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Summary

The contribution that oxidative damage to DNA and/or RNAmakes

to the aging process remains undefined. In this study, we used the

hMTH1-Tg mouse model to investigate how oxidative damage to

nucleic acids affects aging. hMTH1-Tg mice express high levels of

the hMTH1 hydrolase that degrades 8-oxodGTP and 8-oxoGTP and

excludes 8-oxoguanine from both DNA and RNA. Compared to

wild-type animals, hMTH1-overexpressing mice have significantly

lower steady-state levels of 8-oxoguanine in both nuclear and

mitochondrial DNA of several organs, including the brain. hMTH1

overexpression prevents the age-dependent accumulation of DNA

8-oxoguanine that occurs in wild-type mice. These lower levels of

oxidized guanines are associated with increased longevity and

hMTH1-Tg animals live significantly longer than their wild-type

littermates. Neither lipid oxidation nor overall antioxidant status is

significantly affected by hMTH1 overexpression. At the cellular

level, neurospheres derived from adult hMTH1-Tg neural progen-

itor cells display increased proliferative capacity and primary

fibroblasts from hMTH1-Tg embryos do not undergo overt senes-

cence in vitro. The significantly lower levels of oxidizedDNA/RNA in

transgenic animals are associated with behavioral changes. These

mice show reduced anxiety and enhanced investigation of envi-

ronmental and social cues. Longevity conferred by overexpression

of a single nucleotide hydrolase in hMTH1-Tg animals is an example

of lifespan extension associated with healthy aging. It provides a

link between aging and oxidative damage to nucleic acids.

Key words: 8-oxoG; aging; oxidative stress; senescence;

behavior.

Introduction

Oxidative stress, an imbalance in the production and detoxification of

reactive oxygen and nitrogen species (ROS and RNS), is implicated in

the pathogenesis of cancer and neurodegenerative disorders as well

as in the aging process (Ames, 1983; Halliwell, 2007; Campisi &

Yaswen, 2009; Hoeijmakers, 2009; Kenyon, 2010). As DNA altera-

tions induced by ROS/RNS are often mutagenic, mammalian cells

have evolved strategies to prevent the accumulation of oxidized DNA

bases and preserve genome stability. DNA 8-oxoguanine (8-oxoG)

has received most attention because of its ease of formation and

miscoding properties. Together with direct oxidation of DNA, the

nucleotide pool has been shown to be a significant target for

oxidative stress (Haghdoost et al., 2006). MTH1–a member of the

family of hydrolases that eliminate oxidized precursors from the dNTP

pool (Ishibashi et al., 2003)–degrades both 8-oxodGTP and 8-oxoGTP

and prevents 8-oxoG accumulation in DNA and RNA (Sakumi et al.,

1993; Hayakawa et al., 1999). MTH1 inactivation is associated with a

mutator phenotype in mouse cells (Hori et al., 2010) and increased

cancer incidence in mice (Tsuzuki et al., 2001). Recent findings link

MTH1 deficiency to neurodegeneration. Thus Mth1�/� mice have

increased DNA 8-oxoG levels after kainate-induced excitotoxicity

(Kajitani et al., 2006) and loss of dopaminergic neurons in a

Parkinson’s disease mouse model (Yamaguchi et al., 2006). In

addition, human hMTH1 overexpression in hMTH1 transgenic

(hMTH1-Tg) mice confers significant protection against neurodegen-

eration and motor impairment induced by the mitochondrial toxin

3-nitropropionic acid (3-NP) (De Luca et al., 2008). Chronic accumu-

lation of oxidative damage tomacromolecules is linked to progressive

decline in cellular functions and aging (Harman, 1956; Sohal &

Weindruch, 1996). Oxidation of lipids, DNA, and proteins increases

with age in a variety of tissues and animal models (Bokov et al., 2004)

although it remains unclear whether this is a major causal factor in

aging (Salmon et al., 2010). As hMTH1 overexpression in the hMTH1-

Tg mouse model protects several organs against oxidative DNA

damage (De Luca et al., 2008), we have used these mice to examine

the possible role of oxidative DNA damage in aging.

Results

hMTH1 overexpression in transgenic mice prolongs lifespan

hMTH1-Tg animals live longer. Their median lifespan was 4 months

greater than that of their wild-type littermates (914 vs. 790 days)

(P < 0.0004; Kaplan Meier test) (Fig. 1A). Differences in maximum
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Fig. 1 Lifespan and hMTH1 overexpression. (A) Survival of hMTH1-Tg (n = 34) and wild-type (n = 42) littermate pairs. Relative risk (RR) 3.19 (SE = 0.89), P < 0.0004;

Kaplan Meier test. The effect of genotype on lifespan: F = 13.13, P < 0.001 by two-way analysis of variance. (B) hMTH1 enzymatic activity in cell-free extracts from the brain

of hMTH1-Tg (n = 4) and wild-type animals (n = 4). (C) 8-oxodG levels in mtDNA of 3-, 9- and 24-month-old hMTH1-Tg (n = 21) and wild-type (n = 24) mice. Two-way

analysis of variance: genotype effect: F (1,39) = 9.3, P < 0.004; F(1,39) = 20.3, P < 0.001; F(1,39) = 14.9, P < 0.0005; F = 20, P < 0.0001, skeletal muscle, heart, striatum

and hippocampus, respectively; age effect: F (1,37) = 48.6, P < 0.0001 and F (1,36) = 44.6, P < 0.0001 for skeletal muscle and hippocampus; age 9 genotype: F (1,36) =
7.18, P = 0.01 and F(1,30)=11.2, P = 0.002 for hippocampus and striatum). Values are indicated as mean � SE. Wild-type (open bar) and hMTH1-Tg mice (black bar). (D

and F) Representative gels showing the reaction products of OGG1 activity on a duplex DNA substrate (100 fmol) containing a single 8-oxodG:C mismatch, following

incubation with increasing amounts of nuclear extracts prepared from liver (E) and hippocampus (G) of 2- and 9-month-old mice (n = 3 for each genotype). Lane C in each

gel is the control sample containing the DNA substrate without cell extracts. Panels E and G contain the plots of product formation shown in D and F. Data are indicated as

mean � SD.
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lifespan (the frequency of mice living longer than the global 90%

percentile of lifespan distribution) were also highly significant

(P < 0.001, Fisher’s exact test) (Wang et al., 2004). Eight of 34

hMTH1-Tg mice survived beyond the 1036 day threshold, whereas

none of the wild-type mice did. A two-way analysis of variance with

survival as a dependent variable and genotype and sex, respectively,

as sources of variation revealed that the effect of genotype on

lifespan was highly significant (P < 0.001) and independent of

gender; hMTH1 overexpression extended lifespan in both sexes

independently of their differential mortality.

We previously reported high levels of the hMTH1 protein in the

brain of hMTH1-Tg animals (De Luca et al., 2008). Direct enzyme

assays indicated that this protein was active, and hMTH1 activity

was threefold higher in brains of transgenic animals compared to

control mice (Fig. 1B). hMTH1 overexpression prevented the

accumulation of oxidized guanine in nuclear DNA from young

(2–3 months) and middle-aged (9–10 months) mice (Fig. S1A,B).

DNA 8-oxodG levels in heart, brain and small intestine were

significantly lower in hMTH1-Tg than in wild-type animals (two-way

analysis of variance with genotype and age as sources of variation;

genotype effect: P = 0.001). The only organ in which DNA 8-oxodG

significantly accumulated with age was the liver (age effect:

P = 0.001). In this case, the hMTH1-mediated protection was

limited and did not reach statistical significance.

In addition, when DNA oxidation was investigated in brain areas

of aged animals (age range: 26–30 months), significantly lower

levels of DNA 8-oxodG (2.1-fold; P < 0.05) were observed in the

striatum and hippocampus of hMTH1-Tg compared to wild-type

mice of similar ages (Fig. S1C). A similar trend was also found in the

cortex. RNA oxidation was also lower in the striatum of hMTH1-Tg

mice (2.8-fold) (Fig. S1D).

MTH1 is localized in the cytosol and the mitochondrial matrix and

contributes to the sanitization of both nuclear andmitochondrial dNTP

pools (Kang et al., 1995). As expected (de Souza-Pinto et al., 2001),

the steady-state level of oxidation in mitochondrial DNA (mtDNA) was

almost twofold higher than that of nuclear DNA (Figs 1C and S1).

High level hMTH1 expression was associated with significantly lower

mtDNA 8-oxodG levels in skeletal muscles, heart, striatum and

hippocampus of hMTH1-Tg animals in comparison with wild-type

animals (genotype effect: P � 0.004 by two-way analysis of

variance). mtDNA 8-oxoG levels increased linearly with age in skeletal

muscle, hippocampus of 3-, 9- and 24-month-old mice (Fig. 1C) (age

effect: P < 0.0001). In addition, in the hippocampus and striatum,

there was a nonlinear interaction between age and genotype

(age 9 genotype, P � 0.01) indicating that protection by hMTH1

was enhanced in old animals (Fig. 1C). In conclusion, although

hMTH1 expression protects both nuclear and mtDNA, its defensive

role in aging mice is more evident in the mitochondrial compartment.

The OGG1 glycosylase protects against direct DNA oxidation by

removing 8-oxoG from DNA via the base excision repair (BER)

pathway. OGG1 activity was comparable in liver and hippocampus

of wild-type and transgenic animals at 2 and 9 months (Fig. 1D–G).

We conclude that the contribution of OGG-1 is similar in hMTH1-Tg

and wild-type mice and that their different DNA 8-oxodG levels

reflect the differential activities of hMTH1.

To address the molecular basis of longevity in hMTH1-Tg mice,

we examined several factors acknowledged to influence aging.

Reduced levels of free radicals and/or increased antioxidant defenses

are a common feature of mouse models of extended lifespan

(Salmon et al., 2010). Increased longevity in hMTH1-overexpressing

mice was not associated with altered antioxidant defenses. In

particular, peripheral antioxidant capacity (AOC) was comparable in

hMTH1-Tg and wild-type mice at 3, 9, and 24–36 months, and the

decreased AOC associated with aging (24–36 months vs. younger

ages) was unaffected by hMTH1 genotype (Fig. 2A). In addition, the

levels of F2-isoprostane (15-F2t-IsoP), a marker for in vivo free radical

generation, were comparable in different brain regions in old-wild-

type and hMTH1-Tg mice (Fig. 2B), indicating that increased

longevity in hMTH1 mice is not associated with changes in general

oxidative status.

The IGF-1/insulin signaling pathway that is less active in several

models of extended lifespan (Holzenberger et al., 2003; Liang et al.,

2003; Kenyon, 2010; Selman & Withers, 2011) was unaffected by

hMTH1 overexpression. Serum IGF-1 levels were comparable in

wild-type and hMTH1-Tg mice of 3–36 months (Fig. 2C). In

agreement with their similar IGF-1 levels, blood glucose levels were

also unaffected by hMTH1 expression (Fig. 2D), indicating that

lifespan extension associated with hMTH1 is independent of the IGF-

1-insulin axis.

In some mouse models, delayed aging is associated with reduced

body mass. hMTH1 expression did not affect body weight gain from

neonatal up to 12 months (Fig. 3A,B). At 28 months, however,

hMTH1-tg mice were significantly heavier than wild-type (genotype

effect: P < 0.05; age 9 genotype: P = 0.069; P � 0.05 after post

hoc comparison) (Fig. 3B). To investigate whether the differences in

body weight reflected different adipose tissue burdens, we mea-

sured the levels of circulating leptin. Serum leptin concentrations

were comparable in the two genotypes at both young (9 months)

and old ages (24–36 months) (Fig. 3C), suggesting that the weight

increase is related to general body mass.

Increased hMTH1 expression enhances exploration of

environmental and social cues

To investigate the effect of hMTH1 overexpression on behavior, we

examined male hMTH1-Tg and wild-type mice in several behavioral

tasks, from the early postnatal phase to old age. As aging can

influence social and exploratory behavioral patterns in rodents

(Torras-Garcia et al., 2005; Berry et al., 2007), we selected tasks

involving affective and cognitive responses to environmental or

social novelty. Moreover, we chose to assess learning and memory

functions by means of tasks (i.e. object and social recognition)

generally less affected by diminished motor performances possibly

associated with aging in 2-year-old mice.

Achievement of early developmental milestones was similar in the

two genotypes, and at 11 days, there were no apparent differences

in motor behavior and recognition of nest-related olfactory cues

(Table S1).

Exploratory behavior and anxiety levels in the open-field arena

and elevated zero-maze, social motivation and memory, and
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capacity to discriminate between a familiar and a novel object were

assessed in two different groups of mice at 2 months and 2 years of

age. In the open-field test spontaneous motor activity and explor-

atory behaviors were scored. Levels of crossing, grooming and

immobility, and time spent in the open and peripheral area of the

arena were comparable in hMTH1-Tg and wild-type mice at both

ages. Rearing behavior (including open rearing and wall rearing)–an

important component of the exploratory motor pattern – was

significantly more pronounced in old hMTH1-Tg mice compared to

old wild-type animals (Table 1). hMTH1-Tg mice exhibited less

anxiety than wild-type controls in the elevated zero-maze (Fig. 4A).

They spent significantly more time in the open sectors of the maze

(genotype effect: F(1,29) = 4.39, P < 0.05), an effect largely attrib-

utable to the old-age group (hMTH1-Tg vs. wild-type P < 0.05). At

2 years, hMTH1-Tg mice displayed a higher frequency of head-

dipping behavior, an index of active exploration, than wild-type

mice of the same age (genotype effect: F(1,29) = 33.35, P < 0.005;

age 9 genotype: F(1,29) = 14.69, P < 0.005).

In both learning and memory paradigms performed, hMTH1-Tg

mice displayed enhanced curiosity toward either nonsocial or social

cues. In the object recognition task, mice were exposed to two

identical objects for 15 min (T1, familiarization) and then subse-

quently presented at 30 min (trial 2, T2) and 24 h (trial 3, T3) with

two objects, one familiar and one novel (Fig. 4B). Overall, mice of

both genotypes spent less time investigating the familiar object than

the novel one at both T2 (short-term memory) and T3 (long-term

memory) trials (time on novel object in T2: F(1,21) = 102.43,

P < 0.005; in T3: F(1,21) = 20.66, P < 0.005). hMTH1-Tg mice

were, however, more likely than wild-type mice to explore either

object, during the familiarization (T1), and in T2 and T3 trials (main

effect of genotype: F(1,23) T1 = 6.19, T2 = 6.34, Ps < 0.05, and

T3 = 3.65, P = 0.06).

In T2, the difference between investigation of the novel vs. the

familiar object was significantly greater in hMTH1-Tg than in wild-

type mice (object 9 genotype: F(1,23) = 6.35, P < 0.05) (Fig. 4B).

In T3, the difference between exploration of the novel vs. the

familiar object was highly significant in hMTH1 mice only (Fig. 4B).

In the social memory task (Fig. 4C), the time spent in social

investigation after repeated presentations of the same partner in the

home cage decreased in both genotypes (repeated trials: F

(3.87) = 7.98, P < 0.005). On presentation of a novel partner (T5),

2-year wild-type mice failed to respond, whereas hMTH1-Tg mice

showed significant renewal of investigation. The behavior of these

older transgenic mice was similar to that of younger wild-type and

hMTH1-Tg mice (genotype 9 age: F(1,29) = 4.17, P < 0.05;

Ps < 0.05 after comparison hMTH1 vs. wild-type in the 2-year group,

and wild-type 2-month vs. wild-type 2-year). We did not observe

significant differences inmotor activity between hMTH1-Tg andwild-

type mice either in object recognition or in social memory task.

hMTH1 overexpression increases the proliferative capacity of

adult neural stem/progenitor cells

As BER-defective mice (Polb�/� and Neil3�/� mice) may show

altered neurogenesis (Sugo et al., 2000; Regnell et al., 2012), we

investigated whether hMTH1 overexpression provided some

neurogenic advantage. To this end, we assessed the formation of

neurospheres generated by adult neural stem/progenitor cells

(A) (B)

(C) (D)

Fig. 2 Antioxidant capacity, F2-

isoprostane, IGF-1 and glucose levels in

hMTH1-Tg mice. AOC levels were

measured by colorimetric assay in serum

from 3-month-old hMTH1-Tg (n = 11) and

wild-type (n = 11) mice, 9-month-old

hMTH1-Tg (n = 10) and wild-type (n = 4)

mice and 24- to 36-month-old hMTH1-Tg

(n = 16) and wild-type (n = 6) mice.

*P < 0.05 vs. 9 or 3 months. (B) 15-F2t-IsoP

levels were determined in tissue extracts

from brain areas in 18-month-old hMTH1-

Tg (n = 8) and wild-type (n = 5) mice;

(C) IGF-I levels were estimated by an

immunoassay in serum from hMTH1-Tg

(n = 23) and wild-type (n = 16) animals of

the indicated age. (D) Glucose levels were

measured by an enzymatic assay in the

blood of aged (22-24 months) hMTH1-Tg

(n = 11) and wild-type (n = 9) animals.

Data are indicated as mean � SE. Wild-

type (open bar) and hMTH1-Tg mice (black

bar).
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(NSPC) from the subventricular zone (SVZ) of 3-month-old mice. We

did not observe any differences in number of neurospheres

generated from wild-type or hMTH1 mice. The mean size of and

total cell content of neurospheres from hMTH1-Tg animals were

significantly higher in both secondary and tertiary cultures (Fig. 5),

however. We conclude that the proliferative capacity of NSPC from

hMTH1-tg mice is higher than that of wild-type NSPC.

hMTH1 overexpression confers growth advantage and

prevents cellular senescence in vitro

Cellular senescence in vitro may recapitulate the loss of regenerative

capacity of cells in vivo (Campisi & d’Adda di Fagagna, 2007). We

investigated whether hMTH1 overexpression delayed cellular senes-

cence in vitro. There was a noticeable difference in the proliferation

of hMTH1-Tg and wild-type MEFs prepared from pooled littermate

embryos. The difference was most evident as cells cultured at high

density approached the presenescence crisis (passages 7–10,

Fig. 6A). As low-density cultures are less permissive for growth

(Todaro & Green, 1963), we investigated whether hMTH1 overex-

pression also conferred a growth advantage at low density. Low-

density, hMTH1-expressing MEFs (hMTH1-1, hMTH1-7) showed no

evidence of a senescence crisis. There was little expression of

senescence-associated beta-galactosidase activity (Fig. 6B,D) or of

the p16INK4a cell cycle inhibitor (Fig. 6E) (Rai et al., 2009). In

contrast, two independent cultures of wild-type MEFs (wt-1, wt-2)

underwent replicative senescence after a few passages (Fig. 6B and

E). The levels of intracellular ROS and 15-F2t-IsoP were higher in

proliferating hMTH1-overexpressing MEFs than in quiescent wt-1

cultures (Fig. S2A–C). The escape from replicative senescence in

hMTH1 overexpressing MEFs is therefore not the result of reduced

ROS levels.

Discussion

The only known activity of MTH1 is cleansing of the oxidized

nucleotide pools. We have previously shown that adult differenti-

ated neurons in hMTH1-Tg mice are markedly protected from

neurotoxicity (De Luca et al., 2008; Ventura et al., 2012). Here, we

report that hMTH1 overexpression also significantly prolongs

lifespan.

The increased longevity is associated with a lower steady-state

level of DNA 8-oxoG in several organs. In aged mice, oxidative

damage clearly increased in mtDNA of every organ we examined

(skeletal muscles, heart and brain). hMTH1 overexpression always

reduced 8-oxoG levels in mitochondria, and this protection is

maintained from adulthood to old age (24 months). It is noticeable

that mtDNA of some brain areas (hippocampus and striatum) is

particularly defended by hMTH1 in the old age. Although hMTH1

overexpression is associated with decreased levels of 8-oxoG also in

nuclear DNA, there is a limited accumulation of the oxidized purine

as a function of age in this mouse strain (Russo et al., 2004), the

(A)

(B)

(C)

Fig. 3 Body growth of hMTH1-Tg. (A) Body weight (mean � SE) of developing

wild-type (n = 9) and hMTH1-Tg (n = 6) mice and (B) 12- and 28-month (mo)

hMTH1-Tg (n = 4) and wild-type (n = 8) mice. Genotype effect: F(1,20) = 4,77,

P < 0.05; age 9 genotype interaction: F(1,40)= 3,47 P = 0.069; P � 0.05 after

post hoc comparison. (C) Leptin wasmeasured by a specific enzyme immunoassay in

sera fromhMTH1-Tg (n = 5) andwild-type (n = 5)mice, at two different ages (9 and

24–36 months). Data were compared by two-way ANOVA. * P < 0.05 after post

hoc comparison performed on genotype 9 age interaction. Wild-type (open bar)

and hMTH1-Tg mice (black bar).

Table 1 Behavioral items recorded during a 15-min open-field test by wild-type

and hMTH1-Tg mice

Genotype and age

Crossing

frequency *

Duration of

grooming

Rearing

frequency†

Wild-type, 2 months 208.67 � 15.84 41.50 � 15.02 91.5 � 14.11

Wild-type, 2 years 294.75 � 33.90 35.47 � 5.75 99.5 � 12.95

hMTH1-Tg, 2 months 185.55 � 16.30 38.94 � 9.40 69.89 � 8.4

hMTH1-Tg, 2 years 320.75 � 20.08 35.9 � 9.75 129.75 � 8.36‡

Data are means � SE.

*Significant main effect of age; ANOVA P < 0.05.
†Significant interaction between age and genotype; ANOVA P < 0.05.
‡Significant difference 2-year hMTH1-Tg vs. 2-month hMTH1-Tg and 2-year wild-

type.

P < 0.05 after post hoc comparisons.
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only exception being the liver. In addition, hMTH1 expression

protects brain against RNA oxidation. This hMTH1-mediated elim-

ination of oxidized RNA precursors might reduce translational errors

associated with mRNA oxidation. Although hMTH1 protects multi-

ple targets against accumulation of oxidized bases, our data suggest

that mitochondria preservation might be particularly important in

the aging process.

Our findings indicate that hMTH1 overexpression preserves

neuronal functions in brain areas involved in the control of the

complex behaviors. Increased longevity was associated with a typical

behavioral profile characterized by enhanced investigative behavior

in different contexts. This was seen as increased exploration of the

environment, reduced anxiety and neophobia and higher sociability.

In rodents, these behavioral traits reliably predict increased lifespan

(A)

(B)

(C)

Fig. 4 Behavioral phenotype of hMTH1-Tg. (A) Behavioral items recorded during a 5-min test in the elevated zero-maze (2-month hMTH1-Tg n = 9 and wild-type

n = 6; 2-year hMTH1-Tg n = 8 and wild-type n = 10): time spent in the open sectors of the maze and head-dipping behavior * P < 0.05 indicates significant

difference after post hoc comparisons. (B) Memory performance in the object recognition test (2-month hMTH1-Tg n = 9 and wild-type = 6; 2-year hMTH1-Tg n = 8

and wild-type n = 4). Each trial lasted 15 min. Both hMTH1-Tg and wild-type mice discriminated the novel (NO) from the familiar (FO) object either 30 min or 24 h after the

familiarization session (T1). A significant effect of the genotype was found in T1 and T2 trials (Ps < 0.05) and very close to significance (P = 0.06) in T3, hMTH1-Tg

mice exploring more than wild-type both objects. In T2, there was a significant interaction genotype 9 object (P < 0.05) as the preference for the novel object was more

marked in hMTH1-Tg than in wild-type mice. This effect was confirmed in T3, where recognition memory (preference for the novel object after 24 h) was significant

only in hMTH1-Tg mice either young adult or old, just missed significance in 2-month wild-type, and it was far from significance in 2-year wild-type mice (*P < 0.05;

** P < 0.01; ns, not significant) (C) Mean duration of social investigation (2-month hMTH1-Tg n = 8 and wild-type = 8; 2-year hMTH1-Tg n = 10 and wild-type = 7). Each

trial lasted 5 min. The habituation profile from Trial 1 to Trial 4, where mice were repeatedly presented with the same individual (an unfamiliar male of the same strain and

age), was comparable in the four experimental groups. Significant renewal of investigation toward the new intruder in Trial 5 was found in all groups except in 2-yr wild-type

mice (significant interaction genotype 9 age, * P < 0.05 after post hoc comparison old hMTH1-Tg vs. old wild-type mice and 2-month wild-type vs. 2-year wild-type mice).

Data are mean � SE. Wild-type (open bar) and hMTH1-Tg mice (black bar).
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and this has been linked to an improved ability to cope with

environmental stressors and an enhanced immune response (Perez-

Alvarez et al., 2005; Yee et al., 2008; Cavigelli et al., 2010;

Aguilera, 2011). Decreased anxiety, in association however with

learning impairment and enhanced locomotor activity, has been

reported in a mouse model of defective mitochondrial DNA repair

expressing a mutant version of the mitochondrial UNG gene

(Lauritzen et al., 2010). The extended behavioral analysis performed

in our study clearly indicates that the baseline motor activity of

hMTH1 mice is unaltered. In addition, both hMTH1 and wild-type

mice spent more time in the peripheral than in the central area of the

open field, showing comparable levels of ambulation close to the

walls. Noticeably, hMTH1 mice displayed proper risk assessment

responses, as indicated by frequency of stretched-attend postures in

the elevated zero-maze. In addition, the increase in time spent in the

open areas was accompanied by a characteristic increase in head-

dipping behavior, which, in agreement with the enhanced object

investigation, indicates higher curiosity and exploration of the

environment rather than a nonspecific decrease of anxiety producing

disinhibited and perseverative behavior. The consistent findings

obtained in the different behavioral tasks performed in our study

suggest that the characteristic behavioral phenotype of hMTH1 mice

possibly enables them with more efficient processing of

environmental and social cues, forming the basis for cognitive

enhancement.

The impact of hMTH1 on behavior is particularly evident in aging

mice. Older hMTH1-Tg mice show more efficient recognition of

spatial environmental features and a more intact social memory.

Their levels of social investigation toward a novel conspecific were

comparable to those of younger wild-type mice. Although our

behavioral findings do not identify how hMTH1 expression prevents

age-associated changes in the brain function, we suggest that the

distinctive behavior of these mice reflects a more efficient function-

ing of neuroendocrine brain circuits that integrate sensory informa-

tion and responses to novelty.

hMTH1-Tg mice differ from other transgenic models of extended

lifespan in several ways. hMTH1 protection is independent of the

levels of ROS and antioxidant defenses (Migliaccio et al., 1999;

Schriner et al., 2005). In addition, hMTH1-Tg mice have no

apparent gross alterations in glucose metabolism or IGF-1-insulin

axis and gain weight normally as they age. This distinguishes

hMTH1-Tg mice from other long-lived mice with slow metabolic

rates or small body size (Migliaccio et al., 1999; Schriner et al.,

2005). The reasons for the increased weight of older transgenic

mice remain unclear. They do not involve gross alterations in the

adipose tissue burden, their plasma levels of leptin are normal and

there is no evidence of macroscopic fat deposition (data not shown).

At the cellular level, loss of BER of oxidative lesions is associated

with in impaired proliferation of neurospheres from Polb�/� and

Neil3�/� mice (Sugo et al., 2000; Regnell et al., 2012). In our

experiments, NSPC cultures derived from hMTH1-Tg mice prolifer-

ated better than those from wild-type animals, suggesting that

enhanced protection against oxidative damage provides a prolifer-

ative advantage. We found that hMTH1 overexpression also

abolished senescence of cultured MEFs. These findings are consis-

tent with the rapid induction of senescence in hMTH1-knockdown

early-passage human fibroblasts (Rai et al., 2009). These observa-

tions are also consistent with an intriguing link between organismal

aging and cellular senescence (Campisi & d’Adda di Fagagna,

2007).

The life shortening associated with defective DNA repair in human

progeroid syndromes and their mouse models suggests that the

accumulation of DNA damage plays a major role in the aging process

(Niedernhofer et al., 2006; van der Pluijm et al., 2007; Schumacher

et al., 2008; Garinis et al., 2009). Although premature aging

phenotype has not been reported in Mth1�/� mice, their cancer

proneness may represent an alternative age-related outcome. We

propose that by decreasing the burden of oxidative damage to nucleic

acids, MTH1 overexpression represents a previously unrecognized

mechanism by which healthy longevity can be attained.

Experimental procedures

Animal care and genotyping

All animal procedures were carried out according to EU Directive

86/609/EEC and to Italian legislation on animal experimentation.

(A)

(B)

Fig. 5 Generation of neurospheres from SVZ. (A) Spheres were generated from SVZ

from 3-month-old hMTH1-Tg (n = 8) and wild-type (n = 8) mice following

dissociation and plating at a density of 10 cells lL�1. (B) Diameters of neurospheres

in secondary and tertiary cultures. Data are mean � SE from three experiments.

Scale bar = 200 lm. Wild-type (open bar) and hMTH1-Tg mice (black bar).
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To ensure that mice were on a pure C57BL/6 genetic back-

ground, a previously described hMTH1-Tg mice generated at our

Institute (De Luca et al., 2008) was crossed with wild-type C57BL/

6 partners for more than 12 generations. To maintain the colony

hemizygous, hMTH1-expressing male mice were routinely cross-

bred with hemizygous and wild-type female mice. Hemizy-

gous 9 hemizygous crosses were used to generate homozygous

and wild-type mice used in the experiments reported in this

manuscript. hMTH1-Tg animals were genotyped as reported

previously. All animals were housed under standardized temper-

ature, humidity and on a 12-h light- to 12-h dark cycle with free

access to water and food. All tests were performed from 9:00

a.m. to 2:00 p.m. Differences due to the sex factor were always

calculated and reported when present.

Quantification and analysis of the 8-oxo-dGTPase activity

8-oxodGTPase activity was determined essentially as previously

reported (Bialkowski et al., 2009). The method to measure OGG1

activity is described in Supplementary Materials.

8-OxodG and 8-oxoG determinations

8-oxodG and 8-oxoG were measured by high performance liquid

chromatography/electrochemical detection as described previously

(De Luca et al., 2008). Details of the methods are provided in

Supplementary materials. The PromoKine Mitochondrial DNA

isolation kit (PromoCell GmbH, Heidelberg, Germany) was used to

isolate mitochondrial DNA from mouse tissues.

Measurement of antioxidant capacity

The quantification of AOC in serum samples was determined using

an assay, based on the reduction in Cu++ to Cu+ by the activity of all

antioxidant species present in the sample as previously described

(Minghetti et al., 2006). The reduced copper (Cu+) forms a stable

complex with bathocuproine that shows maximal absorbance at

490 nm. A standard curve of uric acid as typical reducing agent is

used to calculate the antioxidant activity present in the sample. Data

are expressed as lmoles L�1 of reducing power. The sensitivity was

22 lM of reductive capacity; intra- and inter-assay variability showed

a coefficient of variance CV that was lower than 4%. Serial dilutions

of each sample were analyzed in duplicate.

Measurement of IGF-1, glucose and leptin levels

IGF-1 levels were measured in mouse sera using the Quantikine

immunoassay (R&D Systems, Minneapolis, MN, USA) according to

manufacturer’ instructions. Following reaction sample, values are

read off the standard curve at 450 nm. Glucose levels were

measured in total blood of using the Glucocard G sensor assay

(ARKRAY) according to manufacturer’ instructions. Leptin levels

were measured in mouse sera using a specific Enzyme immunoassay

kit (Phoenix Pharmaceuticals, Inc., Burlingame, CA, USA) according

(A) (B) (C)

(D) (E)

Fig. 6 Proliferation rates and senescence of hMTH1-overexpressing MEFs. (A) Population doublings of MEFs derived from pooled hMTH1-Tg and wild-type embryos

(passage 7–10). (B) Population doublings of MEF cultures derived from independent hMTH1-Tg and wild-type embryos (passage 4–14). (C) Expression of hMTH1 in clones

hMTH1-1, hMTH1-7 and wt-1 and wt-2 by RT-PCR at passage 10. (D) wild-type and transgenic MEFs stained for SA b-gal activity at the indicated passages. (E) Levels of p16

detected by immunoblotting at different passages in wild-type and transgenic MEFs. Wild-type (open bar) and hMTH1-Tg mice (black bar).
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to manufacturer’ instructions. Following reaction sample, values are

read off the standard curve (0.03–300 ng mL�1) at 450 nm. All

measurements were performed in overnight-fasted animals.

Spontaneous activity (open-field test)

At 2 months or 2 years, mice underwent a single 15-min session of

open-field testing. The behavior of each animal was observed in a

black open-field arena (35 9 35 9 36 cm) and videotaped for

15 min under red light. The following behavioral categories were

scored: frequency of crossing (crossing the square limits with both

forepaws), frequency and duration of rearing, wall rearing, groom-

ing and immobility (Ricceri et al., 2006).

Exploratory behavior and anxiety levels (elevated Zero-maze)

At 2 months or 2 years, mice were assessed in the zero-maze

apparatus, a plastic annular runway (width 5.5 cm, outer diameter

46 cm, 40 cm above ground level) with two opposing 90° sectors

protected by 10-cm-high walls (closed sectors) and the other two

unprotected (open sectors). Each animal was placed in one of the

closed sectors and observed for 5 min. The following parameters

were scored using an event recording software: time and number of

entries in open sectors, frequency of stretched-attend postures from

closed to open sectors (elongated body posture stretched forward

with at least the snout passing over the open/closed divide),

frequency and duration of wall rearing and grooming.

Object recognition task

At 2 months or 2 years, mice were assessed in an object recognition

task in a black plexiglas box (40 cm wide 9 40 cm deep 9 40 cm

high). Objects to be discriminated were a small black glass cylinder

(familiar object), a white cylinder and a half white-half black

cylinder. The task assessed both short-term (STM) and long-term

memory (LTM). Mice were habituated to the apparatus for 3 days.

Familiarization phase (day 4th) consisted of a one-trial session of

15 min with two identical objects (two black cylinders) positioned in

the back corners of the box, and mice were allowed to freely

explore. Latency to approach the objects and time spent in contact

with them were recorded. Retention test took place either 30 min

or 24 h following familiarization, respectively, for the STM (day 4)

and the LTM (day 5) and consisted of one-trial session of 15 min

during which one black cylinder was replaced by a new object

(unfamiliar), either a white or a half-black/half-white cylinder. All

combinations and locations of objects were used in a balanced

manner to reduce potential biases due to preference for particular

locations or objects. The time spent exploring each object and the

total time exploring both objects were recorded during sessions.

Social recognition test

At 2 months or 2 years, mice were tested individually in a social

recognition task. A stimulus mouse (unfamiliar conspecific of the

same sex and age enclosed in a small, round wire cage) was

introduced inside the home cage for four consecutive trials (T1-T4)

of 5 min each, separated by intertrial intervals of 15 min. The

stimulus mouse was the same from T1-T4, whereas in T5 a novel

stimulus mouse was used. The response variables recorded were the

latency to the first snout contact with the stimulus mouse, the total

duration of social investigation of the stimulus mouse and general

motor activity not in relation with social investigation. The method

for homing test and further references for behavioral studies are in

Supporting Information.

15-F2t-IsoP extraction and assay

A detailed procedure for 15-F2t-IsoP extraction has been described

elsewhere (Minghetti et al., 2000). Briefly, 200 lL of ice-cold Tris-HCl

buffer pH 7.5 containing 10 lg mL�1 of the COX inhibitor indometh-

acin (stock solution 1009 in ethanol) to avoid ex vivo PGE2 synthesis

and 10 lM of the radical scavenger butylated hydroxytoluene (stock

solution 1009 in ethanol) to avoid auto-oxidation are added to each

frozen sample, which is quickly thawed, homogenized with a Teflon

pestle (Sigma, Milan, Italy)–20 cycles in an ice bath – vigorously

vortexed and centrifuged at 20 817 g for 45 min at 4 °C. Superna-

tants are collected and stored at �80 °C until analysis. Measurement

of 15-F2t-IsoP is performed in tissue extracts by high sensitivity

colorimetric enzyme immunoassay (EIA kit; Cayman Chemical, Ann

Arbor, MI, USA). According to the manufacturers, the cross-reactivity

of anti-15-F2t-IsoP antibody for other prostaglandins was <1%

(0.02% for PGE2). All measurements were run at least in duplicate

for each sample. Results were expressed as pg per mg proteins.

Neurosphere generation

Neural stem/progenitor cells were obtained from the SVZ of

3 months old wild-type and hMTH1 male mice according to a

previously described protocol (see ref. in Supporting Information).

To generate spheres, living cells, counted by trypan blue

exclusion, were plated in uncoated plastic flasks at a density of

50 cells lL�1. Cells were grown at 37 °C in a 5% CO2

atmosphere in DMEM/F12 containing 1% penicillin/streptomycin,

0.1 M L-glutamine (Gibco), 23.8 mg per 100 mL Hepes, 7.5%

NaHCO3, 0.6% glucose, 20 ng mL�1 of human recombinant

epidermal growth factor (EGF; R&D), 10 ng mL�1 of basic

fibroblast growth factor (bFGF; R&D) and B27 supplement. Cells

were daily fed with fresh medium and passaged after 9 days

using accutase (Sigma). For neurosphere assays, single cell

dissociated spheres were plated at 10 cells lL�1 density in

uncoated cell culture flasks for 9 days. To assess neurosphere

number and size, the spheres were transferred to 48-well plates

with grids. Neurosphere size was determined by measuring the

diameters of individual neurospheres under light microscopy. The

total number of viable cells after neurosphere dissociation was

determined by the trypan blue exclusion method.

Preparation of primary mouse fibroblasts

MEFs were prepared from embryos derived from wild-type or

hMTH1-Tg pregnant females sacrificed after 13 days of gestation.

Tissue suspensions were incubated in a solution of 0.25% (w/v)
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trypsin/1 mM EDTA at 37 °C for 10–15 min with vigorous stirring.

Cells were expanded in Dulbecco’s modified Eagle’s medium with

10% fetal bovine serum, penicillin (100 U mL�1) and streptomycin

(100 mg mL�1) in a 5% CO2 atmosphere (90% nominal humidity).

Transgene expression was analyzed by RT-PCR using specific primers

and by Western blotting as previously described.

Measurements of proliferation rates

To determine the average rate of population doubling (PD), MEFs

derived from pooled embryos were plated in duplicate at a density

of 2 9 105 per 60-mm plate (high density) and the number of cells

was counted every 3–4 days, with 2 9 105 cells being replated for

the next count. For single embryo analyses, MEFs derived from

single embryos were expanded for characterization and starting

from passage four were plated in duplicate at a density of 5 9 104

cells per 60-mm plate (low density) and the number of cells was

counted every 3–4 days, with 5 9 104 cells being replated for the

next count. The numbers were converted into PDs, using the

following formula: log (no. of cells counted)-log (no. of cells plated)/

log (2), as described in Rai et al., 2009.

Senescence-associated b-galactosidase (SA-b gal) and ROS

measurements

Detection of SA b-gal activity was performed as described in Rai et al.,

2009. Intracellular ROS accumulation was monitored using the

chloromethyl derivative of dihydrofluorescein diacetate (CM-

H2DCFDA, Invitrogen). Cell cultures (2–4 9 105 cells) were washed

with PBS, incubated for 30 min in the dark at room temperature with

5 lM CM-H2DCFDAs and suspended in PBS+EDTA. Fluorescence

was measured using excitation and emission wavelengths of 485

and 535 nm, respectively, on a FACScan (Becton Dickinson, Franklin

Lakes, NJ, USA). The values were expressed as mean fluorescence of

the cell population.

Statistical analysis

A mixed-model analysis of variance (ANOVAs) for repeated mea-

sures was used to analyze body weight and behavioral data. Post

hoc comparisons were performed using Tukey’s test with Bonfer-

roni’s correction, which can be used in the absence of significant

ANOVA results.

Acknowledgments

Grant support: Telethon (Project GGP06100) and Fondo per gli

Investimenti della Ricerca di Base from Ministry of Education to MB

and PS-NEURO (ex 56/05/20) from Ministry of Health to PP, MB, GC

and LM.We thank A. Giuliani for statistical analysis of the data A. De

Felice for help in data collection and F. Mazzei for helpful discussions.

Author contribution

G.D.L., I.V., V.S., MT.R., M.A.A., E.C., A.M., G.F., F.M., P.D.

performed research; M.B., G.C., L.M., M.C., MM and P.P. designed

and analyzed research; M.B. and G.C. wrote the paper.

References

Aguilera G (2011) HPA axis responsiveness to stress: implications for healthy aging.

Exp. Gerontol. 46, 90–95.
Ames BN (1983) Dietary carcinogens and anticarcinogens. Science 221, 1256–
1264.

Berry A, Capone F, Giorgio M, Pelicci PG, de Kloet ER, Alleva E, Minghetti L,

Cirulli F (2007) Deletion of the life span determinant p66Shc prevents age-

dependent increases in emotionality and pain sensitivity in mice. Exp. Gerontol.

42, 37–45.
Bialkowski K, Szpila A, Kasprzak KS (2009) Up-regulation of 8-oxo-dGTPase activity

of MTH1 protein in the brain, testes and kidneys of mice exposed to (137)Cs

gamma radiation. Radiat. Res. 172, 187–197.
Bokov A, Chaudhuri A, Richardson A (2004) The role of oxidative damage and

stress in aging. Mech. Aging Dev. 125, 811–826.
Campisi J, d’Adda di Fagagna F (2007) Cellular senescence: when bad things

happen to good cells. Nat. Rev. Mol. Cell Biol. 8, 729–740.
Campisi J, Yaswen P (2009) Aging and cancer cell biology. Aging Cell 8, 221–225.
Cavigelli SA, Ragan CM, Michael KC, Kovacsics CE, Bruscke AP (2010) Stable

behavioral inhibition and glucocorticoid production as predictor of longevity.

Physiol. Behav. 98, 205–214.
De Luca G, Russo MT, Degan P, Tiveron C, Zijno A, Meccia E, Ventura I, Mattei E,

Nakabeppu Y, Crescenzi M, Pepponi R, P�ezzola A, Popoli P, Bignami, (2008) A

role for oxidized DNA precursors in Huntington’s disease-like striatal neurode-

generation. PLoS Genet. 4, e1000266.

Garinis GA, Uittenboogaard LM, Stachelscheid H, Fousteri M, van Ijcken W, Breit

TM, van Steeg H, Mullenders LH, van der Horst GT, Br€uning JC, Niessen CM,

Hoeijmakers JH, Schumacher B (2009) Persistent transcription-blocking DNA

lesions trigger somatic growth attenuation associated with longevity. Nat. Cell

Biol. 11, 604–615.
Haghdoost S, Sjolander L, Czene S, Harms-Ringdahl M (2006) The nucleotide pool

is a significant target for oxidative stress. Free Radic. Biol. Med. 41, 620–626.
Halliwell B (2007) Biochemistry of oxidative stress. Biochem. Soc. Trans. 35, 1147–
1150.

Harman D (1956) Aging: a theory based on free radical and radiation chemistry.

J. Gerontol. 11, 298–300.
Hayakawa H, Hofer A, Thelander L, Kitajima S, Cai Y, Oshiro S, Yakushiji H,

Nakabeppu Y, Kuwano M, Sekiguchi M (1999) Metabolic fate of oxidized

guanine ribonucleotides in mammalian cells. Biochemistry 38, 3610–3614.
Hoeijmakers JH (2009) DNA damage, aging, and cancer. N. Engl. J. Med. 361,
1475–1485.

Holzenberger M, Dupont J, Ducos B, Leneuve P, G�elo€en A, Even PC, Cervera P, Le

Bouc Y (2003) IGF-1 receptor regulates lifespan and resistance to oxidative stress

in mice. Nature 421, 182–187.
Hori M, Satou K, Harashima H, Kamiya H (2010) Suppression of mutagenesis by 8-

hydroxy-2′-deoxyguanosine 5′-triphosphate (7,8-dihydro-8-oxo-2′-deoxyguano-
sine 5′-triphosphate) by human MTH1, MTH2, and NUDT5. Free Radic. Biol.

Med. 48, 1197–1201.
Ishibashi T, Hayakawa H, Sekiguchi M (2003) A novel mechanism for preventing

mutations caused by oxidation of guanine nucleotides. EMBO Rep. 4, 479–483.
Kajitani K, Yamaguchi H, Dan Y, Furuichi M, Kang D, Nakabeppu Y (2006) MTH1

an oxidized purine nucleoside triphosphatase, suppresses the accumulation of

oxidative damage of nucleic acids in the hippocampal microglia during kainate-

induced excitotoxicity. J. Neurosci. 26, 1688–1698.
Kang D, Nishida J, Iyama A, Nakabeppu Y, Furuichi M, Fujiwara T, Sekiguchi M,

Takeshige K (1995) Intracellular localization of 8-oxo-dGTPase in human cells,

with special reference to the role of the enzyme in mitochondria. J. Biol. Chem.

14, 659–665.
Kenyon CJ (2010) The genetics of aging. Nature 464, 504–512.
Lauritzen KH, Moldestad O, Eide L, Carlsen H, Nesse G, Storm JF, Mansuy IM,

Bergersen LH, Klungland A (2010) Mitochondrial DNA toxicity in forebrain

neurons causes apoptosis, neurodegeneration, and impaired behavior.Mol. Cell.

Biol. 30, 1357–1367.
Liang H, Masoro EJ, Nelson JF, Strong R, McMahan CA, Richardson A (2003)

Genetic mouse models of extended lifespan. Exp. Gerontol. 38, 1353–1364.
Migliaccio E, Giorgio M, Mele S, Pelicci G, Reboldi P, Pandolfi PP, Lanfrancone L,

Pelicci PG (1999) The p66shc adaptor protein controls oxidative stress response

and life span in mammals. Nature 402, 309–313.
Minghetti L, Greco A, Cardone F, Puopolo M, Ladogana A, Almonti S,

Cunningham C, Perry VH, Pocchiari M, Levi G (2000) Increased brain

synthesis of prostaglandin E2 and F2-isoprostane in human and experimental

transmissible spongiform encephalopathies. J. Neuropathol. Exp. Neurol. 59,
866–871.

Prolonged lifespan in hMTH1 overexpressing mice, G. De Luca et al.704

ª 2013 John Wiley & Sons Ltd and the Anatomical Society



Minghetti L, Greco A, Puopolo M, Combrinck M, Warden D, Smith AD (2006)

Peripheral reductive capacity is associated with cognitive performance and

survival in Alzheimer’s disease. J Neuroinflammation 3, 4.
Niedernhofer LJ, Garinis GA, Raams A, Lalai AS, Robinson AR, Appeldoorn E, Odijk

H, Oostendorp R, Ahmad A, van Leeuwen W, Theil AF, Vermeulen W, van der

Horst GT, Meinecke P, Kleijer WJ, Vijg J, Jaspers NG, Hoeijmakers JH (2006) A

new progeroid syndrome reveals that genotoxic stress suppresses the somato-

troph axis. Nature 444, 1038–1043.
Perez-Alvarez L, Baeza I, Arranz I, Marco EM, Borcel E, Guaza C, Viveros MP, De la

Fuente M (2005) Behavioral, endocrine and immunological characteristics of a

murine model of premature aging. Dev. Comp. Immunol. 29, 965–976.
van der Pluijm I, Garinis GA, Brandt RM, Gorgels TG, Wijnhoven SW, Diderich KE,

de Wit J, Mitchell JR, van Oostrom C, Beems R, Niedernhofer LJ, Velasco S,

Friedberg EC, Tanaka K, van Steeg H, Hoeijmakers JH, van der Horst GT (2007)

Impaired genome maintenance suppresses the growth hormone–insulin-like
growth factor 1 axis in mice with Cockayne syndrome. PLoS Biol. 5, e2.

Rai P, Onder TT, Young JJ, McFaline JL, Pang B, Dedon PC, Weinberg RA (2009)

Continuous elimination of oxidized nucleotides is necessary to prevent rapid

onset of cellular senescence. Proc. Natl Acad. Sci. USA 106, 169–174.
Regnell CE, Hildrestrand GA, Sejersted Y, Medin T, Moldestad O, Rolseth V,

Krokeide SZ, Suganthan R, Luna L, Bjør�as M, Bergersen LH (2012) Hippocampal

adult neurogenesis is maintained by Neil3-dependent repair of oxidative DNA

lesions in neural progenitor cells. Cell Rep. 2, 503–510.
Ricceri L, Venerosi A, Capone F, Cometa MF, Lorenzini P, Fortuna S, Calamandrei G

(2006) Developmental neurotoxicity of organophosphorous pesticides: fetal and

neonatal exposure to chlorpyrifos alters sex-specific behaviors at adulthood in

mice. Toxicol. Sci. 93, 105–113.
Russo MT, De Luca G, Degan P, Parlanti E, Dogliotti E, Barnes DE, Lindahl T, Yang

H, Miller JH, Bignami M (2004) Accumulation of the oxidative base lesion 8-

hydroxyguanine in DNA of tumor-prone mice defective in both the Myh and

Ogg1 DNA glycosylases. Cancer Res. 64, 4411–4414.
Sakumi K, Furuichi M, Tsuzuki T, Kakuma T, Kawabata S, Maki H, Sekiguchi M

(1993) Cloning and expression of cDNA for a human enzyme that hydrolyzes 8-

oxo-dGTP, a mutagenic substrate for DNA synthesis. J. Biol. Chem. 268, 23524–
23530.
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