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Abstract—The mitochondrial genome provides not only respiratory chain function, but it also ensures the impact of mito-
chondria on nearly all crucial metabolic processes. It is well known that mitochondria regulate aging and lifespan. However,
until now there were no direct experimental data concerning the influence of various mitochondrial DNA variants on life-
span of animals with identical nuclear genome. In a recent paper of J. A. Enriquez and coworkers (Latorre-Pellicer, A., et
al. (2016) Nature, 535, 561-565), it was shown that mice carrying nuclear DNA from one strain and mitochondrial DNA
from another had longer median lifespan and retarded development of various aging traits. This review critically analyzes
that paper and considers some aspects of the crosstalk between the nuclear and mitochondrial genomes. We also discuss new
perspectives of gerontology in the light of the discovery made by Enriquez’s group.
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Mitochondria are cellular organelles containing
their own genome, like cell nuclei. Mitochondrial DNA
(mtDNA) of most mammalian species contains genes
necessary for the functioning of the respiratory chain:
NDI, 2, 3,4, 4L, 5, and 6 of complex I; cytochrome b of
complex III; COI, COII, and COIII of complex IV, ATP6
and ATPS of complex V. In addition, mtDNA carries
genes for 22 types of tRNA, two ribosomal RNA, as well
as a noncoding portion of about 1 kb involved in the reg-
ulation of mtDNA replication and its transcription [1].

Mitochondrial genes are necessary for respiratory
ATP synthesis, and therefore it would be expected that
the mitochondrial genome should not be subject to fre-
quent mutations. However, the mtDNA mutagenesis rate
is very high compared to that of nuclear DNA (nDNA)
[2]. This is probably due to the proximity of mtDNA
(nucleoids) to sites of generation of reactive oxygen
species (ROS), as well as a less complex mitochondrial
reparation system. In the human population, there are
several mtDNA variants (haplogroups) with different
nucleotide sequences in both noncoding and coding
regions, thus affecting amino acid sequence of the respi-
ratory chain enzymes. It is assumed that human mtDNA

Abbreviations: mtDNA, mitochondrial DNA; nDNA, nuclear
DNA; ROS, reactive oxygen species.
* To whom correspondence should be addressed.

haplogroups originated due to natural selection and the
environment context [3].

Every nucleated cell of an organism contains two
copies of nuclear genes and a few hundreds to thousands
of mtDNA molecules. In a single cell, at the same time
several variants of mtDNA may be found (so-called het-
eroplasmy). Previously, it was thought that the hetero-
plasmy is a relatively rare event, but the use of “deep”
sequencing technology confirmed that a very low-level of
heteroplasmic variance is present in all tested healthy
individuals [4].

The majority of the thousand or more mitochondri-
al proteins are encoded in the nuclear genome.
Therefore, the functioning of mitochondrial and nuclear
genomes is closely related. Cellular information is trans-
ferred from the nucleus to the mitochondria and back
(retrograde signaling). For a detailed study of the interac-
tion between mitochondrial and nuclear genomes at the
cellular level, so-called cybrids (from “cytoplasmic
hybrids”) are used. At the organismal level, they use spe-
cial conplastic strains derived from backcrossing of hybrid
females F1 with the original strain for a number of gener-
ations (Fig. 1).

Evolution of the nuclear and mitochondrial genomes
occurs simultaneously, thus ensuring maintenance of the
functional activity of cells, tissues, and organs. This was
first demonstrated in the elegant work of Kenyon and
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Fig. 1. Generation of the mouse strains used in the work of J. A.
Enriquez and colleagues [5].

Moraes [6]. They obtained cybrid cells containing human
nucleus and mitochondria of various primates. It was
found that mitochondrial oxidative phosphorylation is
maintained only with mitochondria from our closest rel-
atives — chimpanzees and gorillas. The mitochondria
from more evolutionarily distant orangutans and lemurs
did not possess that ability. It is important to note that the
incompatibility between mitochondrial and nuclear
genomes contributes to the creation of interspecies repro-
ductive barriers [7].

Since mtDNA is inherited exclusively from the
mother, Nature herself constantly makes evolutionary
experiments on the interaction of these genomes. In
human and animal populations, there are many individu-
als with identical mtDNA, differing only in the nuclear
genome. The study of these examples led to the under-
standing that certain variants of mtDNA are associated
with the development of various diseases and aging. In
extreme cases, the accumulation of mtDNA mutations
results in the development of mitochondrial diseases [8].
However, the most pathogenic mtDNA variants are elim-
inated during oogenesis [1], thus ensuring species sur-
vival, otherwise the inevitable steady accumulation of
mutations would lead to their extinction.

In 1998, it was first shown that the mtDNA genotype
is one of the genetic factors determining human lifespan
[9]. Since then, many other studies identified new corre-
lations between different mtDNA haplogroups and life-
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span (see review [10]). For example, haplogroup J was
associated with longevity in Finns, but not in the south-
ern Italians [11], thus indicating population specificity of
the mitochondrial haplogroups. Moreover, analysis of dif-
ferent mtDNA haplogroups appeared to be insufficient
for understanding of the whole picture. There was a need
to consider the effect of all genetic variations in mtDNA.
It was shown that mutations in subunits of complex I
increased longevity, while the simultaneous presence of
mutations in complexes I and III seemed to be harmful
[12].

The direct effect of somatic mtDNA mutations on
lifespan has been clearly demonstrated using “mutator”
mice deficient in the proofreading activity of mitochondr-
ial DNA polymerase y [13]. These mice accumulated a
large number of mutated mtDNA, prematurely grew old,
and died. Importantly, wild-type mice containing mutated
mtDNA from the mutator mice also had decreased lifespan
compared to wild-type animals [14]. Thus, it was con-
firmed that mutations in mtDNA directly affect lifespan.

In a report recently published in Nature [5], J. A.
Enriquez and coworkers investigated molecular, bio-
chemical, and gerontological aspects of the two mouse
strains differing only in the mitochondrial genome. They
obtained the mouse strain BL/6M*® with the nuclear
genome from C57BL/6 strain and mtDNA from
NZB/OlaHsd strain. The original mouse strain C57BL/6
with the mitochondrial genome of C57BL/6 is referred to
as BL/6%7. According to mtDNA, these strains differ
from each other to about the same extent as the Eurasian
and African haplogroups. It was found that the median
lifespan of BL/6™%8 mice was higher compared to BL/6%
(Fig. 2a). After nine months, BL/6™® mice gained less
weight, had reduced rate of telomere shortening, and
lower incidence of tumors at the time of death (Fig. 2b).
Using transcriptomics, metabolomics, and proteomics
studies, they revealed a number of differences between
these two strains. For example, BL/6™E conplastic mice
had higher expression of lipid metabolism and lower
expression of carbohydrate metabolism and inflammato-
ry pathways.

The rate of respiration and ATP synthesis in liver
mitochondria of newborn BL/6M® mice was slightly
lower than BL/6%%7 mice. Subsequently, these variables
equalized, then from 100-day-old onwards the rates in
BL/6%7 mice decreased gradually, while in BL/6N?8 they
remained constant.

Interestingly, in young BL/6™*8 mice (126 days) the
liver and heart tissues had elevated mitochondrial ROS
level measured by the mitochondrial probe MitoB [15]
(Fig. 2¢). On the contrary, in adult BL/6N?8 animals (210
days) mitochondrial H,0O, level was lower than that of
BL/6%7 (Fig. 2d). It is suggested that an adaptive
response (hormesis) may take place, wherein an elevated
level of ROS at the young age prevents its subsequent
increase and thus prolongs lifespan. It should be noted
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that the method of mitochondrial H,O, measurement
using MitoB probe has been tested in just a few laborato-
ries, so it is difficult to define its suitability. In addition to
a number of high-tech procedures, oxidative damage of
proteins, lipids, and nucleic acids in the animal tissues
should be directly measured. Also, a straightforward
experiment should be made: if the effect of hormesis
indeed takes place, then antioxidants should decrease
lifespan of BL/6ME mice.

Continuing criticism of this work, it is necessary to
note the following:

1403

1) there are no data either for the control strain
NZB® or even for the original NZB/OlaHsd strain.
Therefore, it is not clear how to interpret the results con-
cerning survival and metabolic activity of the animals;

2) the use of highly inbred strains may result in various
artifacts due to the presence of homozygous alleles carrying
potential harmful mutations. This obvious fact is confirmed
by the authors themselves mentioning that C57BL/6 ani-
mals strain has a mutated gene coding for protein responsi-
ble for supercomplex III : IV formation. Consequently, the
results should be confirmed in outbred animals;
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Fig. 2. Functional differences between mice strains that differ in mtDNA (reproduced from [5] with permission from Nature). a) Survival
curves (n = 31 per genotype, 19 males, 12 females). b) Tumor incidence in animals dying from natural causes (n = 14 BL/6NE, n =
20 BL/6%; ** p < 0.01, Fisher’s exact test). ¢) Relative amount of mitochondrial H,0, £ N-acetylcysteine (NAC) in vivo in liver and heart
tissues (12 weeks old; n = 6 per genotype). Ordinate axis: the ratio of the two mitochondria-directed cations MitoP/MitoB. Mitochondrial
probe MitoB reacts with H,0, to form MitoP. NAC, non-targeted antioxidant. d) Relative amount of H,0, in liver mitochondria of young
(126 days, n = 2 per genotype) and adult (210 days, » = 6 per genotype) mice of the two different strains. Ordinate as in Fig. 2c.
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3) the authors performed nDNA sequencing of the
conplastic strain and claimed that it confirms identity of
their nuclear genomes. Note, however, that backcrossing
of F1 hybrid females with the males of the original strain
may result in the persistence of some maternal alleles in
the offspring due to natural selection preserving the effec-
tive interaction between the nucleus and mitochondria
[16]. They showed that the nuclear genomes of BL/6N*8
and BL/6% differ in only 197 positions (SNPs). One
cannot exclude that some of the SNPs remained in the
congenic strain BL/6M8 just because of the above-men-
tioned mechanism of natural selection;

4) it is known that inheritance of nuclear DNA
methylation pattern from gametes is predominantly
maternal [17]. The authors did not compare the methyla-
tion profiles of the animal strains. It is possible that the
methylome of BL/6™?® strain kept some features of the
original strain NZB/OlaHsd. Since methylation in the
promoter region of genes determines their transcriptional
activity, this would explain transcriptomic, proteomic,
and other differences between the strains;

5) in addition to the nuclear epigenetics, it is also
necessary to determine mtDNA methylation pattern of
these strains since this parameter may also influence life-
span (see review [18]);

6) there is no respiratory control in the measurement
of mitochondrial respiratory rate. Thus, it is impossible to
estimate H* leakage across the inner mitochondrial
membrane. Such leak would explain steady ROS level in
aging BL/6™® animals;

7) theoretically, using the numerous “-omics” would
help to understand exactly how molecular and biochemi-
cal processes are transformed in the animals with the for-
eign mitochondrial genome. However, despite the abun-
dance of information, there is nearly nothing to add to the
obvious fact that the difference between the derived strains
is very high. Surely, this claim can be presented to the vast
majority of the contemporary works applying systematic
analysis of biological objects. However, it is possible that in
the future some useful information will be obtained;

8) two mouse strains with mtDNA differing in 24
positions were used in this study. Perhaps it makes more
sense to use a systematic approach to study the effect of
individual mtDNA mutations on the mitochondrial func-
tion and aging. Probably soon we should expect to see
animals carrying “optimized” mtDNA sequence to
achieve maximum lifespan.

In the discussion of their work, the authors correctly
assume that their findings also have practical implica-
tions. Recently, in the UK donation of mtDNA from a
“third” parent was approved. This would potentially lead
to the birth of children whose mitochondrial genome is
poorly compatible with nuclear. Therefore, it is necessary
to continue research in this area and clarify many aspects
of the interaction of nuclear and mitochondrial genomes,
as well as the role of mitochondrial ROS in the aging
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process. In this regard, special attention should be paid to
Fig. 2d of Enriquez et al. [5]. Long-lived and slow aging
BL/6M“8 mouse strain at young age has a higher level of
mitochondrial H,O, than the original strain. However,
this level is not increasing with age. As a result, the adult
(210 days) long-lived mice have twice lower level of H,0,
than the short-lived strain. Exactly the same pattern
described in the long-lived naked mole rat (lifespan >32
years compared to 3 years for the mouse) [19].

According to our data [20, 21] mitochondria-target-
ed antioxidant SkQ1 prolongs median (not maximum)
lifespan of mice, and this effect is even more pronounced
than in the case of mitochondria replacement in the
experiments of Enriquez and coworkers (we — 100%,
Enriquez et al. — 16%). At the same time, SkQI, like
mitochondria replacement, retards the traits of aging
such as kyphosis, graying, hair loss, and age-related
weight increase due to fat deposition. It is important to
note that both SkQ1 and mtDNA replacement reduce the
level of mitochondrial ROS in adulthood, which likely
provides an increase in the animals’ lifespan.
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