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Abstract
Proper mitochondrial function is a key determinant of endurance performance. Mitochondria are
cell organelles which are responsible for cellular energy production through oxidative
phosphorylation (OXPHOS). The subunits of OXPHOS complexes are encoded in part by
mitochondrial DNA (mtDNA). Previous research has indicated that variation in mtDNA affects
endurance performance and a paucity of mtDNA haplogroup J and K has been detected among
Finnish endurance athletes. Such a finding suggests that these mtDNA lineages are “uncoupling
genomes” which favor heat generation instead of adenosine triphosphate (ATP). Here, the
objective was to explore differences in mtDNA variants between elite endurance athletes, sprint
athletes and controls. For this purpose, the rate of functional variants and the mutational load in
mtDNA of Finnish athletes (n=141) and controls (n=77) was determined. The complete sequences
enabled us to search for possible uncoupling variants within haplogroups J and K. Furthermore,
the association of haplogroups J and K with physical performance was determined in a populationbased cohort of 1,036 healthy Finnish men undergoing compulsory military service. Physical
performance was evaluated by means of a 12-minute Cooper running test and muscle fitness
index, both at the beginning and end of service. Additionally, the effects of long-term exercise
intervention on branched-chain amino acid (BCAA) catabolism was evaluated. BCAAs are the
major group of amino acids which are catabolized in skeletal muscle and their oxidation mainly
takes place in mitochondria. Rare mtDNA variants were more common among endurance athletes
than sprinters or controls (p=0.04), suggesting that rare variation may contribute to endurance
performance. The fact that two of the sprinters harbored disease-causing mtDNA variants may
indicate that sprinters have a better tolerance for deleterious mutations than endurance athletes.
The association of mtDNA haploplogroups J and K with decreased endurance performance was
present in the general population (p=0.041), although it was more apparent among the bestperforming subjects that approach athletes with their endurance performance (p<0.001).
Haplogroups J and K were not characterized by the presence of excessive rare variation. Instead,
the functional effect of these lineages might be related to some of the common nonsynonymous
variants that define these haplogroups. Variant m.14798T>C in MTCYB is present in both
haplogroups and, based on molecular modelling, it may hamper the function of complex III and
cause redox imbalance. We found that the elevation in BCAA concentration was larger in subjects
harboring haplogroups J and K than in subjects with non-JK haplogroups (p=0.029). The results
suggest that BCAA catabolism is a surrogate marker of lower respiratory chain activity attributed
to these haplogroups.

Keywords: athletic performance, branched-chain amino acid, mitochondrial DNA,
oxidative phosphorylation, trainability
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Tiivistelmä
Mitokondriot ovat soluelimiä, jotka tuottavat oksidatiivisessa fosforylaatiossa valtaosan elimistön tarvitsemasta energiasta. Tämän vuoksi mitokondrioiden toiminta vaikuttaa olennaisesti kestävyysurheilusuoritukseen. Mitokondrioilla on oma DNA (mtDNA) ja osa hengitysketjun alayksiköistä rakennetaan siinä olevan ohjeen mukaisesti. Aiemmissa tutkimuksissa on havaittu, että
mtDNA:n geneettinen muuntelu voi vaikuttaa energian tuotantoon ja mtDNA:n haploryhmät J ja
K ovat harvinaisia suomalaisilla kestävyysurheilijoilla. On mahdollista, että näihin haploryhmiin liittyy mitokondrion hengitysketjun toiminnan irtikytkeytyminen energian tuotannosta, jolloin muodostuu adenosiinitrifosfaatin (ATP) sijasta lämpöä. Tässä tutkimuksessa määritettiin
mtDNA:n muuntelun suuruus suomalaisilla kestävyys- ja nopeusurheilijoilla (n=141) sekä terveillä kontrolleilla (n=77). Lisäksi tunnistettiin funktionaaliset variantit eli geenimuutokset, jotka voivat vaikuttaa syntyvän proteiinin toimintaan. Haploryhmien J ja K sekvensseistä tunnistettiin hengitysketjun irtikytkentään myötävaikuttavat variantit. Näiden haploryhmien vaikutusta
fyysisen kunnon kehitykseen arvioitiin tutkimalla varusmiespalvelusta suorittavista nuorista
miehistä koostuvaa väestöotosta (n=1,036). Varusmiesaineistoa käyttämällä tutkittiin myös pitkäkestoisen liikuntaharjoittelun vaikutusta haaraketjuisten aminohappojen (BCAA) aineenvaihduntaan. BCAA:t ovat aerobisessa liikuntasuorituksessa aminohapoista tärkeimpiä energianlähteitä ja niiden metabolia tapahtuu mitokondrioissa. Tutkimuksen perusteella harvinaiset funktionaaliset variantit olivat kestävyysurheilijoilla tavallisempia kuin nopeusurheilijoilla tai kontrolleilla (p=0.04). Tämä voi viitata siihen, että mtDNA:n harvinainen variaatio parantaa hengitysketjun toimintaa ja edesauttaa kestävyysurheilusuoritusta. Kahdella tutkituista nopeusurheilijoista todettiin mitokondriotaudille altistava geenivirhe. On mahdollista, että nopeusurheilijat sietävät paremmin taudille altistavia mtDNA:n mutaatioita, koska urheilusuorituksen aikainen energian tuotanto perustuu heillä ensisijaisesti anaerobiseen glykolyysiin oksidatiivisen fosforylaation sijasta. Haploryhmät J ja K yhdistyivät väestöotoksessa alentuneeseen kestävyyskunnon kehitykseen (p=0.041) ja haploryhmien vaikutus korostui tarkasteltaessa parhaimmassa kunnossa
olevaa varusmiesten joukkoa (p<0.001). Haploryhmien J ja K sekvensseissä ei havaittu runsaasti harvinaisia variantteja, kun taas yleiset nonsynonyymiset muutokset olivat niissä tavallista
yleisempiä. Näiden haploryhmien funktionaalinen vaikutus voikin selittyä haploryhmiä määrittävillä yleisillä varianteilla. Näistä MTCYB-geenin variantti m.14798T>C on yhteinen molemmille haploryhmille ja se voi molekulaarisen mallintamisen perusteella haitata kompleksin III toimintaa ja aiheuttaa happoemästasapainon häiriön. BCAA-seerumipitoisuuden todettiin harjoittelujakson aikana kasvavan voimakkaammin haploryhmään J tai K kuuluvilla varusmiehillä kuin
ei-JK haploryhmiin kuuluvilla varusmiehillä. Tulos voi olla seurausta hidastuneesta BCAA-kataboliasta ja viitata siihen, että BCAA:n metabolia on heikentyneen oksidatiivisen fosforylaation
surrogaatti.
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haaraketjuinen
aminohappo,
mitokondriaalinen DNA, suorituskyky
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1

Introduction

Prolonged muscle work needs a sustained supply of energy. The energy is provided
in the form of adenosine triphosphate (ATP) and produced mostly by the aerobic
energy system through combustion of carbohydrates, fats and amino acids in the
presence of oxygen. The majority of ATP is generated in the mitochondria of the
cell in oxidative phosphorylation (OXPHOS). In OXPHOS, electrons are
transferred from reducing equivalents to molecular oxygen (O2) via four enzyme
complexes (I-IV) and two electron carriers, leading to a generation of proton
gradient across the inner mitochondrial membrane. This gradient is then used by
ATP synthase to produce ATP from adenosine diphosphate (ADP).
The subunits of the respiratory chain complexes and ATP synthase are encoded
by both mitochondrial and nuclear genes. Indeed, each mitochondrion harbors its
own maternally inherited DNA. Mitochondrial DNA (mtDNA) is a circular 16.6 kb
double-stranded molecule that includes genetic code for 13 essential subunits of the
OXPHOS complexes as well as 22 transfer RNAs (tRNAs) and two ribosomal
RNAs (rRNAs). The evolution of mtDNA is characterized by a high mutation rate.
In the human population, new mutations, uniparental inheritance and lack of
recombination have led to the formation of continent-specific mitochondrial
lineages that are defined by distinct sets of ancient polymorphisms. For example,
Finnish people predominantly harbor European haplogroups H, I, J, K, T, U, V, W
or X, although small proportion of Finns carry Asian haplogroup D or Z.
Sequence variants in mtDNA may have functional consequences. Non-neutral
variants can affect mitochondrial metabolism and their effect can be deleterious,
mildly deleterious or beneficial. There are pathogenic mtDNA variants that lead to
OXPHOS defects and cause mitochondrial diseases. Mildly deleterious variants
can contribute to complex phenotypes, whereas beneficial mutations may be
favored by adaptive selection. Some of these non-neutral variants could alter
mitochondrial ATP synthesis and consequently affect energy production and, hence,
exercise performance. Indeed, emerging evidence indicates that mtDNA variation
may explain inter-individual differences in exercise capacity.
Preliminary studies on Caucasian populations have shown that haplogroups J
and K might be disadvantageous in situations where efficient ATP production is
required, such as endurance athletic performance. It is unclear whether the
functional effect of these haplogroups is caused by the presence of haplogroupdefining variants alone or a combination of common and rare variants attributed to
these haplogroups. These lineages share two common nonsynonymous variants,
17

one being variant at position m.10398A>G (p.Thr114Ala) in MTND3 and affecting
complex I. The other is m.14798T>C (p.Phe18Leu) in MTCYB, affecting complex
III.
Here, the aim was to study mtDNA variation in a cohort of Finnish elite athletes
and identify possible function-altering variants in haplogroups J and K.
Furthermore, a population-based cohort of young Finnish men was studied in order
to evaluate whether haplogroups J and K are associated with a low response to
endurance training. The aim was also to determine whether elevated branchedchain amino acid (BCAA) catabolism is a surrogate marker of lowered OXPHOS
capacity attributed to these haplogroups.
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2

Review of literature

2.1

Mitochondria

Mitochondria are double-membrane-bounded organelles that are responsible for
cellular energy metabolism. In addition, they have a vital role in many cellular
functions such as maintaining redox balance (Georgieva et al., 2017), modulating
Ca2+ signaling (Mammucari et al., 2018) and regulating apoptosis (Yee, Yang, &
Hekimi, 2014). They are found in the cytoplasm of most eukaryotic cells and range
from 0.5 to 1 µm in size. Mitochondria can exist in different shapes and their
subcellular localization can vary (Karbowski & Youle, 2003). They are dynamic
organelles that possess the ability to fuse and divide and are often organized into
an interconnected tubular networks (Westermann, 2010). The number of
mitochondria per cell varies significantly between different organisms and also
among tissue types (Cole, 2016). Their density is highest in cells that require a
constant supply of energy, such as skeletal muscle (Veltri, Espiritu, & Singh, 1990).
Cells that rely on anaerobic energy production contain less mitochondria and,
consequently, mature red blood cells lack mitochondria and produce energy by
means of anaerobic glycolysis (Moras, Lefevre, & Ostuni, 2017).
Mitochondrial content and density in skeletal muscle increases as a response
to aerobic training (Holloszy & Booth, 1976; Hoppeler et al., 1985; Jacobs &
Lundby, 2013). This increase is attributed to both intermyofibrillar mitochondria
(MitoIMF), existing between myofibrillar sarcomeres, and subsarcolemmal
mitochondria (MitoSS), residing just underneath the sarcolemma of muscle cell
(Lundby & Jacobs, 2016). The relative volume density of MitoIMF can increase by
up to 44%, while increases in MitoSS can reach 231% (Meinild Lundby et al., 2018).
MitoIMF are responsible for providing energy to contracting skeletal muscle
(Lundby & Jacobs, 2016), whereas MitoSS generate energy for signal transduction
and other membrane-related processes (Hood, 2001).
2.1.1 Structure
Each mitochondrion contains an outer and inner membrane as well as an
intermembrane space between the two (Figure 1). While both membranes are
phospholipid bilayers, they have different properties and functions. The outer
membrane forms the mitochondrial surface and interacts with the rest of the cell. It
19

contains porins, which allow the diffusion of ions and small uncharged molecules
to intermembrane space. Conversely, larger molecules, such as nuclear-encoded
intramitochondrial proteins, can enter mitochondria only through the translocases
of the outer mitochondrial membrane (Kühlbrandt, 2015). The inner mitochondrial
membrane folds inwards, forming invaginations called cristae. It contains the
complexes of the respiratory chain (I-IV) and ATP synthase required for OXPHOS.
It serves as a tight barrier for diffusion and ions and molecules can only get across
the inner membrane via selective transport proteins. Consequently, the
mitochondrial membrane potential (ΔΨm) of about 180mV is generated across the
inner membrane by proton pumps in complexes I, III and IV. Membrane potential
can be used for synthesis of ATP and is also a factor determining the viability of
mitochondria (Marchetti et al., 1996; Zorova et al., 2018). In tissues with high
energy demand, cristae are tightly packed and constitute most of the mitochondrial
volume (Kühlbrandt, 2015). Interestingly, cristae might be electrically insulated
and, consequently, individual cristae can maintain ΔΨm even if neighboring cristae
are damaged (Wolf et al., 2019).
2.2

Mitochondrial DNA (mtDNA)

A mitochondrion has its own genome, referred to as mitochondrial DNA (mtDNA)
(Figure 2). It is a circular double-stranded DNA molecule which, in humans, is built
of 16,569 base pairs and encodes 13 proteins needed in the respiratory chain
complexes, 22 tRNA and 2 rRNA molecules. The strands are classified as light
chain (L) and heavy chain (H) and can be distinguished on the basis of guanine
composition. The heavy chain contains most of the genes. Mitochondrial genes do
not contain introns and only a small proportion of mtDNA is non-coding. The
displacement loop (D-loop) is a non-coding control region which regulates the
transcription and replication of mtDNA (Taanman, 1999).
The complete sequence of the first human mtDNA genome was published
approximately 40 years ago (Anderson et al., 1981). This initial sequence contained
11 errors, including CC at positions 3106–3107 instead of C. Accordingly, the
sequence has been upgraded to a modified version (Andrews et al., 1999) which is
referred to as the Revised Cambridge Reference sequence (rCRS). The revised
sequence retains the original nucleotide numbering to avoid confusion and, hence,
a gap represented by the letter “N” has been introduced at position 3107. The rCRS
is designated as the official reference sequence in mtDNA analysis and mutations
20

in the human mtDNA are traditionally identified relative to the rCRS (Bandelt,
Kloss-Brandstatter, Richards, Yao, & Logan, 2014).

Fig. 1. Structure of a human mitochondrion (Jennings & Premanandan, 2017).
Published with permission from the Creative Commons Attribution 4.0 International
License (http://creativecommons.org/licenses/by/4.0).
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Fig. 2. The human mitochondrial DNA genome with an outer H-strand and inner L-strand.
They both contain origins of replication (OH and OL) and promoters for gene
transcription (HSP and LSP). Shown are the genes encoding respiratory chain: MTND1–
6 (Complex I), MTCYB (Complex III), MTCOI–II (Complex IV), MTATP6 and MTATP8
(Complex V). The MtDNA genome also encodes two ribosomal RNAs (MTRNR1-2). The
rest of the genes represent 22 tRNAs which are annotated with their associated amino
acids (Van Den Ameele, Li, Ma, & Chinnery, 2020). Published with permission from
Elsevier.

2.2.1 Inheritance of mtDNA
There are multiple copies of mtDNA within each cell and, usually, a state of
homoplasmy exists where all mtDNA molecules are identical. Conversely,
22

mitochondrial heteroplasmy represents the co-existence of more than one kind of a
mtDNA genotype in a single cell or among cells within an individual (i.e., wildtype and mutant mtDNA genotypes are present in varying proportions) (Wallace &
Chalkia, 2013).
In most mammals, paternal mitochondria are removed from the sperm within
the zygote after fertilization and thus, mtDNA molecules are exclusively
transferred to offspring from the mother. There are rare examples where the
elimination of paternal mtDNA fails, which then leads to biparental inheritance of
mtDNA (Luo et al., 2018; Schwartz & Vissing, 2002). However, these findings
remain controversial and it has most likely not left a noticeable signature on human
genetic record and therefore, maternal inheritance of mtDNA remains dominant on
an evolutionary timescale (Salas, Schönherr, Bandelt, Gómez-Carballa, &
Weissensteiner, 2020). Because of the mitochondrial bottleneck, only a proportion
of mother’s mtDNA is transferred to each offspring. Although the molecular
mechanisms underlying this phenomenon remain partly ambiguous, a physical
reduction in the number of mtDNAs during early oogenesis has been demonstrated
in several species (Zhang, Burr, & Chinnery, 2018). Indeed, the oocyte, which
contains approximately 100,000 mitochondria, passes only a fraction of its
mtDNAs to each primordial germ cell. In mice, the effective number of segregating
units for mtDNA is approximately 200 (Jenuth, Peterson, Fu, & Shoubridge, 1996),
and the mtDNA copy number in human primordial germ cells is 1,000-fold less
than in oocytes (Floros et al., 2018). This process is determined by a random genetic
drift and is followed by a rapid replication of the sampled molecules. Consequently,
the proportion of mutated mtDNAs can differ greatly between offspring within one
generation (Zhang et al., 2018).
2.2.2 Evolution of mtDNA
Endosymbiotic theory suggests that mitochondria originate from the capture of
aerobic alpha-proteobacteria within primitive archea around two billion years ago
(Gould, Garg, & Martin, 2016; McInerney, O'connell, & Pisani, 2014). Since then,
mitochondria have gone through many evolutionary stages and most of the alphaproteobacterial derived protein-coding genes in mtDNA have disappeared or
transferred into the nuclear genome. Nuclear mitochondrial DNA sequences, or
NUMTs, are commonly found in humans and other eukaryotes (Mishmar, Ruiz‐
Pesini, Brandon, & Wallace, 2004), and the incorporation of mtDNA into the
nuclear genome seems to be an ongoing process (Puertas & González-Sánchez,
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2020; Turner et al., 2003). NUMTs can be different sizes and similarity to their
counterparts in mtDNA varies. In PCR-based studies, they can be a source of
contamination if amplified instead of the desired mtDNA sequence (Bensasson,
Zhang, Hartl, & Hewitt, 2001). Furthermore, a recent study of 33,105 whole
genome sequences has shown that large mega-NUMTs can resemble paternally
inherited mtDNA and produce a false impression of biparental inheritance (Wei et
al., 2020).
MtDNA has been used extensively in population genetic, forensic and
phylogenetic studies (Budowle, Allard, Wilson, & Chakraborty, 2003; Harrison,
1989; Mori & Matsumura, 2021; Singh et al., 2021). MtDNA sequences are a
valuable tool for tracking the maternal history of ancient migrations and identifying
individuals. The reasons for using mtDNA as a marker of choice are well defined.
One reason is that mtDNA appears in multiple copies in each cell and therefore, it
is easily amplified in a laboratory setting. Furthermore, mtDNA is highly variable
in natural populations which allows the recovery of recent population histories
(Galtier, Nabholz, Glémin, & Hurst, 2009). Indeed, mutation rate in mtDNA is
more than 20 times higher than in the nuclear genome (Allio, Donega, Galtier, &
Nabholz, 2017). Moreover, different regions of mtDNA display varying evolution
rates, so that the non-coding D-loop shows the fastest substitution rate (Parsons et
al., 1997). Due to uniparental inheritance, the effective population size (Ne) of
mtDNA is four times smaller than that of nuclear DNA and the recombination rate
in mtDNA is virtually absent. These factors make mtDNA a sensitive marker for
detecting events such as population bottlenecks (Galtier et al., 2009).
MtDNA has been traditionally considered a selectively neutral or nearly neutral
marker, that is, not influenced by natural selection (Ballard & Kreitman, 1995).
Under this assumption, molecular evolution in mtDNA would solely be driven by
factors such as genetic drift and mutation rate. However, over time, it has been
appreciated that even common variants in mtDNA may have functional
consequences (Mishmar, 2020; Suissa et al., 2009) and that deleterious mutations
are an important cause of OXPHOS defect and can lead to mitochondrial diseases
(Gorman et al., 2016). Moreover, mtDNA mutations may also contribute to
multifactorial phenotypes and diseases (Wallace, 2018).
Molecular evolutionary studies of mtDNA have revealed non-neutral patterns
in humans and many other species. Indeed, mtDNA sequences of human,
chimpanzee (Nachman, Brown, Stoneking, & Aquadro, 1996) and 25 different
animal species (Nachman, 1998) display an excess of nonsynonymous variants
within species compared to between species. The same pattern has been replicated
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in other studies (Hasegawa, Cao, & Yang, 1998; Rand & Kann, 1996) and together,
these findings do not support the neutral model but are consistent with the mildly
deleterious model of evolution (James, Piganeau, & Eyre-Walker, 2016).
Interestingly, lineage-specific differences in the level of selection also exist such
that certain mtDNA mutations might be under negative selection in some
haplogroups while being neutral in others (Ballard, 2000; Moilanen, Finnilä, &
Majamaa, 2003). In line with this, the penetrance of Leber hereditary optic
neuropathy is influenced by mtDNA haplogroup background (Hudson et al., 2007).
Many of the branches of the human mtDNA tree are founded by
nonsynonymous mutations and the phylogeny also includes tRNA and rRNA
variants (Finnila, Lehtonen, & Majamaa, 2001; van Oven & Kayser, 2009). The
fact that they are often found in the proximal branches of the tree may indicate that
they are advantageous mutations. Indeed, deleterious mutations are eliminated
from the population and typically only occur at the terminal branches of the
phylogeny (Ruiz-Pesini, Mishmar, Brandon, Procaccio, & Wallace, 2004). Some of
these variants also occur in different branches of the phylogeny, indicating that they
have arisen independently (Wallace, 2015). For example, mutations m.4216T>C,
m.13708G>A and m.3394T>C, occurring in European haplogroup J affecting
complex I, are also found in the branches of Asian phylogeny. In Tibetan
highlanders and the Sherpas, these variants may have played a role in hypoxia
adaptation (Ji et al., 2012; Kang et al., 2016).
2.2.3 MtDNA diseases
Mitochondrial diseases are caused by mutations in the mitochondrial or nuclear
genome. They are a heterogeneous group of disorders that affect multiple organs,
including skeletal muscle and the nervous system. In mtDNA, more than 260
pathogenic variants have been identified. Most of these disease-causing variants
usually occur in heteroplasmic form, although some patients with mitochondrial
disease harbor homoplasmic mtDNA mutations (Craven, Alston, Taylor, &
Turnbull, 2017). The cells can often tolerate quite high levels of mtDNA mutation
until a mutation-specific threshold level is exceeded. Generally, the threshold level
is lower in tissues where energy metabolism relies on mitochondrial OXPHOS than
in tissues where anaerobic energy production occurs (Rossignol et al., 2003;
Rossignol, Malgat, Mazat, & Letellier, 1999). For example, m.3243A>G in the
MTTL1 is a common cause of mitochondrial encephalopathy, lactic acidosis and
stroke-like episodes syndrome (MELAS). The clinical phenotype caused by this
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mutation is determined by heteroplasmy and its distribution over different tissues.
With low levels of heteroplasmy, patients may only exhibit impaired insulin
secretion and sensorineural hearing impairment. However, when the threshold level
is exceeded, patients may show a fully expressed MELAS phenotype (Chinnery,
Howell, Lightowlers, & Turnbull, 1997).
2.2.4 The evolution of human mtDNA
From a global perspective, the diversity of mtDNA is largest among Africans. This
supports the hypothesis that modern humans have common African origins (Chen,
Torroni, Excoffier, Santachiara-Benerecetti, & Wallace, 1995). Indeed, it is widely
accepted that the most recent common ancestor of all anatomically modern human
mtDNAs can be traced back to “Mitochondrial Eve”, who lived in Africa
approximately 150,000–200,000 years ago (Templeton, 2007). Since then, because
of the high mutation rate and lack of recombination, the mtDNA genome has
sequentially accumulated new mutations, resulting in the formation of mtDNA
haplogroups that are characterized by a set of haplogroup-defining polymorphisms
(Wallace, 2015). “Mitochondrial Eve” resides at the very root of the African
mtDNA haplogroup L. This haplogroup can be further divided into lineages L0–L6
(Gonder, Mortensen, Reed, de Sousa, & Tishkoff, 2007) (Figure 3).
Based on mtDNA genome sequences of 10 securely dated ancient humans, a
separation of non-Africans from the most closely related African mtDNAs took
place approximately 62,000–95,000 years ago (Fu et al., 2013). A study of 369
complete African L3 sequences places the upper bound for this separation at 70,000
years ago (Soares et al., 2012). Indeed, the carriers of African sub-lineage L3 have
given rise to all haplogroups that are found outside Africa. First, sublineage L3 gave
birth to macrolineages N and M, which have both contributed to the rise of Asianspecific haplogroups, while Europeans are primarily descendants of macrolineage
N (Wallace, 2015). It is assumed that the habitation of the Americas took place in
late Pleictocene via the Bering Land Bridge by individuals that harbored an mtDNA
pool consisting of haplogroups A, B, C and D (Dryomov et al., 2015) and
subsequently, the American haplogroup pool has been shaped by factors such as
migration events (Achilli et al., 2013). Most Europeans harbor haplogroup H, I, J,
K, T, U, V, W or X (Simoni, Calafell, Pettener, Bertranpetit, & Barbujani, 2000),
while the majority of Asians harbor mtDNA lineages belonging to Asian-specific
haplogroups A, B, C, D, E, F, G, Y or Z (Kivisild et al., 2002).
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Fig. 3. Simplified phylogeny of the human evolutionary tree using alphabetical letters
for designation of mtDNA haplogroups (van Oven & Kayser, 2009). Published with
permission from John Wiley and Sons.

2.2.5 The Finnish gene pool
Based on archeological data, the first people inhabited Finland after the last Glacial
period approximately 11,000 years ago (Edgren & Törnblom, 1992) and major
expansion of the population took place around 2,000–2,500 years ago (Nevanlinna,
1972). Given the small number of individuals in the original Finnish population,
and because of the fact that the population has gone through bottlenecks and
remained isolated both geographically and culturally, certain genetic diseases have
enriched in Finland and some are less prevalent than elsewhere (Peltonen,
Pekkarinen, & Aaltonen, 1995). “The Finnish Disease Heritage” contains at least
36 rare Mendelian diseases (Polvi et al., 2013). Exome sequence data of Finnish
isolates displays a number of rare variants which are associated with medically
relevant quantitative traits and are specific to Finland (Locke et al., 2019).
Moreover, genome-wide data consisting of almost 250,000 single nucleotide
polymorphism (SNP) markers indicates that the Finnish population displays a clear
difference to most West Eurasian populations. There is also a genetic division
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between the populations in eastern and western Finland (Salmela et al., 2008).
Additionally, a study of 2,376 individuals from the FINNRISK Study survey using
autosomal SNP markers indicated fine-scale genetic substructure throughout the
country (Kerminen et al., 2017).
Analysis of mtDNA markers show similar levels of nucleotide diversity
between Finns and other Europeans, indicating that the Finnish population is part
of the homogenous European mtDNA pool (Hedman et al., 2007; Palo, Ulmanen,
Lukka, Ellonen, & Sajantila, 2009; Sajantila et al., 1996). The contemporary
Finnish population is characterized by the presence of all nine European mtDNA
haplogroups (H, I, J, K, T, U, V, W and X) with frequencies that are close to those
in other European countries (Finnila et al., 2001; Simoni et al., 2000; Torroni et al.,
1996) and the low-frequency occurrence of the non-European haplogroup D and
Z (Meinila, Finnila, & Majamaa, 2001). A recent survey of 843 full mitochondrial
genomes has shown that haplogroup H (with a frequency of 36.9%) and haplogroup
U (with a frequency of 22.5%) are the most common among Finns (Oversti et al.,
2017). The finding that mtDNA diversity in the Finnish population is high while,
at the same time, Y-chromosomal markers display low gene diversity may indicate
that only a low number of founding males contributed to the Finnish population
and gene flow has been sex-biased (Kittles et al., 1999).
There are some regional differences in the frequency of haplogroups in the
Finnish population (Meinila et al., 2001; Niemi et al., 2003) and, consistently,
spatial geographical patterns in the distribution of mtDNA markers have been
found (Neuvonen et al., 2015). A small proportion of Finnish people are ethnically
Saami, and the frequency of Saami specific haplogroups is pronounced in areas of
northern Finland and indicates a genetic admixture (Meinila et al., 2001). The
Saami people are considered genetic outliers among European populations.
Although European haplogroups V and U5b1b1 are the most common mtDNA
lineages among Saami people, they also harbor Asian haplogroups Z1 and D5.
Approximately 4% of their mtDNA has East Asian contributions (Sajantila et al.,
1995; Tambets et al., 2004).
2.3

Energy metabolism in skeletal muscle during exercise

Working muscle requires energy to function, and due to low levels of free ATP,
metabolic pathways are needed to replenish energy storages. New ATP is constantly
being synthesized from the condensation of ADP and inorganic phosphate. The
energy is transferred from metabolic fuels such as carbohydrates, fatty acids and
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amino acids in a series of metabolic processes that take place in cellular respiration
(Fritzen, Lundsgaard, & Kiens, 2019). Both aerobic and anaerobic systems exist to
serve re-synthesis of new ATP through distinct energy transferring pathways. They
occur in separate cellular compartments, involve different kinds of biochemical
reactions and operate with differing efficiency. The catabolism of carbohydrates,
which serve as the main source of energy for cell functions, involves both anaerobic
and aerobic reactions. Lipids and amino acids can only be broken down by aerobic
metabolism (Hargreaves & Spriet, 2018).
The relative contribution of aerobic and anaerobic systems is determined by
the duration and intensity of exercise. Generally, during most physical activity, both
systems are activated. However, the aerobic system begins to dominate when
exercise duration increases, whereas the anaerobic system is vital during short and
high-intensity exercise events, where exercise workload is above an individual’s
maximum aerobic power (Hargreaves & Spriet, 2020). Muscle fiber types also
influence the primary energy system. Type I, or “slow twitch”, fibers exhibit slow
contraction rate and are efficient at using oxygen for energy production and,
accordingly, contain lots of mitochondria. Type II, or “fast twitch”, fibers, on the
other hand, have lower mitochondrial content and rely on anaerobic energy
production (Lowry et al., 1978; Peter, Barnard, Edgerton, Gillespie, & Stempel,
1972; Pette & Staron, 2000).
In general, carbohydrates are the main fuel in high-intensity exercise, whereas
both carbohydrates and fatty acids are used when exercise intensity is moderate
(van Loon, Greenhaff, Constantin-Teodosiu, Saris, & Wagenmakers, 2001).
Furthermore, under conditions of low carbohydrate availability, the contribution
from amino acid metabolism increases. Indeed, shortage of glycogen increases the
use of BCAAs as an alternative energy source during exercise, whereas
carbohydrate loading shifts the metabolism back to glucose oxidation and decreases
amino acid catabolism (Wagenmakers et al., 1991).
Carbohydrates are stored in the form of glycogen in skeletal muscle and the
liver. Glycogen depletion increases with increasing exercise intensity in both
human skeletal muscle (Gollnick, Piehl, & Saltin, 1974) and the liver (Petersen,
Price, & Bergeron, 2004). As opposed to carbohydrates, lipid storage in the human
body is nearly inexhaustible, sustaining enough energy to survive two months of
fasting (Guezennec, 1992). Lipids are available from two sources: non-esterified
fatty acids derived from triacylglycerol deposits located within skeletal muscle
fibers, and those released from lipolysis of adipose tissue (Martin & Klein, 1998).
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2.3.1 The anaerobic energy system
The two anaerobic pathways occur in the cytoplasm of the cell and include the
anaerobic alactic system and the anaerobic lactic acid system. They do not require
oxygen and are both less efficient than the aerobic system in providing ATP. In the
anaerobic alactic system, phosphocreatine transfers its high-potential phosphoryl
group to ADP and simultaneously generates one molecule of ATP at a very fast rate.
It is optimal for producing short-term power quickly. Due to fact that muscular
storage of phosphocreatine depletes swiftly, this system is not able to meet energy
demands required by medium or long-term exercise (Cahill, Misner, & Boileau,
1997).
Glycolysis is a shared pathway for both aerobic and anaerobic respiration
where glucose is converted into two molecules of pyruvate, two hydrogen ions and
two molecules of water, with a net gain of two molecules of ATP and two NADHs.
Under anaerobic conditions, pyruvate is transformed into lactate yielding NAD+,
which allows glycolysis to continue in an attempt to recover ATP levels. This
process is defined as anaerobic glycolysis (Cahill et al., 1997). Although glycolysis
occurs at a speed that is about 100 times faster than aerobic energy production, it is
considered a relatively inefficient way to generate energy. Indeed, the alternative
fate of glucose, when it is catabolized under aerobic conditions in the citric acid
cycle and electron-transport chain, produces 15 to 20 times as much ATP (Epstein,
Gatenby, & Brown, 2017; Pfeiffer, Schuster, & Bonhoeffer, 2001).
2.3.2 The citric acid cycle
When oxygen is available, muscle cells convert pyruvate into acetyl-CoA, which
is the entry-level substrate for the citric acid cycle (TCA cycle). This cycle involves
a series of chemical reactions that oxidize acetyl-CoA to form one molecule of ATP,
three NADHs, one FADH and two CO2 molecules. Reactions in the TCA cycle
itself do not produce large amounts of ATP and its main function is to gather highenergy electrons from carbon fuels, including carbohydrates, lipids and amino acids
(Akram, 2014).
Fatty acid catabolism takes place in the mitochondrial matrix and is called betaoxidation, in which the fatty acid tails are broken down into a series of two-carbon
units that combine with coenzyme A. This reaction series leads to the formation of
acetyl-CoA, which can enter the TCA cycle (Y. Ma et al., 2020). The chemical
properties of many amino acids allow them to be converted into TCA intermediates,
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and generally this is possible after deamination reaction (Akram, 2014).
Glucogenic amino acids can be catabolized into pyruvate and other precursors of
glucose in the TCA cycle. The degradation of ketogenic amino acids, on the other
hand, produces acetyl-CoA and acetoacetate that can be oxidized in the TCA cycle
or used as precursors in the synthesis of ketone bodies and fatty acids (Woolfson,
1983).
2.3.3 Branched-chain amino acid catabolism
The BCAAs include leucine, valine and isoleucine and they belong to the essential
amino acids. Among amino acids, they are the most important source of energy and
the main group of amino acids that are oxidized in skeletal muscle (Shimomura,
Murakami, Nakai, Nagasaki, & Harris, 2004). Their catabolism occurs in
mitochondria and cytosol (Figure 4). In the first step, BCAAs are converted into
branched-chain α-ketoacids (BCKA) by cytosolic aminotransferases. Alternatively,
this reaction can also take place in the mitochondrion by a mitochondrial
aminotransferase. The second step occurs within the mitochondria. During this
irreversible reaction, BCKAs are metabolized to form succinyl-CoA, propionylCoA or acetyl-CoA, depending on the BCKA. Acetyl-CoA is a direct substrate of
the TCA cycle, whereas succinyl-CoA is an intermediate of the TCA cycle and
propionyl-CoA can enter the TCA cycle after the propionyl-CoA carboxylase
reaction (Harris, Joshi, Jeoung, & Obayashi, 2005).
In the second stage, BCAAs are catabolized by a multienzyme complex, called
the branched-chain α-ketoacid dehydrogenase complex (BCKDH), located in the
inner mitochondrial membrane. The activity of the complex is tightly regulated
through the phosphorylation-dephosphorylation mechanism. BCKDH kinase is
responsible for inactivation of the complex by phosphorylation, whereas BCKDH
phosphatase can activate the complex by dephosphorylation (Patel & Harris, 1995).
It should be also noted that sirtuin 3 (SIRT3) has a role in regulating the activity of
BCAA oxidation via the deacetylation of enzymes involved in the catabolic
pathway. Indeed, KEGG analysis on rats subjected to acute exercise intervention
(Overmyer et al., 2015) and mice with reduced caloric intake (Hebert et al., 2013)
indicate that SIRT3 mediated deacetylation is an important regulator of the BCAA
catabolic pathway. Moreover, the activity of BCKDH is regulated by the
availability of NAD+, which is a key co-substrate in multiple redox reactions and a
regulator of metabolic pathways (Hassinen, 2019).
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Studies on C. elegans have shown that mutations in genes encoding for the
subunits of mitochondrial complex I-III cause altered expression in the biochemical
pathways that regulate BCAA catabolism, leading to an elevation of wholeorganism concentrations of BCAAs (Falk et al., 2008; Vergano et al., 2014).
Furthermore, a complex I knockout mutation leads to a significant increase in tissue
BCAAs of mice (Terburgh, Coetzer, Lindeque, van der Westhuizen, F H, & Louw,
2021). These studies, together with the findings on experimental animals subjected
to short-term exercise training, suggest that disturbances of OXPHOS may affect
the use of BCAAs as a fuel during exercise. Indeed, efficient use of BCAAs as an
alternative energy source during exercise may be one of the key determinants of
high exercise capacity (Overmyer et al., 2015).

Fig. 4. The branched-chain amino acid (BCAA) catabolic pathway provides the TCA
cycle with acetyl-CoA and succinyl-CoA. The pathway includes two main steps: (1) the
reversible deamination by branched-chain aminotransferases (BCAT) and (2) the
irreversible decarboxylation of branched-chain α-ketoacids (BCKA) by NAD+ dependent
branched-chain α-ketoacid dehydrogenase (BCKDH). This step is inhibited by BCKDH
kinase and activated by BCKDH phosphatase. α-KG= α-ketoglurate, Glu=glutamate, αKIC=α-ketoisocaproate; α-KMV= α-keto-β-methylvalerate; α -KIV= α-ketoisovalerate
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(Kainulainen, Hulmi, & Kujala, 2013). Published with permission from Wolters Kluwer
Health, Inc.

2.3.4 The oxidative phosphorylation
The complexes of electron transport chain (I-IV), two electron carriers and ATP
synthase (complex V) that are embedded in the cristae of inner mitochondrial
membrane form the OXPHOS system. It is a process in which ATP is generated as
a result of the stepwise movement of electrons from NADH or FADH2 through the
electron transport chain to O2 (Figure 5). In three of the complexes (I, III and IV),
the transfer of electrons is coupled to the pumping of protons from the
mitochondrial matrix into the intermembrane space, leading to the formation of
membrane potential across the inner mitochondrial membrane. The proton gradient
then drives ATP synthase to catalyze the synthesis of ATP from ADP and phosphate
(Nath & Villadsen, 2015).
The OXPHOS system is composed of large multiprotein complexes which are
formed by 13 mtDNA encoded subunits and approximately 80 nuclear DNAencoded subunits. Indeed, all complexes except complex II have subunits that are
encoded jointly by both genomes. Nuclear DNA-encoded subunits are synthesized
in the cytosol and transported into the mitochondria. These subunits, together with
those encoded by the mtDNA, assemble into complexes of the respiratory chain
and ATP synthase in an extremely intricate and well-coordinated process that
includes many stages (Sunnucks, Morales, Lamb, Pavlova, & Greening, 2017).
This finely tuned assembly requires many chaperones and assembly factors and
impairment in the OXPHOS complex assembly is associated with human diseases
(Ghezzi & Zeviani, 2018).
Complex I, also known as NADH-quinone oxidoreductase, is the first
multimeric enzyme-complex of the electron transport chain. It oxidizes NADH,
which is generated through the TCA cycle, and transfers two electrons to an
electron carrier ubiquinone, reducing it to ubiquinol. This is coupled with
translocation of four protons across the inner mitochondrial membrane (Saraste,
1999). In humans, complex I comprises 45 protein subunits, of which seven are
encoded by mtDNA (MTND1, MTND2, MTND3, MTND4, MTND4L, MTND5
and MTND6) and the rest by nuclear DNA. Complex II (succinate dehydrogenase)
contains four subunits that are all encoded by nuclear DNA. Complex II is the only
enzyme complex that is both part of the TCA cycle and the respiratory chain.
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Complex II oxidizes FADH2 to FAD+ and moves free electrons through Fe-S
centres to ubiquinone, forming ubiquinol (Sun et al., 2005).
Complex III (cytochrome bc1 complex) is composed of 11 subunits, of which
mtDNA encodes cytochrome b. Cytochrome b occupies a central transmembrane
position in complex III and contains four redox active sites. These are the high
potential heme bH, the low potential heme bL, and the ubiquinone-binding sites Qi
and Qo. These components, together with the Rieske iron-sulfur protein and
cytochrome c1, form the “Q-cycle”. During a two-step process of the “Q-cycle”,
for every two electrons transferred from ubiquinol to cytochrome c, four protons
are pumped into the intermembrane space (Rieske, 1976). Complex IV
(cytochrome c oxidase) includes 13 subunits, and three of these (MTCO1, MTCO2
and MTCO3) are encoded by mtDNA. In complex IV, electrons from cytochrome
c are delivered to molecular O2, reducing it to H2O. Four protons are also
translocated across the inner membrane (Kadenbach, 2021). Complex V includes
16 subunits, of which two are encoded by mtDNA (MTATP6 and MTATP8).
Complex V uses the energy created by transmembrane proton gradient to
phosphorylate ADP to ATP (Jonckheere, Smeitink, & Rodenburg, 2012).

Fig. 5. The mitochondrial oxidative phosphorylation. The reducing equivalents NADH
and FADH2 are produced in the TCA cycle within the matrix of mitochondrion and they
contribute their electrons to the electron transport chain at complex I and Complex II.
The flow of electrons through the respiratory chain and pumping of protons (H+) to
intermembrane space lead to generation of membrane potential over the mitochondrial
inner membrane. This potential is used by ATP synthase for the generation of ATP.
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2.3.5 Mitochondrial uncoupling
Mitochondrial coupling efficiency refers to the proportion of basal mitochondrial
oxygen consumption that is used for energy synthesis. In mitochondrial uncoupling,
membrane potential generation is dissociated from energy production so that heat
is generated instead of ATP. Mitochondrial genomes with tightly coupled OXPHOS
are associated with efficient ATP production and low levels of heat generation
(Nicholls, 2021).
At least four different mechanisms of uncoupling have been described: basal
proton leak, inducible proton leak, electron leak and electron slip. Basal proton leak
is unregulated and refers to the escape of protons from intermembrane space
through diffusion of the inner membrane. The inducible leak is tightly regulated
and occurs through a dedicated set of proteins such as uncoupling proteins (UCP),
which are embedded in the mitochondrial inner membrane. In both mechanisms,
protons migrate back to the mitochondrial matrix without producing ATP (Jastroch,
Divakaruni, Mookerjee, Treberg, & Brand, 2010). The UCPs are encoded by
nuclear DNA and this protein family in humans consists of at least five members
(UCP1–UCP5). UCP1 has an important role in modulating thermogenesis in brown
adipose tissue in mammals (Cannon & Nedergaard, 2004), whereas UCP2–UCP5
might protect against mitochondrial oxidative damage (Cadenas, 2018; Ramsden
et al., 2012).
In electron leak, electrons escape from the respiratory chain before they reduce
molecular oxygen to water at Complex IV. This process is a significant source of
mitochondrial superoxide. Electron slip is a mechanism where the transfer of
electrons through the respiratory chain does not induce the pumping of protons into
intermembrane space (Jastroch et al., 2010).
Environmental factors may have led to adaptive selection of mtDNA that
decreases ATP production in favor of greater heat production. Such mtDNA
genomes could facilitate adaptation to cold climates, and the continental
enrichment of mtDNA lineages might be partly attributed to the differential
coupling efficiency of mtDNA haplogroups (Mishmar et al., 2003). The relative
frequency of missense variants occurring at proximal branches of the human
phylogenetic tree is pronounced in haplogroups that are specific to arctic
populations. This could imply that such variants contribute to mitochondrial
uncoupling and favor heat generation that has provided advantage in cold
environments. Thus, they have enriched in the population as humans migrated out
of Africa and moved north (Ruiz-Pesini et al., 2004). It should be noted that not all
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evidence supports this hypothesis. It seems that missense variants are not unique
features of arctic populations. They are commonly found in younger branches of
the phylogeny and also occur in African-specific phylogenetic branches (Kivisild
et al., 2006). Furthermore, experimental data on cybrid mitochondria harboring
arctic haplogroups (A, C, D) has not found lowered coupling efficiency compared
to tropical ones (L1, L2 and L3) (Amo & Brand, 2007).
2.4

Genetics of exercise performance

Many physical traits influence exercise performance. Endurance capacity is
determined by factors such as maximal oxygen uptake (VO2max) and lactate
threshold (Joyner & Coyle, 2008), whereas sprinting ability is influenced by
anaerobic capacity, muscle composition, neural influences and anthropometrics
(Majumdar & Robergs, 2011). It is clearly a complex trait resulting from
interactions between multiple genes, environment and sociocultural factors
(Brutsaert & Parra, 2006).
Heritability estimates of VO2max range from 59% to 79% (Schutte, Nederend,
Hudziak, Bartels, & de Geus, 2016), whereas the heritability of athletic status can
reach 66% (De Moor et al., 2007). More than 200 gene variants located both in the
nuclear genome or mtDNA have been identified as having an association with
exercise performance (Bray et al., 2009), and the number is increasing. However,
only a few of these associations have been successfully replicated in at least two
studies.
The α-actinin-3 (ACTN3) p.R577X polymorphism and angiotensin-1
converting enzyme (ACE) insertion/deletion (I/D) polymorphism are probably the
most explored variants suggested to affect physical performance (Guth & Roth,
2013). ACTN3 encodes α-actinin-3, which is primarily expressed in skeletal muscle.
This protein is an important component of type II skeletal muscle fibers.
Homozygosity for the premature stop codon at residue 577 leads to non-functional
protein and might contribute to reduced sprint performance. The I allele of the ACE
gene is characterized by the presence of a 287 base pair insertion. This variant is
associated with reduced levels of serum and tissue ACE and might influence
endurance performance (Ipekoglu, Bulbul, & Cakir, 2021; F. Ma et al., 2013;
Tharabenjasin, Pabalan, & Jarjanazi, 2019). Indeed, the decreased level of ACE
leads to lowered conversion of angiotensin-I to angiotensin-II. This results in less
vasoconstriction and causes an increased delivery of oxygenated blood to the
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skeletal muscles, which is beneficial for endurance performance (Jones & Woods,
2003; Rigat et al., 1990).
2.4.1 Mitochondrial DNA and aerobic capacity
Given that there is a strong link between pathogenic mtDNA mutations and exercise
intolerance (DiMauro & Andreu, 2001), it is not surprising that the association
between mtDNA variants and aerobic exercise phenotypes has been widely studied
(Eynon, Moran, Birk, & Lucia, 2011; Stefano, Marsigliante, Vetrugno, & Muscella,
2019). Deleterious mtDNA variants disrupt the activity of mtDNA-encoded
subunits of the respiratory chain and mitochondrial ATP synthase leading to
lowered efficiency of ATP synthesis. This is accompanied by decrease in
mitochondrial membrane potential and also affects redox balance, reactive oxygen
species production, Ca2+ signaling and mitochondrial dynamics (Szczepanowska,
Malinska, Wieckowski, & Duszynski, 2012). Studies of families have shown that
VO2max correlation is higher in mother-offspring pairs than in father-offspring pairs,
suggesting that mtDNA has a role in aerobic performance. Indeed, offspring are
more related to their mother than to their father, in terms of VO2max, in 38 families
of French-Canadian descent (Lesage, Simoneau, Jobin, Leblanc, & Bouchard,
1985). Moreover, maternal heritability for VO2max reaches 28% among individuals
from 98 families (Bouchard et al., 1999). Finally, the maternal effect has a
significant contribution to submaximal VO2, with heritability ranging from about
15–48% among individuals from 99 families belonging to the HERITAGE Family
cohort (Perusse et al., 2001).
2.4.2 Association of exercise performance with mtDNA variation
Since the early 1990s, an increasing number of studies have examined the influence
of mtDNA variation on athletic performance (Eynon et al., 2011; Stefano et al.,
2019). Several studies have used single nucleotide variants in the mtDNA coding
region or the D-loop. More recently, the use of haplogroup markers has become
more common. As described earlier, each haplogroup consist of a group of mtDNA
polymorphisms that are inherited together. Therefore, they generally give more
information and provide better correlation with phenotypic effects than individual
single nucleotide variants (Judson, Stephens, & Windemuth, 2000). One of the
problems with haplogroup markers is that they fail to provide information on the
sequence variation that occurs outside of the haplogroup-specific variants. Partly
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for this reason, some studies have used full sequence variation of the D-loop and
coding regions in elite athletes.
2.4.3 Contribution of mtDNA variation to sport performance in
African populations
East African runners dominate middle- and long-distance running events (Wilber
& Pitsiladis, 2012), and it is debated whether this is caused by beneficial genetic
factors or environmental and cultural determinants. MtDNA profiling of 76
Ethiopian endurance athletes and 108 controls have not provided evidence that
Ethiopian athletes would differ from the general Ethiopian population in their
haplogroup distribution. Indeed, the athletes and controls show a wide distribution
of haplogroups with the frequencies of typical African haplogroups being similar
between the groups (Scott et al., 2005). On the other hand, international level
Kenyan athletes (n=70) more frequently harbor L0 haplogroups than controls
(n=85), and L3 haplogroups are rare relative to controls. Moreover, M haplogroups
are more common among national level Kenyan athletes (n=221) than among
controls (Scott et al., 2009). Together, these studies do not clearly support the claim
that mtDNA variants contribute to East African success in endurance events
(Vancini et al., 2014).
It has been suggested that West Africans harbor genetic factors favoring
anaerobic performance. Consistently, many of the best sprinters in the world are
Jamaicans or African Americans, which both share West African origin (Holden,
2004). However, only inconclusive evidence exists regarding the association
between mtDNA variation and sprint performance in people with West African
matrilineal origin. Indeed, there is no difference in the frequencies of mtDNA
haplogroups between Jamaican sprinters (n=107) and controls (n=293), whereas
haplogroup distribution in African American sprinters (n=119) differs from that of
the controls (n=1148) (Deason et al., 2012).
2.4.4 Association of mtDNA variation with sport performance in
Caucasian populations
Restriction fragment length polymorphism (RFLP) patterns, obtained with the use
of 22 endonucleases, indicate that variation in MTND5 and MTTT may affect
VO2max and trainability among North American sedentary young men undergoing
an ergo-cycling training program. At baseline level, individuals harboring mtDNA
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RFLPs at position m.13365C>T or m.13470G>C in MTND5, as well as subjects
having RFLP at position m.15925C>T in MTTT have higher VO2max than noncarriers and MTND5 variation also contributes to training response (Dionne et al.,
1991). In line with this, MTND5 variation at position m.13470G>C affects VO2max
in a cohort of Polish athletes so that BamHI+ allele has favorable influence on the
VO2max level (Gronek, Holdys, Kryściak, & Stanisławski, 2013). Conversely, none
of the aforementioned RFLPs in MTND5 or MTTT show association with elite
endurance athletic status in Caucasian males of mixed geographic origin (Rivera et
al., 1998). Variation in MTND5 can affect complex I activity and hence exercise
capacity (Fang et al., 2015) whereas MTTT variants may associate with changes in
skeletal muscle energy metabolism (Soini et al., 2017).
Haplogroups J and K are rare among Finnish athletes competing in endurance
sports (n=52) (Niemi & Majamaa, 2005). This finding, and the fact that the
frequency of haplogroup J is high among the Finnish population over 90 years old
(Niemi et al., 2003), suggests that these mtDNA lineages could be “uncoupling
genomes” that are not beneficial for ATP generation and produce lower amounts of
reactive oxygen species and thus, promote longevity. Indeed, none of the endurance
athletes in this cohort harbor haplogroup K and only one endurance athlete has
haplogroup J, whereas these haplogroups are more frequent among 89 sprinters
(Niemi & Majamaa, 2005). Such an association is not present among 95 elite
endurance athletes and 250 healthy controls from Spain, but haplogroup T is
infrequent among endurance athletes (Castro, Terrados, Reguero, Alvarez, & Coto,
2007). However, in a larger Spanish cohort including 102 endurance athletes, 51
power athletes and 478 controls, the frequency of haplogroup J is lower among
endurance athletes than that in the controls, although statistical significance is not
quite achieved. Haplogroup V is more common among endurance athletes than
controls (Nogales-Gadea et al., 2011). Furthermore, two separate cohorts consisting
of Spanish subjects show that subjects with haplogroup J present with a lower
VO2max than subjects with non-J haplogroups (Marcuello, Martinez-Redondo,
Dahmani, Casajus et al., 2009; Martinez-Redondo et al., 2010), although steady
exercise might remove this influence (Marcuello, Martinez-Redondo, Dahmani,
Terreros et al., 2009).
Consistent with the finding of an elevated frequency of haplogroup J and K
among Finnish sprinters and a rarity among Finnish endurance athletes (Niemi &
Majamaa, 2005), haplogroup J is abundant among Iranian power and teams sport
athletes (Arjmand, Khaledi, Fayazmilani, Lotfi, & Tavana, 2017) and haplogroup
K is common among Turkish wrestlers (Kurtulus, Gunay, Çelenk, Olgac, & Kesici,
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2020). Moreover, haplogroup K is rare among Polish endurance athletes, whereas
haplogroup cluster HV is frequent among international level Polish endurance
athletes (Maruszak et al., 2014).
2.4.5 Association of mtDNA variation with sport performance in
Asian populations
Genetic diversity in the mtDNA D-loop may affect athletic performance. Indeed,
variation in the D-loop contributes to pre-training VO2max and VO2max trainability
in Japanese males (n=55) undergoing 8-weeks of endurance training (Murakami et
al., 2002). Furthermore, the frequency distribution of D-loop polymorphisms
differs between groups in a Japanese cohort consisting of 100 endurance athletes,
85 sprinters and 672 controls (Mikami, Fuku, Takahashi et al., 2013).
Most of the Asian haplogroups belong to macrolineages N and M that have L3
as the common root (Wallace, 2015). Macrolineage N is more common than M
among 474 Japanese individuals who excel in sports requiring anaerobic capacity
(Fuku et al., 2012). Furthermore, haplogroup F, which is derived from
macrolineage N, is related to elite Japanese sprint-athlete status among 139
Japanese Olympic-level athletes and 672 controls. On the other hand, Haplogroup
G, which is a descendant of haplogroup M, is associated with elite Japanese
endurance status (Mikami et al., 2011). In line with this, an analysis on full mtDNA
sequences of 185 international level Japanese athletes and 672 controls found that
variants defining haplogroup G and subhaplogroup G2 are rare among sprint-type
athletes and that endurance athletes harbor an excess of variants that define
haplogroup D4e2 and D4g (Mikami, Fuku, Kong et al., 2013). Although the
Japanese appear to be more closely genetically related to Koreans than other Asian
populations (Tanaka et al., 2004), these findings have not been replicated in cohorts
of Korean athletes (Kim, Cho, & Kim, 2012; Kim, Jin, & Kim, 2012).
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3

Aims of the present research

The aim of this work was to study mtDNA variation in Finnish athletes.
Furthermore, a population-based cohort was used to assess whether mtDNA
haplogroups J and K are markers of low training response in aerobic exercise, and
whether BCAA catabolism is a surrogate marker of lower respiratory chain activity
attributed to these haplogroups.
The three specific research objectives were:
1.
2.

3.

To explore differences in mtDNA sequences between endurance athletes, sprint
athletes and controls (Study I).
To examine whether subjects with mtDNA haplogroups J or K show lower
training response to standard-dosed exercise training than subjects harboring
non-JK haplogroups, and thus provide explanation why these haplogroups are
rare among Finnish endurance athletes (Study II).
To examine if elevated BCAAs are a surrogate biochemical marker of lower
respiratory chain activity attributed to mtDNA haplogroups J and K, and thus
acquire biochemical evidence for the functional importance of these
haplogroups (Study III).
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4

Subjects, materials and methods

4.1

Subjects and controls (Studies I-III)

Study I was based on a cohort of 141 Finnish athletes, including 52 endurance
athletes (mean age, 21 ± 7 years; men, 26) and 89 sprinters (mean age, 20 ± 3 years;
men, 45) (Niemi & Majamaa, 2005). All the athletes had taken part in national level
track and field championships or cross-country running races. Endurance athletes
consisted of walkers and runners of race distances ranging from 800m to marathon.
Sprinters included runners of race distances 100–400m or athletes competing in
field events. All the athletes signed a statement of written consent for participating
in this study. Controls included 77 healthy blood donors from the Finnish Red Cross.
These were randomly chosen from among 192 Finnish individuals with a mean age
of 41 ± 12 years (men, 60%) in such a manner that the relative frequency of mtDNA
haplogroups in the control group matched those in the Finnish population (Meinila
et al., 2001; Niemi et al., 2003).
Studies II and III consisted of a cohort of young men attending their
compulsory military service in Sodankylä, Jaeger Brigade in 2005. In Finland, male
citizens above 18 years of age are obligated to take part in military service, and
most enroll at 19 or 20 years old. Physical training is an integral part of the service,
and it accounts for approximately 40% of the 320h attributed to the service during
the basic training period. It comprises activities like sport-related physical training,
marching and combat training (Santtila, Pihlainen, Viskari, & Kyrolainen, 2015).
Importantly, the training load is relatively standardized and follows a scheduled
program. The aim is to reach maximum performance capacity by the end of the
service, while most of the improvement in aerobic performance takes place during
the first six months (Mikkola et al., 2012). Physical performance is assessed at the
beginning and end of the service by means of the 12-minute Cooper running test
and a muscle fitness test. Furthermore, all conscripts share similar living conditions
and the energy content of meals is kept at 3,200–3,600 kcal/day (Tähtinen T,
Vanhala M, Oikarinen J, Keinänen-Kiukaanniemi S, 2000).
Altogether, 1,467 conscripts were invited to take part in the study cohort and
1,160 (79.0%) agreed to participate. The cohort consisted of healthy young men
and it was representative of a rather unselected sample of the age-group. Individuals
who were exempted from service for medical reasons were not included in the
cohort (Mikkola et al., 2009). Study II included a total of 1,036 conscripts who had
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completed the Cooper test and muscle fitness test at least once during military
service. Study III, on the other hand, included 633 military conscripts, for whom
the serum concentrations of seven amino acids with metabolic pathways in
mitochondria had been determined (Guda, Guda, & Subramaniam, 2007; Kettunen
et al., 2019).
4.2

Molecular methods

4.2.1 DNA extraction and amplification (Studies I-III)
In study I, DNA had been previously extracted from whole blood samples of the
athletes and controls (Niemi & Majamaa, 2005). In studies II and III, total DNA
was extracted from whole blood samples of the military conscripts with the ABI
Prism™ 6100 Nucleic Acid PrepStation with BloodPrep™ Chemistry Kit,
according to the manufacture’s protocols (Applied Biosystems, Foster City, USA).
MtDNA amplification was carried out with Phire II Hotstart polymerase using
the Piko™ Thermal Cycler under conditions which followed the recommendations
of the manufacturer (Thermo Fisher Scientific, Waltham, MA, USA). The desired
regions of mtDNA were amplified using primers which had been designed based
on rCRS.
4.2.2 Determination of complete mtDNA sequences (Study I)
Complete mtDNA sequences of the athletes were determined with a strategy
consisting of conformation sensitive gel electrophoresis (CSGE) and sequencing.
CSGE is a sensitive and inexpensive method for the detection of DNA sequence
variation (Ganguly, 2002; Korkko, Annunen, Pihlajamaa, Prockop, & Ala-Kokko,
1998). Altogether, 62 pairs of primers were used to amplify the mtDNA fragments,
covering the entire coding region of mtDNA by PCR. Each of the PCR product of
interest was mixed with a PCR product containing a known nucleotide sequence.
If the DNA sequences were identical, they formed homoduplexes after incubation
in denaturing and annealing conditions. Conversely, if the DNA sequences differed,
heteroduplexes were formed. Homoduplexes and heteroduplexes were
distinguished based on their differing mobility in the polyacrylamide gel.
The actual nucleotide sequence of the fragments that migrated differently in
CSGE were analyzed by direct sequencing using the BigDye Terminator v1.1 Cycle
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Sequencing Kit and the ABI PRISM 45 3130xl Genetic Analyzer (Applied
Biosystems, Life Technologies Corporation, Carlsbad, CA, U.S.A.) after treatment
with exonuclease I and shrimp alkaline phosphatase. Direct sequencing was also
used to determine nucleotide order in the mtDNA D-loop. The sequences were
aligned to the rCRS (NC_012920) using Sequencher® version 5.0 sequence
analysis software (Gene Codes Corporation, Ann Arbor, MI, USA). One of the
subjects was found to harbor a heteroplasmic m.3243A>G in the MTTL1 gene.
Accordingly, the degree of heteroplasmy was determined by restriction fragment
analysis (Kobayashi et al., 1990).
The full mtDNA sequences of the Finnish controls were available in Genbank
with accession numbers: AY339402 (C1) to AY339414 (C13), AY339416 (C15) to
AY339432 (C31), AY339439 (C38), AY339442 (C41), AY339449 (C48),
AY339452 (C51), AY339479 (C78), AY339486 (C85), AY339494 (C93),
AY339496 (C95), AY339502 (C101), AY339511 (C110), AY339518 (C117),
AY339521 (C120), AY339523 (C122) to AY339532 (C131), AY339534 (C133) to
AY339544 (C143), AY339549 (C148), AY339552 (C151), AY339556 (C155),
AY339558 (C157), AY339563 (C162), AY339566 (C165), AY339568 (C167),
AY339573 (C172), AY339575 (C174), AY339576 (C175), AY339579 (C178),
AY339586 (C185), AY339592 (C191) and AY339593 (C192).
4.2.3 Determination of mtDNA haplogroups (Studies II & III)
RFLP was used to detect mtDNA haplogroups on the basis of informative variants
(Finnila et al., 2001; van Oven & Kayser, 2009). First, the region of interest in the
mtDNA was amplified using PCR and digested into fragments of varying sizes
using restriction enzymes. These fragments were separated by electrophoretic
analysis according to their size. Haplogroup clusters (HV, UK, JT, WIX) were
identified using data on four mtDNA polymorphism, and subsequently,
haplogroups could be determined using 10 other polymorphisms (Table 1).
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m.4216T>C
m.12705C>T

JT

WIX

m.8251G>A

W, I, X, Z1

SaqAI

FD Eco47I

FD HpyF31

FD AluI

FD AluI

FD MvaI

FD BseDI

FD TasI

BccI

FD Hin1II

FD Hin1II

FD MboII

FD Hin1II

Hpy188III

338

286

383

383

390

410

385

398

331

380

355

356

252

201

PCR product (bp)

bp=Basepair; 1=Haplogroup Z or other non-European haplogroups.

m.7476C>T
m.1719G>A

m.15607A>G

T

W, I, X, Z1

m.13708G>A

J

J2

m.9477G>A
m.3480A>G

H1, J1

K

m.3010G>A

V

U5

m.2706A>G
m.4580G>A

H

B) Haplogroup

m.14766C>T
m.11467A>G

HV

Polymorphism Restriction enzyme

UK

A) Haplogroup cluster

Group

identification in Finnish military conscripts.

I: 188, 150; W: 188, 150;X: 338; Z1: 338

I:228, 30, 23, 5; W:180, 48, 30, 23, 5; X:228, 30, 23, 5; Z1:180, 48, 30, 23, 5

J2: 383; non-J2: 224, 159

T: 177, 170, 36; non-T: 347, 36

J: 390; non-J: 244, 146

K: 168, 165, 77; non-K: 242, 168

U5: 265, 62, 58; non-U5: 327, 58

H1(J1): 364, 34; non-H1(J1): 225, 139, 34

V: 331; non-V: 172, 159

H: 270, 110; non-H: 149, 121, 110

WIX: 179, 176; non-WIX: 179, 158, 18

JT: 251, 105; non-JT: 356

UK: 139, 77, 36; non-UK: 216, 36

HV:164, 33, 4; non-HV: 147, 33, 17, 4

Restriction fragments (bp)

Table 1. Restriction fragment length polymorphism (RFLP) markers used for haplogroup cluster (A) and haplogroup (B)

4.3

Phylogenetic analysis (Study I)

The complete mtDNA sequences of athletes and controls were assigned into
haplogroups on the basis of PhyloTree v.17 (van Oven & Kayser, 2009), and a
phylogenetic tree was constructed with HaploGrep2 software (Kloss-Brandstatter
et al., 2011). The tree used African sublineage L3 as the outgroup. C-insertions at
positions m.309, m.315 and m.16193 and hotspot mutations occurring at positions
m.523_524delAC, m.16182A>C, m.16183A>C and m.16519T>C were not
included in the phylogeny. These mutations occur at an unusually high frequency
and introduce noise to the phylogenetic analysis (Galtier, Enard, Radondy, Bazin,
& Belkhir, 2006).
4.4

Common and rare mtDNA variation and calculation of
mutational load (Study I)

The number of common and rare functional variants were counted in each sequence.
Functional variants were single nucleotide variants which occur in protein-coding
genes and cause amino acid substitution. Furthermore, they included mutations in
genes encoding tRNA and rRNA. The common variants comprised of those with
minor allele frequency (MAF) ≥ 1% in MITOMAP (http://www.mitomap.org).
Rare variants included those with MAF< 1%. Notably, the frequencies of variants
were based on 30,589 mtDNA sequences that were available in GenBank at the
time of analysis.
The impact of nonsynonymous variants was evaluated using the APOGEE
meta-predictor (Castellana et al., 2017). The program calculated a bootstrap mean
probability-based prediction for the pathogenicity of a variant. If the probability
was greater than 0.5, a nonsynonymous variant was considered non-neutral. The
sum of the probabilities within each sequence was calculated and used as an
estimate for mutational load.
4.5

Assessment of physical performance and confounding
variables (Studies II & III)

The data on physical performance has been previously collected (Mikkola et al.,
2009). Cooper 12-minute running test was used for the assessment of endurance
performance at the beginning (Cooper test 1) and end (Cooper test 2) of the military
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service (Cooper, 1968). The test was carried out under supervised conditions and
the aim is to run 12 minutes with maximal effort. The distance covered was
measured to an accuracy of ±10 m. The subjects who ran 3,000 m or more were
regarded as having excellent aerobic fitness (Heyward, 1998).
Muscle fitness was assessed by the muscle fitness index (MFI), which was
formed by summing the scores from a push-up test, pull-up test, sit-up test, trunk
extension test and a standing long jump test. Each test gave scores on a scale of 0–
3. Subjects, who acquired MFI score of 13–15 were considered to have excellent
total muscle fitness (Santtila et al., 2006). Muscle fitness was evaluated both at the
beginning (MFI 1) and end of the service (MFI 2). Altogether, 1,036 conscripts
performed the Cooper test and muscle fitness test at least once during military
service.
To control for possible confounding effects in the statistical analysis, data on
potential confounders had been previously collected (Mikkola et al., 2009). These
included body mass index (kg/m2), body fat-%, visceral fat area (cm2), fat-free body
mass (kg), skeletal muscle mass (kg) systolic blood pressure (mmHg), fasting
plasma glucose (mmol/l) and total plasma cholesterol (mmol/l). Additionally, a
questionnaire developed by the National Aeronautics and Space Administration’s
Johnson Space Center was used to determine the level of physical activity of
subjects before starting their military service (Jackson et al., 1990).
4.6

Determination of serum amino acid concentrations (Study III)

A high-throughput 1H NMR metabolomics platform has previously been used to
determine serum concentrations of seven amino acids with mitochondrial
metabolic pathways (Guda et al., 2007; Kettunen et al., 2019). In addition to
BCAAs, these included glutamine, glycine, phenylalanine and tyrosine. The sum
of all three BCAA concentrations was referred to as the total BCAA concentration
and the change in the total BCAA concentrations, measured at the beginning and
end of the exercise intervention, was termed dBCAA.
4.7

Molecular modelling (Study III)

Crystallographic data of bovine complexes I and III were employed to explore
changes in the structure caused by two common missense variants that are shared
by haplogroups J and K. The two haplogroups harbor a nonsynonymous MTND3
variant m.10398A>G (p.Thr114Ala), whereas subhaplogroup J1 and haplogroup K
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share variant m.14798T>C (p.Phe18Leu) in MTCYB. PDB files 5xtc (Guo, Zong,
Wu, Gu, & Yang, 2017), 1ntz (Gao et al., 2002) and 6zqm (Spikes, Montgomery, &
Walker, 2020) were employed for tertiary structure visualization and in silico
mutagenesis, which were performed with the Pymol 2.5 running on Python version
2.7.12 (Schrödinger, LLC, available from www.anaconda.org).
4.8

Statistical analyses (Studies I-III)

A chi-squared test (X2) was used to evaluate differences in the frequency
distribution of rare and common functional variants between endurance athletes,
sprint athletes and the controls (Study I). The same approach was also employed to
analyze differences between haplogroups J and K and the remaining haplogroups,
and for that analysis, samples from all three groups were pooled together to
maximize the number of sequences. Due to non-normality, Mann–Whitney and
Kruskal–Wallis tests were used to investigate differences between the groups in
continuous variables.
In study II, subjects with haplogroups J or K were pooled and compared with
those subjects that harbor non-JK haplogroups. First, the number of subjects who
ran at least 3,000m in the Cooper test was compared between the groups by means
of a likelihood ratio chi-squared test (G-test). Next, the Cooper and muscle fitness
test results were divided into four equal parts (quartiles). In the case of tied values,
the lower rank was used. The top quartile represented the best-performing
conscripts whose results were compared between haplogroups J and K and non-JK
haplogroups by means of a Mann-Whitney U test. Furthermore, Kaplan-Meier plots
were constructed to depict the likelihood of the best-performing subjects covering
a given distance in the 12-minute Cooper test (Jansen et al., 2012; Tella et al., 2016).
The difference between the plots was assessed by log rank test. The influence of
mtDNA haplogroups J and K and non-JK haplogroups on the Cooper test results
was also explored with univariate general linear model (GLM) ANOVA and a
mixed-model GLM. These approaches allowed controlling for possible
confounding effects of clinical variables and also took into account repeated withinsubject measurements. Non-normally distributed variables were logarithmically
transformed for parametric tests.
The effect of exercise intervention on serum amino acid concentrations was
evaluated by Wilcoxon signed-rank test (Study III). To compare amino acid
concentrations in subjects with haplogroup J or K and those harboring non-JK
haplogroups, a Mann-Whitney U test was used. Moreover, to test the effect of
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haplogroups J and K on dBCAA, a univariate general linear model (GLM) ANOVA
was employed with clinical variables included as covariates. For that purpose, a
square root transformation was applied to dBCAA to produce a normal distribution.
In order to explore the association of total BCAA with the Cooper test distance at
the beginning and end of service, a Spearman's rank correlation was tested. The
correlation between dBCAA and the change in Cooper test result (dCooper) was
also examined. In addition, dBCAA was divided into quartiles so that the lower
rank could be used for tied values. The dCooper of subjects in the highest quartiles
was compared with that of subjects in the lowest quartile.
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5

Results

5.1

Analysis of functional variants in mtDNA of Finnish athletes
(Study I)

Haplogroup classification of the Finnish athletes and controls is shown in the
phylogeny
of
the
218
full
mtDNA
genomes
(available
at:
https://doi.org/10.1186/s12864-019-6171-6). The athletes were found to harbor 604
functional variants, of which 28% were rare variants, whereas there were 323
functional variants in the controls (rare variants, 23%). In total, 103 different rare
variants were found. These included 65 nonsynonymous variants with a mean
MITOMAP frequency of 0.0027 ± 0.0028 and a mean probability of pathogenicity of
0.42 ± 0.11 (Figure 6). Moreover, 12 tRNA variants with a mean frequency of 0.0018
± 0.0017 and 26 rRNA variants with a mean frequency of 0.0028 ± 0.0024 were
identified. Interestingly, one of the sprint athletes harbored pathogenic m.3243A>G
variant in MTTL1 with a heteroplasmy rate of 43%. Moreover, a sprint athlete was
found with the pathogenic m.1555A>G mutation in MTRNR1, which was
homoplasmic.

Fig. 6. Tag cloud for the amino acid substitutions caused by rare nonsynonymous
variants in mtDNA of Finnish athletes and controls. The frequency of the amino acid
substitution is proportional to the font size. Amino acids are shown in three–letter
codes. Generated using https://tagcrowd.com.

The frequency distribution of rare functional variants and common functional
variants differed between the groups of endurance athletes, sprint athletes and
controls (p= 0.04, X2 test). This difference appeared to be related to the high
number of rare functional variants harbored by endurance athletes (Table 2). The
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three groups showed no difference in mutational load of common nonsynonymous
and rare nonsynonymous variants (Figure 7).
Finnish endurance athletes rarely harbor mtDNA haplogroups J and K (Niemi
& Majamaa, 2005). Accordingly, mtDNA sequences belonging to these
haplogroups (Figures 8 and 9) were pooled and their sequence structure was
compared with that of the remaining haplogroups. The analysis revealed that the
frequency of common nonsynonymous variants is higher in subjects belonging to
haplogroups J or K than in subjects with the remaining haplogroups. The number
of rare variants did not differ between the groups (Table 3). Accordingly, the ratio
between rare and common functional variants in haplogroups J and K was 0.17,
compared with the ratio of the remaining haplogroups which was 0.40 (p=0.0005,
X2 test). The subjects harboring haplogroups J or K exhibited a higher mean level
of mutational load attributed to common nonsynonymous variants than subjects
harboring the remaining haplogroups (Figure 10).
Table 2. Mean number of functional variants per subject in Finnish athletes and controls.
Type of substitution

Endurance

Sprint

Control

(n=52)

(n=89)

(n=77)

Number of common functional variants
Nonsynonymous

0.94 ± 1.35

1.27 ± 1.57

1.30 ± 1.51

tRNA

0.54 ± 0.73

0.46 ± 0.60

0.60 ± 0.63

rRNA

1.46 ± 0.67

1.44 ± 0.72

1.35 ± 0.66

Total

2.94

3.17

3.25

Nonsynonymous

0.83 ± 0.96

0.63 ± 0.91

0.61 ± 0.80

tRNA

0.19 ± 0.45

0.10 ± 0.30

0.14 ± 0.35

rRNA

0.37 ± 0.74

0.36 ± 0.73

0.19 ± 0.54

Total

1.39

1.09

0.94

Number of rare functional variants

Values are means ± standard deviations. Reused with permission from the publisher of the original
article.
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5.2

Association of mtDNA haplogroups J and K with low response
to exercise training among Finnish military conscripts (Study
II)

The frequency of mtDNA haplogroups J and K was assessed in a population-based
cohort of 1,036 military conscripts. Altogether, 39 conscripts (3.8%) harbored
haplogroup J and 40 conscripts haplogroup K (3.9%), while 957 (92.3%) conscripts
had non-JK haplogroups (Table 4). The level of physical activity before military service
did not differ between subjects harboring haplogroup J or K and those harboring nonJK haplogroups (0.635, df=2, p=0.73, G-test). The median MFI did not differ between
haplogroups J and K and non-JK haplogroups (p>0.05, Mann-Whitney U test,
Table 5).
The proportion of subjects who reached at least 3,000 meters in 12-minute
Cooper test 2 differed between subjects with haplogroups J or K and those with
non-JK haplogroups. Only 10.5% of the conscripts harboring haplogroup J or K
covered 3,000 meters or more, while 19.5% of the conscripts with non-JK
haplogroups passed this threshold (4.194, df=1, p=0.041, G-test). Notably, there
was no such difference in the frequency between the groups in Cooper test 1 (0.003,
df=1, p=0.954, G-test). Moreover, the median distance covered in the Cooper test
did not differ between the groups (p>0.05, Mann-Whitney U test, Table 5).
The median distance covered by the best performing quartile of conscripts with
haplogroup J or K (n=19) was 2,960 meters in Cooper test 2, while the best
performing conscripts with non-JK haplogroups (n=218) ran 3,000m (p<0.001,
Mann-Whitney U test, Table 5). In line with this, subjects with haplogroup J or K
tended to reach lower distance in Cooper test 2 than subjects with non-JK
haplogroups to reach (p=5.8 x 10-5, log rank test, Figure 11). Furthermore, the
influence of haplogroups on distance in the Cooper test was also detectable in a
mixed-model GLM analysis (F=4.124, p=0.043), while visceral fat area was
recognized as a significant confounding variable (F=17.432; p=3.7x10-5). However,
this confounding effect was only present at the beginning of military service
(univariate GLM analysis, F=23.813; p=2.0x10-6). Indeed, visceral fat area, or any
other confounding variable, did not affect the Cooper results at the end of military
service (p>0.05), whereas haplogroups J and K had a significant effect on Cooper
test 2 distance (univariate GLM analysis, F=6.298; p=0.013).
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Table 3. Mean number of functional variants per subject in haplogroups J and K and
non-JK haplogroups.
Type of substitution

Haplogroups

Non-JK haplogroups

J and K (n=22)

(n=196)

p-value1

Number of common functional variants
Nonsynonymous

3.64 ± 0.73

0.93 ± 1.30

<0.000

tRNA

0.68 ± 0.57

0.51 ± 0.65

0.12

rRNA

1.41 ± 0.80

1.41 ± 0.68

0.98

Total

5.73

2.85

Number of rare functional variants
Nonsynonymous

0.68 ± 0.89

0.67 ± 0.89

0.92

tRNA

0

0.15 ± 0.38

0.053

rRNA

0.27 ± 0.46

0.31 ± 0.69

0.71

Total

0.95

1.13

Values are means ± standard deviations. 1Mann–Whitney test. Reused with the permission of the
publisher of the original article.

Fig. 7. Box plot showing nonsynonymous mutational load attributed to common and
rare variants in Finnish athletes and controls. Medians, indicated with solid horizontal
lines in the box plot, showed no statistically significant difference between the groups
using a Mann-Whitney test.
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Fig. 8. Phylogenetic tree of mtDNA haplogroup J based on PhyloTree v.17 (van Oven &
Kayser, 2009) and constructed with HaploGrep2 software (Kloss-Brandstatter et al.,
2011). Unless an exact base substitution is specified, variants are transitions. Insertions
are indicated by a decimal point position on the base that the insert follows. Variants
preceded by “@” are assumed back mutations or missing mutations. Colors indicate
the following: blue, nonsynonymous mutation; brown, tRNA mutation; green, rRNA
mutation. S=sprint athlete; E=endurance athlete; C=control. Reproduced with the
permission of the publisher of the original article.
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Fig. 9. Phylogenetic tree of mtDNA haplogroup K based on PhyloTree v.17 (van Oven &
Kayser, 2009) and constructed with HaploGrep2 software (Kloss-Brandstatter et al.,
2011). Unless an exact base substitution is specified, variants are transitions. Variants
preceded by “@” are assumed back mutations or missing mutations. Heteroplasmic
positions are indicated by R. Colors indicate the following: blue, nonsynonymous
mutation; brown, tRNA mutation; green, rRNA mutation. S=sprint athlete; E=endurance
athlete; C=control. Reused with the permission of the publisher of the original article.
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Fig. 10. Box plot showing nonsynonymous mutational load attributed to common and
rare variants in subjects harboring mtDNA haplogroups J or K and subjects with nonJK haplogroups. Medians are indicated with solid horizontal lines in the box plot. A
Mann-Whitney test was used for statistical comparisons between the groups.
Table 4. Frequency of mtDNA haplogroups in Finnish military conscripts (n=1,036).
Haplogroup
H

N

%

475

45.8

HV

4

0.4

V

71

6.8

U

289

27.9

K

40

3.9

J

39

3.8

JT

1

0.1

T

37

3.6

W

57

5.5

I

7

0.7

X

6

0.6

Others1

10

1.0

1=Haplogroup Z or other non-European haplogroups. Reused with the permission of the publisher of the
original article.
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Table 5. Results of the 12-minute Cooper test and total muscle fitness index in Finnish
military conscripts.
Type of performance test in
conscript groups

Haplogroups

Non-JK haplogroups

p-value*

J and K

All conscripts
N

79

957

Cooper test 1 (m)

2500 (2273–2773)

2500 (2250–2770)

0.89

Cooper test 2 (m)

2700 (2450–2848)

2680 (2470–2900)

0.78

MFI 1 (points)

9.5 (6.0–12.0)

8.0 (5.0–11.0)

0.14

MFI 2 (points)

10.0 (8.0–13.0)

10.0 (7.0–13.0)

0.46

Best-performing conscripts
N

19

218

Cooper test 1 (m)

3000 (2860–3000)

3000 (2850–3035)

0.81

Cooper test 2 (m)

2960 (2900–3000)

3000 (3000–3070)

0.00019

MFI 1 (points)

13.5 (13.0–15.0)

13.0 (12.0–14.0)

0.06

MFI 2 (points)

14.0 (14.0–15.0)

14.0 (14.0–15.0)

0.63

The data are shown for all conscripts and the best-performing conscripts (1) at the beginning of service
and (2) at the end of service. The values are medians (interquartile ranges). MFI= total muscle fitness
index; *Mann-Whitney U test. Reused with the permission of the publisher of the original article.

5.3

Mitochondrial DNA haplogroups J and K are associated with
slow branched-chain amino acid catabolism (Study III)

Serum samples of 633 military conscripts were analyzed to determine the
concentrations of seven amino acids at the beginning and end of military training.
The concentration of phenylalanine did not change, while the concentrations of all
three BCAAs and three other amino acids increased (Table 6). Interestingly, total
BCAA had negative correlation with the Cooper test distance, both at the
beginning (r=-0.202, p=2.99x10-7, Spearman’s rank correlation test) and the end
of the service (r=-0.126, p=0.0015). The median increase in the Cooper test
distance during military service (dCooper) was 208.5 meters. The increase was
only 150 meters in the highest quartile of dBCAA, whereas in the lowest quartile
of dBCAA, the increase was 235 meters (Mann-Whitney U test, p=0.021).
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Fig. 11. Probability of subjects reaching a given distance in the 12-minute Cooper test
at the end of military service. Solid line, best-performing quartile of conscripts with nonJK haplogroups; dotted line, best-performing quartile of conscripts with haplogroup J
or K. Reused with the permission of the publisher of the original article.

Consistent with the findings in study II, the median improvement in the Cooper test
was 102.4 meters in conscripts with haplogroup J or K, while conscripts harboring
non-JK haplogroups improved by 216.6 meters (p=0.0064, Mann-Whitney U test).
Notably, the concentration of all three BCAAs showed larger increases in subjects
harboring haplogroup J or K than in subjects with non-JK haplogroups (p<0.05,
Mann-Whitney U test, Table 7). The change in the remaining three amino acids did
not differ between the groups (p>0.05). Moreover, haplogroups J and K had a
significant main effect on dBCAA (p<0.027, univariate GLM analysis) and none
of the confounding variables affected the result (p>0.05).
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Haplogroups J and K both harbor a nonsynonymous MTND3 variant
m.10398A>G (p.Thr114Ala) and subhaplogroup J1 and haplogroup K share variant
m.14798T>C (p.Phe18Leu) in MTCYB. Tertiary structure visualization showed that
p.Thr114Ala is located in a flexible bend at the penultimate position of the ND3
subunit, and it seems to not interact with the nearest transmembrane helix of the
ND1 subunit. On the other hand, Phe18 has a role as a component of the wall of
the ubiquinone-binding Qi pocket. It may form π-interaction with the quinol ring of
the ubiquinone, whereas the Leu18 variant does not have an aromatic ring that
would enable π-interaction with the quinol ring (Figure 12).
Table 6. Serum amino acid concentrations (μmol/l) in Finnish military conscripts (n=633)
at the beginning and end of military service.
Amino acid

Beginning

End

Change

p-value1

Glutamine

290.0 (259.0–324.0)

350.0 (306.0–409.0)

60.0 (12.0–119.0)

1.6x10-42

Glycine

272.0 (251.0–294.0)

276.0 (255.0–301.0)

3.0 (-21.0–29.0)

1.6x10-2

Phenylalanine

76.1 (70.2–82.9)

76.7 (71.9–82.9)

0.5 (-6.9–7.3)

0.5

Tyrosine

51.6 (46.6–64.6)

57.1 (51.4–63.7)

4.9 (-1.1–11.2)

3.0x10-31

Isoleucine

57.2 (50.9–63.3)

68.5 (61.0–76.7)

12.0 (2.7–20.8)

5.8x10-68

Leucine

84.8 (75.1–94.5)

94.2 (84.3–105.0)

9.9 (-3.2–21.9)

1.4x10-30

Valine

177.0 (159.0–197.0)

196.0 (174.0–216.0)

19.0 (-6.0–43.0)

1.0x10-30

Total BCAAs

320.0 (288.0–354.0)

360.0 (320.0–399.0)

41.2 (-3.9–82.1)

4.8x10-42

BCAA, branched-chain amino acid. The values are medians (interquartile ranges). 1=Wilcoxon signedrank test.

Table 7. Change in serum amino acid concentration (μmol/l) in conscripts with
haplogroup J or K and in conscripts with non-JK haplogroups.
Amino acid

Haplogroups J and K (n=45)

Non-JK haplogroups (n=588)

p-value1

Glutamine

0.058

92.0 (34.0–135.0)

63.0 (10.0–119.0)

Glycine

8.5 (-18.5–32.5)

3.0 (-21.0–27.0)

0.49

Phenylalanine

1.3 (-5.2–11.2)

0.5 (-6.9–7.2)

0.28

Tyrosine

4.3 (-1.3–14.7)

4.9 (-1.1–11.1)

0.60

Isoleucine

14.5 (6.2–30.4)

11.6 (2.4–20.1)

0.039

Leucine

15.6 (-0.7–32.5)

9.4 (-3.3–20.8)

0.045

Valine

30.0 (4.0–62.0)

18.0 (-6.0–42.0)

0.035

Total BCAAs
69.7 (13.2–113.5)
39.9 (-4.5–80.2)
0.029
BCAA, branched-chain amino acid. The values are medians (interquartile ranges). 1=Mann-Whitney U test.
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Fig. 12. Mitochondrial ubiquinone-binding sites in (A) reference and (B) Phe18Leu
variant cytochrome b. (Qo) intermembrane side ubiquinone; (Qi) matrix side ubiquinone;
(bH) high potential heme b; (bL) low potential heme b. The distances are shown in
ångströms. In the reference molecule both Phe18 and Phe220 are probably able to
interact with π- π stacking with the quinol ring of ubiquinone Qi, whereas Phe18Leu
variant loses one of its π-bonds with quinol ring. An in silico Phe18Leu mutation to the
coordinate file 1ntz.pdb and visualization were performed using the PyMol software.
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6

Discussion

6.1

Functional variants in mtDNA sequences of Finnish athletes
(Study I)

The first study showed that the distribution of rare and common functional variants
differs between the Finnish endurance athletes, sprint athletes and the controls. The
difference was related to a higher frequency of rare variants among endurance
athletes. The role of inherited rare mtDNA variants in human health and disease is
not fully understood. It is known that rare mtDNA variants play a role in many
human complex traits (Yonova-Doing et al., 2021) and are associated with
metabolic and vascular phenotypes that may affect endurance performance
(Fetterman et al., 2018; Kraja et al., 2019; Liu et al., 2012). The findings in this
study and a finding that rare variants in MTRNR1 and MTND1 are associated with
elite athletic status in the Japanese population (Mikami et al., 2013), indicate that
rare mtDNA variants may contribute to inter-individual bioenergetic differences.
Indeed, such variants could be beneficial for long-term aerobic performance by
facilitating mitochondrial coupling efficiency and hence improve ATP production.
Consistently, rare mtDNA variants are important modulators of cellular energy
production as well as possible cause of mtDNA disease (Achilli et al., 2012), and
combinations of mtDNA variants may affect OXPHOS efficiency (Caporali et al.,
2018).
The findings of this study indicate that rare variants as a group, rather than a
particular rare variant alone, could potentially affect OXPHOS function. Some of
the rare nonsynonymous variants only harbored by endurance athletes (m.3308T>C,
m.9822C>T, m.5319A>T and m.12940G>A) exhibit a relatively high probability
of pathogenicity (>0.4). This may suggest that these variants alter function and
could potentially enhance OXPHOS, if a suitable haplogroup background or rare
variant combination is present. Indeed, some of the variants predicted to alter
protein function are not necessarily pathogenic (Pandolfo, 2017), and such variants
may provide selective advantage in suitable environmental contexts (Kang et al.,
2016). Such adaptive mtDNA variants are present in the population and
approximately 26% of nonsynonymous variants are enriched in the population by
adaptive selection (James et al., 2016). The status of m.3308T>C as a diseasecausing variant is controversial and its penetrance might be moderated by mtDNA
haplogroups (O'Keefe, Queen, Meldau, Lord, & Elson, 2018), whereas variants
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m.9822C>T, m.5319A>T and m.12940G>A are not classified as disease-causing in
MITOMAP.
6.2

Disease causing variants in Finnish sprint athletes (Study I)

Two of the rare variants harbored by the sprint athletes were well-known diseasecausing mutations, one being m.3243A>G in MTTL1 and the other being m.1555A>G
in MTRNR1. This may indicate that sprinters, whose performance relies predominantly
on anaerobic glycolysis rather than OXPHOS, have a higher tolerance for pathogenic
mutations that have detrimental effect on OXPHOS than endurance athletes. This
finding is interesting and such pathogenic mtDNA mutations are presumably rare in
elite athletes, although healthy carriers of mtDNA mutations with high pathogenic
potential have been found among individuals from the 1000 Genomes Project and
individuals from the United Kingdom (Payne et al., 2013; Ye, Lu, Ma, Keinan, &
Gu, 2014). The mutation m.3243A>G is a typical cause of MELAS syndrome and
diabetes-deafness syndrome (Chinnery et al., 1997). There is an overlap in the
heteroplasmy levels of asymptomatic and symptomatic patients and the threshold
in blood is difficult to determine. The heteroplasmy in the blood of the athlete was
43%. This level is relatively high as some of the MELAS patients with fully
expressed phenotypes have a very low level of heteroplasmy in their blood (8%)
and it is quite common that heteroplasmy of >40 % in blood leads to a fully
expressed MELAS phenotype (Dvorakova et al., 2016). The mutation m.1555A>G
may lead to nonsyndromic hearing impairment, and some studies have also
associated it with a broader spectrum of clinical symptoms (Habbane et al., 2020;
Santorelli et al., 1999; Valiente-Palleja et al., 2018).
6.3

Uncoupling variants in mtDNA haplogroups J and K (Study I)

The finding that common, nonsynonymous variants were more frequent in
haplogroups J and K than in non-JK haplogroups, while there was no difference in
rare nonsynonymous variants between the groups, indicates that the uncoupling
variants in haplogroups J and K are common variants that define these haplogroups.
These haplogroups are characterized by common variants in genes encoding
subunits of complexes I and III. Complex I is the gatekeeper of the mitochondrial
electron transport chain catalyzing the oxidation of NADH to NAD+, whereas
complex III contributes to maintaining this redox balance. Haplogroup J is defined
by three variants affecting complex I, namely m.4216T>C in MTND1
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(p.Tyr304His), m.10398A>G in MTND3 (p.Thr114Ala) and m.13708G>A in
MTND5 (p.Ala458Thr). Furthermore, haplogroup J1 is characterized by
m.3394T>C in MTND1. Of these variants, haplogroups J and K share variant
m.10398A>G. Subhaplogroup J1 and haplogroup K both have variant,
m.14798T>C in MTCYB, encoding p.Phe18Leu and affecting Complex III.
Notably, some of the variants which define haplogroups J and K alter highly
conserved amino acids. Still, these variants have become fixed in the population
and in some cases, even appearing several times during human evolution (Wallace,
2015). For example, three of the defining variants of haplogroup J (m.4216T>C,
m.13708G>A and m.3394T>C) appear in both the branches of European and Asian
phylogeny, indicating that they have arisen independently in two different lineages
(i.e., are homoplasic). Interestingly, these variants are also common in Tibetan
highlanders and among the Sherpas (Ji et al., 2012; Kang et al., 2016), who are
adapted to live and reproduce in hypoxic environments. Hypoxia adaptation causes
a suppression of mitochondrial respiration and activates glycolysis. Indeed, mice with
complex I defects and reduced OXPHOS survive better and show an improvement of
symptoms in hypoxic environment (Jain et al., 2016).
6.4

Association of mtDNA haplogroups J and K with low response
to endurance training (Study II)

A population-based cohort of 1,036 healthy young men undergoing compulsory
military service was studied. The physical performance of the subjects was
evaluated both at the beginning and end of service. The results showed that after a
relatively standardized training period, subjects with haplogroup J or K showed
excellent aerobic fitness less frequently than subjects harboring non-JK
haplogroups, and this finding was more prominent among the best-performing
subjects. These results indicate that mtDNA haplogroups J and K are predictors of
a low response to aerobic exercise training.
Individuals undergoing the same exercise training program exhibit variable
responses to endurance training and a number of genes have been identified as
possible predictors of VO2max trainability (Williams et al., 2017). Low-responders
show poor trainability, while at the other extreme, high-responders adapt
exceptionally well to training (Vellers, Kleeberger, & Lightfoot, 2018). In this study,
approximately 18.8% of the subjects showed high training response as evaluated
by means of a 12-minute Cooper running test; they covered at least 3,000m in the
Cooper 2 test. This distance is generally considered to be an indicator of excellent
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aerobic fitness for males of that age-group (Heyward, 1998), and corresponds to a
VO2max of 55.78 ml/kg/min (Cooper, 1968). Interestingly, only 10.5% of the
conscripts with haplogroup J or K could reach this distance, while 19.5% of the
subjects with non-JK haplogroups ran 3,000m or more. Moreover, the median
covered distance of the best performing subjects with haplogroup J or K was 40
meters less in the Cooper test 2 than subjects with non-JK haplogroups. It should
be noted that these findings were not affected by any of the confounding variables.
The physical activity of both groups before military service was similar and none
of the confounding variables related to clinical characteristics differed between the
groups.
Haplogroups J and K are rare among Finnish endurance athletes (Niemi &
Majamaa, 2005) and the present study suggests that this is caused by a low
trainability of VO2max that is attributed to these haplogroups. This is further
supported by the finding that none of the individuals showing high VO2max
trainability in a HERITAGE family study harbored haplogroup J (Vellers et al.,
2020). Furthermore, experimental evidence from other studies indicates that these
haplogroups encode OXPHOS subunits with a lowered capacity to generate ATP.
Indeed, rho0 cybrids harboring haplogroup J exhibit lower ATP levels than rho0
cybrids harboring haplogroup H (D'Aquila, Rose, Panno, Passarino, & Bellizzi,
2012). Moreover, rho0 cybrids harboring haplogroup J or K are more sensitive to a
complex I inhibitor than cells with haplogroup H (Strobbe et al., 2018). There are
also findings which show that individuals with haplogroup J have a lower VO2max
than subjects harboring non-J haplogroups (Marcuello et al., 2009). Moreover,
these haplogroups show an association with multiple other health-related
phenotypes such as decreased risk for Parkinson disease and schizophrenia, while
haplogroup J also promotes longevity. This might reflect the strong functionality of
the variants that define these haplogroups (Marom, Friger, & Mishmar, 2017).
6.5

MtDNA haplogroups J and K are not associated with muscle
fitness index (Study II)

MFI score did not differ between subjects harboring haplogroups J or K and those
with non-JK haplogroups. This might be caused by the fact that MFI includes more
diverse components. It is based on five different tests that measure endurance
performance, strength and explosive force. It is known that studies often fail to find
associations for phenotypes composed of both aerobic and anaerobic components,
and it might be possible that genes contributing to sprint success are different from
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those influencing endurance performance (Guilherme PLF, Tritto ACC, North KN,
Lancha Junior AH, Artioli GG., 2014; Nazarov et al., 2001).
6.6

Characteristics of the population-based data (Study II)

The main advantage of this study was that the living conditions of the subjects were
standardized; they all lived in garrisons and received similar caloric content from
meals (Tähtinen T, Vanhala M, Oikarinen J, Keinänen-Kiukaanniemi S, 2000).
Furthermore, the total time spent on physical training was relatively similar for all
conscripts regardless of military branch. In the case of rank-and-file soldiers with
six months of service, the schedule includes 449h of physical training. The training
protocol consists of combat training (190h), marching (60h), close combat training
(25h), sport-related physical training (162h) and general military training (12h)
(Santtila, 2010).
Another advantage of this study is that mtDNA from other ethnic groups was
not a significant confounding variable as the vast majority of conscripts were
ethnically Finnish. A small proportion of the conscripts may have been ethnically
Saami people, as their proportion among conscript-aged men in the catchment
population of Sodankylä Jaeger Brigade was 0.3% in 2005 (www.stat.fi). Even if
the use of haplogroups might be partly surpassed by modern approaches such as
whole mtDNA sequencing, the significance of haplogroup based analysis is still
very high in genetically rather homogeneous populations such as Finns (Hedman
et al., 2007). The homogeneity of the study population is especially relevant in
studies assessing the interaction between mtDNA haplogroups and exercise
performance, as studies with mtDNAs from mixed geographic origin may fail to
find associations that are present in homogeneous sample (Eynon et al., 2011).
The limitations of this study are that the results cannot be used beyond the male
gender and this study is only generalizable to healthy men of the age-group.
Individuals who did not complete their service for medical reasons were not
included in the study. Women were not recruited for this study, as the number of
females entering military service is low. Moreover, there are no prior populationbased studies that have examined training response in women with these
haplogroups. Some of the variants in mtDNA reduce male fitness but are neutral or
beneficial for females. Such variants are not subject to natural selection as mtDNA
is generally maternally inherited and could reach a high frequency in population
(Leeflang, Van Dongen, & Helsen, 2021; Milot et al., 2017). Thus, sex-specific
effect of mtDNA haplogroups J and K cannot be excluded, and it remains unclear
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whether these haplogroups have similar effect on the endurance performance of the
females.
6.7

Endurance exercise affects regulation of BCAA catabolism
(Study III)

This study examined if elevated BCAAs are a surrogate marker of lower respiratory
chain activity attributed to mtDNA haplogroups J and K among 633 healthy Finnish
males undergoing long-term exercise intervention. The results showed that
increases in BCAAs were significantly larger in subjects with haplogroup J or K
than in subjects with non-JK haplogroups. Furthermore, the large increase in
BCAAs was associated with decreased endurance performance and trainability.
The findings suggest that a decline in mitochondrial respiratory chain function
manifests with alterations in BCAA catabolism, although the mechanism involved
remains unclear.
It is well accepted that catabolism of BCAA in skeletal muscle is promoted by
endurance exercise training (Shimomura et al., 2004), and under conditions of low
carbohydrate availability their metabolism is increased (Hargreaves & Spriet,
2020). Furthermore, animals with efficient intrinsic oxidative capacity utilize
BCAAs with greater efficiency than animals with low intrinsic exercise capacity
(Overmyer et al., 2015). Here, the resting serum concentrations of total BCAAs
among the subjects increased by 12.5% as a response to 6-12 months of training
intervention. Although, only a limited number of studies have examined whether
long-term exercise influences resting plasma concentrations of BCAAs, some
previous studies do support the results of the current study. Resting plasma BCAAs
are increased in adults as a result of 20-week resistance exercise training (Sayda et
al., 2020), and isoleucine in normoglycaemic men is increased after 12 weeks of
exercise (Lee et al., 2021). Leucine and valine concentrations are consistently
elevated in trained university students compared to untrained ones (Einspahr &
Tharp, 1989). Increases in metabolites of BCAAs have also been detected in elite
athletes (Al-Khelaifi et al., 2019). Furthermore, a recent study indicates that longterm training, together with genetic factors, change human metabolome both at rest
and after exercise. Accordingly, the highest concentration of BCAAs are present
among sprinters whose energy metabolism relies on glycolysis (Schranner et al.,
2021). It should be also noted that a 12-week program of exercise leads to elevation
of plasma BCAAs in athletic horses (Klein, McKeever, Mirek, & Anthony, 2020).
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The physiological rationale underlying increases in resting plasma BCAAs as
a result of prolonged exercise training remains unclear. It has been speculated that
this could be an adaptation that provides a readily available pool of amino acids for
energy utilization and recovery of skeletal muscles in a highly trained state (Klein
et al., 2020). Furthermore, some studies have linked increasing plasma BCAAs to
insulin resistance and increased risk of cardiovascular disease (Ruiz-Canela et al.,
2016). However, increase in plasma BCAAs do not seem to be a robust marker of
insulin resistance among healthy individuals but rather are a marker of muscle mass
and strength (Sayda et al., 2020).
In the current study, skeletal muscle mass (kg) or any other confounding
variable did not explain differences in the degree of total BCAA elevation among
individuals harboring mtDNA haplogroup J or K and those with non-JK
haplogroups. The results here suggests that this difference is related to
mitochondrial function. While increase in resting plasma BCAAs seems to be a
normal physiological response to long-term exercise training, inter-individual
differences in OXPHOS efficiency might contribute to the level of BCAA increase.
Indeed, individuals that harbor haplogroups with decreased OXPHOS capacity,
may exhibit a pathological response, where BCAA catabolism is downregulated
and circulating BCAAs elevate at a greater degree. This indicates that high increase
in serum BCAAs may predict low endurance training response, but further studies
are needed before BCAA levels can be used for investigating trainability.
6.8

Decreased mitochondrial respiratory chain activity in
haplogroups J and K slows down BCAA catabolism (Study III)

Our studies (I, II) showed that mtDNA haplogroups J and K are associated with a
low response to exercise training that might be related to lowered respiratory chain
function caused by common nonsynonymous mutations defining these haplogroups.
Research has also shown that a decrease in mitochondrial respiratory chain activity
leads to changes in BCAAs. Indeed, BCAA catabolism slows in C. elegans and
mice with complex I defects, leading to an elevation in BCAA concentrations (Falk
et al., 2008; Terburgh et al., 2021; Vergano et al., 2014). Furthermore, C. elegans
with a complex II or complex III defect present with similar metabolic signature
(Falk et al., 2008). BCAAs are also often elevated in patients with mtDNA disease
(Clarke et al., 2013). These findings imply that BCAA catabolism might be altered
by mutations in genes that code for mitochondrial OXPHOS complexes. In this
study, the exercise-induced increase in BCAAs was significantly larger in subjects
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with haplogroup J or K than in subjects with non-JK haplogroups. This finding,
together with data from experimental animal models, indicates that greater
increases in serum BCAAs in subjects with haplogroups J or K is a surrogate of
decreased respiratory chain activity.
Mitochondrial haplogroups J and K share two common nonsynonymous
variants; m.10398A>G in MTND3 encoding p.Thr114Ala and m.14798T>C in
MTCYB encoding p.Phe18Leu. Crystallographic data from bovine complex I
showed that Thr114Ala does not interact with the nearest transmembrane helix of
the ND1 subunit. Therefore, it is unlikely that it would have a significant impact on
complex I function. Conversely, Phe18Leu may interfere with ubiquinone binding
at the Qi site in complex III. This could affect transmembrane proton pumping and
lead to changes in kinetics of redox reactions and therefore, imperil mitochondrial
aerobic capacity. Indeed, cytochrome b occupies a central transmembrane position
in the human Complex III and contains four redox active sites (Rieske, 1976).
Mutations in MTCYB are a possible cause of complex III deficiency and exercise
intolerance in humans (Bruno et al., 2003). Moreover, the p.Phe18Leu variant
affects complex III function in yeast model, implying that it may have a role in
human energy metabolism by modifying OXPHOS efficiency (Song et al., 2016),
and increase in MTCYB variants has been associated with elevated circulating
BCAAs in humans (Pirola, Garaycoechea, Flichman, Castano, & Sookoian, 2021).
A reduction in the respiratory chain activity causes a decrease in the
NAD+/NADH ratio. This would lower the activity of NAD+ dependent BCKDH,
which is the rate-limiting enzyme in the BCAA catabolic pathway. In line with this,
an OXPHOS defect resulting in NAD+/NADH imbalance can disrupt BCAA
oxidation (Esterhuizen, van der Westhuizen, F H, & Louw, 2017). Such alteration
would slow down BCAA oxidation and result in the accumulation of BCAAs in the
serum of a subject harboring haplogroup J or K. Alternatively, the findings may be
explained by the function of NAD+-dependent deacetylase SIRT3. SIRT3 regulates
the acetylation status of Lys336 in the E1α subunit of pyruvate dehydrogenase
(PDH), which is a homologous enzyme complex to BCKDH (Jing et al., 2013). A
low NAD+/NADH ratio would lead to low SIRT3 activity, increased acetylation
and decreased activity of PDH. It is not known if SIRT3 acts in a similar manner
on BCKDH, but 10 out of 19 proteins involved in BCAA metabolism have
increased acetylation in SIRT3 knockout mice (Rardin et al., 2013). A SIRT3mediated mechanism could convey the effects of decreased NAD+/NADH ratio to
BCAA metabolism as well.
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Future directions

More evidence would be needed to clearly connect exercise induced changes in the
catabolism of BCAAs to the mtDNA haplogroups J and K. Future research could
benefit from using mtDNA cybrids harboring haplogroups J or K. Mitochondrial
cybrids, are constructed by fusing mtDNAs of interest into cells depleted of
endogenous mtDNAs, whereas nuclear DNA is held constant. They have been
utilized in deciphering effects of disease-linked mtDNA mutations (Trounce &
Pinkert, 2007). This approach would allow one to measure the concentrations of
mitochondrial BCAA levels in normal growth conditions as well as in response to
mitochondrial-related conditions that imitate endurance-related stresses. These
conditions could include altered carbon source from glucose to galactose, altered
temperatures, or any other condition following this line of thinking. It would be
also valuable to measure whether cellular stress would lead to changes in
NAD+/NADH levels and lead to redox imbalance. Furthermore, the findings of this
dissertation provide information on which mtDNA haplogroups are associated with
decreased endurance performance. The converse is also relevant, and further
studies on larger study populations would be needed to elucidate which
haplogroups confer the best athletic performance.
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Conclusions
Finnish endurance athletes harbor an excess of rare functional variants that
may facilitate OXPHOS and thus, improve ATP production. Sprinters, whose
performance capacity is mainly based on efficient glycolysis, may tolerate
mtDNA variants with pathogenic properties.
The functional effect of mtDNA haplogroups J and K is not related to the
presence of rare functional variants. Some of the common nonsynonymous
variants that define these haplogroups may produce an uncoupling effect on
OXPHOS and thus, reduce endurance performance.
MtDNA haplogroups J and K are markers of a low-training response to
endurance training. Their association with decreased endurance performance
is present in the general population, although it is most apparent among athletes
as well as non-athletes who train well and pursue maximal performance.
The BCAA catabolism is a surrogate marker of decreased respiratory chain
activity in subjects harboring haplogroups J or K. The function of complex III
may be hampered by nonsynonymous haplogroup-specific variant
m.14798T>C in MTCYB which is shared by the two haplogroups.
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