understanding
how it is regulated is of critical importance and may lead to po-
tential therapeutics that extend longevity and health span as well
as abrogate age-associated diseases.

Unlike Nrf2 activity, total Nrf2 protein levels did not show
a significant relationship with MLSP (Table 1 and Fig. S1). We
therefore focused on other regulators of Nrf2 activity, including
its negative regulator, Keapl (14). Keapl tethers most Nrf2 in
the cytoplasm and regulates its proteasomal degradation via di-
rect binding with an E3 ligase. Although Keapl knockout mice
are not viable and die within the first 3 weeks of life (42), down-
regulation of Keapl expression in mice increases resistance to
toxins (43). Experimental manipulation of Keapl levels alters both
fruit fly toxin resistance and modulates their lifespan (44). Our
multispecies comparative study similarly shows a significant inverse
relationship between MLSP and Keapl levels (Table 1, Fig. 44,
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and Fig. S1), suggesting that, commensurate with their lifespan,
this negative regulator is instrumental in modulating Nrf2 activity.
Two other regulators of Nif2 activity, p62/SQSTM1 and BTrCP,
also showed significant relationships with MLSP and highlight the
importance of multiple regulatory pathways and longevity.

The negative relationship with p62 and MLSP was surprising
in that p62 binds to Keapl, preventing Nrf2 degradation and
thus promoting Nrf2 activity (Table 1 and Fig. S1). However,
because p62 is also known to modulate autophagy, its effects
here on lifespan may reflect elevated levels of autophagy in long-
lived species, rather than Nrf2 activity. Accumulation of p62 is
reportedly linked to a rapid aging phenotype and increased
cancer risk (45); thus, it is not a surprise that longer-lived rodents
have lower levels of p62 than their shorter-lived counterparts.
Lower levels of p62 may also explain the increase in autophagy
observed in naked mole-rat cells and tissues (12).

Recent reports revealed that Nrf2-signaling pathways are
negatively regulated by pTrCP, an E3 ubiquitin ligase that binds
to Nrf2, promoting proteasomal degradation (27). We found that
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Fig. 4. Keap1 and BTrCP levels are significantly linked to rodent MLSP and
likely contribute to longevity-associated up-regulation in Nrf2-signaling ac-
tivity. (A and B) Both Keap1 (A; P = 0.0013) and pTrCP (B; P = 0.0037) were
negatively correlated with MLSP in rodents (n = 4 for each of 10 species).
Both of these proteins negatively regulate Nrf2 by binding to Nrf2 and
targeting it for degradation. (C) Using immunoprecipitation, we confirmed
that Keap1 and Nrf2 were bound to Nrf2 in liver tissues of both mice and
naked mole-rats (n = 6). Error bars represent SEM.
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Fig. 5. Nrf2 signaling is regulated by several distinct mechanisms. Nrf2 activity is augmented by exogenous (i.e., xenobiotic compounds) and/or endogenous
(i.e., ROS) stressors. Free Nrf2 can bind to the ARE in the nucleus and activates hundreds of cytoprotective molecules, including detoxification enzymes like
GST, antioxidant enzymes (e.g., NQO1), proteasome subunits, and molecular chaperones. Nrf2 activity is largely negatively regulated by Keap1, which binds to
Nrf2 and targets it for ubiquitination and proteasomal degradation. Recently, other proteins have been shown to influence Nrf2 activity either by interacting
directly with Nrf2 or with Keap1. Positive regulators, including p21 and p38MAPK, directly activate Nrf2 signaling, whereas P62/SQSTM1, PALB2, WTX, and
DPP3 interact with Keap1 and thereby activate Nrf2 signaling. Other negative regulators of Nrf2, including BTrCP, SIAH2, and CRIF1, directly target it for
degradation independent of Keap1. CRIF1 regulates Nrf2 signaling independent of the cell’s redox status. All of these molecules may be potential targets for

cancer prevention or longevity therapeutics.

BTrCP negatively correlates with MLSP (Table 1 and Fig. 4B).
BTrCP is associated with several intracellular processes, includ-
ing replication checkpoints and responses to both DNA damage
and xenobiotic agents. It is likely that these actions are linked to
MLSP. Oxidative stress, Akt/Gsk3p, and Sirtl pathways modu-
late BTrCP expression, implying that fTrCP may also be critical
in the life-extending effects of caloric restriction (46-48). pTrCP
may be an exciting therapeutic target for longevity-associated
increases in Nrf2 signaling because it is highly conserved among
mice, naked mole-rats, and even humans, with homology >97%
among these three evolutionarily distinct species. Moreover, low
levels of this protein appear to have fewer harmful side effects
than those of Keapl (42).

This multispecies comparative study exploits the untapped re-
source of natural variation in longevity among similar-sized
rodents and, to our knowledge, reveals for the first time that
Nrf2 activity is an essential modulator of species longevity. The
significant positive relationship between Nrf2 activity and ro-
dent MLSP is not due to total Nrf2 protein levels, but rather
is associated with its regulation by Keapl and BTrCP. These
findings highlight previously unidentified directions and over-
looked mechanisms to target for extending good health well into
old age.

Materials and Methods

Animal Care. C57bl/6 mice, naked mole-rats, white-footed mice, deer mice,
guinea pigs, gerbils, and hamsters were raised in-house under Association
for Assessment and Accreditation of Laboratory Animal Care International

3726 | www.pnas.org/cgi/doi/10.1073/pnas.1417566112

standards of care. All animal protocols were approved by the University of
Texas Health Science Center at San Antonio Institutional Animal Care and
Use Committee. Spalax ehrenbergi carmeli and judaei were housed in-
dividually in Haifa University, and harvested tissues were shipped to our
laboratory on dry ice. All animals used in these studies were young, healthy
individuals from both sexes. Immediately after euthanasia, tissues were
flash-frozen in liquid nitrogen and stored at —80 °C until use.

Immunoblotting. Sections of liver tissue with homogenized in radio-
immunoprecipitation assay buffer (RIPA), and electrophoresis was per-
formed on a 4-20% gradient gel (Bio-Rad) and transferred to a PVDF
membrane. Membranes were probed with the following antibodies per
manufacturer recommendation: Nrf2 (sc-13032; Santa Cruz), Keap1 (sc-33569;
Santa Cruz), p21 (sc-397; Santa Cruz), p38MAPK (no. 9215; Cell Signaling),
p62/SQSTM1 (sc-10117; Santa Cruz), PALB2 (sc-160647; Santa Cruz), WTX
(sc-138078; Santa Cruz), DPP3 (sc-55640; Santa Cruz), BTrCP (sc-8863; Santa
Cruz), SIAH2 (sc-5508; Santa Cruz), and CRIF1 (sc-103443; Santa Cruz). Bands
were quantified by using Image) software and normalized to GAPDH
(G8795; Sigma). Antibody epitopes were aligned with known rodent se-
quences to evaluate species specificity.

Nrf2:ARE Binding Activity. Nrf2:ARE binding activity was assessed by using
a TransAm Binding Assay (Active Motif). Briefly, nuclear extracts from liver
lysates were incubated on the ARE-oligonucleotide-coated plate and in-
cubated with Nrf2 antibody. Binding was detected via a colorimetric re-
action at a wavelength of 450 nm (n = 3-4 per species).

Real-Time PCR. RNA was isolated from frozen liver tissue (n = 5-6 per species)
by using the mirVana isolation kit (Life Technologies). cDONA was made by
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using the Quantitect Reverse Trasncriptase Kit (Qiagen). Real-time PCR was
performed by using the SYBR Green Real-Time PCR Master Mix (Life Tech-
nologies) protocol. Efficiency and accuracy was determined by titration and
visualization on gel. Primer details are provided in Tables S1 and S2.

Enzyme Activity Assays. NQO1 activity assays were performed by using the
protocol outlined in Prochaska et al. (49). Homogenized liver samples were
incubated with a NADPH-generating reaction system, menadione, and MTT.
Absorbance was measured at 595 nm after 5 min of reaction time. Total GST
activity was determined by using liver samples homogenized in a cold po-
tassium phosphate buffer, and activity was determined by using the total
GST assay kit (no. 703302; Carman Chemical).

Immunoprecipitation. Inmunoprecipitations were performed in mouse and
naked mole-rat liver homogenates by using a Pierce Crosslink Immunopre-
cipitation Kit. A total of 1,000 pg of protein in liver homogenates was
incubated with Nrf2 (Santa Cruz) and Keap1 (Santa Cruz) after these
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antibodies were cross-linked to agarose beads. Protein interactions were
analyzed via Immunoblot for TrCP and Keap1 binding, respectively.

Statistical Analysis. GraphPad Prism software was used for most statistical
analyses. Relationships between protein expression, enzyme activities, and
binding activity between mice and naked mole-rats were analyzed via unpaired
T-test. Error bars for all graphs represent SEM, and all calculated P values are
provided in figures. Multispecies comparisons were performed by using
phyologenetic independent contrast analyses of the linear regressions of MLSP
with Nrf2-ARE binding activity and total protein expression as described (50).
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