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Abstract Damage to DNA is especially important for

aging. High DNA repair could contribute, in principle,

to lower such damage in long-lived species. However,

previous studies showed that repair of endogenous dam-

age to nuclear DNA (base excision repair, BER) is

negatively or not correlated with mammalian longevity.

However, we hypothesize here that mitochondrial, in-

stead of nuclear, BER is higher in long-lived than in

short-lived mammals. We have thus measured activities

and/or protein levels of various BER enzymes including

DNA glycosylases, NTHL1 and NEIL2, and the APE

endonuclease both in total and mitochondrial liver and

heart fractions from up to eight mammalian species

differing by 13-fold in longevity. Our results show, for

the first time, a positive correlation between

(mitochondrial) BER and mammalian longevity. This

suggests that the low steady-state oxidative damage in

mitochondrial DNA of long-lived species would be due

to both their lower mitochondrial ROS generation and

their higher mitochondrial BER. Long-lived mammals

do not need to continuously maintain high nuclear BER

levels because they release less mitROS to the cytosol.

This can be the reason why they tend to show lower

nuclear BER values. The higher mitochondrial BER of

long-lived mammals contributes to their superior lon-

gevity, agrees with the updated version of the mitochon-

drial free radical theory of aging, and indicates the

special relevance of mitochondria and mitROS for

aging.
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APE1 Apurinic/apyrimidinic endonuclease

BER Base excision repair

DR Dietary restriction

mtDNA Mitochondrial DNA

nDNA Nuclear DNA

NTHL1 Endonuclease III homolog 1

NEIL2 Nei-like 2

5OHC 5-Hydroxycytosine
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THF Tetrahydrofuran

ROS Reactive oxygen species

VDAC1 Voltage-dependent anion-selective channel 1

Introduction

The prevalence of many age-related degenerative dis-

eases has increased strongly during the last decades.

Identifying the main mechanisms contributing to deter-

mine species longevity is critical to find new approaches

to decrease the aging rate. Longevity varies up to 1.4-

fold between individuals of the same species in dietary

restricted (DR) or long-lived mutant rodents but can

differ up to two orders of magnitude between different

mammalian species. Investigating the causes of such

huge variability is of paramount relevance to identify

factors controlling the aging rate. Although correlation

does not imply causation, comparative studies have

been commonly used in biogerontology. A main key

requisite for accepting any theory of aging is that it must

be able to explain why different animals age at so

different rates. The comparative approach can save a

lot of research time and resources by easily discarding

parameters not related to species longevity and can also

suggest new longevity determinants.

There is general agreement that among causes of

aging, increases in different forms of damage with age

is important. Among types of macromolecular cellular

damage, accumulation of DNA damage with age is

especially relevant. The steady-state level of DNA dam-

age depends both on the rate of damage generation and

on its rate of repair. Thus, a low level of DNA damage

could be due to a low rate of DNA damage generation,

an increased DNA repair capacity, or both. There is

evidence that endogenous oxidative damage generation

and intrinsic susceptibility to oxidative damage are low-

er in long-lived than in short-lived animals. Thus, low

rates of mitochondrial reactive oxygen species (ROS)

production and low levels of highly unsaturated fatty

acids in cellular membranes are traits of long-lived

mammals and birds (Barja 2013; Hulbert et al. 2007;

Naudi et al. 2013). However, there is less and more

controversial information concerning repair of endoge-

nous DNA damage in the main vital tissues.

Different repair pathways of endogenous DNA dam-

age are known, and the activation of each pathway is

dependent on the type of DNA damage. Although DNA

repair mechanisms are present both in the nuclear and

mitochondrial compartments, not all the DNA repair

pathways described in the nucleus have been found in

mitochondria. Within mitochondria the main known

DNA repair pathway is the base excision repair (BER).

This mechanism is the major pathway for repairing

small DNA modifications caused by alkylation, deami-

nation, or oxidation and includes four distinct sequential

steps (Gredilla et al. 2010). Briefly, substrate-specific

DNA glycosylases are responsible for recognition and

removal of modified bases. They generate an abasic site,

which is then processed by an apurinic/apyrimidinic

endonuclease (APE1). Similarly to nuclear BER, mito-

chondrial BER (mtBER) can proceed through two dif-

ferent sub-pathways: short- or long-patch BER. The

short-patch BER involves the incorporation of a single

nucleotide into the gap by DNA polymerase γ followed

by strand ligation by DNA ligase III. The long-patch

BER involves the incorporation of several nucleotides,

usually two to seven, by DNA polymerase γ followed

by cleavage of the resulting 5′ flap by accessory proteins

such as FEN-1 and ligation by DNA ligase III (Liu and

Demple 2010).

Various BER activities in nuclear fractions have been

compared between different mammalian species (Page

and Stuart 2012). The reported results showed lack of

correlation with longevity or, more frequently, lower

BER enzyme activities in tissues of long-livedmammals

when compared to short-lived ones. In addition, when

nuclear BER activities were studied in tissues of DR

rats, lower levels or no differences were observed in

restricted compared to ad libitum-fed animals, despite

the superior longevity of the former ones (Stuart et al.

2004). These results might indicate that nuclear BER

does not play a key role in longevity extension during

dietary restriction in mammals. Otherwise higher nucle-

ar BER activities would have been expected in DR

animals.

Mitochondria and mitochondrial DNA (mtDNA)

seem to be important for aging (Barja 2013; Gonzalez-

Freire et al. 2015; Lopez-Lluch et al. 2015; Miwa et al.

2014; Picca et al. 2018; Zsurka et al. 2018), but the

repair of mtDNA has never been studied in animal

species that differ in longevity. We hypothesize that

BER activities are positively correlated with longevity

in mitochondria, in strong contrast with the rather neg-

ative correlation with longevity observed in the nucleus.

In the present investigation, we have studied for the first

time different BER enzyme activities and enzyme
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protein levels in liver and heart mitochondrial fractions

of up to eight mammalian species showing up to 13-fold

difference in (maximum) longevity. We measured two

major DNA repair activities, the recognition and cleav-

age of the oxidative lesion 5-hydroxycytosine, and the

processing of abasic sites. We have also investigated the

protein levels of BER enzymes involved in those repair

activities in mitochondrial and total extracts of the heart

and liver from two species with low or high longevity

among the selected ones. Our results suggest that

mtBER likely contributes to longevity determination in

mammals. This is the first study reporting higher repair

activities of endogenous DNA damage in long-lived

mammalian species.

Materials and methods

Animals and organ samples

Selection of species was based on the availability and

reliability of maximum longevity records and on the

availability of live healthy animals in order to obtain

fresh tissue samples just after death. Male mice, rats,

guinea pigs, gerbils, and rabbits were killed at the labo-

ratory by decapitation. Male pigs, cows, and horses

were killed at the abattoir by standard approved

methods. The mean age of the animals used was

4 months (mouse), 4 months (rat), 5 months (gerbil),

1.4 years (guinea pig), 1.5 years (rabbit), 1 year (pig),

and 1.5–2.0 years (cow and horse). Selection of these

ages was performed to compare among adult or juvenile

animals of analogous biological age. The maximum

longevities of the selected species vary by 13-fold:

mouse (Mus musculus, 3.5 years), rat (Rattus

norvegicus, 4 years), gerbil (Meriones unguiculatus,

6.3 years), rabbit (Oryctolagus cuniculus, 9 years), guin-

ea pig (Cavia porcellus, 12 years), pig (Sus scrofa,

27 years), cow (Bos taurus, 30 years), and horse (Equus

caballus, 46 years). All the animals were in good health

according to routine veterinary controls at the abattoir,

and none was obese or scraggy. Heart samples were

taken from ventricles and liver samples from a main

hepatic lobe. The tissue samples were obtained in all

species at similar time after death (around 2–5 min);

they were cut into small pieces, immediately frozen in

liquid nitrogen, and transferred before 2 h to a − 80 °C

freezer for storage. Five different individual animals

were analyzed per species unless otherwise specified.

Isolation of mitochondrial fractions

Mitochondrial fractions were isolated from the heart and

liver of different species using standard procedures from

the literature (Gredilla and Stevnsner 2012) that have

been optimized in our laboratory (Leclere et al. 2013;

Torregrosa-Munumer et al. 2016). Briefly, hearts and

livers were homogenized in MSHE buffer (210 mM

mannitol, 70 mM sucrose, 10 mM HEPES, 1 mM

EDTA; pH 7.4). In order to obtain mitochondrial frac-

tions free of nuclear contamination, homogenization

was performed in the presence of the protease subtilisin

A (2 U/ml). After homogenization, the protease was

removed by centrifugation at 8500 g for 8 min. The

supernatant was discarded, and the pellet was resus-

pended in MSHE buffer. All subsequent steps were

performed in the presence of protease inhibitors (prote-

ase inhibitor cocktail, Sigma). After centrifugation at

500 g for 10 min, the pellet was discarded, and the

mitochondria were spun down by centrifugation of the

supernatant at 10,000 g for 9 min. The mitochondrial

pellet was resuspended in MSHE buffer, and the final

mitochondrial fraction was obtained after centrifugation

at 8500 g for 9 min. All steps were carried out at 4 °C.

The final mitochondrial fractions were resuspended in

Mitobuffer (20 mMHEPES, 1 mM EDTA, 2 mM DTT,

5% glycerol; pH 7.4), aliquoted, and stored at − 80 °C

until use.

Oligonucleotides

Oligonucleotides containing a tetrahydrofuran (THF)

residue, an abasic analog [5′- ATATAC CGC GC(THF)

CGG CCGATC AAG CTT ATT- 3 ′], or a 5-

hydroxycytosine (5OHC) residue [5′- ATA TAC CGC

G(5OHC)G CGG CCG ATC AAG CTTATT- 3′] were

purchased from DNA technology (Aarhus, Denmark)

and were 5′-end-labeled using T4 polynucleotide kinase

(PNK) and γ-32P-ATP (PerkinElmer). Mixtures of

100 μg oligonucleotide containing a specific DNA le-

sion or no damage, 20 units of T4 PNK (Fermentas),

PNK forward buffer A (Fermentas), and 333 μCi γ-32P-

ATP were incubated for 90 min at 37 °C and then

stopped with 2 μl 0.5 M EDTA. The unincorporated

γ-32P-ATP was removed by binding to G25 Microspin

columns (GE Healthcare, Amersham). Duplexing of the

5′-end-labeled oligonucleotide with the corresponding

complementary strand was carried out by heating at

90 °C followed by gradual cooling to room temperature.
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DNA glycosylase and abasic site processing activities

in heart and liver mitochondrial fractions

The mitochondrial recognition and cleavage of 5OHC

and abasic site processing are mainly, but not exclusive-

ly, related to NTHL1 and NEIL activities and APE1

activity, respectively. These activities were determined

in vitro in heart and liver mitochondria by incision

assays of 5OHC and THF essentially as previously

described (Gredilla and Stevnsner 2012). After perme-

abilization in the presence of 0.05% Triton X-100 and

0.3 M KCl, mitochondria were incubated for 1 h or

30min at 37 °Cwith 180 fmol of a duplexed 32P-labeled

30-mer oligonucleotide containing 5OHC or a THF

residue, respectively. Reactions (20 μl) contained

20 mM HEPES, 5 mM EDTA, 75 mM KCl, 1 mM

MgCl2, 5% glycerol, 5 mM DTT, and 0.1 mg/ml BSA.

The amount of mitochondrial protein added in the reac-

tion varied depending on the tissue and oligonucleotide

used. Thus, 200 ng (heart) or 75 ng (liver) of mitochon-

drial extracts were added to investigate APE1 activity,

while 2 μg of both heart and liver mitochondrial frac-

tions were used for DNA glycosylase activity. Reactions

were stopped by addition of 0.4% SDS and 0.2 μg/μl

proteinase K, followed by 30min of incubation at 55 °C.

Samples were mixed with 20 μl of formamide loading

buffer (80% formamide, 10 mMEDTA, 1 mg/ml xylene

cyanol FF, and 1 mg/ml bromophenol blue) heated to

90 °C for 5 min and loaded on a denaturing 20%

polyacrylamide gel. The radioactively labeled DNA

was visualized and quantified using Gene Snap software

(Syngene). Mitochondrial DNA glycosylase and APE1

activities were calculated as the amount of radioactivity

in the product lane relative to the total radioactivity in

the lane as described elsewhere (Gredilla and Stevnsner

2012).

Western blotting

Absence of nuclear contamination in the mitochondrial

samples was confirmed by western blot analysis. Mito-

chondrial and total samples (60 μg protein) of the dif-

ferent species were separated on 4–15% Mini-PROTE-

AN® TGXTM gels (Bio-Rad) and transferred to PVDF

membranes (Millipore). The absence of the cytosolic

protein tubulin was assayed using a polyclonal mouse

antibody (1:10000 dilution; Sigma), and the mitochon-

drial presence was assayed by detection of VDAC-1

(polyclonal rabbit antibody, 1:200 dilution; Abcam).

The total andmitochondrial amounts of specific proteins

involved in BER were compared in short-lived and

long-lived species. NTHL1 was detected by using a

polyclonal rabbit antibody (1:250 dilution; Santa Cruz

Biotechnology), and NEIL2 was detected by using a

monoclonal rabbit antibody (1:5000 dilution; Abcam).

On the other hand, APE1 was detected by using a

monoclonal mouse antibody (1:2000 dilution; Novus

biologicals). Secondary anti-rabbit or anti-mouse anti-

bodies were applied at different dilutions depending on

the primary antibody. Proteins on the membranes were

visualized using ECL plus® (GE Healthcare,

Amersham) and quantified using Gene Snap software

(Syngene).

Statistics

All results are described as mean ± standard error of the

mean (SEM) using samples from at least five indepen-

dent individual animals unless otherwise indicated. The

association between maximum life-span potential and

BER activities was analyzed by linear regression using

GraphPad Software Inc. Comparisons of parameters

between paired species were statistically analyzed by

Student’s t test. The predetermined minimum signifi-

cance level was p < 0.05.

Results

When measuring parameters in tissue fractions like mi-

tochondria, the purity of the mitochondrial fractions

must be confirmed to validate the results. We observed

that VDAC1, the most abundant mitochondrial marker

protein on the outer mitochondrial membrane, was pres-

ent in mitochondrial samples of all the different species

used at levels much higher than in total samples (Fig. 1a

and b). Conversely, α-tubulin, the main protein of mi-

crotubules, a major component of cytoskeleton, was

present in total but not in mitochondrial samples from

all the animal species (Fig. 1a and b) confirming that the

mitochondrial fractions were free of extramitochondrial

protein contamination.

To our knowledge, comparative studies on mtBER in

mammalian species with different longevities have not

been reported. We first investigated the dynamic of both

5OHC and THF incision activities in mitochondrial

fractions from all the species, determining optimal ex-

tract concentration for each assay and tissue (Fig. 1c–f).
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Fig. 1 Confirmation of mitochondrial purity and setting of inci-

sion assay conditions. Presence of VDAC-1 and tubulin was

assayed by western blot in liver (a) and heart (b) mitochondrial

and total tissue fractions of the mammalian species used in this

investigation; representative blot images are shown. 5-

Hydroxycytosine (5OHC) and THF incision assays in liver (c

and d) and heart (e and f) mitochondrial fractions were performed

with increasing amounts of mitochondrial protein in all species in

order to determine the precise amount to be used in the final

incision assays; bottom panels show representative gels in two

illustrative species; top graphics show the quantification of the

representative gels. The arrow indicates the amount of extract

chosen. M mouse, R rat, Gb gerbil, Rb rabbit, GP guinea pig, P

pig, C cow, H horse, Mt mitochondrial fraction, T total fraction, S

substrate, P product
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Hence, we ensured that repair activities were not satu-

rated under those experimental conditions.

Recognition and cleavage of 5OHC in liver mito-

chondria was positively correlated with longevity in

the mammalian species studied (p < 0.002; Fig. 2a). In

the case of heart mitochondria, no correlation was de-

tected (p = 0.692), and a high variability of data around

the mean values was observed in four of the six species

studied (Fig. 2b).

The incision of a THF-containing oligonucleotide

was positively correlated with longevity across mam-

malian species with different longevities both in liver

(p < 0.0001; Fig. 3a) and heart (p < 0.0001; Fig. 3b)

mitochondrial fractions.

We then compared the protein levels of selected BER

components between two species, one showing low (rat)

and one showing high (cow or horse) longevities. Cow

or horse was selected as most long-lived species in
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Fig. 2 Incision of 5-

hydroxycytosine containing oligo

in liver (a) and heart (b) mito-

chondrial fractions of mammalian

species with different longevities.

Graphics represent mean ± SEM

of duplicate measurements from

five independent fractions except

horse liver mitochondria and

guinea pig and pig heart mito-

chondria (n = 4)
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different comparisons depending on the antibody sensi-

tivity observed. We analyzed the levels of two DNA

glycosylases involved in 5OHC processing, NEIL2 and

NTHL1, as well as APE1, which is involved in the

processing of abasic sites. Mitochondrial NEIL2 was

higher in horse than in rat liver (Fig. 4a) and heart

(Fig. 4c), although it only reached statistically signifi-

cance in hepatic mitochondria (p < 0.05). On the other

hand, mitochondrial APE1 levels were significantly

higher in cow than in rat samples both in liver (Fig. 4b

p < 0.05) and heart (Fig. 4d; p < 0.001) mitochondria.

Similar changes were also observed when we investi-

gated the levels of NTHL1 and APE1 in total hepatic

and cardiac fractions (Table 1).

Discussion

Previous studies have found no correlation or negative

correlation of different nuclear BER activities with
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Fig. 3 Incision of THF-

containing oligo in liver (a) and

heart (b) mitochondrial fractions

of mammalian species with dif-

ferent longevities. Graphics rep-

resent mean ± SEM of duplicate

measurements from five indepen-

dent fractions except rat and

mouse liver mitochondria and

guinea pig and gerbil heart mito-

chondria (n = 4)
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longevity in mammalian tissues. That kind of result is

contradictory with a potential role for nuclear DNA

repair in determination of mammalian longevity. In our

study, both the activities and protein levels of BER

enzymes were studied for the first time in mitochondria

from tissues of mammals with widely different longev-

ities. In strong contrast with nuclear BER, mitochondrial

BER activities and protein levels generally showed a

highly significant positive correlation with mammalian

longevity both in the liver and heart. Together with the

known negative correlation of both mitochondrial ROS

production and oxidative damage to mtDNAwith mam-

malian longevity (Barja and Herrero 2000), these results

Fig. 4 Protein levels of

mitochondrial NEIL2 (NEIL2/

VDAC-1) and mitochondrial

APE1 (APE/VDAC-1) in liver (a,

b) and heart (c, d) of short- and

long-lived species. Bottom panels

show representative blots. Bars

represent mean ± SEM of dupli-

cate measurements from 4 inde-

pendent samples. R rat, C cow, H

horse. Asterisks denotes signifi-

cant differences; *p ≤ 0.05,

***p ≤ 0.001

Table 1 Protein levels of NTHL1 and APE1 in total fractions of

the liver and heart from rat and cow

Liver Heart

NTHL1 Rat 0.29 ± 0.07 0.80 ± 0.08

Cow 2.12 ± 0.49*** 0.49 ± 0.07*

APE1 Rat 0.61 ± 0.03 0.91 ± 0.10

Cow 1.92 ± 0.45*** 1.72 ± 0.18**

Total fractions of the liver and heart from rat and cow were

analyzed by western blot in order to investigate total levels of

NTHL1 and APE1. Results are means ± SEM from 4 independent

samples (arbitrary units; normalized by tubulin levels). Asterisks

denotes significant differences between species in the same tissue

and enzyme. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001
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agree with predictions from an updated mitochondrial

free radical theory of aging (Barja 2013) and point to a

high relevance of mitochondria and ROS in the deter-

mination of species longevity (Barja 2013; Lopez-Lluch

et al. 2015; Miwa et al. 2014; Picca et al. 2018; Zsurka

et al. 2018).

The mainstream view is that aging has as multifacto-

rial origin. Accumulation of somatic DNA damage and

increased genetic instability with age occurs in rodents,

humans, and other mammals (Macedo et al. 2018;

Moskalev et al. 2013), likely contributing to aging of

tissue cells and organisms. DNA damage is diverse,

including oxidation, alkylation, and glycation, DNA

adducts, cross-linkages, and single- and double-strand

breaks. Different reports suggest that the increase in

DNA damage with age could be partly due to decreases

in many forms of DNA repair during aging (Gorbunova

et al. 2007; Gredilla et al. 2010; Moskalev et al. 2013).

However, the contribution of DNA repair mechanisms

to the determination of species aging rate and longevity

is far from clear. Three major approaches have

attempted to analyze the relation between longevity

and DNA repair: transgenic animals for DNA repair

genes, DR animals – which show superior longevity –

and interspecies comparisons. Up to now these investi-

gations, which have been mainly conducted on nDNA,

have yielded results inconsistent with a role for DNA

repair in longevity.

Nuclear BER deficiency caused by polymerase ß

haploinsufficiency increases nDNA damage including

oxidative damage, DNA single-strand breaks, and chro-

mosomal aberrations and raises dimethyl sulfate muta-

genicity in mouse tissues (Cabelof et al. 2003a). How-

ever, overexpression of nuclear genes involved in rec-

ognition of DNA damage, BER and nuclear excision

repair (NER) genes, and genes involved in repair of

strand breaks in Drosophila melanogaster increases or

decreases longevity depending on sex, developmental

stage, the conditional or constitutive, and the ubiquitous

or limited to the nervous system character of the over-

expression (Shaposhnikov et al. 2015). Notably, over-

expression limited to adults or constitutive in the brain

decreased longevity instead of increasing it. Also, het-

erozygous nuclear APE1 ±mice expressing half APE1

activity had higher mutation frequencies (Huamani et al.

2004) and were more susceptible to ROS-induced dam-

age, but longevity was unaffected (Meira et al. 2001).

Similarly, heterozygous nuclear polymerase ß ± mice

had around 50% less polymerase ß protein levels and

activity in various tissues but unchanged longevity

(Cabelof et al. 2006).

During the last decades, comparative studies have

been important to investigate the potential determinants

of aging rate and longevity, including DNA repair

mechanisms. Various studies performed in the 1970s

and 1980s of the last century analyzed the NER capacity

in relation with longevity in mammals. These studies

found positive correlation with longevity for global

genome NER in mammalian fibroblasts (Cortopassi

and Wang 1996; Francis et al. 1981; Hall et al. 1984;

Hart and Setlow 1974; Treton and Courtois 1982), sug-

gesting that DNA repair substantially contributes to

species longevity. Since those investigations explored

the rate of DNA synthesis in skin fibroblasts after sub-

jecting the cells to UV radiation, they analyzed the

capacity for repair of DNA damage from exogenous

origin. Double-strand break recognition positively cor-

relates with species longevity in skin fibroblasts as well

(Lorenzini et al. 2009). Considering that long-lived

species are more exposed to exogenous sources of

DNA damage, such as UV radiation, a higher capacity

for repairing those sorts of DNA lesions would be

expected from evolutionary adaptation. It would not

make sense to create a species that can live, e.g.,

50 years, if due to a lack of enough defenses against

exogenous UV radiation it could not live more than a

decade or less. Therefore, although long-lived species

do have more repair of DNA damage induced by exog-

enous radiation in skin fibroblast (“unscheduled DNA

synthesis”, reviewed in Cortopassi andWang 1996), this

does not mean that their slower endogenous aging rate is

due to that kind of higher DNA repair capacity. In order

to have a more clear picture of the role DNA repair plays

in the determination of the aging rate, it is most impor-

tant to investigate the DNA repair capacity of the en-

dogenously generated DNA damage.

Poly(ADP-ribose) polymerase activity in leukocytes

is positively correlated with species longevity in mam-

mals (Grube and Burkle 1992). Among repair forms of

endogenous DNA damage in tissues, BER is the prima-

ry pathway that eliminates small DNA modifications

caused by alkylation, deamination, or oxidation. The

role of BER in aging as well as in age-related diseases

has been extensively investigated (reviewed in Gredilla

et al. (2012); Hou et al. (2017); Jeppesen et al. (2011);

Zarate et al. (2017)). Different studies have reported a

decline in BER with aging in different tissues, although

such decline is especially significant in the brain
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(reviewed in Gredilla et al. (2017)). Interestingly, age-

related neurodegenerative disorders have been associat-

edwith a decline in BER capacity (Canugovi et al. 2014;

Iida et al. 2002; Soltys et al. 2019; Sykora et al. 2015;

Weissman et al. 2007). The role that BER plays in life-

span extension when animals are subjected to DR or in

the lower aging rate of long-lived species has also been

investigated. Regarding DR studies, mixed results have

been reported.

It has been described that DR increases G/U mis-

match repair and both activity and protein levels of

polymerase ß in tissues of Fisher 344 rats (Cabelof

et al. 2003b). However, DR in C57BL6 mice tissues

(kidney, heart, brain, and liver) led in most cases to

decreases or lack of significant changes in total BER

capacity as well as in individual steps of the pathway

including NTHL1, APE1, and polymerase γ in the brain

and kidney, while 8-oxodG and uracil incision were

increased by DR in liver and kidney mitochondria,

respectively (Stuart et al. 2004). In another study, total

APE1 activity increased after DR in five brain rat re-

gions, while its protein levels or those of polymerase ß

and DNA ligase III did not change (Kisby et al. 2010).

In contrast, DR-induced increases in polymerase ß ac-

tivity and protein amount but not on T4 DNA ligase or

primer extension activity in rat cortical neurons have

been described (Swain et al. 2016).

The studies analyzing the role of BER in the low

aging rate of long-lived animals are scarce. In an exten-

sive investigation, APE1 and polymerase ß activities

were measured in liver and brain nuclear fractions of

13 mammals and 2 birds (Page and Stuart 2012), and

none of these activities positively correlated with spe-

cies longevity. Rather, these activities generally showed

negative correlation with longevity although statistical

significance was not reached in various cases. It is

important to stress that all those studies were performed

in nuclear fractions and no equivalent studies in mito-

chondrial fractions are available.

Mitochondria have been related to aging and longev-

ity in a multitude of studies using many different ap-

proaches. Therefore, we considered important to test

whether BER activities in mitochondria, in contrast to

nuclear fractions, could be correlated with species lon-

gevity. The results of the present investigation generally

support this hypothesis. In our study we investigated

different BER components in liver and heart mitochon-

drial fractions of up to 8 mammals with 13-fold different

longevities, measuring both activities and protein levels.

Liver and heart mitochondrial APE1 activity and liver

mitochondrial 5OHC incision showed highly significant

positive correlation with mammalian longevity. The

lack of significant correlation for heart mitochondrial

5OHC incision could be due to the high variability of

the data observed.

In order to investigate whether the changes observed

in mtBER activities among species could be related to

differences in BER protein levels, we measured the

amount of various BER components in total and mito-

chondrial extracts in species with extremely low (rat) or

high (cow or horse) longevities. We analyzed two of the

DNA glycosylases involved in the removal of 5OHC,

NTHL1, and NEIL2 as well as the protein levels of

APE1. Globally, the results observed at protein level

matched those obtained for mitochondrial BER activi-

ties, suggesting that the higher mitochondrial 5OHC and

THF incision activity in long-lived species is likely due

to their higher levels of mtBER proteins. Interestingly,

the fact that other BER proteins like polymerase γ also

tended to show higher levels in horse than in rat in heart

mitochondria (data not shown) suggests that such an

increase in mitochondrial BER protein levels in long-

lived animals might be general.

Our study has limitations concerning the selection of

the species studied. Although mammalian species are of

utmost relevance for extrapolation to human aging,

knowledge on what is the situation concerning mtBER

in other animal groups is also relevant, especially to

more definitely test the proposed hypothesis from an

evolutionary biology perspective. Concerning mam-

mals, the inclusion in our study of rodents like rats and

mice that have undergone decades of laboratory evolu-

tion may or may not have affected the results obtained.

Future studies should optimally include other mammals

like carnivores and mammalian species with exceptional

longevity like squirrels, naked mole rats, or primates

including human tissues.

Similarly to BER activities, various studies have

shown that antioxidant enzyme activities follow the

same tendency. Thus, total tissue antioxidant en-

zyme activities (CuZn SOD, catalase, glutathione

peroxidase, and reductase) generally negatively cor-

relate (or sometimes do not correlate) with longevity

in mammals and vertebrates in general (Page et al.

2010; Pamplona and Costantini 2011; Perez-Campo

et al. 1998). However, both the activity (Page et al.

2010) and the amount (Brown and Stuart 2007) of

the mitochondrial form of superoxide dismutase,
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MnSOD, positively correlated with mammalian lon-

gevity, similarly to what we report in the current

study for mtBER. Other studies also point to an

especially important role of mitochondrial compared

to total cell tissue antioxidants concerning longevity

(Schriner et al. 2005; Munro and Baldy 2019;

Munro and Pamenter 2019).

The higher mitochondrial BER of long-lived

mammals can contribute to their superior longevity.

In mitochondria, the combination of low rates of

mitROS generation, high rates of BER, and perhaps

high antioxidant levels described at least for

MnSOD would all contribute to produce a low level

of mtDNA steady-state damage and a low mitochon-

drial damage in general in long-lived species. These

mitochondrial parameters, taken together, can help

to explain the large quantitative differences in aging

rate and longevity among different species. Other

aging effectors, such as autophagy, membrane fatty

acid unsaturation, telomere shortening rate, apopto-

sis, or inflammaging, might contribute as well. Our

results are consistent with both the updated mito-

chondrial free radical theory of aging (Barja 2013),

and with the increasingly held view that aging is

regulated at a different level in each species by a

cellular aging program most likely lying on the cell

nucleus which acts through different effector mech-

anisms (Barja 2019). The finding of a higher repair

of endogenous DNA damage observed in mitochon-

dria but not in the cell in general in long-lived

animals supports the updated version of the mito-

chondrial free radical theory of aging and highlights

again the importance of mitochondria in the deter-

mination of aging rate and species longevity.

Acknowledgments The authors acknowledge the veterinary

staffs of the Madrid Norte and Segovia abattoirs for facilitating

the access to the tissue samples from mammals of large body size.

GB and RG conceived and designed the experiments; ML-T, IS-R,

and AG collected the samples from the abattoirs; RG performed

the experiments; GB and RG wrote the manuscript; GB, RG, ML-

T, IS-R, and AG revised the manuscript.

Funding information This investigation was supported in part

by a grant from the Spanish Ministry of Economy and Competi-

tiveness (BFU2011-23888) and PR[19] BIO MET 0155.

Compliance with ethical standards

Conflict of interest The authors declare no conflicts of interest.

References

Barja G (2013) Updating the mitochondrial free radical theory of

aging: an integrated view, key aspects, and confounding

concepts. Antioxid Redox Signal 19:1420–1445. https://doi.

org/10.1089/ars.2012.5148

Barja G (2019) Towards a unified mechanistic theory of aging.

Exp Gerontol 124:110627. https://doi.org/10.1016/j.

exger.2019.05.016

Barja G, Herrero A (2000) Oxidative damage to mitochondrial

DNA is inversely related to maximum life span in the heart

and brain of mammals. FASEB J 14:312–318. https://doi.

org/10.1096/fasebj.14.2.312

Brown MF, Stuart JA (2007) Correlation of mitochondrial super-

oxide dismutase and DNA polymerase beta in mammalian

dermal fibroblasts with species maximal lifespan. Mech

Ageing Dev 128:696–705. https://doi.org/10.1016/j.

mad.2007.10.004

Cabelof DC, Guo Z, Raffoul JJ, Sobol RW, Wilson SH,

Richardson A, Heydari AR (2003a) Base excision repair

deficiency caused by polymerase beta haploinsufficiency:

accelerated DNA damage and increased mutational response

to carcinogens. Cancer Res 63:5799–5807

Cabelof DC, Yanamadala S, Raffoul JJ, Guo Z, Soofi A, Heydari

AR (2003b) Caloric restriction promotes genomic stability by

induction of base excision repair and reversal of its age-

related decline. DNA Repair (Amst) 2:295–307

Cabelof DC, IkenoY, Nyska A, Busuttil RA, Anyangwe N, Vijg J,

Matherly LH, Tucker JD,Wilson SH, Richardson A, Heydari

AR (2006) Haploinsufficiency in DNA polymerase beta

increases cancer risk with age and alters mortality rate.

Cancer Res 66:7460–7465. https://doi.org/10.1158/0008-

5472.CAN-06-1177

Canugovi C, Shamanna RA, Croteau DL, Bohr VA (2014) Base

excision DNA repair levels in mitochondrial lysates of

Alzheimer’s disease. Neurobiol Aging 35:1293–1300.

https://doi.org/10.1016/j.neurobiolaging.2014.01.004

Cortopassi GA, Wang E (1996) There is substantial agreement

among interspecies estimates of DNA repair activity. Mech

Ageing Dev 91:211–218. https://doi.org/10.1016/s0047-

6374(96)01788-5

Francis AA, Lee WH, Regan JD (1981) The relationship of DNA

excision repair of ultraviolet-induced lesions to the maximum

life span of mammals. Mech Ageing Dev 16:181–189

Gonzalez-Freire M, de Cabo R, Bernier M, Sollott SJ, Fabbri E,

Navas P, Ferrucci L (2015) Reconsidering the role of mito-

chondria in aging. J Gerontol A Biol Sci Med Sci 70:1334–

1342. https://doi.org/10.1093/gerona/glv070

Gorbunova V, Seluanov A, Mao Z, Hine C (2007) Changes in

DNA repair during aging. Nucleic Acids Res 35:7466–7474.

https://doi.org/10.1093/nar/gkm756

Gredilla R, Stevnsner T (2012) Mitochondrial base excision repair

assays. Methods Mol Biol 920:289–304. https://doi.

org/10.1007/978-1-61779-998-3_20

Gredilla R, Bohr VA, Stevnsner T (2010) Mitochondrial DNA

repair and association with aging–an update. Exp Gerontol

45:478–488. https://doi.org/10.1016/j.exger.2010.01.017

Gredilla R, Garm C, Stevnsner T (2012) Nuclear and mitochon-

drial DNA repair in selected eukaryotic agingmodel systems.

GeroScience (2020) 42:653–665 663

https://doi.org/10.1089/ars.2012.5148
https://doi.org/10.1089/ars.2012.5148
https://doi.org/10.1016/j.exger.2019.05.016
https://doi.org/10.1016/j.exger.2019.05.016
https://doi.org/10.1096/fasebj.14.2.312
https://doi.org/10.1096/fasebj.14.2.312
https://doi.org/10.1016/j.mad.2007.10.004
https://doi.org/10.1016/j.mad.2007.10.004
https://doi.org/10.1158/0008-5472.CAN-06-1177
https://doi.org/10.1158/0008-5472.CAN-06-1177
https://doi.org/10.1016/j.neurobiolaging.2014.01.004
https://doi.org/10.1016/s0047-6374(96)01788-5
https://doi.org/10.1016/s0047-6374(96)01788-5
https://doi.org/10.1093/gerona/glv070
https://doi.org/10.1093/nar/gkm756
https://doi.org/10.1007/978-1-61779-998-3_20
https://doi.org/10.1007/978-1-61779-998-3_20
https://doi.org/10.1016/j.exger.2010.01.017


Oxidative Med Cell Longev 2012:282438. https://doi.

org/10.1155/2012/282438

Gredilla R, Stevnsner T, Bohr VA (2017) Base excision repair in

aging. In: III DMW (ed) the base excision repair pathway.

Molecular mechanisms and role in disease development and

therapeutic design. World Scientific, pp 773-803

Grube K, Burkle A (1992) Poly(ADP-ribose) polymerase activity

in mononuclear leukocytes of 13 mammalian species corre-

lates with species-specific life span. PNAS USA 89:11759–

11763. https://doi.org/10.1073/pnas.89.24.11759

Hall KY, Hart RW, Benirschke AK, Walford RL (1984)

Correlation between ultraviolet-induced DNA repair in pri-

mate lymphocytes and fibroblasts and species maximum

achievable life span. Mech Ageing Dev 24:163–173

Hart RW, Setlow RB (1974) Correlation between deoxyribonucle-

ic acid excision-repair and life-span in a number of mamma-

lian species. PNAS USA 71:2169–2173. https://doi.

org/10.1073/pnas.71.6.2169

Hou Y, Song H, Croteau DL, Akbari M, Bohr VA (2017) Genome

instability in Alzheimer disease. Mech Ageing Dev 161:83–

94. https://doi.org/10.1016/j.mad.2016.04.005

Huamani J, McMahan C, Herbert DC, Reddick R, McCarrey J,

MacInnes M, Chen DJ, Walter CA (2004) Spontaneous

mutagenesis is enhanced in Apex heterozygous mice. Mol

Cell Biol 24:8145–8153. https://doi.org/10.1128

/MCB.24.18.8145-8153.2004

Hulbert AJ, Pamplona R, Buffenstein R, ButtemerWA (2007) Life

and death: metabolic rate, membrane composition, and life

span of animals. Physiol Rev 87:1175–1213. https://doi.

org/10.1152/physrev.00047.2006

Iida T, Furuta A, Nishioka K, Nakabeppu Y, Iwaki T (2002)

Expression of 8-oxoguanine DNA glycosylase is reduced

and associated with neurofibrillary tangles in Alzheimer’s

disease brain. Acta Neuropathol 103:20–25

Jeppesen DK, Bohr VA, Stevnsner T (2011) DNA repair deficien-

cy in neurodegeneration. Prog Neurobiol 94:166–200.

https://doi.org/10.1016/j.pneurobio.2011.04.013

Kisby GE, Kohama SG, Olivas A, Churchwell M, Doerge D,

Spangler E, de Cabo R, Ingram DK, Imhof B, Bao G, Kow

YW (2010) Effect of caloric restriction on base-excision

repair (BER) in the aging rat brain. Exp Gerontol 45:208–

216. https://doi.org/10.1016/j.exger.2009.12.003

Leclere R, Torregrosa-Munumer R, Kireev R, Garcia C, Vara E,

Tresguerres JA, Gredilla R (2013) Effect of estrogens on base

excision repair in brain and liver mitochondria of aged female

rats. Biogerontol 14:383–394. https://doi.org/10.1007

/s10522-013-9431-x

Liu P, Demple B (2010) DNA repair in mammalian mitochondria:

much more than we thought? Environ Mol Mutagen 51:417–

426. https://doi.org/10.1002/em.20576

Lopez-Lluch G, Santos-Ocana C, Sanchez-Alcazar JA,

Fernandez-Ayala DJ, Asencio-Salcedo C, Rodriguez-

Aguilera JC, Navas P (2015) Mitochondrial responsibility

in ageing process: innocent, suspect or guilty. Biogerontol

16:599–620. https://doi.org/10.1007/s10522-015-9585-9

Lorenzini A, Johnson FB, Oliver A, Tresini M, Smith JS, Hdeib

M, Sell C, Cristofalo VJ, Stamato TD (2009) Significant

correlation of species longevity with DNA double strand

break recognition but not with telomere length. Mech

Ageing Dev 130:784–792. https://doi.org/10.1016/j.

mad.2009.10.004

Macedo JC, Vaz S, Bakker B, Ribeiro R, Bakker PL, Escandell

JM, Ferreira MG, Medema R, Foijer F, Logarinho E (2018)

FoxM1 repression during human aging leads to mitotic de-

cline and aneuploidy-driven full senescence. Nature Comms

9:2834. https://doi.org/10.1038/s41467-018-05258-6

Meira LB, Devaraj S, Kisby GE, Burns DK, Daniel RL, Hammer

RE, Grundy S, Jialal I, Friedberg EC (2001) Heterozygosity

for the mouse Apex gene results in phenotypes associated

with oxidative stress. Cancer Res 61:5552–5557

Miwa S, Jow H, Baty K, Johnson A, Czapiewski R, Saretzki G,

Treumann A, von Zglinicki T (2014) Low abundance of the

matrix arm of complex I in mitochondria predicts longevity

in mice. Nature Comms 5:3837. https://doi.org/10.1038

/ncomms4837

Moskalev AA, Shaposhnikov MV, Plyusnina EN, Zhavoronkov

A, Budovsky A, Yanai H, Fraifeld VE (2013) The role of

DNA damage and repair in aging through the prism of Koch-

like criteria. Ageing Res Rev 12:661–684. https://doi.

org/10.1016/j.arr.2012.02.001

Munro D, Baldy C (2019 Jun) Pamenter ME (2019) the excep-

tional longevity of the naked mole-rat may be explained by

mitochondrial antioxidant defenses. Aging Cell 18(3):

e12916. https://doi.org/10.1111/acel.12916

Munro D, Pamenter ME (2019) Comparative studies of mitochon-

drial reactive oxygen species in animal longevity: technical

pitfalls and possibilities. Aging Cell 18:e13009. https://doi.

org/10.1111/acel.13009

Naudi A, Jove M, Ayala V, Portero-Otin M, Barja G, Pamplona R

(2013) Membrane lipid unsaturation as physiological adap-

tation to animal longevity. Front Physiol 4:372. https://doi.

org/10.3389/fphys.2013.00372

Page MM, Stuart JA (2012) Activities of DNA base excision

repair enzymes in liver and brain correlate with body mass,

but not lifespan. Age (Dordr) 34:1195–1209. https://doi.

org/10.1007/s11357-011-9302-9

Page MM, Richardson J, Wiens BE, Tiedtke E, Peters CW, Faure

PA, Burness G, Stuart JA (2010) Antioxidant enzyme activ-

ities are not broadly correlated with longevity in 14 vertebrate

endotherm species. Age (Dordr) 32:255–270. https://doi.

org/10.1007/s11357-010-9131-2

Pamplona R, Costantini D (2011) Molecular and structural anti-

oxidant defenses against oxidative stress in animals. Am J

Physiol Regul Integr Comp Physiol 301:R843–R863.

https://doi.org/10.1152/ajpregu.00034.2011

Perez-Campo R, Lopez-Torres M, Cadenas S, Rojas C, Barja G

(1998) The rate of free radical production as a determinant of

the rate of aging: evidence from the comparative approach. J

Comp Physiol B 168:149–158

Picca A, Lezza AMS, Leeuwenburgh C, Pesce V, Calvani R,

Bossola M, Manes-Gravina E, Landi F, Bernabei R,

Marzetti E (2018) Circulating mitochondrial DNA at the

crossroads of mitochondrial dysfunction and inflammation

during aging and muscle wasting disorders. Rejuvenation

Res 21:350–359. https://doi.org/10.1089/rej.2017.1989

Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn CE,

EmondM, Coskun PE, Ladiges W, Wolf N, van Remmen H,

Wallace DC, Rabinovitch PS (2005) Extension of murine life

span by overexpression of catalase targeted to mitochondria.

Science 308:1909–1911

Shaposhnikov M, Proshkina E, Shilova L, Zhavoronkov A,

Moskalev A (2015) Lifespan and stress resistance in

GeroScience (2020) 42:653–665664

https://doi.org/10.1155/2012/282438
https://doi.org/10.1155/2012/282438
https://doi.org/10.1073/pnas.89.24.11759
https://doi.org/10.1073/pnas.71.6.2169
https://doi.org/10.1073/pnas.71.6.2169
https://doi.org/10.1016/j.mad.2016.04.005
https://doi.org/10.1128/MCB.24.18.8145-8153.2004
https://doi.org/10.1128/MCB.24.18.8145-8153.2004
https://doi.org/10.1152/physrev.00047.2006
https://doi.org/10.1152/physrev.00047.2006
https://doi.org/10.1016/j.pneurobio.2011.04.013
https://doi.org/10.1016/j.exger.2009.12.003
https://doi.org/10.1007/s10522-013-9431-x
https://doi.org/10.1007/s10522-013-9431-x
https://doi.org/10.1002/em.20576
https://doi.org/10.1007/s10522-015-9585-9
https://doi.org/10.1016/j.mad.2009.10.004
https://doi.org/10.1016/j.mad.2009.10.004
https://doi.org/10.1038/s41467-018-05258-6
https://doi.org/10.1038/ncomms4837
https://doi.org/10.1038/ncomms4837
https://doi.org/10.1016/j.arr.2012.02.001
https://doi.org/10.1016/j.arr.2012.02.001
https://doi.org/10.1111/acel.12916
https://doi.org/10.1111/acel.13009
https://doi.org/10.1111/acel.13009
https://doi.org/10.3389/fphys.2013.00372
https://doi.org/10.3389/fphys.2013.00372
https://doi.org/10.1007/s11357-011-9302-9
https://doi.org/10.1007/s11357-011-9302-9
https://doi.org/10.1007/s11357-010-9131-2
https://doi.org/10.1007/s11357-010-9131-2
https://doi.org/10.1152/ajpregu.00034.2011
https://doi.org/10.1089/rej.2017.1989


Drosophila with overexpressed DNA. Repair Genes Sci Rep

5:15299. https://doi.org/10.1038/srep15299

Soltys DT, Pereira CPM, Rowies FT, Farfel JM, Grinberg LT,

Suemoto CK, Leite REP, Rodriguez RD, Ericson NG,

Bielas JH, Souza-Pinto NC (2019) Lower mitochondrial

DNA content but not increased mutagenesis associates with

decreased base excision repair activity in brains of AD sub-

jects. Neurobiol Aging 73:161–170. https://doi.org/10.1016

/j.neurobiolaging.2018.09.015

Stuart JA, Karahalil B, Hogue BA, Souza-Pinto NC, Bohr VA

(2004) Mitochondrial and nuclear DNA base excision repair

are affected differently by caloric restriction. FASEB J 18:

595–597. https://doi.org/10.1096/fj.03-0890fje

Swain U, Vyjayanti VN, Harikrishna T,Mahipal S, Rao KS (2016)

Dietary calorie restriction from adulthood through old age in

rats: improved DNA polymerase beta and DNA gap repair

activity in cortical neurons. Neurochem Res 41:270–277.

https://doi.org/10.1007/s11064-015-1787-7

Sykora P,MisiakM,WangY, Ghosh S, LeandroGS, LiuD, Tian J,

Baptiste BA, Cong WN, Brenerman BM, Fang E, Becker

KG, Hamilton RJ, Chigurupati S, Zhang Y, Egan JM,

Croteau DL, Wilson DM III, Mattson MP, Bohr VA (2015)

DNA polymerase beta deficiency leads to neurodegeneration

and exacerbates Alzheimer disease phenotypes. Nucleic

Acids Res 43:943–959. https://doi.org/10.1093/nar/gku1356

Torregrosa-Munumer R, Gomez A, Vara E, Kireev R, Barja G,

Tresguerres JA, Gredilla R (2016) Reduced apurinic/

apyrimidinic endonuclease 1 activity and increased DNA

damage in mitochondria are related to enhanced apoptosis

and inflammation in the brain of senescence-accelerated P8

mice (SAMP8). Biogerontol 17:325–335. https://doi.

org/10.1007/s10522-015-9612-x

Treton JA, Courtois Y (1982) Correlation between DNA excision

repair and mammalian lifespan in lens epithelial cells. Cell

Biol Int Rep 6:253–260

Weissman L, Jo DG, Sorensen MM, de Souza-Pinto NC,

Markesbery WR, Mattson MP, Bohr VA (2007) Defective

DNA base excision repair in brain from individuals with

Alzheimer’s disease and amnestic mild cognitive impair-

ment. Nucleic Acids Res 35:5545–5555. https://doi.

org/10.1093/nar/gkm605

Zarate S, Stevnsner T, Gredilla R (2017) Role of estrogen and

other sex hormones in brain aging. Neuroprotection and

DNA repair. Front aging Neurosci 9: 430. https://doi.

org/10.3389/fnagi.2017.00430

Zsurka G, Peeva V, Kotlyar A, Kunz WS (2018) Is there still any

role for oxidative stress in mitochondrial DNA-dependent

aging? Genes (Basel) 9. https://doi.org/10.3390

/genes9040175

Publisher’s note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional

affiliations.

GeroScience (2020) 42:653–665 665

https://doi.org/10.1038/srep15299
https://doi.org/10.1016/j.neurobiolaging.2018.09.015
https://doi.org/10.1016/j.neurobiolaging.2018.09.015
https://doi.org/10.1096/fj.03-0890fje
https://doi.org/10.1007/s11064-015-1787-7
https://doi.org/10.1093/nar/gku1356
https://doi.org/10.1007/s10522-015-9612-x
https://doi.org/10.1007/s10522-015-9612-x
https://doi.org/10.1093/nar/gkm605
https://doi.org/10.1093/nar/gkm605
https://doi.org/10.3389/fnagi.2017.00430
https://doi.org/10.3389/fnagi.2017.00430
https://doi.org/10.3390/genes9040175
https://doi.org/10.3390/genes9040175

	Mitochondrial base excision repair positively correlates with longevity in the liver and heart of mammals
	Abstract
	Introduction
	Materials and methods
	Animals and organ samples
	Isolation of mitochondrial fractions
	Oligonucleotides
	DNA glycosylase and abasic site processing activities in heart and liver mitochondrial fractions
	Western blotting
	Statistics

	Results
	Discussion
	References


