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MtDNA polymorphism and its role in adaptation
to environmental conditions and predisposition
to diseases
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Objective: analysis of the role of population polymorphism of human mtDNA Keywords: mitocho
in the formation of hereditary adaptation to extreme environmental conditions drial DNA; genetic ad-
and predisposition to diseases. aptation; hereditary
Materials and methods. Genotyping of mitochondrial DNA (mtDNA) is car- predisposition to dis-
ried out by using various methods, including modern high-performance se- ease

guencing technologies. Phylogeographic studies make it possible to recon-

struct the family tree of human mtDNA and assess the prevalence of charac-

teristic haplotypes in various populations. Studies of the associations of

mtDNA polymorphism with diseases are based on a comparison of the prev-

alence of haplotypes and individual mtDNA variants in patient groups with

ethnically relevant control samples.

Results. The results of studies of mtDNA polymorphism in human popula-

tions from different geographical regions indicate that some haplotypes and

individual variants of mtDNA can play a role in adaptation of the population

to high altitude conditions. Studies of the associations of mtDNA polymor-

phism with multifactorial diseases have revealed haplogroups and individual

MtDNA polymorphisms that affect the risk of developing diseases and their

complications depending on the population.

Cunclusion. The study of mitochondrial genome polymorphism is important

for the purposes of population, evolutionary and medical genetics. In addi-

tion, these studies are of interest to specialists in the history of ethnic groups

and cultures and have an interdisciplinary importance.
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itochondrial DNA (mtDNA) is a
M small but important part of our ge-

nome. It encoded information on 13
subunits of mitochondrial respiratory chain
complexes.

Compared to nuclear genes, mtDNA has
several distinctive features: maternal inher-
itance, lack of recombination in meiosis,
and high mutation rate (approximately 10
times higher than in nuclear genes). As in

the Y chromosome, new mutations are
added to existing ones, forming haplotypes
that are unchanged in a number of genera-
tions, each of which can be described by a
sequence of substitutions with respect to
the ancestral sequence (MRCA - the most
recent common ancestor) or to a reference
sequence MtDNA (rCRS - revised Cam-
bridge Reference Sequence). Mitochondrial
DNA is today perhaps the most studied
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part of the human genome. The number of
sequenced individual mtDNA sequences
amounts to tens of thousands; human pop-
ulations in all regions of the globe have
been studied. Detailed phylogeny of
mtDNA haplotypes has been created,
which reflects the "family ties" of all nucleo-

tide substitutions that have arisen during
microevolution. Large clusters in this phy-
logeny can be divided into “African”, “Euro-
pean” (West Eurasian) and “Asian” (East
Eurasian), in accordance with the place of
their origin and predominant distribution
(Figure 1).
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Figure 1. Scheme of the pedigree tree of human ‘mitochondrial DNA (from website

www. mitomap.or).

This geographical differentiation can be
caused, on the one hand, by the peculiari-
ties of migration processes, as well as by
“drift of genes” - a random, non-directional
change in gene frequencies in populations
of small numbers. On the other hand, the
distribution of individual haplogroups and
MtDNA haplotypes in some populations liv-
ing in extreme conditions (for example, in
the highlands or in the Far North) may be
the result of the selection of locally adap-
tive combinations of polymorphisms.

On this pedigree tree, there are also var-
iants leading to amino acid substitutions,
and mutations in the genes of transport and

ribosomal ribonucleic acid (RNA), as well
as reverse and second mutations. Since
MtDNA encodes mitochondrial respiratory
chain proteins, that is, it is involved in the
vital functions of the cell, it is logical to as-
sume that the resulting mtDNA mutations
may be subject to selection. The results of
numerous studies of the associations of
MtDNA polymorphism with susceptibility to
various diseases indicate the functional
significance of population polymorphism.
However, these results are often contradic-
tory - it is possible because the qualitative
and quantitative composition of mMtDNA
population gene pools is “region-specific”.
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Adaptive and functional role of
mtDNA polymorphism

Mitochondrial DNA encodes the vital
proteins involved in the synthesis of Aden-
osintriphosphate (ATP), as well as the ribo-
somal and transport RNA required for their
translation. Although mtDNA polymorphism
has been one of the main DNA tools of
human population and evolutionary genet-
ics for many years, the neutrality of this
polymorphism is not indisputable, and the
guestion of the effect of selection on the
MtDNA polymorphism pattern in human
populations has long been raised. In some
cases, it was really possible to identify this
effect. For example, an analysis of the ratio
of synonymous and non-synonymous sub-
stitutions in European mtDNA haplogroups
revealed traces of the action of selection in
several lines [5]. As has been shown, for
climate adaptation, substitutions in the
genes of cytochrome B and ATP synthase
are of particular importance. As a result of
comparison of synonymous and nonsynon-
ymous substitutions in the phylogeny of
human mtDNA, it was shown that haplog-
roup J mtDNA is under the influence of se-
lection and that the influence of selection in
mitochondrial lines should be taken into
account when assessing the age of coales-
cence of haplogroups [20].

It is known that haplogroups H and J of
MtDNA differ in the efficiency of oxidative
phosphorylation and production of reactive
oxygen species: H is characterized by
higher values of these indicators, and J -
lower. This was demonstrated using
cybrids, cell lines that have the same nu-
clear genome but differ in mtDNA geno-
type. Comparison of the haplo group H and
the African super haplogroup L revealed
differences in the production of ATP and
ROS, as well as in the expression level of
some nuclear genes [12]. Cell lines with
haplogroup T were more resistant to oxida-
tive stress [16], while cybrid lines with hap-
logroup J had a higher growth rate and
higher survival rate at sublethal doses of
ultraviolet radiation [13]. In patients with
asthenozoospermia with haplogroup T,
when studying the activity of oxidative
phosphorylation, a decrease in the efficien-
cy of the first complex was found to be re-
duced by 23%, and the fourth complex - by

29%, compared with haplogroup H [21]. In
the highlands, the oxygen content in the air
is reduced, and the body experiences oxy-
gen starvation (at an altitude of more than
1800 m above sea level). Under these
conditions, mtDNA lines that provide the
most efficient operation of the electron
transport chain of mitochondria can have
an advantage. In particular, among the
Sherpas in the high mountain populations
of Tibet, the predominance of haplogroups
C4a3bl and Ad4e3a was revealed [11]. In
another study, the “risky” effect of haplog-
roup B and the “protective” effect of haplog-
roup D4 in the Chinese were revealed in
relation to the development of pulmonary
edema induced by hypoxia [14]. A compar-
ison of the highland and lowland popula-
tions of Dagestan revealed differentiation
according to several variants of nuclear
genes, apparently providing adaptation to
altitudinal hypoxia, however, mtDNA was
not studied in this work [19]. Associations
of mtDNA polymorphism with longevity and
multifactorial diseases.

The hypothesis of “free-radical aging” of
Harman is widely known [8], according to
which the aging of the body is largely de-
termined by increasing mitochondrial dys-
function (and, accordingly, an increase in
the production of free radicals). Mitochon-
drial dysfunction, in turn, can be caused by
MtDNA damage that accumulates over the
course of a lifetime. If mtDNA polymor-
phism also affects the conjugation / uncou-
pling of oxidative phosphorylation, then this
may affect individual “starting conditions”
for aging processes and the possibility of
long-term life.

The results of the studies indicate a pos-
sible role of the mtDNA polymorphism in
the formation of a predisposition to longevi-
ty, however, the identified associations in
most cases are population-specific. For ex-
ample, haplogroup J was associated with
increased chances of surviving to a hun-
dred years of age in Northern Italy and Fin-
land [7, 17]. In Japan, similar associations
are shown for several branches of haplog-
roup D [18], and in France for haplogroup
U-K [10]. Thus, although each population
has its own mtDNA lines associated with
longevity, we can assume that there are
common features between them: for exam-



ple, repeating variants in certain genes or
in MtDNA expression/replication regulation
sites. To study this issue, it is necessary to
study new populations. In this regard, vari-
ous regions of the Caucasus are of particu-
lar interest, which are characterized by
both a significant number of centenarians
and a diverse ethnic composition, i.e. in the
same territory with similar climatic condi-
tions, several isolated gene pools coexist.
MtDNA polymorphism can also be asso-
ciated with diseases of the central nervous
system - in particular, with Alzheimer's dis-
ease. As for longevity, in different popula-
tions, the association was revealed for dif-
ferent mtDNA haplogroups. For example, in
the Italian population, the risk factor for
Alzheimer's disease was haplogroup H5
[22], and in the Polish population, haplog-
roup HV [15]. When analyzing the associa-
tions of mMtDNA polymorphism and Parkin-
son's disease, it was demonstrated that mi-
tochondrial haplogroups K and J had a pro-
tective effect, reducing the risk of develop-
ing the disease by almost 50% [23].
Cardiovascular disease is one of the
leading causes of death in the modern
world. Studies of associations of mtDNA
polymorphism with various diseases and
phenotypes of the cardiovascular system
indicate the role of mtDNA variants in form-
ing the risk of development of cardiovascu-
lar diseases and their complications. In par-
ticular, we have shown that haplogroup H1
is associated with early death from cardio-
vascular disease [4]. The same adverse
effect for haplogroup H1 was also revealed
with respect to the risk of developing re-
peated cardiovascular catastrophes (myo-
cardial infarction, ischemic strokes, pro-
gression of heart failure) within a year after
the first myocardial infarction. The risk fac-
tor for early myocardial infarction (up to 55
years) was the haplogroup U2e and the re-
placement of T16189C [2]. Analysis of
MtDNA polymorphism in arterial hyperten-
sion showed that haplo group T increased
the risk of developing left ventricular hyper-
trophy of the heart, and haplogroup H had
a protective effect on heart hypertrophy [1].
Haplogroup J was more common in older
people without clinically pronounced ather-
osclerosis of the carotid arteries and other

cardiovascular diseases, compared with
patients whose carotid artery stenosis was
more than 50% [3]. Associations of poly-
morphism mtDNA with quantitative charac-
ter variability were also detected: for exam-
ple, haplogroup H and variant 16519C
were associated with body mass index in
patients with acute coronary syndrome,
and in patients with type 2 diabetes melli-
tus, haplogroup H has been associated
with higher fasting blood glucose values;
an association of haplogroup U with the
thickness of the intima-media complex of
the carotid arteries was revealed, an asso-
ciation of haplogroup H with cholesterol
level and glucose values in the blood of in-
dividuals upon admission to hospital was
found [6].

Thus, we can say that the effect of
MtDNA polymorphism at the level of the
phenotype of the cardiovascular system is
more often not in predisposition to cardio-
vascular diseases as a whole, but in modu-
lating the risk of complications and comor-
bid phenotypes in the limits of the cardio-
vascular continuum.

The role of mtDNA polymorphism in
the manifestation of hereditary mito-
chondrial diseases

Perhaps the most famous example of
the influence of the genetic background on
the phenotypic expression of mtDNA muta-
tions is the fact that in European popula-
tions Lebera ophthalmopathy (LHON) mu-
tations are more often manifested against
the background of haplogroup J. For ex-
ample, in the German population the fre-
qguency of this haplogroup is about 7%, but
among patients with LHON - 60% [9]. This
effect of haplogroup J is associated with a
large number of amino acid substitutions in
the genes of subunits of NADH-
dehydrogenase (the first complex of the
respiratory chain). The significance of the
background genotype for LHON mutations
was also shown in the Mongoloid popula-
tion: in Chinese, these mutations are more
likely to appear against the background of
haplogroup M7b and less often against
haplogroup F [24].

Another “frequent”, repeatedly occurring
mtDNA mutation in humans, leading to mi-
tochondrial diseases, is the replacement of
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A3243G in one of the two leucine transport
RNA genes, usually associated with ME-
LAS syndrome - Mitochondrial encephalo-
myopathy, lactic acidosis, and stroke-like
episodes (mitochondrial encephalopathy,
lactic acidosis, stroke-like seizures). In a
study conducted in the Finnish population
(a total of 245 201 people were examined),
11 individuals with symptoms of mitochon-
drial diseases had this mutation, and in half
of them, mtDNA belonged to haplogroup U,
which is determined by A12308G polymor-
phism in another transfer RNA gene leu-
cine. In general, in the Finnish population,
haplogroup U is found with a much lower
frequency - about 25%. In France, in pa-
tients with the A3243G mutation, a statisti-
cally significant “protective” effect of hap-
logroup J was found: it was less frequently
recorded in the patient sample compared to
the population [20]. Interestingly, the U2e
haplogroup, which is found in the French
with a very low frequency (no more than
1%, according to various publications), was
represented in 5 patients with A3243G in
patients with different HVSI haplotypes
(3.65%; differences with a population are
not statistically significant).

The data presented indicate that in he-
reditary diseases the “genetic background”

References

of the locus in which the mutation occurred
can affect its phenotypic manifestation.

Conclusion

The study of the mitochondrial genome
in human populations plays an important
role in the development of population, evo-
lutionary, and medical genetics. In addition,
these studies have interdisciplinary signifi-
cance, since their results complement and
refine the picture of the history of ethnic
groups, which is the subject of study of the
humanities. The structure of the gene pool
of the population of multinational Dagestan
IS unique, and its study is relevant both for
phylogeographic studies and for the search
for possible adaptive options and a descrip-
tion of the patterns of mtDNA microevolu-
tion.

The study was supported by RFFP grant
No. 19-04-01322-A.

Funding and Conflict of Interest In-
formation

The authors declare no apparent and
potential conflicts of interest related to the
publication of this article.

Search and analytical work on the prep-
aration of the manuscript was carried out at
the personal expense of members of the
team of authors.

Grant RFFP (Russian Fund of Federal
Property) No. 19-04-01322-A.

1. Buikin SV, Golubenko MV, Puzyrev VP.
The participation of “mitochondrial genes” in
the formation of left ventricular hypertrophy in
arterial  hypertension.  Molecular  biology
2010;44(1):28-32 [Buikin SV, Golubenko MV,
Puzyrev VP. Uchastie mitokhondrialnykh genov
v formirovanii gipertrofii levogo zheludochka pri
arterialnoi gipertonii. Molekuliarnaia biologiia
2010;44(1):28-32 (In Russian)].

2. Golubenko MV, Salakhov PP, Makeev OA
and other associations of mitochondrial DNA
polymorphism with myocardial infarction and
prognostically significant signs of atherosclero-
sis. Molecular biology 2015;49(6):968-976
[Golubenko MV, Salakhov RR, Makeeva OA i
dr. Assotsiatsii polimorfizma mitokhondrialnoi
DNK s infarktom miokarda i prognosticheski
znachimymi priznakami ateroskleroza. Moleku-
liarnaia biologiia 2015;49(6):968-976 (In Rus-
sian)].

3. Golubenko MV, Tarasenko NV, Makeeva
OA, Goncharova IA, Markov AB, Sleptsov AA,
Komar A, Nazarenko MS, Barbarash OL, Pu-

zyrev VP. MtDNA polymorphism with clinically
pronounced carotid atherosclerosis: a protec-
tive effect of the haplogroup. Medical genetics
2017;16(10):26-28 [Golubenko MV, Tarasenko
NV, Makeeva OA, Goncharova |IA, Markov AV,
Sleptsov AA, Komar A, Nazarenko MS, Barba-
rash OL, Puzyrev VP. Polimorfizm mtDNK pri
klinicheski vyrazhennom karotidnom
ateroskleroze protektivnyi effekt gaplogruppy.
Meditsinskaia genetika 2017;16(10):26-28 (In
Russian)].

4. Zheykova TV. The genetic basis of the reg-
ulation of oxidative stress: a relationship with
life expectancy and coronary heart disease:
Abstract. dis. ... cand. honey. sciences. Tomsk
2013. 24 c. [Zheikova TV. Geneticheskaia 0s-
nova reguliatsii okislitelnogo stressa sviaz s
prodolzhitelnostiu  zhizni i ishemicheskoi
bolezniu serdtsa: Avtoref dis kand med nauk.
Tomsk. 2013, 24 s. (In Russian)].

5. Malyarchuk BA. Signals of adaptive evolu-
tion of mitochondrial genes in Europeans. Bio-
chemistry 2011;76(6):858-863. [Maliarchuk BA.



Signaly adaptivnoi evoliutsii mitokhondrialnykh
genov u evropeitsev. Biokhimiia 2011;76(6):
858-863 (In Russian)].

6. Salakhov PP, Makeeva OA, Kashtalap VV,
Barbarash OL, Golubenko MV. Associations of
polymorphism of the mitochondrial genome
with quantitative traits in myocardial infarction
and diabetes mellitus. Medical genetics
2015;14(10):21-24 [Salakhov RR, Makeeva
OA, Kashtalap VV, Barbarash OL, Golubenko
MV. Assotsiatsii polimorfizma mitokhondrial-
nogo genoma s kolichestvennymi priznakami
pri infarkte miokarda i sakharnom diabete.
Meditsinskaia genetika 2015;14(10):21-24 (In
Russian)].

7. Dato S, Passarino G, Rose G. et al. Asso-
ciation of the mitochondrial DNA haplogroup J
with longevity is population specific. European
Journal of Human Genetics 2004;12(12):1080—
1082.

8. Harman D. Free radical theory of aging.
Mutation Research 1992;275(3-6):257—-266.

9. Hofmann S, Jaksch M, Bezold R, Mertens
S, Aholt S, Paprotta A, Gerbitz KD. Population
genetics and disease susceptibility: characteri-
zation of central European haplogroups by
mtDNA gene mutations, correlation with D loop
variants and association with disease. Hum
Mol Genet 1997;6(11):1835-1846.

10. lvanova R, Lepage V, Charron D, and
Schachter F. Mitochondrial genotype associat-
ed with French Caucasian centenarians. Ger-
ontology 1998;44(6):349.

11.Kang L, Zheng HX, Chen F, et al. mtDNA
lineage expansions in Sherpa population sug-
gest adaptive evolution in Tibetan highlands.
Mol Biol Evol 2013;12:2579-2587.

12. Kenney MC, Chwa M, Atilano SR, et al.
Molecular and bioenergetic differences be-
tween cells with African versus European in-
herited mitochondrial DNA haplogroups: impli-
cations for population susceptibility to diseas-
es. Biochim Biophys Acta 2014;1842(2):208-
219.

13. Malik D, Hsu T, Falatoonzadeh P, et al.
Human retinal transmitochondrial cybrids with J
or H mtDNA haplogroups respond differently to
ultraviolet radiation: implications for retinal dis-
eases. PLoS One 2014;9(2):€99003. doi:
10.1371/journal.pone.0099003.

14. Luo YJ, Gao WX, Li SZ, Huang XW, et al.
Mitochondrial haplogroup D4 confers re-

sistance and haplogroup B is a genetic risk fac-
tor for high-altitude pulmonary edema among
Han Chinese. Genet. Mol Res 2012;11(4):
3658-3667.

15. Maruszak A, Canter JA, Styczy'nska M,
Zekanowski C, Barcikowska M. Mitochondrial
haplogroup H and Alzheimer's disease—is
there a connection? Neurobiology of Aging
2009;30(11):1749-1755.

16. Mueller EE, Brunner SM, Mayr JA, Stanger
O, Sperl W, Kofler B. Functional differences
between mitochondrial haplogroup T and hap-
logroup H in HEK293 cybrid cells. PLoS One
2012;7(12):e52367.

17. Niemi AK, Moilanen JS, Tanaka M, et al. A
combination of three common inherited mito-
chondrial DNA polymorphisms promotes lon-
gevity in Finnish and Japanese subjects. Euro-
pean. Journal of Human Genetics 2005;
13(2):166-170.

18. Nishigaki Y, Fuku N, and Tanaka M. Mito-
chondrial haplogroups associated with lifestyle-
related diseases and longevity in the Japanese
population. Geriatrics and Gerontology Interna-
tional 2010;10(1):221-235.

19. Pagani L, Ayub Q, MacArthur DG, Xue Y,
et al. High altitude adaptation in Daghestani
populations from the Caucasus. Hum Genet
2012;131(3):423-433.

20. Pierron D, Rocher C, Amati-Bonneau P,
Reynier P, Martin-Négrier ML, et al. New evi-
dence of a mitochondrial genetic background
paradox: impact of the J haplogroup on the
A3243G mutation. BMC Med Genet 2008;(7):9-
41.

21. Ruiz-Pesini E, Lapefa AC, Diez-Sanchez
C, et al. Human mtDNA haplogroups associat-
ed with high or reduced spermatozoa motility.
Am J Hum Genet 2000;67(3):682-696.

22. Santoro A, Balbi V, Balducci E, et al. Evi-
dence for sub-haplogroup H5 of mitochondrial
DNA as a risk factor for late onset Alzheimer's
disease. PLoS One 2010;5(8):€12037.

23.van der Walt J M, Nicodemus KK, Martin E.
R, et al. Mitochondrial polymorphisms signifi-
cantly reduce the risk of Parkinson disease.
American Journal of Human Genetics
2003;72(4):804-811.

24. Zhang AM, Jia X, Bi R., et al. Mitochondrial
DNA haplogroup background affects LHON,
but not suspected LHON, in Chinese patients.
PL0S One 2011;6(11):e27750.

Author credentials

Maria V. Golubenko, Candidate of Biological Sciences, Senior Researcher, Laboratory of Population
Genetics, Research Institute of Medical Genetics, Tomsk Scientific and Research Center, Makhachka-

la, Russia; e-mail: maria-golubenko@medgenetics.ru.

21



