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Abstract

In the last century, considerable efforts were made to understand the role of mtDNA mutations 

and of oxidative stress in aging. The classic mitochondrial free radical theory of aging, in which 

mtDNA mutations cause genotoxic oxidative stress, which in turn creates more mutations, has 

been a central hypothesis in the field for decades. In the last few years, however, new elements 

have discredited this original theory. The major source of mitochondrial DNA mutations seems to 

come from replication errors and failure of the repair mechanisms, and the accumulation of these 

mutations as observed in aged organisms appears to occur by clonal expansion and are not caused 

by a reactive oxygen species-dependent vicious cycle.

New hypotheses of how age-associated mitochondrial dysfunction may lead to aging are based on 

the role of reactive oxygen species as signaling molecules and on their role in mediating stress 

responses to age-dependent damage. Here, we review the changes that mtDNA undergoes during 

aging, and the past and most recent hypotheses linking these changes to the tissue failure observed 

in aging.

Graphical Abstract

Introduction

Aging is a degenerative process caused by the accumulation of cellular damage that leads to 

cellular dysfunction, tissue and organ failure, and death. Common features of aging include 

reduced tissue homeostasis and regeneration, increased oxidative stress, accelerated cellular 
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senescence, with consequences such as decreased immunity, decreased healing and a 

generally higher level of risk factors for human diseases like cancer or neurodegenerative 

disorders [1].

The biology of aging and the exact mechanisms responsible for the aging process are still a 

matter of discussion and even though different theories can be identified, aging is most 

likely a multifactorial process. Even if still controversial [2], the prevailing explanation is 

the “free radical theory of aging,” first proposed by Harman in the ‘50s [3] and re-

emphasized by Ames and colleagues in the ‘90s [4]. According to this theory, the major 

determinant of lifespan is the accumulation of tissue damage caused by cellular reactive 

oxygen species (ROS), which are highly unstable molecules that react with cellular 

macromolecules (lipids, proteins, and nucleic acids) and impair cellular functions [2, 5]. 

ROS are increased in aged tissues [6] and different lines of evidence corroborate the 

hypothesis that a decrease in metabolic rate attenuates oxidative damage and extends 

lifespan [6, 7]. Calorie restriction, for example, is a multi-target process that increases life 

span via acting on different levels: it prevents DNA damage and promotes DNA repair, it 

increases autophagy, decreases oxidative stress and affects mitochondrial efficiency and 

energy production [8].

Mitochondria are believed to have a central role in aging. They are the organelles that 

supply most of the energy to the cell in the form of ATP through oxidative phosphorylation 

(OXPHOS) conducted by the respiratory chain. Mitochondria are also involved in other 

tasks such as signaling, cellular differentiation, and cell death, as well as control of the cell 

cycle and cell growth. A drop in cellular ATP can lead to an increase in Bax, one of the first 

signals in the cellular apoptosis cascade, as well as impairment of ion pump function leading 

to membrane failure and cell death [9].

The OXPHOS is composed of four respiratory complexes (Complexes I to IV) and ATP 

synthase (Complex V), all located in the mitochondrial inner membrane. During aging there 

is a general decline in mitochondrial functions: tissues from aged animals show a decreased 

capacity to produce ATP, as reported in liver, heart and skeletal muscle [10, 11]. Moreover, 

the gross mitochondrial morphology is altered in aged tissues of mammals [4], the total 

number of mitochondria is lower in tissues of different ages, such as liver and muscle [12, 

13], and likewise mitochondrial protein levels are decreased [14].

Mitochondria contain their own genome and most of the complexes of the electron transport 

chain are composed of both nuclear- and mtDNA-encoded proteins. Since the discovery of 

mtDNA diseases, and with the finding that mtDNA mutations can lead to mitochondrial 

dysfunctions, many efforts have been dedicated to the analysis of mtDNA changes and their 

role in aging.

Mitochondrial DNA

The human mitochondrial genome is a circular, double-stranded, supercoiled molecule 

present in one to several thousand of copies per cell [15]. It is maternally inherited and the 

copy number per cell varies according to the bioenergetic needs of the tissue. It is composed 

of 16569 bp and encodes for 37 genes (22 tRNAs molecules, 2 mitochondrial rRNA and 13 
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proteins). There are two strands called the “H-strand” (Heavy) and “L-strand” (Light) and 

are respectively enriched in guanines and cytosines. The majority of the mitochondrial 

genome is composed of coding regions, lacking introns. There is only a small non-coding 

portion of 1.1 kb called the D-loop (displacement loop) that is essential for mtDNA 

transcription and replication. All the mtDNA genes encode for components of the OXPHOS 

multi-subunit complexes, with the exception of Complex II, the components of which are 

entirely encoded by the nDNA [16].

Replication of mtDNA is independent of the cell cycle and, to date, only a few enzymes are 

known to participate in the process, all encoded by the nDNA and imported into the 

mitochondria [17]. RNA primers transcribed from mtDNA are also necessary to initiate 

mtDNA replication, and hence the enzymes that are part of the transcription machinery such 

as mitochondrial RNA polymerase (POLRMT), mitochondrial transcription factor B2 and A 

(TFB2M and TFAM), are essential for the replication process [15, 17, 18].

POLG (mitochondrial DNA polymerase γ, that has also a 3′–5′ exonuclease/proofreading 

activity), Twinkle (a DNA helicase) and mtSSB (mitochondrial single-stranded DNA-

binding protein) are essential in the replication process: the helicase Twinkle is necessary to 

unwind double-stranded DNA into single-stranded so that POLG can synthetize DNA using 

as a template the ssDNA released by Twinkle while mtSSB binds the single-stranded DNA, 

protecting it from nucleolysis [19, 20].

mtDNA damage and repair mechanisms

The mtDNA mutation rate is believed to be ten times higher than that of nDNA [21] and 

multiple factors have been proposed to explain this phenomenon.

First of all, mtDNA is organized in “nucleoids,” dynamic structures of mitochondrial 

proteins and mtDNA. Proteins involved in mtDNA transcription and replication are 

localized in nucleoids, as well as other proteins involved in mtDNA packaging, including 

Twinkle, mtSSB and TFAM. TFAM in particular is the most abundant protein and it is 

important in mtDNA packaging and compaction [22–24]. Even though mtDNA is packed 

within these structures that serve as a protective shield, it is not as well packed as nDNA, so 

that it is more exposed to external genotoxic agents. Moreover, the distribution of nucleoids, 

and so mtDNA, inside the mitochondria can be also an important factor for the increased 

sensitivity of mtDNA to damage: nucleoids are membrane-associated and localized in the 

proximity of the mitochondrial respiratory chain that are, as mentioned above, one of the 

major sources of ROS in the cell and during not-replicative phases, oxidative damage 

represents one of the main types of DNA damage in aerobic organisms. Another important 

factor for the increased sensitivity of mtDNA to damage is the mtDNA replication rate: 

mtDNA mutations can occur during replication by the mis-incorporation of the wrong 

nucleotide. The most important mechanism of mtDNA in avoiding mutations during this 

process is the 3′–5′ exonuclease-proofreading activity of POLG. Even though the 

proofreading activity is very efficient, the fact that the mtDNA replication rate is higher than 

that of nDNA (because it is independent of cellular division), increases the possibility of 

mutation [19]. The most characterized repair mechanism is base excision repair (BER), but 
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there is evidence that DNA breaks and mismatch repair can occur in mitochondria, although 

less frequently (reviewed by Kazak et al. [25]). Even though there is considerable 

redundancy among mtDNA repair proteins (with some exceptions such as NEIL1 [26], 

APE1, POLG and LIG3 [27, 28]), this mechanism appears to be less efficient in mtDNA 

compared to nDNA. This is understandable considering that degradation is not an option for 

damaged nDNA, while a partial number of damaged mtDNA molecules (or even entire 

organelles) can be eliminated without affecting mitochondrial function.

MtDNA turnover in aging

MtDNA maintenance and mitochondrial function rely on efficient mtDNA turnover that is 

determined by biogenesis, dynamics, and selective autophagic removal of defective 

organelles. These mechanisms are essential for mtDNA stability, and their changes during 

the aging process may affect the mtDNA integrity [29]. There is different evidence 

suggesting that aging is associated with decreased mtDNA copy numbers (described in 

detail in the next paragraphs). One possible explanation is an age-related decreased of 

mitochondrial biogenesis. The expression of nuclear-encoded regulatory factors involved in 

mtDNA maintenance, such as AMPK, PGC-1α, or NRF-1, changes during aging. In 

particular, in rodent models there is reduced AMPK activation [30] as well as a reduced 

response to stimuli (e.g., motor exercise) that, in young animals, increases PGC1α, TFAM 

and NRF-1 [31]. In a recent analysis performed in our laboratory, increased activation of 

PGC-1α in the mitochondrial POLG-α mutator mouse muscle was sufficient to increase 

mitochondrial biogenesis and enhance skeletal muscle and heart function, but was not able 

to reduce the accumulation of mtDNA mutations [32].

Another mechanism involved in mtDNA turnover is base excision repair (BER), which is of 

essential importance to maintain the integrity of mtDNA. A few studies analyzed BER 

activity changes during the aging process [33–35] and, in mammals, it seems to be tissue-

dependent. BER efficiency is increased in aged liver, kidneys, and heart of mice, while it is 

decreased in muscle tissue [34] and in different regions of the brain, probably owing to 

decreased expression of repair enzymes such as 8-OHdG glycosylase and DNA polymerase-

γ [36], or to an altered process of delivering BER enzymes to the mitochondria [37].

Mitochondrial dynamics (fusion and fission processes) play a key role in mtDNA integrity 

because they promote the exchange of components between damaged and functionally 

active mitochondria. In this way, impaired mitochondria with a highly mutated/wild-type 

mtDNA ratio can decrease their heteroplasmy by exchanging DNA material with healthy 

mitochondria [38]. When these processes fail to recover damaged mitochondria, 

dysfunctional organelles are degraded by a process called mitophagy.

Drp1 and Fis1 (involved in mitochondrial fission) and Mfn1, Mfn2, and Opa1 (involved in 

fusion) are the most studied mammalian proteins involved in this process [39]. The role of 

these proteins in maintaining mtDNA integrity and mitochondrial function throughout the 

aging process is still controversial [40, 41].

On the other hand, a great deal of effort has been directed toward understanding changes of 

mitophagy during aging. Aged tissues show a decrease in autophagic activity, as well as in 
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proteins related to this process, such as SIRT1, Atg5, Atg7, Beclin 1 and LC3 [42, 43]. The 

age-related accumulation of dysfunctional mitochondria with increased levels of mtDNA 

mutations can be therefore be due, in part, to defects in their removal [44, 45].

To be noted, mechanisms that prolong life span, like caloric restriction, sirtuin activation, 

and insulin/insulin-like growth factor inhibition are all involved in activating autophagy/

mitophagy [29].

mtDNA changes in aging

Different studies support the notion that mtDNA expression decreases with age, while 

mutations accumulate [46]. The idea that the increased rate of mutation is relevant to the 

aging process dates to the 1980’s [47]. One of the first reports connecting mtDNA damage 

and aging was published in 1988, when Piko et al. reported an increased frequency of 

deletions in senescent rats and mice [48]. In 1990, Cortopassi et al. [49] showed how low 

levels of a common deletion (5kb between nucleotides 8470 and 13447) usually associated 

with mitochondrial diseases [50] were present in heart and brain of aging humans. Studies in 

skeletal muscle showed that the accumulation of the common deletion occurred mostly 

through clonal expansion of single mutation events [51]. The same deletion was also found 

in brains of aged humans and, in particular, the higher number of mutations was present in 

caudate and substantia nigra [52–54], curiously the same brain regions that appear to be the 

most sensitive to OXPHOS dysfunction [55, 56]. Other non-clonal deletions involving the 

major arc of the mtDNA (between the mtDNA origins of replication) are also increased in 

tissues of aged individuals [54, 57]. Other deletions involving different parts of the mtDNA 

(such as the conserved sequence involved in replication and transcription termination) also 

increase with age [54, 58]. All the first analyses of the breakpoints involved in deletion 

events were carried out with PCR and sequencing techniques, and with the advent and 

advancement of new sequencing techniques such as next generation sequence (NGS), in the 

last decades there has been an improvement also in the analysis of rearrangements, point 

mutations and SNPs. Different groups using different techniques found an accumulation of 

point mutations with aging (Table 1) [54, 59–63]. In differently aged tissues, both specific 

base substitutions and general mutations have been analyzed: Michikawa, et al. [60] 

reported an accumulation of a particular base substitution in the D-Loop (T414G) in 

fibroblasts of people above 65 years of age compared to younger controls, and the same 

mutation was increased in muscles of individuals older than 30 years, but not in their brains 

[63]. The D-Loop seems to be the mtDNA region more prone to mutations: single nucleotide 

variants are increased with age in this region in the striatum of aged individuals [54]. But the 

accumulation of mutations in other regions of the mtDNA has been reported also, for 

example in human colonic crypt stem cells [59].

The connection between the fact that mtDNA mutations are increased during aging, and the 

aging process itself, is still controversial and different factors have to be taken in 

consideration when approaching this topic. Even though mutations are accumulated in 

specific tissues, the ratio between mutated and wild-type mtDNA is very low, and studies of 

mtDNA diseases showed that pathogenic mutations have to reach at least a 70 to 90% of 

heteroplasmy to have an effect on mitochondrial function (the so-called “threshold effect”) 
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[64]. MtDNA mutations accumulating with aging would not be enough to affect OXPHOS 

function or ATP production. Some reports, however, support the idea that mtDNA mutations 

in aging have an effect on respiratory function even if moderate [65]. How these mutations 

appear and accumulate during aging to reach a pathogenic threshold is still under 

investigation. Mutations can be maternally inherited, or they can originate from defects in 

replication or in the repair system, or they can form subsequently after exposure to 

mutagenic agents such as ROS or UV irradiation. A single mutation can then accumulate by 

clonal expansion or different mutations can appear as a result of continuous mutagenic 

insult. One of the main and oldest hypotheses to explain the generation of new mtDNA 

deletions during life is based on the controversial mitochondrial free radical theory of aging.

Recent studies by NGS showed a more general picture of the spectrum of mtDNA mutations 

observed during aging. Large deletions, single nucleotide variations and rearrangements at 

the D-loop appear to accumulate in the aging brain. However, the combined mutation load is 

still relatively low, approximately 3% [54, 61]. It is possible that few neurons have a large 

concentration of mtDNA mutations, as previously reported for dopaminergic neurons of the 

substantia nigra [53] and more single cell analyses would be required to addressed this 

question.

The mitochondrial free radical theory of aging

As mentioned above, the mitochondrial free radical theory of aging has been the most 

accredited theory after its first postulation. Since it has been analyzed in detail in numerous 

reviews [66–69], we will only briefly analyze the main characteristics and controversies. 

Mitochondria are an important source of ROS, in particular of superoxide anion, which is 

formed at Complex I and III [70, 71] of the electron transport chain in the mitochondrial 

inner membrane. Metabolic rate, usually estimated by measuring oxygen consumption at 

rest, correlates with superoxide generation in mitochondria [72]. SOD2 (superoxide 

dismutase-2) converts superoxide to hydrogen peroxide, which can be converted to the 

highly reactive hydroxyl radical in the presence of a transition metal ion (Fenton reaction) 

[73].

As mentioned above, many studies have suggested that mitochondrial damage plays an 

important role in the process of aging and that the accumulation of ROS with age is due to a 

decline in mitochondrial function and to reduced ROS scavenging enzymes. The 

mitochondrial theory of aging, first proposed by Harman in the 1970’s [74], was based on 

the idea that somatic mtDNA mutations impair OXPHOS Complexes (in particular Complex 

I and III), resulting in an increase of ROS, which in turn, damages proteins, lipids, and 

DNA, including mtDNA in a vicious cycle [75].

The decline in mitochondrial function concomitant with an increase in mtDNA point 

mutations and deletions observed in aged tissues was compatible with this theory. Moreover, 

different elements also fit this theory: the fact that the electron transport chain in 

mitochondria is an inherent source of oxygen radicals, the observation that in aged tissues 

there is an increased production of ROS, and the assumption that the mtDNA susceptibility 

to oxidative damage is higher than in nDNA.
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One of the indirect proofs supporting this theory was the correlation between the levels of 8-

hydroxy-2′-deoxyguanosine (8OHdG) and the levels of age-related common deletions in 

mtDNA [76–78]: ROS in fact facilitate the formation of oxidative DNA base damage 

products such as 8OHdG.

The 8-hydroxyguanine-DNA interaction leads to GC to TA transversions because 8- 

hydroxyguanine can sometimes pair with adenine instead of cytosine, and oxidative damage 

to cytosine mostly results in the formation of GC to AT transitions so that overall, GC to AT 

transitions and GC to TA transversions are the most commonly observed mutations resulting 

from oxidative DNA damage [79]. Past studies showed that mutations detected in aged mice 

appeared to be over 80% GC to AT transitions and GC to TA transversions [80], suggesting 

that most were created by oxidative DNA damage. However, in a more recent analysis, 

Itsara et al. showed that only a small fraction of the mtDNA mutations in aged Drosophila 

were GC to TA transversions, excluding oxidative stress as a major mechanism of mutation 

accumulation [81].

NGS analyses of human brain mtDNA also showed that the mutation spectra are comprised 

predominantly of transition mutations, consistent with misincorporation by DNA 

polymerase gamma or deamination of cytidine and adenosine as the primary mutagenic 

events in mtDNA. On the other hand, G -> T mutations, due to oxidative damage to DNA, 

did not significantly increase with age [82].

The evidence supporting the mitochondrial free radical theory of aging is thereby only 

indirect and in the last decades several works were published that did not validate this 

theory, mostly for lack of or inconclusive evidence [83]. In Drosophila, loss-of-function 

mutations in the mitochondrial ROS scavenging enzyme SOD or in the DNA repair enzyme 

Ogg1 have no influence on the somatic mtDNA mutation frequency [81].

Large deletions of mtDNA also accumulate with aging, and were also seen as evidence for a 

vicious cycle [84]. However, the rate of accumulation of age-related mtDNA deletions in 

patients with impaired oxidative phosphorylation does not show an accelerated 

accumulation of mtDNA damage [85]. Different studies also showed, that even though 

feeding animals with antioxidants can decrease oxidative damage and sometimes alter 

longevity, aging is usually not delayed [86]. Likewise, recent studies with NextGen 

sequencing also suggest that oxidative damage is not the major event inducing mutations of 

the mtDNA [54, 82]

Finally, studies on mouse models knocked in for a proofreading-deficient version of POLG-

α, [87, 88] do not support this theory. The transgenic mice in which POLG-α was mutated 

in cardiac tissue showed no evidence of increased oxidative protein damage, or of age-

dependent increase in mtDNA oxidative damage [89]. The mutator mouse, in which POLG-

α-deficient protein is expressed ubiquitously, develops a premature aging phenotype, owing 

to a significant increase in the levels of mtDNA point mutations and deletions [87], but it 

does not show signs of increased oxidative damage to mitochondrial proteins, lipids, or 

DNA [90] while in aged mutator mice, only a very mild increase in the level of 

mitochondrial hydrogen peroxide is observed [91].
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The Clonal expansion theory

Other than the theory of the vicious cycle intrinsic to the mitochondrial free radical theory of 

aging, another possibility is that mtDNA mutations accumulate mostly by clonal expansion. 

According to this hypothesis, in some cells that carry the initial mutation, there occurs clonal 

expansion so that the threshold of mutated mtDNA reaches a pathogenic level with age, 

affecting over time the whole tissue [92]. In other words, inherited or de novo mutated 

mtDNA undergoes clonal expansion until the OXPHOS is impaired and the whole cell 

becomes deficient, while the level of mtDNA mutations overall in the tissue remains only 

slightly affected (Figure 1). Different studies support the hypothesis of a mosaic-like tissue: 

Muller-Hocker at al. showed how, in aged individuals, there is an increased number of 

single randomly distributed myocytes and cardiomyocytes without Cytochrome c oxidase 

(COX) activity [93, 94]. COX-deficient succinate dehydrogenase (SDH)-positive single 

neurons with high mtDNA deletions increase in aged-linked neurodegenerative diseases 

such as Alzheimer’s and Parkinson’s disease [95–97]; moreover, focal respiratory chain 

defects accumulate to significant levels in aging human colon [59], liver, pancreas [98], 

stomach [99], and small intestine [92]. Through clonal expansion, both de novo and 

inherited mutations would increase with age (Figure 1). Supporting this theory, Ross et al. 

[100] analyzed a series of mouse mutants with different loads of both inherited and somatic 

mtDNA mutations, and reported that maternally transmitted mtDNA mutations induce mild 

ageing phenotypes and aggravate prematurely ageing phenotypes when associated with 

somatic de novo mutations in the mutator mice.

Different explanations for clonal expansion and mutant mtDNA accumulation have also 

been proposed, such as imperfect autophagocytosis [101, 102], or a replicative advantage of 

the mutant mtDNA compared to the wild-type [57, 103, 104], but clarification of this 

mechanism is still under investigation.

Although any single mutation is present at very low levels in aged tissues, it has been 

proposed that there could be many changes, which all combined could affect mitochondrial 

function. This “tip of the iceberg” model [105] was supported by quantification of base-pair 

substitutions and very high levels of mtDNA deletions in the elderly but, as described above, 

more recent and direct quantitation has not supported this hypothesis [54, 61].

Alternative role of ROS

From the most recent works, it is more apparent how the classical mitochondrial free radical 

theory of aging must be revisited [75]. Even though it is clear how mtDNA damage and 

ROS do have a role in the aging process, their correlation is still extensively under 

investigation. One hypothesis is that the increase in ROS is a consequence rather than a 

cause of aging [69] and that the role of ROS is to mediate the stress response to age-

dependent damage.

ROS are not purely detrimental reactive byproducts of mitochondrial metabolism, but they 

are also main characters of signaling pathways that control proliferation, cell death and 

senescence [106]. Intracellular ROS can transiently increase after extracellular stimuli, such 

as growth factors, and contribute to the propagation of mitogenic and anti-apoptotic signals 
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probably through the reversible oxidation of active sites in protein tyrosine phosphatases 

[107, 108]. ROS can also affect the activity of transcription factors such as NF-kB, JUN, and 

FOS, having a great impact on gene expression [86, 109], and they also contribute to 

apoptotic pathways. In particular, ROS generation in mitochondria appears to be a precise 

mechanism used in signaling pathways such as apoptosis, necrosis, and growth arrest [110]. 

Moreover, the oncogenic protein RAS increases the intracellular levels of ROS, inducing 

senescence [111]; likewise p21 [112] and p53 [113] activation can be regulated by ROS and 

can mediate apoptosis and growth arrest [114].

ROS may serve as signals to induce endogenous defenses, facilitating cellular adaptation to 

stresses such as hypoxia, autophagy, immune cell function and cellular differentiation [115]. 

Based on these observations, Hekimi and colleagues recently proposed the “gradual ROS 

response hypothesis” (hormesis) [69], linking the dual role of ROS as messengers and as 

toxic agents. They propose that ROS are early messengers in a protective stress-response 

pathway. With aging, the increase in cell damage induces a gradually intensifying 

stimulation of stress-response pathways and a consequent increased generation of ROS. As 

aging progresses, ROS levels reach a threshold at which their toxicity starts to contribute to 

cellular damage [69]. This theory would explain how also the subtle increase in 

mitochondrial ROS, a consequence of mtDNA mutagenesis, is sufficient to modify cellular 

stress response signaling. Surprisingly, the apoptosis machinery appears to be critical for 

ROS-related increase in longevity [116].

Support for the gradual ROS response hypothesis of aging comes from different studies in 

which increased oxidative stress in mitochondria of young animals protects against age-

dependent loss of mitochondrial function [117] and, in some cases, increased longevity 

[118]. The discrepancies between the studies that correlate antioxidant administration to 

longevity can be approached taking account of this theory, so that it is not ROS 

accumulation that causes oxidative stress and consequent aging, but more an imbalance 

between the protective and toxic roles of ROS.

Nonetheless, it is important to take into consideration that progressive loss of mtDNA 

integrity can potentially affect not only the oxidative status of the cells or the production of 

ROS, but also a wide range of cellular processes. For example, mtDNA mutations may lead 

to cell dysfunction through additional mechanisms such as mediators of cell death that could 

be activated by misfolded mitochondria-encoded proteins [119].

From mtDNA damage to tissue failure

The discovery of mitochondrial diseases was the first proof that mutations in mtDNA lead to 

mitochondrial dysfunction [120]. However, in aging, how an mtDNA mutation can finally 

lead to tissue failure is not yet completely clarified.

As previously mentioned, mutations have to reach a pathogenic threshold in order to have an 

effect on mitochondrial function [64], and the mutations accumulated in aged tissues are 

significant but still very low compared, for example, to mitochondrial diseases. A recent 

hypothesis is that either acute damage or clonally expanded mutations affect the pool of 

stem cells in different tissues, affecting in particular their regenerative properties (Figure 1).
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Mathematical models and in vivo analysis of animal models suggest that the principal causes 

of mtDNA mutations are replication errors arising during early development, and that their 

accumulation throughout life is mainly due to clonal expansion [51, 98, 121]. Considering 

that one of the characteristics of aging is diminished somatic stem cell function [122] and 

that in mitotic tissues the stem cells are the main long-lived cells, different analyses have 

been performed in order to investigate a possible role for mtDNA mutations in stem cell 

aging [123]. One of the first clues was reported by Taylor and colleagues [59]: they 

described the accumulation of mtDNA mutations in colonic crypt stem cells deficient in 

cytochrome c oxidase activity and an age-related increase in their number. mtDNA 

mutations in human colon have been associated with a decrease in crypt cell number and 

with a defect in cell proliferation [124].

McDonald et al. [99] showed that mtDNA mutations are present in stem cells within normal 

human gastric epithelium and are passed on to the differentiated progeny. Also, patches of 

hepatocytes deficient in cytochrome c oxidase activity contain clonal mtDNA mutations, 

suggesting their origin from a stem cell [98].

More evidence supporting the role of mtDNA mutations in the stem cell theory of aging 

come in fact from the analysis of animal models. In the mutator mouse, for example, neural 

stem cells and hematopoietic stem cells are dysfunctional from embryogenesis, suggesting a 

causal role of mtDNA accumulation: neural stem cells are reduced and have a decreased 

ability to self-renew, while hematopoietic stem cells show abnormal lineage differentiation 

[125, 126]. Another mouse model of aging, in which mtDNA in deleted ubiquitously by a 

restriction enzyme targeted to mitochondria, shows muscle wasting owing to a decline in 

muscle satellite cells, which decreases the muscle’s capacity to regenerate and repair during 

aging [127].

Why stem cells are more affected by mtDNA damage still remains elusive. It is still unclear 

whether mtDNA damage directly reduces the somatic stem cell pool or only their renewal 

capacities, and if mitochondrial impairment occurs intrinsically in the stem cells or 

indirectly owing to a systemic effect. Stem cells contain, in general, fewer mitochondria, as 

their quiescent state requires less energy and relies more on glycolysis than oxidative 

metabolism [128, 129]. Therefore, it is possible that their sensitivity to the same amount of 

mtDNA damage is increased compared to differentiated cells that contain a larger amount of 

mitochondria. On the other hand, mtDNA damage may not affect the quiescent cells 

themselves but it could impair the first steps of differentiation, when cells rely more on 

oxidative metabolism to satisfy their increased need for ATP [130]. Moreover, the stem cell 

renewal capacity could be affected because of altered redox status to which they are 

particularly sensitive [131, 132].

Interestingly, in the mutator mouse, N-acetyl-L-cysteine treatment in embryogenesis rescued 

the stem cell abnormalities, supporting this hypothesis that ROS/redox subtle changes are 

the link between mtDNA mutations and tissue failure [125].

Another challenging piece of information that has been studied to solve the puzzle of the 

biology of aging is how a focal impairment of mitochondrial function can then spread 
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throughout the tissue. The “reductive hotspot hypothesis,” for example, proposes that cells 

harboring mtDNA mutations are toxic to the surrounding tissue. This theory is based on the 

assumption that cells with OXPHOS defects can reduce molecular oxygen through the 

plasma membrane redox system, producing extracellular superoxide and increasing 

oxidative burden to the surrounding tissue [105, 133]. Other theories, such as the activation 

of the NLRP3 inflammasome, have been proposed: mtDNA damage is suggested to modify 

the response of the immune system with the production of ROS, linking mtDNA mutations 

to another typical sign of aging [44, 91].

Conclusions

Since the discovery of a link between mtDNA mutations, mitochondrial dysfunction and 

mitochondrial diseases, great efforts have been made to investigate the role of mtDNA 

mutations in aging. The accumulation of mtDNA deletions and point mutations, together 

with the increase of ROS in aging tissues, led naturally to the mitochondrial free radical 

theory of aging. If at the beginning this original theory was very appealing owing to 

numerous examples of indirect evidence linking mtDNA, ROS, mitochondrial dysfunction 

and genotoxicity, it has become apparent that it needs to be revised.

With the advance of sequencing techniques, laser capture microdissection analysis of single 

dysfunctional cells, and the creation of animal models of aging, new evidence disproves the 

main player in the theory: the origin of mtDNA mutations seems to be inherited or to come 

from errors in mtDNA replication or from failure of repair mechanisms other than from 

oxidative damage. The cause of the accumulation of mutated mtDNA molecules observed 

with age seems to be their clonal expansion, and not continuous exposure to genotoxic 

agents, as proposed by the “vicious cycle” theory. Moreover, the initial excitement in 

proposing antioxidants as aging-delaying molecules mostly failed2 to give any conclusive 

output, resulting in disappointment in the field and raising more questions and doubts than 

answers and conclusions. New emerging theories propose ROS as tightly regulated stress 

signal molecules, and thus as a physiological response rather than a cause of aging even 

though the exact signaling pathways need still to be characterized [134].

Still, it is possible that ROS damage occurs to other macromolecules, such as lipids and 

proteins, with consequences to the aging process. As mentioned above, changes in ROS 

signaling also could have functional relevance to the aging process [134]. We believe that if 

the Free Radical theory of aging is to remain alive, it should move away from the mtDNA as 

the key target. However, even if not caused by oxidative damage, the role of mtDNA 

mutations in aging is likely still important. For example, how can focal, clonal-expanded 

accumulation of mtDNA mutations lead to the general tissue failure observed in aging? This 

and several related questions still need explanation. The recent theories about the 

involvement of stem cells in the general tissue failure observed in aging and the impact of 

mtDNA mutations in stem cell function are promising new venues.
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Highlights

• Mitochondrial dysfunction increases with aging

• Mitochondrial DNA (mtDNA) mutations accumulate with aging

• Features of age-related mtDNA mutations suggest that they were not created by 

oxidative stress

• The vicious cycle theory for mtDNA damage does not have strong experimental 

support

• ROS is likely to play an important signaling role associated with mitochondrial 

stress during aging
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Figure 1. Proposed mechanisms to explain the role of mtDNA damage to the aging process
mtDNA mutations can be generated during life or inherited. Both types can accumulate 

during life, potentially to the point where an OXPHOS defect is generated. This defect may 

increase superoxide (and other reactive oxygen species) generation, which in theory could 

further damage the mtDNA. However, experimental evidence of this vicious cycle lacks. 

Reactive oxygen species are more likely signals triggering protective effects. Recent studies 

suggest that not only postmitotic cells, but also progenitor cells seem be an important 

cellular target of mtDNA damage.
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