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ABSTRACT
Oxidative or redox stress arises from the generation of reactive oxygen
species (ROS) as a by-product of oxygen utilization. ROS-mediated damage
to DNA accumulates over time and leads to irreversible changes in cellular
functions and integrity associated with aging phenotypes. Here, we discuss
the contribution of ROS-induced DNA damage to aging and the important
role of deficiencies in DNA repair pathways that counteract this damage.
We elaborate on the relationship of aging with mutagenesis and
epigenetics and conclude with promising avenues to prevent aging.
KEYWORDS: reactive oxygen species; redox stress; DNA damage; DNA
repair; mutagenesis; epigenetics; antiaging therapies

GENERAL HYPOTHESIS
Aging can be defined as a gradual and stochastic accumulation of errors
over time that leads to cellular and tissue malfunction, physiological
decline and accrued risks of age-related diseases. There is no single cause,
mechanism or solution. This viewpoint article argues for DNA damage
induced by reactive oxygen species (ROS) as a crucial contributor to aging.
A common feature of theories of aging is oxidative stress (more
appropriately called redox stress), which is omnipresent in organisms that
depend on oxygen for life-support. We hypothesize that ROS-induced DNA
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damage increases with age due mainly to less efficient DNA repair. In some
cases, continuous damage induces mutations particularly in rapidly
dividing cells leading to an increase in the risk of age-related cancer,
whereas in other cases, the inability to process and repair DNA damage
leads to problems in replication and transcription leading to senescence
and cell death. Alterations of epigenetic marks also contribute to changes
in chromatin architecture and gene expression profiles. Accumulation of
DNA damage and mutations can progressively engender deficiencies in
the production of RNA and proteins, or the appearance of rogue-like RNA
and aberrant protein molecules. Our understanding of aging is
complicated by the synergistic action of multiple causes and the
interconnectivity between the hallmarks of aging [1,2]. The stochastic
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nature of events leads to a diversity of cellular profiles that develop into
aging phenotypes. Our ability to identify specific genetic traits, lifestyle
practises and modulators of lifespan is compromised by the enormous
variability of aging biomarkers and the inherent lack of a true control
individual or experiment for comparison.
ROS AND AGING
ROS are constantly generated during aerobic metabolism mainly as a
by-product of ATP-producing mitochondrial electron transport and
targeted NADPH-dependent phagocytosis that contribute to inflammation.
Examples of ROS include the superoxide radical anion (O2·−) and hydrogen
peroxide (H2O2), which reacts with redox active metal ions, such as Fe2+
and Cu+, to produce the highly reactive and deleterious hydroxyl radical
(·OH) via Fenton-type reactions. Hypochlorous acid (HOCl), a chlorinating
and oxidizing agent, is enzymatically generated by myeloperoxidase
released from activated neutrophils during inflammation. Subsequent
reactions of ROS lead to peroxyl radicals, hydroperoxides, alkoxyl radicals
and singlet oxygen, which can greatly amplify damage to biomolecules.
Taking kinetic and abundance data, highly damaging ·OH mainly react
with proteins and nucleic acids (80%) while small molecule antioxidants
play a minor role (<20%) [3]. Although ROS can efficiently inflict damage,
they also serve as important signalling agents. From a recent count, over
40 enzymes in different compartments of the cells are known to generate
ROS, controlling redox states, metabolic regulatory factors and stress
responses [4]. Interestingly, 10–20% of cellular proteins are redoxsensitive as inferred by changes in the cysteine proteome and estimates
may be higher upon further advances in proteomics [5]. Thus, a balance
of ROS generators versus ROS defenders is critical, and disturbances, i.e.,
redox stress, can have profound effects on homeostasis, growth, and
adaptive responses. There is overwhelming evidence that redox stress
increases with advancing age based on an increase in oxidatively modified
biomolecules, chronic activation of ROS-signalling pathways, and the
effects of compounds that can modulate redox stress in cultured cells and
rodents [6–11]. An exacerbation of ROS production may also be explained
by age-related dysfunction in mitochondria due in part to the accumulation
of DNA damage in these organelles as a central idea in the mitochondrial
theory of aging. Lastly, state of redox stress is also exemplified by the
expanding number of senescent cells in tissues with aging, which further
drives ROS formation via the expression of a proinflammatory senescenceassociated secretory phenotype (SASP) [12–15].
DNA DAMAGE AND AGING
The integrity of the genome is continuously challenged by endogenous
chemical alterations, such as spontaneous hydrolysis, ROS-mediated
damage, and the formation of adducts with reactive aldehydes or
alkylating agents. It has been approximated that as many as 100,000
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modifications of DNA are produced daily in various cellular genomes. ROS
likely contribute in large part to this damage leading to the formation of a
myriad of structurally different lesions. In particular, Fenton-like
reactions generate ·OH, which reacts with DNA to give about 20 major DNA
base and sugar oxidation products, strand breaks, and DNA-protein
crosslinks [16]. ROS-induced DNA damage, abasic sites and strand breaks,
and downstream damage, such as chromosomal aberrations, have been
shown to increase with aging [10,11]. Many studies have focused on 8-oxo7,8-dihydroguanine (8oxoG) as a biomarker of ROS-induced DNA damage
even though it represents a small percentage of the multitude of other
lesions that have been characterized in model studies. Most of this work
however is troubled by the problem of artefactual oxidation of DNA during
sample preparation for analysis leading to an overestimation of
damage [17]. In studies that minimize artefactual oxidation, the level of
8oxoG appears to be about 1 damage per million nucleotides and increases
about 2-fold in most organs between young and older animals [10].
Nevertheless, it is imperative to identify and measure a more complete set
of ROS-induced lesions in vivo because their structure ultimately
determines the biological outcomes. For example, the fact that aging is a
major risk factor for cancer suggests that accumulation of DNA damage is
a central mechanism shared by both [18]. A comparison of the profile of
various lesions in aging cells with those in cancer would greatly help one
to pinpoint differences in the causes and consequences of DNA damage in
these two conditions. There are several other assays of DNA damage, such
as γH2AX for double strand breaks, qPCR- and comet-based assays;
however, they give little information about the primary structure of DNA
lesions that in turn is converted into breaks during DNA repair. Future
studies should focus on developing robust assays, which minimize
artefactual oxidation, and permit a greater coverage within the spectrum
of DNA modifications.
DNA REPAIR AND AGING
The importance of DNA repair in aging is underscored by the existence
of premature aging syndromes that present deficiencies in DNA repair
pathways. [19–21]. These diseases are interesting because they accurately
display many features of the aging phenotype and age-related pathologies
in humans. More than 200 proteins, seven principle pathways and various
damage sensors and response elements are implicated in DNA repair. The
pathways of DNA repair depend on the structure and extent of DNA
damage. Most ROS-induced damage is efficiently repaired by base excision
repair (BER). Single strand breaks also generated during the initial step of
BER are repaired by apyrimidinic/apurinic endonuclease (APE), a highly
abundant DNA repair protein. Other repair pathways include nucleotide
excision repair (NER) mostly for bulky lesions, mismatch repair (MMR)
mostly for replication errors, and non-homologous end joining (NHEJ) and
homologous recombination (HR) for double strand break repair. In
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general, the efficiency of repair decreases with age; for example, the
activity of certain N-glycosylases, polymerase β and ligase III of BER
decreases with age [19,22]. In addition, aging phenotypes persist in
knockout mice that lack critical components of DNA damage response
(DDR) [11,19]. Depending on the structure and frequency of DNA damage,
DNA repair processing can induce either mutagenesis that promotes cell
survival and cancer or impede replication and transcription that promote
cell death and aging. Interestingly, defects in transcriptional coupled (TC)
repair observed in Ercc1 mutant mice display features of aging, which can
be related to the accumulation of DNA damage resulting in stalled
transcription complexes, particularly in long genes and in post-mitotic
cells [23,24]. Another interesting example involves the induction of
multiple telomere defects including telomere shortening, and in the long
run, genetic instability, when G is specifically oxidized to 8oxoG in
telomeres together with ablation of 8oxoG-specific DNA N-glycosylase
OGG1 [25]. With future research, we may be able to identify the
downstream effects of each protein and determine where the errors and
deficiencies are most likely to occur during aging.
MUTAGENESIS AND AGING
The conversion of DNA damage into mutations occurs precipitously
during cell division. If damage is not recognized as a cognate base by
replicative polymerase, and depending on the extent of damage,
alternative

polymerases

undergo

error-prone

translesion

bypass

synthesis to avoid deleterious stalling and collapse of the replication fork.
In contrast, DNA damage can be converted into mutations in post-mitotic
cells during DNA repair that occasionally induces errors and that probably
worsens with aging. Thus, the accumulation of mutations is different in
actively dividing cells and post-mitotic cells. It is clear today that all types
of mutations accumulate with age in diverse cells, tissues and species,
including simple point mutations, transpositions, rearrangements and
chromosomal aberrations [19]. However, it is difficult to obtain a
consistent mutation signature of aging because mutations are stochastic
and heterogeneous and not likely to reach a high enough percentage in the
population for analysis. In contrast, it is possible to identify driver genes
that cause cancer because mutated genomes undergo clonal selection and
become relatively homogeneous. In a recent article, numerous mutational
signatures were extracted from various cancer genome databases and
three signatures of unknown aetiology were present at high levels in most
tumors and strongly associated with age [26]. Interestingly, these
signatures contained a high percentage of C to T transitions. Although it is
generally believed that these mutations arise from thermal or enzymatic
induced deamination of cytosine to uracil, another important source may
be through initial ROS-induced oxidation of cytosine, which renders
thismolecule 6 to 7 orders of magnitude more susceptible to deamination
[27]. The deamination of either cytosine (C) or 5-methylcytosine (5mC)
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appears to be an important common denominator of aging and cancer. For
example, C to T transitions are the most common mutations in the genome
representing 30% of single nucleotide polymorphisms (SNPs). The
presence of SNPs in genome maintenance genes are associated with aging
of the cardiovascular system and the incidence of cancer [28–30].
Surprisingly, mutations are 10-100 fold more frequent at methylated CpGs
than at non-methylated CpGs [31–35], indicating that the deamination of
5mC and subsequent repair is a weakness in maintaining genome stability
during aging.
EPIGENETICS AND AGING
Epigenetic alteration is a hallmark of aging. Epigenetics play a pivotal
role in gene expression during development and later stages of life. These
changes do not involve modifications in the genetic code but rather the
reversible addition of small chemical groups, such as methyl groups, onto
the structure of DNA and associated histones; in addition, non-coding RNA
and modifications of RNA contribute to gene expression. The methylation
of C to 5mC occurs extensively at CpG dinucleotides resulting in selective
and reversible gene expression. This process representing 5% of nonmodified cytosines has the capacity to alter the expression of thousands of
genes. An individual’s methylation pattern is unique while certain
commonalities have been considered good predictors of chronological age.
In general, there is a global loss of 5mC (i.e., hypomethylation) across the
genome during aging, accompanied with site-specific hypermethylation.
High CpG density and the ability to relocate chromatin modifiers confer
chromatin stability and correlates with species lifespan [36]. Recently, a
novel pathway was discovered that reverses the methylation of cytosine,
involving the enzymatic oxidation of 5mC to 5-hydroxymethylcytosine
(5hmC) by TET family [37]. The latter modification is especially abundant
in pluripotent cells as well as in post-mitotic brain cells, where it reaches
as much as 1% of non-modified cytosine. Pathophysiological changes in
the genetic pattern of 5hmC are more dramatic than 5mC [38]. 5hmC is also
a lesion arising from the oxidation of 5mC [37], and thus, it is possible that
ROS drive epigenetic changes through the accumulation of damage and
mutations at methylated CpGs leading to hypomethylation and expression
of DNA that is detrimental to survival.
PREVENTION OF AGING
How can one delay aging and extend lifespan? Since the steady-state
level of DNA damage is an equilibrium, either reducing ROS-induced
damage or improving DNA repair are feasible strategies. Apart from a few
exceptions [39,40], the possibility of reducing damage by augmenting
antioxidants defenses has met with inconsistent results toward preventing
aging, either via the modulation of antioxidant enzyme expression or
administration of an excess of natural or exogenous compounds [41,42].
This is probably due in part to the importance of ROS in signalling
Adv Geriatr Med Res. 2020;2(4):e200024. https://doi.org/10.20900/agmr20200024

Advances in Geriatric Medicine and Research

6 of 10

pathways [4] and the likelihood that cells adapt to antioxidant-induced
changes in ROS. A common problem with antioxidants is that they cannot
reach a high enough concentration in cells to effectively scavenge all
reactive radicals, especially ·OH. Part of the effectiveness of caloric
restriction (CR), which is viewed as the most efficient antiaging therapy so
far, has been attributed to a reduction in oxidative damage, but the
implication of endogenous antioxidants is unclear [8,43,44]. The effect of CR
in mice carrying mutant DNA repair genes can triple lifespan, indicating a
strong link between aging and DNA repair [23]. Indeed, CR can be explained
in part by a metabolic switch from growth to genome maintenance the socalled survival response [45]. There is much recent interest in the systemic
destruction of senescent cells to reduce the burden of chronic oxidative
stress that damages surrounding cells via SASP [46–48]. This approach
shows much promise in alleviating certain aging-associated phenotypes.
Two compounds, quercetin and dasatinib, were shown to afford
substantial senolytic effects, physiological improvements and lifespan
extension. Nevertheless, we believe a better overall strategy would be to
tip the balance toward genome maintenance. This approach should help
preserve both post-mitotic cells (e.g., brain tissue) and stem cells by
improving DNA repair preferably via the modulation of upstream
regulators [22]. A significant part of CR protective effects are probably
mediated by such mechanisms [43,49]. For example, CR led to the
identification

of

the

NAD+-dependent

deacylase

and

ADP-

ribosyltransferase enzymes called sirtuins as possible lifespan regulators.
Related and recent studies have demonstrated that sirtuins play a key role
in DNA repair, maintenance of genome integrity, as well as in the
regulation of responses to redox stress [50–54]. NAD+ levels decline with
age and supplementation of NAD+ intermediates is currently under review
to replenish and activate sirtuins. This might also stabilize the function of
poly-(ADP-ribose) polymerases (PARP) enzymes, which are involved in
DNA repair and compete for NAD+ stocks [55–57]. Alternatively, sirtuinactivating compounds (STACs) could be designed to promote the upstream
pathways of DNA repair [58]. Another approach is to increase genome
maintenance by artificially promoting the DDR signaling cascade, as
proposed by Gioia et al. [59], although caution should be taken because,
paradoxically, chronic DDR activation can accelerate aging by inducing
senescence. In the future, we will need to engage in more intense and
multidisciplinary research to fully understand the biochemical and
biological steps of aging and move forward to develop plausible strategies
that prevent the underlying causes.
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