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Abstract 

Background:  Endurance exercise training promotes the catabolism of branched-chain amino acids (BCAAs) in 
skeletal muscles. We have previously shown that mitochondrial DNA (mtDNA) haplogroups J and K are markers of 
low responders in endurance training. In this paper, we hypothesize that BCAA catabolism is a surrogate marker of 
lower respiratory chain activity attributed to these haplogroups. We evaluated whether exercise-induced changes 
in amino acid concentrations differ between subjects harbouring mtDNA haplogroups J or K and those with non-JK 
haplogroups.

Methods:  Finnish male conscripts (N = 633) undertook the 12-min Cooper running test at the beginning and end 
of their military service. The intervention during the service mainly included endurance aerobic exercise and sports-
related muscle training. Concentrations of seven amino acids were analysed in the serum using a high-throughput 1H 
NMR metabolomics platform. Total DNA was extracted from whole blood, and restriction fragment analysis was used 
to determine mtDNA haplogroups J and K.

Results:  The concentrations of the seven amino acids were higher following the intervention, with the exception of 
phenylalanine; interestingly, the increase in the concentrations of three BCAAs was larger in subjects with haplogroup 
J or K than in subjects with non-JK haplogroups (p = 0.029). MtDNA haplogroups J and K share two common non‑
synonymous variants. Structural analysis based on crystallographic data on bovine complexes I and III revealed that 
the Leu18 variant in cytochrome b encoded by m.14798T > C may interfere with ubiquinone binding at the Qi site in 
complex III.

Conclusions:  The increase in the concentrations of serum BCAAs following exercise intervention differs between 
subjects harbouring mtDNA haplogroup J or K and those harbouring non-JK haplogroups. Lower response in endur‑
ance training and difference in exercise-induced increase in the concentrations of serum BCAAs suggest decreased 
respiratory chain activity. Haplogroups J and K share m.14798T > C in MT-CYB, which may hamper the function of 
complex III.
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Background
Skeletal muscle does not rely solely on carbohydrates 
and lipids in endurance exercise but also upregulates 
the oxidation of branched-chain amino acids (BCAAs) 
to support increased energy demands. The catabolism 
of BCAAs, i.e. isoleucine, leucine and valine, in skeletal 
muscle is promoted by endurance exercise training and 
down-regulated under sedentary conditions [1, 2]. Stud-
ies on experimental animals have shown that efficient 
use of BCAAs contributes to exercise capacity. Rats with 
enhanced endurance capacity show an improved energy 
metabolism where BCAAs and fatty acids are efficiently 
utilized as fuel during exercise [3]. Furthermore, a study 
on mice with a muscle-specific defect of BCAA catabo-
lism has indicated that tight regulation of BCAA catab-
olism in muscle is important for adapting to exercise 
training [4].

Mitochondria are the site for BCAA metabolism [5], 
as most BCAA catabolic enzymes reside in mitochon-
dria [6]. Accumulation of BCAAs has been observed in 
mitochondrial diseases [7] that are caused by pathogenic 
mutations in mitochondrial DNA (mtDNA) and that lead 
to impaired oxidative phosphorylation (OXPHOS) and 
reduced ATP production [8]. An increase in the concen-
trations of BCAAs has been observed in ρ0 cells, where 
OXPHOS has been eliminated by depleting the entire 
mtDNA [9]. Furthermore, inhibition of ATP synthase in 
mouse skeletal muscle cells leads to disturbances in the 
metabolic pathways of BCAA catabolism [10].

We have previously shown that the frequency of 
mtDNA haplogroups J and K is low among Finnish elite 
endurance athletes [11] and that Finnish military con-
scripts harbouring these haplogroups present with a 
lower response to exercise training [12]. Such findings 
suggest that mtDNA belonging to haplogroup J or K code 
for OXPHOS complexes that are less efficient in ATP pro-
duction and hence contribute to poor endurance perfor-
mance. These haplogroups are characterized by common 
variants in genes encoding subunits of complex I and III 
[13]. Interestingly, a significant increase in the concen-
trations of BCAAs has been found in C. elegans with a 
mutation in gas-1, an orthologue of human NDUFS2 
encoding a subunit of complex I or with a mutation in 
isp-1, an orthologue of human UQCRFS1 encoding a 
subunit of complex III [14]. Here, we hypothesize that 
the BCAA metabolism is a surrogate biochemical marker 
of OXPHOS dysfunction and that subjects harbouring 
mtDNA haplogroup J or K differ from those harbouring 
non-JK haplogroups in their BCAA metabolism. To test 

the hypothesis, we measured the serum concentrations of 
BCAAs and four other amino acids in 633 young, healthy 
Finnish men undergoing a long-term exercise interven-
tion during their compulsory military service. Further-
more, crystallographic data on bovine complex I and III 
were used to assess structural changes caused by the two 
common nonsynonymous variants that are shared by 
haplogroups J and K.

Methods
Subjects
In Finland, military service is compulsory for all men, 
and approximately 80% of them undergo training at the 
age of 19–20 years. The present study included 633 con-
scripts with a mean age of 19.17 years (SD 0.85; range 
18–28 years) at the beginning of their service. The length 
of the service was 6 months for 456 conscripts (72.0%), 9 
months for 28 conscripts (4.4%) and 12 months for 149 
conscripts (23.5%).

Military service offers a unique opportunity to examine 
the effects of long-term exercise intervention on amino 
acid metabolism. During the training period, conscripts 
share similar living circumstances, and inter-individual 
variation is rather limited in terms of physical activ-
ity and caloric intake. This is due to the specific features 
of military service, such as strict discipline, mandatory 
physical training, institutional feeding and group liv-
ing. All the conscripts follow the same daily schedule, 
including the time spent in exercise training. On aver-
age, physical training occupies approximately 450  h of 
the six-month service, i.e. 1040 min/week, consisting of 
sports-related physical activities—such as running, ori-
enteering, cycling, cross-country skiing, Nordic walk-
ing and strength training—and military-related physical 
training, such as marching and combat training [15, 16]. 
The same prescribed diet is provided three times a day to 
all subjects during military service, but calorie intake is 
not strictly controlled. Approximately 75% of the energy 
intake during military service is covered by the meals 
served by the military forces [17].

Molecular methods and clinical and physiological variables
At the beginning and end of military service measure-
ments of body composition and anthropometry were 
performed [18] and aerobic performance was assessed 
using the standardized 12-min Cooper running test [19]. 
Serum samples were obtained after an overnight fast. The 
first sample was taken before the training began and the 
second sample was taken a few days after the training had 
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ended. The serum concentrations of seven amino acids 
with metabolic pathways related to mitochondria [5] 
have been determined using a high-throughput 1H NMR 
metabolomics platform, as described elsewhere [20]. The 
amino acids included glutamine, glycine, phenylalanine, 
tyrosine, isoleucine, leucine and valine. The total concen-
tration of BCAAs, i.e. the sum of isoleucine, leucine and 
valine concentrations, was calculated. The difference in 
the total BCAA concentrations measured at the begin-
ning and end of the exercise intervention was referred to 
as dBCAA.

ABI Prism™ 6100 Nucleic Acid PrepStation with 
BloodPrep™ Chemistry Kit was used for the extraction of 
total DNA from whole blood (Applied Biosystems, Foster 
City, CA, USA). Mitochondrial DNA haplogroups J and 
K were identified using restriction fragment analysis [12].

Molecular modelling
Haplogroups J and K share m.10,398  A > G in MT-
ND3, and subhaplogroup J1 and haplogroup K share 
m.14798T > C in MT-CYB. Therefore, we evaluated the 
structural changes induced by p.Thr114Ala in subu-
nit ND3 of complex I and p.Phe18Leu in subunit 
cytochrome b of complex III. Tertiary structure visualiza-
tion and in silico mutagenesis of PDB files 5xtc [21], 1ntz 
[22] and 6zqm [23] were performed using the Pymol 2.5 
software running on Python version 2.7.12 (Schrödinger, 
LLC, available from www.​anaco​nda.​org).

Statistical analysis
Statistical analysis was performed using the IBM® SPSS® 
Statistics Version 22 software. Non-parametric tests 
were used for statistical comparisons, as the distribution 
of most continuous variables was non-normal (Shap-
iro–Wilk, p > 0.05). Wilcoxon signed-rank test was used 
to evaluate how the exercise intervention changed the 
serum amino acid concentrations. Mann–Whitney U test 
was employed for comparing amino acid concentrations 

between subjects harbouring haplogroup J or K and 
those with non-JK haplogroups. The results are shown as 
medians and interquartile ranges.

Multiple linear regression analysis was carried out 
using dBCAA as dependent variable and the two groups 
of mtDNA haplogroups as independent variables. The 
changes in body mass index (kg/m2), body fat percentage, 
skeletal muscle mass (kg) and visceral fat area (cm2) were 
used as covariates. The dependent variable dBCAA was 
square-root transformed to produce a normal distribu-
tion. Spearman’s rank correlation was used to test for the 
association of total BCAA with the Cooper test distance 
at the beginning and end of the service. The correlation 
between dBCAA and the change in Cooper test result 
(dCooper) was also calculated. Furthermore, dBCAA was 
divided into quartiles, and the dCooper of the subjects in 
the top quartiles was compared with that of the subjects 
in the lowest quartile using Mann–Whitney U test. The 
lower rank was used for tied values. P values < 0.05 were 
considered to be statistically significant.

Results
The conscripts (N = 633) took the 12-min Cooper run-
ning test, and their serum samples were analysed for 
the concentrations of seven amino acids at the begin-
ning and end of their military training. The concentra-
tions of the three BCAAs and three other amino acids 
increased, whereas that of phenylalanine remained con-
stant (Table 1). There was an inverse correlation between 
the sum concentration of BCAAs and the Cooper test 
distance at the beginning (r = −  0.202, p = 2.99 × 10− 7; 
Spearman’s rank correlation test) and end of the ser-
vice (r = −  0.126, p = 0.0015). The median increase in 
the Cooper test distance (dCooper) was 208.5  m dur-
ing the military service, being 150  m in the highest 
quartile of dBCAA and 235  m in the lowest quartile of 
dBCAA (Mann–Whitney U test, p = 0.021). However, the 

Table 1  Serum amino acid concentrations (µmol/l) in Finnish military conscripts (N = 633) at the beginning and end of military service

BCAA, branched-chain amino acid. The values are medians (interquartile range)

*Wilcoxon signed-rank test

Beginning End Change p value*

Glutamine 290.0 (259.0–324.0) 350.0 (306.0–409.0) 60.0 (12.0–119.0) 1.6 × 10− 42

Glycine 272.0 (251.0–294.0) 276.0 (255.0–301.0) 3.0 (− 21.0 to 29.0) 1.6 × 10− 2

Phenylalanine 76.1 (70.2–82.9) 76.7 (71.9–82.9) 0.5 (− 6.9 to 7.3) 0.5

Tyrosine 51.6 (46.6–64.6) 57.1 (51.4–63.7) 4.9 (− 1.1 to 11.2) 3.0 × 10− 31

Isoleucine 57.2 (50.9–63.3) 68.5 (61.0–76.7) 12.0 (2.7–20.8) 5.8 × 10− 68

Leucine 84.8 (75.1–94.5) 94.2 (84.3–105.0) 9.9 (− 3.2 to 21.9) 1.4 × 10− 30

Valine 177.0 (159.0–197.0) 196.0 (174.0–216.0) 19.0 (− 6.0 to 43.0) 1.0 × 10− 30

Total BCAAs 320.0 (288.0–354.0) 360.0 (320.0–399.0) 41.2 (− 3.9 to 82.1) 4.8 × 10− 42

http://www.anaconda.org
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correlation between dBCAA and dCooper was not sig-
nificant (r = – 0.069, p = 0.083).

In line with our previous study [12], which included 
1036 conscripts, we found herein that the median 
improvement in the Cooper test was 102.4  m in con-
scripts harbouring mtDNA haplogroup J or K and 
216.6  m in conscripts harbouring non-JK haplogroups 
(p = 0.0064, Mann–Whitney U test). Interestingly, the 
increase in the concentrations of all three BCAAs was 
higher among subjects harbouring mtDNA haplogroup 
J or K than among subjects with non-JK haplogroups 
(p < 0.05, Mann–Whitney U test, Table  2), whereas the 
increase in the concentrations of the remaining three 
amino acids was similar in the two groups. Furthermore, 
multiple linear regression analysis indicated a difference 
in dBCAA between subjects harbouring haplogroup J 

or K and those harbouring non-JK haplogroups after 
adjusting for covariates, such as the changes in body 
mass index, body fat, skeletal muscle mass, and visceral 
fat area (p = 0.027, Additional file 1: Table S1). The mean 
age of the subjects harbouring haplogroups J or K was 
19.04 ± 0.71 years and that of subjects with non-JK hap-
logroups was 19.18 ± 0.86 years (p = 0.31 for difference). 
The frequency distribution of subjects who completed 6, 
9 or 12 months of military service did not differ between 
subjects harbouring haplogroup J or K and those with 
non-JK haplogroups (2.773, df = 2, p = 0.250, X2-test). 
Further clinical characteristics of the groups are pre-
sented in Additional file 2: Table S2.

Tertiary structure visualization indicated that 
p.Thr114Ala is located in the penultimate position of the 
ND3 subunit in a flexible bend and appears not to inter-
act with the nearest transmembrane helix of the ND1 
subunit. The wild-type phenylalanine-18 in cytochrome 

b serves as a component of the wall of the ubiquinone-
binding Qi pocket. According to the bovine complex III 
structure coordinate file 1ntz.pdb [22], Phe18 is close to 
the ubiquinone substrate bound in the Qi pocket. The 
distance between the Phe18 ring and the 2,3-dimethoxy-
5-methylbenzoquinone ring of ubiquinone is 7.7 Å and 
that between the Phe18 ring and the ubiquinone side 
chain is 4.8 Å. The side-chain methyl group of the Leu18 
variant encoded in haplogroups J and K is only 3.6 Å 
from the ubiquinone side chain, enabling interaction with 
the substrate with a hydrogen bond (Fig. 1).

Discussion
We found that the serum concentrations of all three 
BCAAs increased among healthy young men in response 
to a long-term exercise intervention. Interestingly, a large 

Table 2  Change in serum amino acid concentration (µmol/l) in 
conscripts with haplogroup J or K and in conscripts with non-JK 
haplogroups

BCAA, branched-chain amino acid. The values are medians (interquartile range)

*Mann–Whitney U test

Haplogroups J 
and K 

Non-JK 
Haplogroups

p value*

N 45 588

Glutamine 92.0 (34.0–135.0) 63.0 (10.0–119.0) 0.058

Glycine 8.5 (− 18.5 to 32.5) 3.0 (− 21.0 to 27.0) 0.49

Phenylalanine 1.3 (− 5.2 to 11.2) 0.5 (− 6.9 to 7.2) 0.28

Tyrosine 4.3 (− 1.3 to 14.7) 4.9 (− 1.1 to 11.1) 0.60

Isoleucine 14.5 (6.2–30.4) 11.6 (2.4–20.1) 0.039

Leucine 15.6 (− 0.7 to 32.5) 9.4 (− 3.3 to 20.8) 0.045

Valine 30.0 (4.0–62.0) 18.0 (− 6.0 to 42.0) 0.035

Total BCAAs 69.7 (13.2–113.5) 39.9 (− 4.5 to 80.2) 0.029

Fig. 1  Mitochondrial ubiquinone-binding sites in A the reference and B the 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. Both Phe18 and Phe220 
are probably able to interact via π–π stacking with the quinol ring of ubiquinone Qi. An in silico Phe18Leu mutation in the coordinate file 1ntz.pdb 
and visualization were performed using the PyMol software
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increase in total BCAA concentration was associated 
with low endurance performance and a low response to 
training. We have previously shown that mtDNA hap-
logroups J and K are infrequent among elite endurance 
athletes [11, 13] and that the two haplogroups are associ-
ated with low response to endurance training [12]. Here 
we found that the increase in BCAA concentration after 
the exercise intervention was higher among subjects with 
haplogroup J or K compared with subjects with non-JK 
haplogroups. This finding suggests that the mitochon-
drial respiratory chain affects the regulation of BCAA 
oxidation, but the mechanism remains elusive.

There is limited research addressing the question of 
whether long-term exercise affects resting plasma con-
centrations of BCAAs in humans. Our finding that the 
concentration of serum total BCAAs increased by 12.5% 
in young men during a rather standardized 6-, 9- or 
12-month exercise intervention is partially in line with 
a study showing that the concentrations of leucine and 
valine are higher in trained university students than in 
untrained ones [24] as well as with another study show-
ing that the concentration of resting plasma BCAAs 
increased in adults following progressive 20-week whole-
body resistance exercise training [25]. An increase in 
BCAA metabolites has also been found in elite athletes 
in sports disciplines with high cardiovascular demand 
[26]. Furthermore, a study on athletic horses has shown 
that 12-week exercise training induces an increase in the 
concentration of resting plasma BCAAs [27]. It remains 
unclear how long-term endurance training leads to an 
increase in the plasma levels of BCAA, but studies on 
experimental animals subjected to short-term exercise 
training provide a possible explanation that would asso-
ciate exercise-induced changes in BCAA concentrations 
with mitochondrial function [3, 14, 28].

Our finding on low endurance performance among 
subjects harbouring haplogroups J and K and experi-
mental evidence from other studies indicate that these 
haplogroups code for mitochondrial respiratory chain 
complexes with a decreased capacity to produce ATP 
and hence contribute to redox imbalance. Indeed, experi-
ments with rho0 cybrids harbouring mtDNA belonging 
to haplogroup J have revealed a lower NAD+/NADH 
ratio and lower ATP levels compared to rho0 cybrids har-
bouring haplogroup H mtDNA [29]. Furthermore, rho0 
cybrids harbouring haplogroup J mtDNA or haplogroup 
K mtDNA are more sensitive to rotenone, a complex I 
inhibitor, compared with cells harbouring haplogroup H 
[30], suggesting a decreased OXPHOS capacity of these 
haplogroups. Healthy subjects with mtDNA haplogroup 
J also present with lower maximal oxygen consumption 
(VO2max) than subjects with non-J haplogroups [31]. 
None of the individuals with high VO2max trainability in 

the HERITAGE family study harboured haplogroup J or 
K [32]. Moreover, these haplogroups have been found to 
be abundant among power and team sports athletes [11, 
33, 34], whose performance relies more on anaerobic gly-
colysis rather than OXPHOS. Similar associations with 
mtDNA haplogroups have also been detected among 
Kenyan and Japanese athletes, as reviewed in [35].

We have previously shown that nonsynonymous muta-
tional load consisting of common mtDNA variants is 
higher in subjects with haplogroup J or K than in sub-
jects with other haplogroups [13]. Some of these vari-
ants could affect respiratory chain function, and here, 
we hypothesized that the changes in the BCAA catabo-
lism in an exercise intervention are a surrogate of a res-
piratory chain defect attributed to haplogroups J and K. 
Interestingly, haplogroups J and K share two common 
nonsynonymous variants including m.10,398  A > G in 
MT-ND3 encoding p.Thr114Ala; furthermore, subhaplo-
group J1 and haplogroup K share m.14798T > C in MT-
CYB encoding p.Phe18Leu in cytochrome b of complex 
III. Our analysis of crystallographic data from bovine 
complex I and III indicated that p.Thr114Ala appeared 
not to interact with the nearest transmembrane helix of 
the ND1 subunit, whereas p.Phe18Leu in cytochrome b 
appeared to affect the ubiquinone binding affinity of the 
Qi site. Cytochrome b contains four redox active sites, 
including the high potential heme bH, the low poten-
tial heme bL and the ubiquinone-binding site Qi on the 
matrix side and Qo on the intermembrane space side. 
These redox active components with the participation of 
the Rieske iron-sulphur protein and cytochrome c1 form 
the Q-cycle present a redox-driven transmembrane pro-
ton pump that functions in the conversion and conser-
vation of the combustion energy of metabolic fuels. The 
p.Phe18Leu variant may thus affect the kinetics of the 
redox reaction and transmembrane proton pumping and 
compromise the mitochondrial aerobic capacity, thereby 
influencing endurance trainability. Indeed, mutations in 
MT-CYB are a possible cause of complex III deficiency 
and exercise intolerance in humans [36–38].

There is plenty of evidence showing that a decrease in 
mitochondrial respiratory chain activity is accompanied 
by an increase in BCAA concentration. Studies on C. ele-
gans have shown that a mutation in gas-1, a gene encod-
ing a 49  kDa subunit of mitochondrial complex I, leads 
to altered expression of biochemical pathways regulat-
ing BCAA catabolism and increases the whole-organism 
concentrations of BCAAs [14, 28]. Similarly, a complex I 
knockout induces a significant increase in the concentra-
tion of tissue BCAAs in the mouse [39]. C. elegans muta-
tion in mev-1 leading to complex II deficiency and the 
mutation in isp-1 leading to complex III deficiency share 
a similar metabolic signature [28]. Furthermore, the 
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burden of variants in MT-CYB has been associated with 
an increase in the concentration of circulating BCAAs 
in humans [40]. These findings, together with the fact 
that plasma BCAA is elevated in patients with a mito-
chondrial disease [7], suggest that mutations in genes 
encoding subunits of mitochondrial respiratory chain 
complexes may alter BCAA catabolism in humans. A 
decrease in respiratory chain activity leads to a decrease 
in the NAD+/NADH ratio, and it has been suggested 
that BCAA accumulation results from a lower activity of 
branched-chain α-keto acid dehydrogenase (BCKDH), 
which is dependent on NAD+ [39, 41]. Indeed, NAD+ 
is an important co-substrate in redox reactions and par-
ticipates in the regulation of different metabolic pathways 
[42].

Limitations of the study
We found that the response to training was lower and the 
increase in total BCAA concentration was larger follow-
ing an exercise intervention in individuals harbouring 
haplogroups J or K compared with subjects with non-JK 
haplogroups. There are previous data showing that these 
haplogroups code for mitochondrial respiratory chain 
complexes with a decreased capacity to produce ATP [29, 
30]. However, direct biochemical evidence is lacking that 
would connect exercise-induced changes to catabolism of 
BCAAs in these haplogroups and, unfortunately, we were 
not able to carry out such studies on mitochondrial bio-
chemistry or exercise physiology on our study subjects. It 
should be also noted that the results of this study are only 
generalizable to healthy men of the age-group. It remains 
unclear, whether haplogroups J and K have similar asso-
ciation with serum BCAAs in women. Indeed, some of 
the variants in mtDNA that reduce male fitness, are neu-
tral or beneficial in females and can reach high frequency 
in a population [43].

Conclusions
This study shows that a long-term exercise interven-
tion induces an increase in the concentration of serum 
BCAAs that is larger in subjects harbouring mtDNA 
haplogroup J or K than in subjects harbouring non-JK 
haplogroups. Lower response to endurance training and 
difference in exercise-induced increase in the concentra-
tion of serum BCAAs could be due to decreased mito-
chondrial respiratory chain activity. Indeed, haplogroups 
J and K share m.14798T > C in MT-CYB, which is absent 
in the remaining haplogroups. Molecular modelling 
showed that the m.14798T > C variant leads to structural 
changes in the cytochrome b subunit of complex III. A 
decrease in respiratory chain activity would slow down 
the mitochondrial catabolism of BCAA, and inefficient 
use of BCAAs as a fuel could partly explain the poor 

endurance performance attributed to mtDNA haplo-
groups J and K.

Supplementary information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13102-​022-​00485-3.

Additional file 1: Table S1. Multiple linear regression model analysis with 
adjustment for various covariates. Multiple linear regression analysis indi‑
cates a difference in dBCAA between subjects harbouring haplogroup J or 
K and those harbouring non-JK haplogroups after adjusting for covariates 
(changes in body mass index, body fat, skeletal muscle mass, and visceral 
fat area).

Additional file 2: Table S2  . Characteristics of the 633 conscripts in 
the beginning and in the end of the military service. Characteristics of 
subjects harbouring haplogroup J or K and those harbouring non-JK 
haplogroups.

Acknowledgements
The authors would like to thank Ms. Anja Heikkinen for her expert technical 
assistance. Part of this work was included in the PhD thesis of Jukka Kiiskilä, 
MD, MSc (http://​julti​ka.​oulu.​fi/​files/​isbn9​78952​62318​60.​pdf ).

Author contributions
KM, MP, SKK and JMK designed the study. IEH carried out molecular modelling. 
IEH, JK and JJ participated in the interpretation of the data and revised the 
manuscript. All statistical analysis were reviewed by a biostatistician (JJ). IM 
and PH participated in data collection and revised the manuscript. JMK and LK 
performed the molecular experiments. JMK analysed the data and wrote the 
first draft of the manuscript. KM supervised the study and revised the manu‑
script. All the authors approved the final version of the manuscript.

Funding
This study was funded by grants from the Sigrid Juselius Foundation (K.M., 
J.K.). The work was also supported through funds from the Academy of 
Finland (J.K.) and the Novo Nordisk Foundation (J.K.). The funding body did not 
have any role in the design of the study, as well as in the collection, analysis or 
interpretation of the data or writing of the manuscript.

Availability of data and materials
The data that support the findings of this study are available in this paper. 
Additional datasets generated during the study are available from the cor‑
responding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics Committee of Lapland Central Hos‑
pital, Rovaniemi, Finland. Written informed consent was obtained from all 
participants.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no conflicts of interest.

Author details
1 Research Unit of Clinical Neuroscience, University of Oulu, P.O. Box 5000, 
90014 Oulu, Finland. 2 Department of Neurology and Medical Research Center, 
Oulu University Hospital, Oulu, Finland. 3 Faculty of Biochemistry and Molecular 
Medicine, University of Oulu, Oulu, Finland. 4 Computational Medicine, Faculty 
of Medicine, University of Oulu, Oulu, Finland. 5 Center for Life Course Health 
Research, Faculty of Medicine, University of Oulu, Oulu, Finland. 6 Biocenter 
Oulu, University of Oulu, Oulu, Finland. 7 Finnish Institute for Health and Wel‑
fare, Helsinki, Finland. 8 Rovaniemi Health Center, Rovaniemi, Finland. 9 Unit 
of General Practice, Oulu University Hospital, Oulu, Finland. 10 Unit of Primary 

https://doi.org/10.1186/s13102-022-00485-3
https://doi.org/10.1186/s13102-022-00485-3
http://jultika.oulu.fi/files/isbn9789526231860.pdf


Page 7 of 8Kiiskilä et al. BMC Sports Science, Medicine and Rehabilitation           (2022) 14:95 	

Health Care, Oulu University Hospital, Oulu, Finland. 11 Healthcare and Social 
Services of Selänne, Pyhäjärvi, Finland. 

Received: 7 October 2021   Accepted: 17 May 2022

References
	1.	 el-Khoury AE, Forslund A, Olsson R, Branth S, Sjödin A, Anderrson A, et al. 

Moderate exercise at energy balance does not affect 24-h leucine oxida‑
tion or nitrogen retention in healthy men. Am J Physiol. 1997;273(2 Pt 
1):E394–407. https://​doi.​org/​10.​1152/​ajpen​do.​1997.​273.2.​E394.

	2.	 Phillips SM, Atkinson SA, Tarnopolsky MA, MacDougall JD. Gender differ‑
ences in leucine kinetics and nitrogen balance in endurance athletes. J 
Appl Physiol. 1993;75:2134–41. https://​doi.​org/​10.​1152/​jappl.​1993.​75.5.​
2134.

	3.	 Overmyer KA, Evans CR, Qi NR, Minogue CE, Carson JJ, Chermside-
Scabbo CJ, et al. Maximal oxidative capacity during exercise is associated 
with skeletal muscle fuel selection and dynamic changes in mitochon‑
drial protein acetylation. Cell Metabol. 2015;21:468–78. https://​doi.​org/​10.​
1016/j.​cmet.​2015.​02.​007.

	4.	 Xu M, Kitaura Y, Shindo D, Shimomura Y. Branched-chain amino acid 
(BCAA) supplementation enhances adaptability to exercise training of 
mice with a muscle-specific defect in the control of BCAA catabolism. 
Biosci Biotechnol Biochem. 2018;1:1–4. https://​doi.​org/​10.​1080/​09168​
451.​2018.​14401​74.

	5.	 Guda P, Guda C, Subramaniam S. Reconstruction of pathways associated 
with amino acid metabolism in human mitochondria. Genomics Proteom 
Bioinf. 2007;5:166–76. https://​doi.​org/​10.​1016/​S1672-​0229(08)​60004-2.

	6.	 Biswas D, Duffley L, Pulinilkunnil T. Role of branched-chain amino acid-
catabolizing enzymes in intertissue signaling, metabolic remodeling, and 
energy homeostasis. FASEB J. 2019;33:8711–31. https://​doi.​org/​10.​1096/​fj.​
20180​2842RR.

	7.	 Clarke C, Xiao R, Place E, Zhang Z, Sondheimer N, Bennett M, et al. 
Mitochondrial respiratory chain disease discrimination by retrospective 
cohort analysis of blood metabolites. Mol Genet Metab. 2013;110:145–52. 
https://​doi.​org/​10.​1016/j.​ymgme.​2013.​07.​011.

	8.	 Craven L, Alston CL, Taylor RW, Turnbull DM. Recent advances in mito‑
chondrial disease. Annu Rev Genom Hum Genet. 2017;18:257–75. https://​
doi.​org/​10.​1146/​annur​ev-​genom-​091416-​035426.

	9.	 Aretz I, Hardt C, Wittig I, Meierhofer D. An impaired respiratory electron 
chain triggers down-regulation of the energy metabolism and de-
ubiquitination of solute carrier amino acid transporters. Mol Cell Proteom. 
2016;15:1526–38. https://​doi.​org/​10.​1074/​mcp.​M115.​053181.

	10.	 Sanchez-Gonzalez C, Nuevo-Tapioles C, Herrero Martin JC, Pereira MP, 
Serrano Sanz S, Ramirez de Molina A, et al. Dysfunctional oxidative 
phosphorylation shunts branched-chain amino acid catabolism onto 
lipogenesis in skeletal muscle. EMBO J. 2020;39:e103812. https://​doi.​org/​
10.​15252/​embj.​20191​03812.

	11.	 Niemi AK, Majamaa K. Mitochondrial DNA and ACTN3 genotypes in Finn‑
ish elite endurance and sprint athletes. Eur J Hum Genet. 2005;13:965–9. 
https://​doi.​org/​10.​1038/​sj.​ejhg.​52014​38.

	12.	 Kiiskilä J, Jokelainen J, Kytovuori L, Mikkola I, Harkonen P, Keinanen-Kiu‑
kaanniemi S, et al. Association of mitochondrial DNA haplogroups J and K 
with low response in exercise training among Finnish military conscripts. 
BMC Genom. 2021;22:75-x. https://​doi.​org/​10.​1186/​s12864-​021-​07383-x.

	13.	 Kiiskilä J, Moilanen JS, Kytovuori L, Niemi AK, Majamaa K. Analysis of func‑
tional variants in mitochondrial DNA of Finnish athletes. BMC Genom. 
2019;29:784–6. https://​doi.​org/​10.​1186/​s12864-​019-​6171-6.

	14.	 Vergano SS, Rao M, McCormack S, Ostrovsky J, Clarke C, Preston J, et al. 
In vivo metabolic flux profiling with stable isotopes discriminates sites 
and quantifies effects of mitochondrial dysfunction in C. elegans. Mol 
Genet Metab. 2014;111:331–41. https://​doi.​org/​10.​1016/j.​ymgme.​2013.​
12.​011.

	15.	 Santtila M, Häkkinen K, Karavirta L, Kyröläinen H. Changes in cardio‑
vascular performance during an 8-week military basic training period 
combined with added endurance or strength training. Mil Med. 
2008;173:1173–9. https://​doi.​org/​10.​7205/​milmed.​173.​12.​1173.

	16.	 Santtila M. Description of the military service and physical training 
of conscripts. In: Effects of added endurance or strength training on 

cardiovascular and neuromuscular performance of conscripts during the 
8-week basic training period. PhD Dissertation, University of Jyväskylä. 
https://​jyx.​jyu.​fi/​dspace/​handle/​12345​6789/.

	17.	 Bingham CM, Ovaskainen ML, Tapanainen H, Lahti-Koski M, Sahi T, Paturi 
M. Nutrient intake and food use of Finnish conscripts in garrison, on 
leave, and in encampment conditions. Mil Med. 2009;174:678–84. https://​
doi.​org/​10.​7205/​milmed-​d-​03-​9208.

	18.	 Mikkola I, Jokelainen JJ, Timonen MJ, Harkonen PK, Saastamoinen E, 
Laakso MA, et al. Physical activity and body composition changes during 
military service. Med Sci Sports Exerc. 2009;41:1735–42. https://​doi.​org/​
10.​1249/​MSS.​0b013​e3181​9fcd3c.

	19.	 Cooper KH. A means of assessing maximal oxygen uptake. JAMA. 
1968;203:201–4.

	20.	 Kettunen J, Joensuu A, Hagnas M, Mikkola I, Wennerstrom A, Lee JH, et al. 
Associations of increased physical performance and change in body 
composition with molecular pathways of heart disease and diabetes risk. 
Am J Physiol Endocrinol Metab. 2019;316:E221-9. https://​doi.​org/​10.​1152/​
ajpen​do.​00260.​2018.

	21.	 Guo R, Zong S, Wu M, Gu J, Yang M. Architecture of human mitochondrial 
respiratory megacomplex I2III2IV2. Cell. 2017;170:1247-57.e12. https://​doi.​
org/​10.​1016/j.​cell.​2017.​07.​050

	22.	 Gao X, Wen X, Yu C, Esser L, Tsao S, Quinn B, et al. The crystal structure 
of mitochondrial cytochrome bc1 in complex with famoxadone: the 
role of aromatic–aromatic interaction in inhibition. Biochemistry. 
2002;41:11692–702. https://​doi.​org/​10.​1021/​bi026​252p.

	23.	 Spikes TE, Montgomery MG, Walker JE. Structure of the dimeric 
ATP synthase from bovine mitochondria. Proc Natl Acad Sci U S A. 
2020;117:23519–26. https://​doi.​org/​10.​1073/​pnas.​20139​98117.

	24.	 Einspahr KJ, Tharp G. Influence of endurance training on plasma amino 
acid concentrations in humans at rest and after intense exercise. Int J 
Sports Med. 1989;10:233–6. https://​doi.​org/​10.​1055/s-​2007-​10249​08.

	25.	 Sayda MH, Phillips BE, Williams JP, Greenhaff PL, Wilkinson DJ, Smith K, 
et al. Associations between plasma branched chain amino acids and 
health biomarkers in response to resistance exercise training across age. 
Nutrients. 2020;12:3029. https://​doi.​org/​10.​3390/​nu121​03029.

	26.	 Al-Khelaifi F, Donati F, Botre F, Latiff A, Abraham D, Hingorani A, et al. 
Metabolic profiling of elite athletes with different cardiovascular demand. 
Scand J Med Sci Sports. 2019;29:933–43. https://​doi.​org/​10.​1111/​sms.​
13425.

	27.	 Klein DJ, McKeever KH, Mirek ET, Anthony TG. Metabolomic Response of 
Equine Skeletal Muscle to Acute Fatiguing Exercise and Training. Front 
Physiol. 2020;11:110. https://​doi.​org/​10.​3389/​fphys.​2020.​00110.

	28.	 Falk MJ, Zhang Z, Rosenjack JR, Nissim I, Daikhin E, Nissim I, et al. Meta‑
bolic pathway profiling of mitochondrial respiratory chain mutants in 
C. elegans. Mol Genet Metab. 2008;93:388–97. https://​doi.​org/​10.​1016/j.​
ymgme.​2007.​11.​007.

	29.	 D’Aquila P, Rose G, Panno ML, Passarino G, Bellizzi D. SIRT3 gene expres‑
sion: a link between inherited mitochondrial DNA variants and oxidative 
stress. Gene. 2012;497:323–9. https://​doi.​org/​10.​1016/j.​gene.​2012.​01.​042.

	30.	 Strobbe D, Caporali L, Iommarini L, Maresca A, Montopoli M, Martinuzzi A, 
et al. Haplogroup J mitogenomes are the most sensitive to the pesticide 
rotenone: Relevance for human diseases. Neurobiol Dis. 2018;114:129–39. 
https://​doi.​org/​10.​1016/j.​nbd.​2018.​02.​010.

	31.	 Marcuello A, Martinez-Redondo D, Dahmani Y, Casajus JA, Ruiz-Pesini 
E, Montoya J, et al. Human mitochondrial variants influence on oxygen 
consumption. Mitochondrion. 2009;9:27–30. https://​doi.​org/​10.​1016/j.​
mito.​2008.​10.​002.

	32.	 Vellers HL, Verhein KC, Burkholder AB, Lee J, Kim Y, Lightfoot JT, et al. 
Association between mitochondrial DNA sequence variants and V˙O2 
max trainability. Med Sci Sports Exerc. 2020;52:2303–9. https://​doi.​org/​10.​
1249/​MSS.​00000​00000​002390.

	33.	 Arjmand S, Khaledi N, Fayazmilani R, Lotfi AS, Tavana H. Association of 
mitochondrial DNA haplogroups with elite athletic status in Iranian 
population. Meta Gene. 2017;11:81–4.

	34.	 Kurtulus M, Gunay M, Çelenk Ç, Olgac A, Kesici T. Mitochondrial haplo‑
group distribution in Turkish elite athletes. J Phys Educ Sports Sci/Beden 
Egitimi Ve Spor Bilimleri Dergisi. 2020;14:494–502.

	35.	 Zanini G, De Gaetano A, Selleri V, Savino G, Cossarizza A, Pinti M, et al. 
Mitochondrial DNA and exercise: implications for health and injuries in 
sports. Cells. 2021;10:2575. https://​doi.​org/​10.​3390/​cells​10102​575.

https://doi.org/10.1152/ajpendo.1997.273.2.E394
https://doi.org/10.1152/jappl.1993.75.5.2134
https://doi.org/10.1152/jappl.1993.75.5.2134
https://doi.org/10.1016/j.cmet.2015.02.007
https://doi.org/10.1016/j.cmet.2015.02.007
https://doi.org/10.1080/09168451.2018.1440174
https://doi.org/10.1080/09168451.2018.1440174
https://doi.org/10.1016/S1672-0229(08)60004-2
https://doi.org/10.1096/fj.201802842RR
https://doi.org/10.1096/fj.201802842RR
https://doi.org/10.1016/j.ymgme.2013.07.011
https://doi.org/10.1146/annurev-genom-091416-035426
https://doi.org/10.1146/annurev-genom-091416-035426
https://doi.org/10.1074/mcp.M115.053181
https://doi.org/10.15252/embj.2019103812
https://doi.org/10.15252/embj.2019103812
https://doi.org/10.1038/sj.ejhg.5201438
https://doi.org/10.1186/s12864-021-07383-x
https://doi.org/10.1186/s12864-019-6171-6
https://doi.org/10.1016/j.ymgme.2013.12.011
https://doi.org/10.1016/j.ymgme.2013.12.011
https://doi.org/10.7205/milmed.173.12.1173
https://jyx.jyu.fi/dspace/handle/123456789/
https://doi.org/10.7205/milmed-d-03-9208
https://doi.org/10.7205/milmed-d-03-9208
https://doi.org/10.1249/MSS.0b013e31819fcd3c
https://doi.org/10.1249/MSS.0b013e31819fcd3c
https://doi.org/10.1152/ajpendo.00260.2018
https://doi.org/10.1152/ajpendo.00260.2018
https://doi.org/10.1016/j.cell.2017.07.050
https://doi.org/10.1016/j.cell.2017.07.050
https://doi.org/10.1021/bi026252p
https://doi.org/10.1073/pnas.2013998117
https://doi.org/10.1055/s-2007-1024908
https://doi.org/10.3390/nu12103029
https://doi.org/10.1111/sms.13425
https://doi.org/10.1111/sms.13425
https://doi.org/10.3389/fphys.2020.00110
https://doi.org/10.1016/j.ymgme.2007.11.007
https://doi.org/10.1016/j.ymgme.2007.11.007
https://doi.org/10.1016/j.gene.2012.01.042
https://doi.org/10.1016/j.nbd.2018.02.010
https://doi.org/10.1016/j.mito.2008.10.002
https://doi.org/10.1016/j.mito.2008.10.002
https://doi.org/10.1249/MSS.0000000000002390
https://doi.org/10.1249/MSS.0000000000002390
https://doi.org/10.3390/cells10102575


Page 8 of 8Kiiskilä et al. BMC Sports Science, Medicine and Rehabilitation           (2022) 14:95 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	36.	 Andreu AL, Bruno C, Dunne TC, Tanji K, Shanske S, Sue CM, et al. (1999) 
A nonsense mutation (G15059A) in the cytochrome b gene in a patient 
with exercise intolerance and myoglobinuria. Ann Neurol. 1999;45:127–
30. https://​doi.​org/​10.​1002/​1531-​8249(199901)​45:​1<​127::​aid-​art20​>3.​0.​
co;2-y.

	37.	 Andreu AL, Hanna MG, Reichmann H, Bruno C, Penn AS, Tanji K, et al. 
Exercise intolerance due to mutations in the cytochrome b gene of 
mitochondrial DNA. N Engl J Med. 1999;341:1037–44. https://​doi.​org/​10.​
1056/​NEJM1​99909​30341​1404.

	38.	 Bruno C, Santorelli FM, Assereto S, Tonoli E, Tessa A, Traverso M, Scapolan 
S, Bado M, Tedeschi S, Minetti C. (2003) Progressive exercise intolerance 
associated with a new muscle-restricted nonsense mutation (G142X) in 
the mitochondrial cytochrome b gene. Muscle Nerve. 2003;28:508–11. 
https://​doi.​org/​10.​1002/​mus.​10429.

	39.	 Terburgh K, Coetzer J, Lindeque JZ, van der Westhuizen FH, Louw R. 
Aberrant BCAA and glutamate metabolism linked to regional neurode‑
generation in a mouse model of Leigh syndrome. Biochim Biophys Acta 
Mol Basis Dis. 2021;1867:166082. https://​doi.​org/​10.​1016/j.​bbadis.​2021.​
166082.

	40.	 Pirola CJ, Garaycoechea M, Flichman D, Castano GO, Sookoian S. Liver 
mitochondrial DNA damage and genetic variability of Cytochrome b—a 
key component of the respirasome—drive the severity of fatty liver dis‑
ease. J Intern Med. 2021;289:84–96. https://​doi.​org/​10.​1111/​joim.​13147.

	41.	 Esterhuizen K, van der Westhuizen FH, Louw R. Metabolomics of mito‑
chondrial disease. Mitochondrion. 2017;35:97–110. https://​doi.​org/​10.​
1016/j.​mito.​2017.​05.​012.

	42.	 Hassinen IE. Signaling and regulation through the NAD(+) and NADP(+) 
networks. Antioxid Redox Signal. 2019;30:857–74. https://​doi.​org/​10.​
1089/​ars.​2017.​7479.

	43.	 Leeflang HL, Van Dongen S, Helsen P. Mother’s curse on conservation: 
assessing the role of mtDNA in sex-specific survival differences in ex‐situ 
breeding programs. Anim Conserv. 2021. https://​doi.​org/​10.​1111/​acv.​
12740.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1002/1531-8249(199901)45:1<127::aid-art20>3.0.co;2-y
https://doi.org/10.1002/1531-8249(199901)45:1<127::aid-art20>3.0.co;2-y
https://doi.org/10.1056/NEJM199909303411404
https://doi.org/10.1056/NEJM199909303411404
https://doi.org/10.1002/mus.10429
https://doi.org/10.1016/j.bbadis.2021.166082
https://doi.org/10.1016/j.bbadis.2021.166082
https://doi.org/10.1111/joim.13147
https://doi.org/10.1016/j.mito.2017.05.012
https://doi.org/10.1016/j.mito.2017.05.012
https://doi.org/10.1089/ars.2017.7479
https://doi.org/10.1089/ars.2017.7479
https://doi.org/10.1111/acv.12740
https://doi.org/10.1111/acv.12740

	Association between mitochondrial DNA haplogroups J and K, serum branched-chain amino acids and lowered capability for endurance exercise
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Subjects
	Molecular methods and clinical and physiological variables
	Molecular modelling
	Statistical analysis

	Results
	Discussion
	Limitations of the study

	Conclusions
	Acknowledgements
	References


