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Mitochondrial DNA mutations and aging: a case 
closed?
Konstantin Khrapko & Jan Vijg

Recent reports of premature aging in mutant mice with greatly increased rates of mitochondrial DNA mutagenesis (so-
called ‘mitochondrial mutator mice’) appeared to confirm that accumulation of mtDNA mutations is a key mechanism 
of normal aging. Now, in a dramatic turnaround, a new study reports that levels of point  mutations in tissues of aged 
normal mice are much lower than in the mutator mice, apparently ruling out a causal role in normal aging.
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One of the oldest theories of why and how we 
age is based on the natural instability of the 
DNA of our genome1. This theory (in par-
ticular, the variant that refers to the genome 
of mitochondria) has recently experienced 
unprecedented swings in credibility. Initially, 
two groups2,3 reported that mitochondrial 
DNA ‘mutator’ mice harboring genetic defects 
in the proofreading exonuclease activity of 
mitochondrial DNA polymerase (Polgmut/

mut) showed both increased mitochondrial 
DNA mutations and multiple symptoms of 
premature aging. These reports were widely 
interpreted (with a notable exception4) as 
strong evidence that mtDNA mutations were 
driving the aging process. However, shortly 
thereafter, we and others noted a striking 
discrepancy: the levels of mtDNA mutations 
in the Polgmut/mut mouse were over an order 
of magnitude higher than the typical muta-
tion levels observed in aged human tissues. 
Furthermore, mtDNA mutation levels of the 
control mice, which did not age prematurely, 
were still higher than mutation levels in aged 

humans, suggesting no causal relationship to 
aging at all5. Now, Vermulst et al.6, on page 
540 of this issue, resolve part of this paradox 
by using a highly sensitive mutation detection 
technique that gives drastically lower esti-
mates of mtDNA mutation levels in normal 
aging mice than previously reported.

Measuring mutations
Measuring levels of random somatic muta-
tions is very difficult, because they are rare, 
and because most procedures are prone to 
artifacts. For the mitochondrial genome, 
the most common procedure involves PCR 
amplification of mtDNA as a first step, fol-
lowed by cloning and sequencing. This pro-
cedure typically yields one to a few mutations 
per 104 bp but is apparently prone to PCR 
errors. Indeed, more laborious direct cloning 
of mtDNA, which bypasses PCR, typically 
yields much lower mutational levels, about 
one mutation per 105 bp5.

Vermulst and colleagues used an alternative 
method, called the random mutation capture 
(RMC) assay, that detects mutations that alter 
a given restriction enzyme recognition site7. 
Restriction digestion destroys all wild-type 
molecules but spares the mutant ones, which 
are subsequently amplified by PCR, quantified 
and sequenced. Mutational assays based on 
this principle have been created in the past8,9 
but have never attained comparable techni-
cal excellence. RMC is immune to PCR errors 

in this case, important mechanistic questions 
remain to be answered.

Regarding disease relevance, it is impor-
tant to note that unlike the D. melanogaster 
mutants studied by Tong and co-workers, 
individuals with neurofibromatosis have not 
lost both NF1 alleles in all cells. The case for 
human disease relevance would have been 
stronger if haploinsufficiency had been doc-
umented for NF1 in any phenotype. Finally, 
before contemplating antioxidant treatment 
for NF1, it should be noted that malignant 

tumors and other serious medical problems 
may sufficiently explain the reduced life 
expectancy of individuals with NF1 and that 
accelerated aging has not been recognized 
among the symptoms of NF1.
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and is capable of scanning very large numbers 
of molecules, providing reliable estimates of 
the frequency of even very rare mutations. 
However, because its target sequence is very 
short, RMC may miss mutational hotspots. 
Because mtDNA is known for extreme muta-
tional clustering10, it is conceivable that mutant 
fractions obtained by this method are under-
estimates.

Too few and too many mutations
Vermulst and colleagues first reexamined 
mtDNA mutation frequencies in brain and 
heart of normal mice. The results indicated a 
frequency of 10!6 mutations per nucleotide in 
young mice, strikingly lower than previously 
found, with an exponential increase with age 
thereafter to about 10–5. By contrast, mtDNA 
mutant fractions in hearts of the Polgmut/mut 
mice were very high (as much as 2,500-fold 
higher than in the young wild-type mice) 
compared with the three- to eightfold increase 
observed using the previous approach. This 
large difference is apparently due to a high 
background of PCR errors in the wild-type 
mice, confounding previous results2,3.

Importantly, reassessment by RMC of 
mtDNA mutant fractions in the Polgmut/+ 
mice still indicated mutant fractions over an 
order of magnitude higher than in the agead 
wild-type mice, in spite of the lack of prema-
ture aging symptoms in these heterozygote 
animals and their normal life span (Fig. 1). 
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Figure 1  Mitochondrial DNA mutations and aging. Logic would dictate that mtDNA mutations, when 
present at levels lower than in phenotypically normal Polgmut/+ mice (dashed green line), are irrelevant 
for aging. However, in aged human colon, the typical histological pattern of mitochondrial defects (blue 
crypts in the inset) associated with increased mtDNA mutant fractions in individual crypts suggests 
otherwise15. Fractions in colon include clonally expanded mutants only. Error bars represent estimated 
variation of the data. Figure provided by L. Greaves and D. Turnbull (University of Newcastle).
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Thus, mice can sustain much higher mtDNA 
mutation levels than are typically present at 
old age, without compromising their health 
and lifespan. The conclusion seems inescap-
able that mtDNA point mutations are not 
causally related to the aging process, at least 
in mice.

However, before closing the curtain, a few 
caveats remain to be resolved. In the exonucle-
ase-deficient mice, mutations apparently find 
their origin in polymerase errors early in life, 
with not much further accumulation at older 
ages2,6. By contrast, in normal mice, mtDNA 
mutations are rare in early life but accumulate 
exponentially during aging, possibly as a result 
of oxidative damage6 (this may not be true 
for humans11). Hence, mtDNA mutations in 
mutator and normal mice may affect different 
types of cells (for example, mitotically active 
versus oxidatively stressed), and the lack of a 
phenotype in the heterozygous exonuclease-
deficient mice may simply reflect the failure to 
hit the right cell types at the right time.

Do we age like mice?
There are at least two reasons to be cautious in 
extrapolating mouse data on mtDNA muta-
tions to the human situation. First, certain 
types of mtDNA mutations, such as large dele-
tions (which were not analyzed by Vermulst et 
al.), appear to be particularly important for 
human aging (for example, in the substantia 
nigra12,13). Indeed, patients with inherited 
defects in the polymerase domain of the mito-
chondrial DNA polymerase (which result in 
increased levels of mtDNA deletions) suffer 
from neurodegeneration in the substantia 
nigra and Parkinsonism14.

Second, it is possible that the functional 
impact of mtDNA mutations in mice is dif-
ferent from that in humans. Indeed, mtDNA 
mutation frequencies lower than the ones 
found to have no adverse effects on the Polgmut/+ 
mice have been associated with defects in mito-
chondrial oxidative phosphorylation in colonic 
crypts of aged humans (Fig. 1)15. Hence, even 

if mtDNA mutations are irrelevant for mouse 
aging, they may still be causally related to 
human aging. Clearly, we have not reached a 
stage where we can easily extend mouse find-
ings to humans.

The work by Vermulst and colleagues and 
its provocative conclusions are a welcome 
wake-up call to those who were already con-
vinced to have found the secrets of aging in 
the demise of the mitochondrial genome. 
However, inadequacies in our understanding 
of the mechanisms by which mtDNA muta-
tions arise and their cell and tissue distribu-
tions, as well as the need to resolve possible 
species differences, make it premature to dis-
card the theory as yet. More detailed informa-
tion is needed, and it is likely that the elegant 
and powerful RMC method will have a role 
in resolving some of the discrepancies in the 
field.
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