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Abstract Asedentary lifestyle has been linked to a numberof

metabolic disorders that have been associated with sub-opti-

mal mitochondrial characteristics and an increased risk of

premature death. Endurance training can induce an increase in

mitochondrial content and/or mitochondrial functional qual-

ities, which are associated with improved health and well-

being and longer life expectancy. It is therefore important to

better define how manipulating key parameters of an endur-

ance training intervention can influence the content and

functionality of the mitochondrial pool. This review focuses

on mitochondrial changes taking place following a series of

exercise sessions (training-induced mitochondrial adapta-

tions), providing an in-depth analysis of the effects of exercise

intensity and training volume on changes in mitochondrial

protein synthesis, mitochondrial content and mitochondrial

respiratory function. We provide evidence that manipulation

of different exercise training variables promotes specific and

diversemitochondrial adaptations. Specifically,we report that

training volume may be a critical factor affecting changes in

mitochondrial content, whereas relative exercise intensity is

an important determinant of changes in mitochondrial

respiratory function. As a consequence, a dissociation

between training-induced changes in mitochondrial content

and mitochondrial respiratory function is often observed. We

also provide evidence that exercise-induced changes are not

necessarily predictive of training-induced adaptations, we

propose possible explanations for the above discrepancies and

suggestions for future research.

Key Points

Training volume appears to be an important

determinant of training-induced increases in

mitochondrial content (an effect that may be driven

by training duration), whereas exercise intensity

appears to be a key factor of training-induced

increases in mitochondrial respiration.

Training-induced changes in mitochondrial content

and respiratory function seem to be differentially

regulated, and are not necessarily associated with

each other.

High-intensity interval training at a relative exercise

intensity C 90% of the maximal power output

provides the greatest absolute increase in mass-

specific mitochondrial respiration, whereas all-out

sprint interval training appears to be the most

efficient type of exercise to improve mitochondrial

respiratory function in terms of total training volume

and/or time.

Mitochondrial adaptations to exercise training are

rapidly reversed following different types of

detraining; however, these can be maintained when a

sufficient training stimulus is provided.
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1 Role of Mitochondria and Exercise in Health
and Disease

Mitochondria are the primary energy-producing ‘power

houses’ of the cell, and they are responsible for the pro-

duction of adenosine triphosphate (ATP)—the ‘energy

currency’ required to fuel cellular activities. Given the

pivotal role of mitochondria in generating ATP, improved

mitochondrial characteristics have been associated with

greater endurance performance and health [1–4]. Mito-

chondria also appear to have important roles in ageing and

cell pathology [5], and have been implicated in many age-

related degenerative diseases [6], as well as a large variety

of metabolic disorders [7–9]. These findings underline the

importance of a better understanding of the factors that can

stimulate mitochondrial adaptations.

Physical inactivity has been reported to contribute to

many deadly chronic disorders [10], and represents the

fourth leading risk factor for mortality [11]. In contrast,

exercise has been used as a therapeutic tool to fight this

epidemic [12, 13]. Since the pioneering work of John

Holloszy in the 1960s, it has been known that exercise is a

potent stimulus to promote mitochondrial biogenesis (i.e.

the making of new components of the mitochondrial

reticulum [14]) in skeletal muscle [15]. Mitochondrial

adaptations in response to repeated exercise sessions (i.e.

exercise training) consist of changes in steady-state protein

abundance [16, 17] and mitochondrial content [18, 19], as

well as functional adjustments such as improved mito-

chondrial respiratory function [20–22]. However, little is

known about the optimal exercise prescription, and whe-

ther these mitochondrial adaptations are altered in the same

way by different exercise interventions. Given the role of

mitochondria in health and disease [2, 4], it is important to

better understand how altering the exercise prescription can

modulate the content and the functional qualities of

mitochondria.

2 Mitochondrial Adaptations to Exercise Training

Prescribing exercise involves the manipulation of many

parameters, with exercise intensity and training volume

representing two of the most important [23]. Briefly,

exercise intensity can be prescribed in absolute (e.g. 270 W

or 19 km/h) or relative (i.e. as a percentage of the maximal

power output [ _Wmax]; e.g. 85% of _Wmax) terms, whereas

training volume can be defined as the product of relative

exercise intensity and the duration and number of exercise

sessions. Because _Wmax is influenced by the protocol cho-

sen [24], a correction factor, based on the bioenergetic

model proposed by Morton [25], has been applied to allow

for a better comparison between studies (see Appendix S1

of the Electronic Supplementary Material [ESM]). Relative

exercise intensities that have been converted are reported

as a percent of a newly estimated _Wmax value ( _Wmax0).

Finally, based on relative exercise intensity, different types

of exercise can be prescribed: moderate-intensity continu-

ous exercise or training (MICE or MICT, respectively)

when exercise is performed continuously at an exercise

intensity of * 50 to 75% of maximal power output

( _Wmax), high-intensity interval exercise or training (HIIE or

HIIT, respectively), consisting of intervals performed at an

exercise intensity\ 100% _Wmax, and sprint interval exer-

cise or training (SIE or SIT, respectively), when intervals

are performed at an intensity C 100% _Wmax.

An often understudied aspect in exercise physiology

relates to the physiological adaptations taking place fol-

lowing a period of detraining (i.e. a reduction in the

training stimulus). As a consequence, a strict classifica-

tion of different detraining protocols is lacking. For the

scope of this review, detraining has been classified into

three main categories: ‘taper’, consisting of a reduction

in the training volume obtained by manipulating one or

more of the key training parameters (e.g. exercise

intensity, session duration, training frequency), as well as

the overall taper duration and the relative decrease in the

training stimulus during each exercise session [26];

‘complete detraining’, where no physical activities are

undertaken other than those involved in everyday living

[27]; and ‘bed rest’ or ‘unilateral lower limb immobili-

sation’, where an individual is confined to a bed, or her/

his lower limbs are immobilised, respectively, resulting

in the complete absence of any type of training stimulus

[28].

The molecular events triggered by exercise training [29]

and detraining [1, 27] lead to a series of adaptations that re-

shape the mitochondrial phenotype. Some of these adap-

tations to training take place despite what appears to be an

already adequate capability. For example, it has been

reported that mitochondrial respiratory function exceeds

oxygen delivery in humans, and is in excess of that

required when half or more of the muscle mass is engaged

during exercise (e.g. cycling, running) [30–32]. Nonethe-

less, mitochondrial respiratory function has been reported

to increase following exercise training [20, 33, 34], as have

both mitochondrial protein synthesis (MitoPS) [35] and

mitochondrial content [1, 18, 36], whereas reductions have

been reported following different types of detraining

[1, 27, 37]. This review focuses on training- and detraining-

induced changes in the above parameters, and how these

adaptations are influenced by exercise intensity and train-

ing volume. Unless specifically mentioned, only cycling

interventions investigating training- and detraining-induced

1810 C. Granata et al.
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changes in the skeletal muscle of healthy humans are

reviewed; studies with diseased or elderly populations, and

studies not providing precise and detailed information

about the training prescription have been excluded from

figures and Tables S1 and S2 of the ESM.

2.1 Mitochondrial Protein Synthesis

There is limited information on the effects of endurance

exercise on MitoPS. A single session of MICE has been

reported to increase MitoPS by 2.5-fold during the first 4 h

[35], and by 1.3-fold between 24 and 28 h of recovery [38]. A

1.5-fold increase in MitoPS has also been reported between 2

and 5 h of recovery following 40 min of MICE at 55% _Wmax

[39]; however, supplementation with protein was provided to

participants immediately post-exercise, making it difficult to

separate out the effects of exercise and nutrition (which is

known to influence both mixed muscle [40] and myofibrillar

[41] protein synthesis). Finally, the only study investigating

training-induced changes in MitoPS demonstrated that 36

sessions (12 weeks) ofHIITat 90%of _Wmax increasedMitoPS

by * 1.3-fold in both young and elderly volunteers [42].

A study comparing two work-matched exercise sessions

observed that while 30 min of MICE at 60% of _Wmax

increased MitoPS by 1.3-fold 24–28 h post-exercise,

60 min of MICE at 30% of _Wmax induced no change [38]. It

is possible, however, that the very low relative exercise

intensity performed by the lower intensity group may have

confounded the results due to the lack of activation of

important signalling kinases and transcription factors reg-

ulating mitochondrial biogenesis [43]. A second study has

also observed a 1.3-fold increase in sarcoplasmic protein

synthesis in elderly individuals following a single session

of HIIE at 95% of maximal heart rate (HRmax), and no

change after MICE at * 55% of HRmax [44], despite the

latter group performing a greater volume of exercise. The

authors suggested the increase in sarcoplasmic protein

synthesis may have been driven by increased MitoPS,

given that following the sub-fractionation protocol used for

protein fractional synthetic rates analysis in this study the

majority of skeletal muscle mitochondria are located in the

sarcoplasmic (cytosolic) fraction. Finally, MitoPS is simi-

larly increased after a single session of MICE performed at

the same relative intensity before and after 10 weeks of

training [35]. The above findings highlight the importance

of relative exercise intensity to stimulate MitoPS and

suggest that if the relative exercise stimulus is maintained,

MitoPS is upregulated similarly in the untrained and

trained state. More research is required to verify these

hypotheses; future studies should further characterise

training-induced changes in MitoPS and establish if long-

term increases in mitochondrial proteins result from the

cumulative effect of the adaptations induced by a single

session of endurance exercise.

Further considerations in regard to exercise- and train-

ing-induced changes in protein synthesis can be drawn

from studies investigating changes in mixed-muscle pro-

tein synthesis (MPS). While MPS is reduced by * 1.2-

fold during exercise [45], mixed-muscle protein breakdown

(MPB) is increased by 1.4- to 1.8-fold [46, 47], likely due

to the release of amino acids to satisfy the increased energy

demand [48]. However, in the hours of recovery following

exercise, both MPS [47, 49–51] and MPB [46, 47] are

increased (1.2- to 1.8-fold), resulting in a greater net

muscle protein turnover. The increase in MPS in the

recovery period counterbalances the effects of MPB, pre-

venting a loss of muscle mass [47]. Similarly, increased

resting MPS (* 1.3-fold) [52, 53] and MPB (* 1.4-fold)

[52] were reported following 4–16 weeks of MICT,

resulting in a greater (* 3-fold) muscle protein turnover

post-training [52]. These findings suggest endurance exer-

cise training may result in an improved muscle phenotype

(as demonstrated by greater endurance performance and a

higher maximum rate of oxygen consumption [ _VO2max]

post-training [52, 53]) due to an increased muscle protein

turnover, a change that may not necessarily induce an

increase in mitochondrial content. More research is

required to investigate if endurance exercise is associated

with increased MitoPS and mitochondrial protein break-

down (similar to mixed MPS and MPB), and if net mito-

chondrial protein turnover is also increased.

2.2 Mitochondrial Content

2.2.1 Training-Induced Changes in Mitochondrial Content

as Assessed by Transmission Electron Microscopy

Transmission electron microscopy (TEM) is routinely used

to measure mitochondrial volume density (MitoVD) and is

widely considered the gold standard technique for the

assessment of mitochondrial content [54]. However, only

six studies have used TEM to investigate training-induced

changes in mitochondrial content in young healthy partic-

ipants following a cycle training intervention

[18, 19, 36, 55–57]. These studies demonstrated that

exercise training is indeed associated with an increase in

MitoVD (1.1- to 1.6-fold), and as little as six exercise ses-

sions are sufficient to increase this parameter [19].

2.2.1.1 Effect of Training Volume and Exercise Inten-

sity A study comparing five different training volumes

(participants completed the same cycle training session

either one, two, three, four or five times per week for

6 weeks, respectively) reported that training-induced

Training-Induced Changes in Mitochondrial Content and Respiratory Function 1811
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changes in MitoVD were related to training volume, as

participants training four or five times per week increased

MitoVD to a greater extent than those training only once or

twice weekly [19]. However, the lack of significant dif-

ferences between groups training three, four or five times

per week seems to also indicate the existence of a plateau

for changes in MitoVD at greater training volumes; this may

relate to participants training at the same absolute exercise

intensity for the entire study duration. In this regard, it has

been reported that exercise-induced mitochondrial adapta-

tions (e.g. MitoPS) are similar when exercising at the same

relative exercise intensity before and after training [35], but

are reduced post-training when exercising at the same

absolute exercise intensity [58, 59]. This may suggest that

the training stimulus associated with the extra exercise

sessions performed by the high-volume training groups

may have been insufficient to promote further increases in

MitoVD, due to the likely reduction in relative exercise

intensity as the training intervention progressed and the

participants’ fitness improved. More research exercising

participants at the same relative exercise intensity for the

entire training duration is needed to validate the above

hypothesis. Finally, plotting results from the same six

studies [18, 19, 36, 55–57] seems to support the presence of

both a training volume-dependent effect and the existence

of a plateau in training-induced changes in MitoVD as

assessed by TEM (R2 = 0.82; P = 0.003; Fig. 1).

Because of the limited research available, the mix of

populations investigated (differences in age and sex) and

the combination of training often used, no conclusions can

be drawn on the effects of different relative exercise

intensities on training-induced changes in MitoVD. How-

ever, studies investigating training-induced changes in

maximal citrate synthase (CS) activity, a valid biomarker

of mitochondrial content [60], are plentiful and stronger

conclusions can be made.

2.2.2 Training-Induced Changes in Mitochondrial Content

as Assessed by Citrate Synthase Activity

Exercise training is a powerful stimulus to increase CS

activity [61–63]; however, a wide range of training-in-

duced changes in this parameter has been reported. While

most investigations have observed an increase in CS

activity, several studies have reported no change (Table S1

of the ESM). These discrepancies may be attributed to

participants’ characteristics, the timing of muscle sam-

pling, as well as differences in the experimental protocols

and methodologies, suggesting it is important to stan-

dardise the methods employed to measure maximal CS

activity across laboratories.

2.2.2.1 Effect of Training Volume Four studies observed

that greater training volumes were associated with greater

increases in CS activity [1, 17, 64, 65], whereas two studies

did not [66, 67]. In the first of these two studies, in which

participants trained each day for 14 days, CS activity was

statistically increased (* 1.4-fold) after the third exercise

session but did not significantly increase thereafter

(showing signs of a possible plateau) [66]. However, par-

ticipants exercised at the same absolute exercise intensity

throughout the study. For the same reasons explained in

Sect. 2.2.1, and the fact that mitochondrial adaptations take

place within the first few (\ 6) exercise sessions

[17, 68, 69], it is possible the exercise stimulus in the latter

exercise sessions may have been reduced relative to the

newly acquired phenotype. Likewise, in the second of these

two studies, training-induced changes in CS activity

(measured per gram of wet weight) recorded after

12 weeks were similar compared to those recorded after

6 weeks (1.7- vs. * 1.5-fold increase compared to pre-

training, respectively; P[ 0.05; effect size for the differ-

ence: 0.40; 95% confidence interval (CI) [-0.69, 1.42]

Fig. 1 Relationship between training-induced changes in mitochon-

drial volume density (MitoVD) as assessed by transmission electron

microscopy (TEM) and training volume in the vastus lateralis muscle

of healthy human participants. A second-order polynomial regression

(solid line), and 95% confidence bands (dotted lines) are shown, as

well as the coefficient of determination R2 and the P value. Training

volume was calculated by multiplying the exercise intensity relative

to maximal power output ( _Wmax) (or estimated _Wmax based on the

bioenergetic model [ _Wmax0 ] [25]) by the duration of exercise training

(in minutes) and by the total number of training sessions. Only studies

using a cycling intervention were used; studies with middle-aged,

elderly or diseased (e.g. chronic heart failure, diabetic, obese)

populations, studies investigating a single session of exercise, and

studies not providing precise and detailed information about the

training prescription were excluded. Data were obtained by pooling

results from the following studies: white square [18], white circle

[55], black circle [19], white diamond [36], black square [56] and

black down-pointing triangle [57]. A second-order polynomial

regression analysis was used to calculate the coefficient of determi-

nation (R2) between variables (R statistical software). The level of

statistical significance was set at P\ 0.05. a.u. arbitrary units

1812 C. Granata et al.
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[67]). This finding may relate to early changes in CS

activity being greater and partially masking the volume

effect in studies of longer duration, and/or the small sample

size (n = 7). Collectively, the above findings seem to

suggest that training volume may be an important deter-

minant of training-induced changes in mitochondrial con-

tent, but that it may be important to increase the absolute

exercise stimulus to promote continuous adaptations.

However, more studies investigating different time points

within the one study are required to better define the time

course of training-induced changes in CS activity.

Pooling results from 56 training studies further indicates

greater training volumes are associated with greater

increases in CS activity (r = 0.59; 95% CI [0.41, 0.72];

P\ 0.001; Fig. 2a). This association is stronger when

removing studies employing SIT (r = 0.71; 95% CI

[0.54; 0.83]; P\ 0.001; Fig. 2b), suggesting that when

relative exercise intensity is\ 100% of _Wmax training

volume is indeed an important determinant of training-in-

duced changes in CS activity. Analysis of Fig. 2a, b, and

results from type I fibres in rat skeletal muscle [70] seem to

indicate no plateau for training-induced changes in CS

activity. This hypothesis is also supported by the obser-

vation that baseline CS activity values increase with greater

training status (i.e. sedentary, trained, etc.) [70]. Given

most of the literature measuring training-induced changes

in CS activity investigated relatively low training volumes

and short training interventions (i.e. 1–12 weeks), future

research is required to investigate if CS activity continues

to increase even with greater training volumes, or if a

plateau is reached. It should also be important to investi-

gate if relative exercise intensity needs to be maintained or

increased to achieve further improvements in mitochon-

drial content as the training volume increases.

The large variability (1- to 1.7-fold change) of training-

induced changes in CS activity reported for SIT groups

eliciting training volumes of similar magnitude (Fig. 2a)

indicates that at relative exercise intensities C 100% _Wmax,

training-induced changes in CS activity may no longer

depend on training volume. This is confirmed by the lack

of correlation between training volume and training-in-

duced changes in CS activity (r = - 0.19; 95% CI [-0.58,

0.28]; P = 0.433) when pooling only studies employing

SIT. A possible reason as to why training volume may

differentially regulate changes in CS activity above and

below _Wmax may relate to the consequent decrease in

training volume necessary to elicit very high relative

exercise intensities. We conclude that training volume may

be an important determinant of training-induced changes in

CS activity [70], but this relationship seems limited to

relative exercise intensities\ 100% _Wmax.

Training duration is a predominant component of

training volume; therefore, it is likely that it may be a

dominant factor affecting training-induced changes in CS

activity. We are aware of only one study comparing the

effects of different training durations (12 h of MICT at

50% of _Wmax vs. 6 h of SIT at 100% of _Wmax; the groups

were matched for training volume) on training-induced

changes in CS activity [71]. In this study, only MICT

induced an increase in CS activity, suggesting that training

duration may indeed be an important determinant of

training-induced changes in CS activity. However, these

results may have been affected by the small sample size

(n = 3 and 4 for the MICT and SIT groups, respectively).

Given the limited evidence available, more studies com-

paring different training durations matched for training

volumes are needed to better characterise the effects of

training duration per se on training-induced changes in CS

activity.

It has been reported that a correlation exists between

estimates of mitochondrial content as assessed by both

TEM (MitoVD) and CS activity, both pre- and post-training,

suggesting CS activity can be used as a valid biomarker of

MitoVD in training studies [55]. However, contrary to the

plateau reported when assessing training-induced changes

in MitoVD (Fig. 1 and Montero and Lundby [19]), training-

induced changes in CS activity do not plateau (Fig. 2a),

suggesting a possible dissociation between training-in-

duced changes in mitochondrial content as assessed by

MitoVD and CS activity. In addition, no correlation was

found between training-induced changes in mitochondrial

content as assessed by both MitoVD and CS activity in

human skeletal muscle [55]. Therefore, we recommend that

future studies should simultaneously investigate training-

induced changes in CS activity and MitoVD, so as to verify

the validity of measuring CS activity as a biomarker of

training-induced changes in mitochondrial content in

human skeletal muscle.

2.2.2.2 Effect of Exercise Intensity There are contrasting

findings on the effects of relative exercise intensity on

training-induced changes in CS activity in human skeletal

muscle. While one report observed increased CS activity

after MICT at 50% _Wmax, but not after work-matched SIT

at 100% _Wmax [71], another study reported increased CS

activity after HIIT at 65% _Wmax and no change after work-

matched MICT at 50% _Wmax [72]. Two other studies

reported similar increases in CS activity following both

moderate-intensity MICT (45–65% of _Wmax) and all-out

SIT (175–205% _Wmax, not work-matched) [16, 73],

whereas a fifth study reported no change in CS activity

after MICT at 55% _Wmax0 , HIIT at 73% _Wmax0 and all-out

SIT (* 168% _Wmax0) (only MICT and HIIT were work-
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matched) [33]. The above findings indicate that exercise

intensity may not be a key determinant of training-induced

changes in CS activity. Interestingly, relative exercise

intensity has been reported to be an important determinant

of exercise-induced changes in several markers of mito-

chondrial biogenesis [43, 74], but not of training-induced

changes in CS activity. This raises the possibility that

exercise-induced changes in markers of mitochondrial

biogenesis may not always predict or relate to training-

induced adaptations, as previously hypothesised [75, 76].

Future research is required to verify these hypotheses.

Pooling results from 49 training studies indicated no

significant correlation between relative exercise intensity

and training-induced changes in CS activity (r = - 0.13;

Fig. 2 Relationship between a training volume or c relative exercise

intensity, and training-induced changes in citrate synthase (CS)

activity measured in the vastus lateralis muscle of healthy human

participants. The same two correlations are presented in panel b and

d, respectively, after removing all the studies employing sprint

interval training (SIT). Linear correlation (solid line), and 95%

confidence bands (dotted lines) are shown, as well as the correlation

coefficient r (with 95% confidence intervals) and the P value.

Exercise intensity was expressed relative to maximal power output

( _Wmax) (or estimated _Wmax based on the bioenergetic model [ _Wmax0 ]

[25]), whereas training volume was calculated by multiplying the

exercise intensity relative to _Wmax (or _Wmax0 ) by the duration of

exercise training (in minutes) and by the total number of training

sessions. Only studies using a cycling intervention were used; studies

with middle-aged, elderly, or diseased (e.g. chronic heart failure,

diabetic, obese) populations, studies investigating a single session of

exercise, and studies not providing precise and detailed information

about the training prescription were excluded. Relative exercise

intensity for studies employing SIT is often not provided; for these

studies, a value of relative exercise intensity was used based on that

attained by participants of similar fitness completing the same number

of repetitions in a training study from our group [33]. These ranged

from * 181 to * 165% of _Wmax for four to ten 30-s all-out bouts,

respectively; a was obtained by pooling results from the following

studies: [1, 16, 17, 22, 27, 33, 61–67, 71–73, 99, 103, 107, 109, 139–173];

c was obtained by pooling results only from studies using a single

relative exercise intensity: [1, 16, 17, 27, 33, 61–67, 71–

73, 103, 107, 109, 139–153, 155–161, 163–170, 173], whereas b and

d where obtained by pooling results from the same studies used to

generate a and c, respectively, with the exclusion of SIT studies

(Table S1 of the Electronic Supplementary Material). A linear

correlation analysis was used to calculate the correlation coefficient

between variables in each of the four panels, according to Pearson’s

product moment (r) (SigmaStat software; Jandel Scientific, San Rafael,

CA, USA). The level of statistical significance was set at P\ 0.05. a.u.

arbitrary units, HIIT high-intensity interval training, MICT moderate-

intensity continuous training, Mixed mixed type of training (e.g.

MICT ? HIIT, MICT ? SIT)
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95% CI [-0.37, 0.12]; P = 0.315; Fig. 2c), not even when

studies employing SIT were removed (r = - 0.01; 95% CI

[-0.31, 0.30]; P = 0.971; Fig. 2d), or when the effects of

training duration were ‘‘partialed out’’ (i.e. controlled for

[77]) (ry1.2 = 0.23; 95% CI; [-0.02, 0.45]; P = 0.085).

This further suggests exercise intensity may not be a key

determinant of training-induced changes in CS activity,

consistent with findings from rat type I skeletal muscle

fibres [70]. Conversely, relative exercise intensity has been

reported to influence changes in CS activity in rat type II

skeletal muscle fibres [70]. However, caution is needed

when interpreting these results as higher relative exercise

intensities were also associated with greater training vol-

umes, which is an important determinant of training-in-

duced changes in CS activity [70].

It is not known if a greater relative exercise intensity is

required to increase CS activity in human type II skeletal

muscle fibres. In human skeletal muscle, it has been

reported that at exercise intensities \ _Wmax slow-twitch

type I fibres are recruited earlier [78] and to a greater extent

[79, 80] than fast-twitch type II fibres, whereas at relative

exercise intensities [ _Wmax both fibre types are fully

recruited from the early stages of exercise [78]. However,

subsequent research reported no difference in fibre-specific

glycogen depletion patterns following MICE (30 min

at * 65% _Wmax) and SIE (8 9 20 s at * 170% of _Wmax),

suggesting that fibre recruitment was similar between

MICE and SIE protocols [81]. These contrasting findings

highlight that more research is required to investigate the

effects of relative exercise intensity on both fibre recruit-

ment and subsequent fibre-specific changes in mitochon-

drial content.

2.2.2.3 Effect of Training Status and Aerobic Fitness

Levels Seven weeks of MICT at 60–90% of HRmax (1- to

6-fold) the CS activity of sedentary, but not previously

trained participants [37], suggesting training status may

influence training-induced changes in CS activity. More-

over, no change in CS activity was reported for highly-

trained endurance athletes after cycling for 3211 km over

21 days (* 170 km/day) [82], or following 7 weeks of a

combination of SIT and HIIT [83]. This may be explained

by findings from cross-sectional studies observing that

greater training status is associated with greater CS activity

[2, 37, 84–90], and the possibility that there may exist an

upper limit above which CS activity does not increase

further. Regardless, these findings suggest training-induced

changes in CS activity may be influenced by a participant’s

training status, consistent with the notion that training

adaptations are reduced as training status increases

[91–93], and that homogenous groups should be chosen

when investigating changes in this parameter.

Pooling data from Table S1 of the ESM indicated no

significant correlation between baseline _VO2max (repre-

sentative of an individual aerobic fitness level) and train-

ing-induced changes in CS activity (r = - 0.18; 95% CI

[-0.42 to 0.08]; P = 0.167). No correlation was found

even when the effects of training volume were ‘‘partialed

out’’ (ry1.2 = - 0.24; 95% CI [-0.47 to 0.02]; P = 0.065),

suggesting baseline _VO2max does not strongly influence

training-induced changes in CS activity. Because of the

large variability of absolute CS activity values presented in

different studies, it was not possible to conduct a valid

analysis of the effects of baseline CS activity values on

training-induced changes in CS activity. It would be useful

if the scientific community could agree on a standard

methodology for the determination of CS activity, so as to

enable better comparisons across different studies.

2.2.3 Effect of Detraining: Reversibility of Mitochondrial

Adaptations

With the exception of one study, reporting no change in CS

activity following 3 weeks of complete detraining [27], the

majority of studies indicated that complete detraining is

associated with a significant decrease in CS activity.

Studies have reported a 1.1- to 1.3-fold reduction in this

parameters after as little as 7–10 days of complete

detraining [84, 94], and greater reductions (1.4- to 1.5-fold)

following prolonged (3–12 weeks) complete detraining

[37, 95]. However, following a taper lasting 1–4 weeks,

previous training-induced gains in CS activity were pre-

served [1, 94, 96, 97], and were increased further if the

reduction in training volume was accompanied by an

increase in exercise intensity [94]. Future research is nee-

ded to better characterise the effects of different types of

detraining on mitochondrial content and MitoVD.

2.3 Mitochondrial Respiratory Function

Cross-sectional studies demonstrate that greater training

status is associated with greater mass-specific mitochon-

drial respiration (i.e. the rate of oxygen consumption per

gram of tissue) [2, 85, 90, 98], suggesting exercise training

induces an increase in this parameter (Fig. 3, Table S2 of

the ESM). Mitochondrial respiratory function can also be

assessed by measuring mitochondrial ATP production rate

(MAPR) in isolated mitochondria [27, 99], with greater

training-induced improvements being observed with

MAPR compared with mass-specific mitochondrial respi-

ration. These differences may originate from improved

coupling between oxidation and phosphorylation, and a

greater amount of ATP generated per molecule of oxygen

consumed (P/O ratio). However, despite suggestions that
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training may induce a greater energy efficiency due to a

lower degree of uncoupling [100], no change in the P/O

ratio has been observed following training [22]. Another

possibility is that more mitochondria are isolated post-

training as a result of improved mitochondrial content and

quality. Nonetheless, further research is needed to explain

these discrepancies. As the measurement of mass-specific

mitochondrial respiration in permeabilised muscle fibres is

considered the gold standard technique for the assessment

of mitochondrial respiratory function [31, 101, 102], this

review focuses on studies using this technique.

2.3.1 Training-Induced Changes in Mass-Specific

Mitochondrial Respiration

2.3.1.1 Effect of Training Volume Previous research

suggests training volume is not a primary determinant of

training-induced changes in mass-specific mitochondrial

respiration [70]. This is supported by the lack of change in

mass-specific mitochondrial respiration reported following

HIIT or MICT, even though the training volume for these

groups was three times greater than that of a SIT group that

did have a significant increase in mass-specific mitochon-

drial respiration [33]. Similarly, when directly comparing

training groups matched for total work, only the group

exercising at the higher relative exercise intensity increased

Fig. 3 Forest plot of training-induced fold-changes in maximal mass-

specific mitochondrial respiration in the vastus lateralis of human

skeletal muscle of healthy participants, following a cycle training

intervention ranked (greatest to lowest) by relative exercise intensity

(values in brackets on the left y-axis). For studies employing a

combination of different relative exercise intensities, a mean value is

presented; recovery periods for which the relative exercise intensity

was either not reported or was reported as 30 W, or when it was

performed at a relative exercise intensity B 50% maximal power

output ( _Wmax) (or estimated _Wmax based on the bioenergetic model

[ _Wmax0 ] [25]), were not included in the mean relative exercise

intensity. Training volume (values presented on the right y-axis)

was calculated by multiplying the exercise intensity relative to _Wmax

(or _Wmax0 ) by the effective duration of the exercise session (in

minutes) and by the total number of sessions. Studies with middle-

aged, elderly or diseased (e.g. chronic heart failure, diabetic, obese)

populations, studies investigating a single session of exercise, and

studies not providing precise and detailed information about the

training prescription were excluded. The means of the individual

changes and the 95% confidence intervals reported in this plot are

those relative to the maximum value of coupled mass-specific

mitochondrial respiration reported in each individual investigation,

and were kindly provided by the corresponding authors of the

following studies: [1, 20, 22, 33, 36, 55, 68, 72, 103–108]. We were

not able to obtain results from Christensen et al. [103] and Robach

et al. [106]; therefore, only the mean change (with no confidence

interval) estimated by the results in the manuscript is presented.

Results from Irving et al. [104] are relative to the young group only.

Results from Robach et al. [106] are relative to the normoxic training

group only. Unpublished data for the ‘‘Vincent et al. [107] no

training’’ group were kindly provided by Prof. Anthony J. R. Hickey

and were collected during the study presented in Vincent et al. [107]

(Table S2 of the Electronic Supplementary Material). Results from

Larsen et al. [109] have not been included as the authors only

provided values of mitochondrial-specific respiration. Filled dia-

monds indicate studies in permeabilised muscle fibres; open circles

indicate studies in isolated mitochondria; open diamonds indicate

studies using single leg cycling (and permeabilised muscle fibres).

a.u. arbitrary units, CIP oxidative phosphorylation capacity

(P) through complex I, CI?IIP oxidative phosphorylation capacity

(P) through complex I and II combined, HIIT high-intensity interval

training, MICT continuous training, SIT sprint interval training
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mass-specific mitochondrial respiration [20, 72]. Moreover,

analysis of Fig. 3 indicates that training groups eliciting

some of the lower training volumes were still associated

with a significant increase in mass-specific mitochondrial

respiration [33, 68, 103, 107], whereas groups associated

with some of the greater training volumes did not

[20, 36, 55, 104]. Conversely, the only study directly

comparing different training volumes (while maintaining

similar relative exercise intensities) observed that only the

group eliciting the greater training volume induced an

increase in mass-specific mitochondrial respiration [1]. The

authors suggested the increase in mass-specific mitochon-

drial respiration was likely driven by an increase in mito-

chondrial content, rather than by improved mitochondrial

efficiency (a concept discussed in Sect. 2.4). This indicates

that while training volume may not be a primary deter-

minant of changes in mass-specific mitochondrial respira-

tion, it represents an important factor when the relative

exercise intensity is similar.

Comparisons of studies employing MAPR further con-

firm training volume is not a primary determinant of

training-induced changes in mitochondrial respiratory

function. Starritt et al. [99] reported a larger increase in

MAPR than Wibom et al. [27] (2.6- vs. 1.9-fold, respec-

tively), despite assessing respiration with the same sub-

strates and employing a training volume that was

approximately half. A major difference was that about half

of the training in the former study was performed at 95% of
_Wmax, whereas in the latter all training took place at 70% of
_Wmax.

2.3.1.2 Effect of Exercise Intensity Two separate studies

directly comparing two groups matched for total work

reported that only HIIT at 90% of _Wmax, but not MICT at

61% of _Wmax [20], and only single-leg cycling HIIT at 65%

of _Wmax, but not MICT at 50% of _Wmax [72], induced a

significant increase in maximal mass-specific mitochon-

drial respiration. Consistent with these findings, a third

study observed that while SIT at * 168% of _Wmax0 sig-

nificantly increased mass-specific mitochondrial respira-

tion, HIIT at 73% of _Wmax0 and MICT at 55% of _Wmax0

resulted in no change despite an * 3-fold greater training

volume [33]. Collectively, the above observations indicate

that relative exercise intensity is an important determinant

of changes in mass-specific mitochondrial respiration.

With the exception of the HIIT group in Granata et al.

[1], for which the very large training volume may have

contributed, results from Fig. 3 indicate there is a clear

increase in mass-specific mitochondrial respiration (i.e.

confidence interval not crossing the dotted line) only when

at least part of a short-duration (\ 10 weeks) training

intervention is performed at a relative exercise

intensity C 90% of _Wmax. Groups sitting at the suggested

cut-off point performed at least one third [105] or half

[22, 108] of the training at a relative exercise inten-

sity C 90% of _Wmax. This suggests that to increase mass-

specific mitochondrial respiration, a relative exercise

intensity threshold (* 90% of _Wmax) may exist. This could

relate to a possible earlier and greater recruitment of type II

fibres (alongside that of type I fibres) at relative exercise

intensities C 90% of _Wmax compared with lower relative

exercise intensities [78, 80], although another study has

questioned whether there are differences in fibre recruit-

ment between MICE and SIE [81]. Further research is

required to determine the effects of relative exercise

intensity on fibre recruitment and subsequent fibre-specific

changes in mitochondrial respiratory function.

The results summarised in Fig. 3 also indicate training-

induced changes in mass-specific mitochondrial respiration

may be differentially regulated at relative exercise inten-

sities[ 100% of _Wmax. The smaller increases recorded at

supramaximal relative exercise intensities compared with

those immediately below 100% of _Wmax may relate to the

substantial reduction in training volume necessary to elicit

these intensities. Therefore, it is plausible that to maximise

improvements in mass-specific mitochondrial respiration

an individual needs to exercise at the highest relative

exercise intensity that allows a large volume of training to

be performed (e.g. * 90 to 95% of _Wmax). This is con-

sistent with previous recommendations regarding the type

of training required to maximise improvements in _VO2max

and endurance performance [110].

Although HIIT induces greater changes in mass-specific

mitochondrial respiration compared with SIT (Fig. 3),

analysis of Fig. 4 (studies employing single-leg cycling are

not included here, as explained later in this section) indi-

cates SIT may be a more efficient form of exercise [111].

When training-induced changes in mass-specific mito-

chondrial respiration are normalised per unit of training

volume (Fig. 4a), or per unit of total training time

(Fig. 4b), the biggest gains are obtained following SIT. The

efficacy of exercising at supramaximal relative exercise

intensities is further highlighted when training-induced

changes in mass-specific mitochondrial respiration are

normalised per unit of effective training time (i.e. the

actual time spent exercising, exclusive of the recovery

periods used in HIIT- and SIT-like protocols) (Fig. 4c).

This shows an exponential-like increase in this parameter

at relative exercise intensities[ 100% of _Wmax, and that

performing all-out SIT may help to maximise improve-

ments in mass-specific mitochondrial respiration when

time availability is limited.

The above findings highlight the specificity of different

training protocols on mitochondrial adaptations; while
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exercising at relative exercise intensities of * 90 to 95%

of _Wmax provides the greatest absolute increase in mass-

specific mitochondrial respiration (Fig. 3), exercising at

relative exercise intensities[ 100% of _Wmax returns the

most benefits per unit of time (Fig. 4c). For example, while

professional athletes can devote as much time as required

to improve mitochondrial respiratory function, individuals

with limited time availability could obtain the best returns

by engaging in SIT-like training protocols. When pre-

scribing exercise to different individuals, however, an

important, yet understudied, factor is the inter-individual

variability of training-induced mitochondrial adaptations.

Future large-scale randomised controlled trials are required

to better characterise the individual responses to different

bFig. 4 Values of maximal mass-specific mitochondrial respiration

expressed as percent change and normalised a per unit of training

volume, b per unit of total training time and c per unit of effective

training time (± standard error of the mean [SEM], where available)

measured in the vastus lateralis of human skeletal muscle of healthy

participants following a cycle training intervention. Studies are

ranked left to right by increasing relative exercise intensity elicited

during the training. The vertical dotted line represents the maximal

power output ( _Wmax). For studies employing a combination of relative

exercise intensities, a mean value is presented; recovery periods for

which the relative exercise intensity was either not reported or was

reported as 30 W, or when the recovery was performed at a relative

exercise intensity B 50% _Wmax (or estimated _Wmax based on the

bioenergetic model [ _Wmax0 ] [25]), were not included in the calculation

of the mean relative exercise intensity. Training volume was

calculated by multiplying the exercise intensity relative to _Wmax (or
_Wmax0 ) by the effective duration of the exercise session (in minutes)

and by the total number of sessions. Effective training time represents

the effective time spent cycling and does not include recovery periods

for which the exercise intensity was either not reported or was

reported as 30 W, or when recovery was performed at a relative

exercise intensity B 50% _Wmax (or _Wmax0 ). Studies with middle-aged,

elderly or diseased (e.g., chronic heart failure, diabetic, obese)

populations, studies investigating a single session of exercise, and

studies not providing precise and detailed information about the

training prescription were excluded. The means of the individual

changes used to generate the data presented in this figure are those

relative to the maximum value of coupled mass-specific mitochon-

drial respiration reported in each individual investigation, and were

kindly provided by the corresponding authors of the following

studies: [1, 20, 22, 33, 36, 55, 68, 103–106, 108]. We were not able to

obtain results from Christensen et al. [103] and Robach et al. [106];

therefore, only the percent change (with no SEM) estimated by the

results in the manuscript is presented. Results from Irving et al. [104]

are relative to the young group only. Results from Robach et al. [106]

are relative to the normoxic training group only. Results from Larsen

et al. [109] have not been included as the authors only provided

values of mitochondrial-specific respiration, Results from in MacInnis

et al. [72] and Vincent et al. [107] have not been included as these

studies employed single-leg cycling. CIP oxidative phosphorylation

capacity (P) through complex I, CI?IIP oxidative phosphorylation

capacity (P) through complex I and II combined, HIIT high-intensity

interval training, MICT continuous training, SIT sprint interval

training
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training protocols both between individuals within the

same population, and between different populations.

Two final observations can be made. Training-induced

changes in mass-specific mitochondrial respiration via fatty

acid oxidation (ETFP) may occur earlier (i.e. after fewer

exercise sessions) compared with those via complex I (CIP)

or complex I ? II (CI?IIP) [103], as also observed in

unpublished data from our laboratory (ETFP increased

significantly following six exercise sessions, whereas

CI?IIP did not). The second observation stems from the

study by MacInnis et al. [72], where participants performed

single-leg cycling; the HIIT group in this study had similar

or greater increases in mass-specific mitochondrial respi-

ration compared with studies eliciting similar relative

exercise intensities employing double-leg cycling

[20, 33, 36, 104, 106], despite a markedly lower training

volume. This indicates single-leg cycling may represent a

more powerful stimulus than double-leg cycling to improve

mass-specific mitochondrial respiration, as previously

suggested [112].

2.3.2 Reversibility of Mitochondrial Respiratory Function

Following Detraining

One week of complete detraining induced a 1.5-fold

decrease in mitochondrial respiration measured in deltoid

muscle homogenates of elite swimmers, with no further

changes for the following 3 weeks [113]. Similarly,

3 weeks of complete detraining resulted in a * 1.3-fold

decrease in MAPR measured with different substrate

combinations in the vastus lateralis muscle of active men

[27]; the lower decrease in the latter study may relate to the

different muscle investigated (non-weight-bearing vs.

weight-bearing, respectively). A 2-week taper reduced

(* 1.2-fold) mass-specific mitochondrial respiration in

permeabilised muscle fibres of the vastus lateralis of

moderately-trained men [1], whereas a 1-week taper

resulted in no change in the same parameter (unpublished

data from our laboratory). These findings indicate that

mitochondrial respiratory function is rapidly reversed fol-

lowing inactivity or a substantial reduction in training

volume, and they highlight the importance of maintaining

the training stimulus to help reduce or prevent this loss.

More research is required to better characterise the effect of

different types of detraining on mitochondrial respiratory

function.

2.4 Dissociation between Training-Induced Changes

in Mitochondrial Content and Mitochondrial

Respiratory Function

Although a concomitant change in mitochondrial content

and mitochondrial respiration is typically reported, a

dissociation between these two parameters has been

observed in both mice [114] and humans [1, 2, 33, 36, 55].

This is supported by findings indicating that in human

skeletal muscle, higher training statuses are associated with

relatively larger values of mass-specific mitochondrial

respiration than CS activity [70]. Thus, it appears

improvements in mitochondrial respiratory function in

human skeletal muscle can take place independently of

changes in mitochondrial content.

This dissociation results in training-induced changes in

mitochondrial (mt)-specific respiration (i.e. mass-specific

mitochondrial respiration normalised to mitochondrial

content, or one of its markers). Four weeks of SIT induced

an increase in mass-specific respiration despite no change

in mitochondrial content (as assessed by CS activity),

resulting in a * 1.2-fold significant increase in mt-specific

respiration [33]. Conversely, despite an increase in mito-

chondrial content (as assessed by TEM), 6 weeks of MICT

did not change mass-specific mitochondrial respiration,

resulting in an * 1.2-fold significant decrease in mt-

specific respiration [36, 55]. This dissociation has also been

demonstrated in a cross-sectional study that reported elite

athletes have significantly greater mt-specific respiration

than individuals of lower training status [2].

The dissociation between training-induced changes in

mitochondrial content and mitochondrial respiratory func-

tion should not come as a surprise, as we have revealed that

relative exercise intensity appears to be a primary deter-

minant of training-induced changes in mitochondrial res-

piration, whereas training volume seems to be a primary

determinant of training-induced changes in mitochondrial

content. This highlights the specificity of different training

interventions, and it suggests these two parameters can be

manipulated to induce the desired mitochondrial adaptation

(Fig. 5). For example, mitochondrial respiratory function

can be improved as a consequence of increased mito-

chondrial content (i.e. increased mass-specific and

unchanged mt-specific respiration) [1, 68], by improving

mt-specific respiration (i.e. increased mass-specific respi-

ration and unchanged mitochondrial content) [33], or

through any combination of these (Fig. 5).

The origin of this dissociation is not readily apparent,

and it may have many explanations. For example, mito-

chondrial remodelling [115] and autophagy/mitophagy

[116, 117] constitute important physiological responses to

exercise. Hence, an increase in mitochondrial respiratory

function may stem from improved mitochondrial mor-

phology, or selective mitochondrial degradation, resulting

in more efficient mitochondria following autophagy [118],

and may not necessarily translate into increased mito-

chondrial content [119]. In Sect. 2.1, we highlighted that

MPS, MPB and net muscle protein turnover all have been

reported to increase after training [52, 53]. Similarly, if
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exercise-induced increases in MitoPS [35, 38] were

accompanied by increased mitochondrial protein break-

down (a response that may be expected as exercise-induced

increases in MPB have been reported [47]), mitochondrial

content would not change despite increased protein

turnover.

Nevertheless, replacement of old proteins with newly

synthesised ones would likely result in improved mito-

chondrial respiratory function [119]. In addition, mito-

chondrial cristae density and surface area of mitochondrial

cristae per muscle volume are increased with greater

training status [120]. Cristae shape has been observed to

determine mitochondrial respiratory efficiency via regula-

tion of the assembly and stability of respiratory chain

supercomplexes [121]—the formation of which is

enhanced following exercise training in human skeletal

muscle [122]. Therefore, it is tempting to speculate that

exercise training may improve mitochondrial respiratory

efficiency through increased mitochondrial cristae density

and tightening, which increases supercomplexes assembly

and stability [121, 123]. These findings suggest another

possible mechanism that may improve mitochondrial res-

piratory function independent of changes in mitochondrial

content. Finally, metabolic regulation could also play a

part, as both peroxisome proliferator-activated receptor c
coactivator-1a (PGC-1a) [124] and p53 [125] promote a

switch from glycolytic to oxidative energy provision. This

indicates that modulation of metabolic regulation may

improve mitochondrial respiratory function independent of

changes in mitochondrial content.

In conclusion, mitochondrial remodelling, autophagy/

mitophagy, mitochondrial protein turnover, changes in

mitochondrial ultrastructure and metabolic regulation are

all potential mechanisms that may contribute to the dis-

sociation between training-induced changes in mitochon-

drial content and mitochondrial respiratory function.

Further research is required to investigate the effects of

altering the training prescription on mitochondrial ultra-

structure and the mitochondrial quality-control processes

described above.

3 Relationship Between Exercise- and Training-
Induced Mitochondrial Adaptations

It has been suggested that training-induced mitochondrial

adaptations are the result of the cumulative effects of

transient changes in protein localisation [126] and mes-

senger RNA (mRNA) expression [17] after each exercise

session. This leads to the concept that exercise-induced

changes can provide information about factors affecting

training-induced adaptations. While previous research has

Fig. 5 Schematic of predicted training-induced changes in mito-

chondrial content (mt-C; empty arrows), mass-specific mitochondrial

respiration (ms-R; filled arrows) and mitochondrial-specific respira-

tion (mt-R; empty/filled arrows) at different relative exercise inten-

sities (Ex-Int) and training volumes (Tr-Vol), based on the results

from the available literature. Exercise intensity is considered relative

to maximal power output ( _Wmax) determined with an 8- to 12-min

incremental exercise test. Training volume is obtained by multiplying

the exercise intensity relative to _Wmax (or estimated _Wmax based on the

bioenergetic model [ _Wmax0 ] [25]), by the effective duration of the

exercise session (in minutes), and by the total number of sessions.

Arrows represent no change (horizontal), an increase (upward) or a

decrease (downward). Arrow thickness is representative of the

magnitude of the predicted change. a.u. arbitrary units, n/a not

applicable
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reported both a relationship [17, 127] and a lack of rela-

tionship [17, 75] between these parameters, results from

Table 1 and ESM Figure S1 indicate a generally poor

correlation. Therefore, caution must be used when pre-

dicting mitochondrial adaptations to training based on the

assessment of a limited set of parameters measured after a

single exercise session. This lack of a relationship between

exercise- and training-induced mitochondrial adaptations

may relate to methodological shortcomings such as the

arbitrary and limited number of time points of post-exer-

cise muscle sampling, the limited range of candidate genes

and proteins investigated, and the inability to control for

confounders such as circadian rhythm, previous training

history, genetic variations, pre-biopsy nutrition, etc.

Moreover, it has been reported that mRNA content can

only predict * 40% of the variability in protein levels in

mammalian cells [128], indicating assessment of gene

transcription alone may not predict changes in protein

content and biological function (for an interesting debate

on this topic, readers are referred to an excellent viewpoint

article and its related counterpoints [76, 129, 130]).

However, even though there is not strong evidence

supporting a relationship between exercise- and training-

induced mitochondrial adaptations, we still advocate

assessing exercise-induced changes in the mRNA expres-

sion and protein content and localisation of key transcrip-

tional regulators of mitochondrial biogenesis as this

enhances our understanding of the molecular mechanisms

associated with mitochondrial adaptations. Moreover,

although with our current knowledge we are not able to

predict training-induced mitochondrial adaptations based

on exercise-induced responses, the value in being able to

do so makes this a very important area for future study.

4 Conclusions and Future Research

We have demonstrated that training volume seems to be an

important determinant of training-induced changes in

mitochondrial content (as assessed by CS activity, Fig. 2a),

an effect seemingly restricted to training interventions

employing relative exercise intensities\ 100% of _Wmax.

When training-induced changes in MitoVD are assessed by

TEM, a plateau in this parameter has been reported

(Fig. 1). Conversely, relative exercise intensity does not

seem to be a key determinant of training-induced changes

in mitochondrial content (as assessed by CS activity,

Fig. 2c). Finally, stagnation may occur if the training

stimulus is not maintained (e.g. exercising at the same

absolute exercise intensity), and training-induced increases

in CS activity are rapidly reversed following detraining.

We have also demonstrated relative exercise intensity

appears to be a key determinant of training-induced chan-

ges in mass-specific mitochondrial respiration (Fig. 3) (and

MitoPS), whereas training volume is only of secondary

importance (i.e. when relative exercise intensity is similar,

greater training volumes result in greater increases in mass-

specific mitochondrial respiration). A relative exercise

intensity threshold of * 90% of _Wmax may exist to

increase mass-specific mitochondrial respiration, whereas

Table 1 Correlations between exercise- and training-induced (12 exercise sessions) mitochondrial adaptations following a cycling intervention

in the vastus lateralis muscle of healthy humans

Exercise-induced mitochondrial

adaptation

CS activity

(% change post-training)

[CI?II]P
(% change post-training)

[CI?II]P/CS activity

(% change post-training)

r [95% CI] P r [95% CI] P r [95% CI] P

PGC-1a mRNA (% change ? 3 h) 0.22 [- 0.17, 0.56] 0.263 0.17 [- 0.23, 0.51] 0.408 - 0.05 [- 0.42, 0.34] 0.809

Nuclear PGC-1a pc

(% change ? 0 h)

0.05 [- 0.34, 0.43] 0.794 0.06 [- 0.33, 0.44] 0.768 0.01 [- 0.38, 0.40] 0.964

p53 mRNA (% change ? 3 h) 0.61 [0.30, 0.80] \ 0.001* - 0.07 [- 0.44, 0.32] 0.744 - 0.45 [- 0.71, - 0.08] 0.020*

Nuclear p53 pc (% change ? 0 h) - 0.21 [- 0.55, 0.20] 0.316 - 0.10 [- 0.47, 0.30] 0.619 0.08 [- 0.31, 0.46] 0.687

Nuclear p-p53Ser15 pc

(% change ? 0 h)

- 0.03 [- 0.41, 0.36] 0.889 - 0.01 [- 0.39, 0.38] 0.970 0.00 [- 0.39, 0.38] 0.986

Linear correlation analyses were used to calculate the correlation coefficient between exercise- and training-induced mitochondrial adaptations,

according to Pearson’s product moment (r) (SigmaStat software; Jandel Scientific, San Rafael, CA, USA); 95% confidence intervals (CI) for the

r values are reported in square brackets. Unpublished results from our laboratory; n = 27 and 26 for correlations involving mRNA and protein

content measurements, respectively

CI?IIP maximal mass-specific mitochondrial respiration through complex I and II combined, CI?IIP/CS activity maximal mitochondrial (mt)-

specific respiration through complex I and II combined, CS citrate synthase, mRNA messenger RNA, p-p53Ser15 p53 phosphorylation at serine 15,

pc protein content, PGC-1a peroxisome proliferator-activated receptor c coactivator 1-a

*Statistically significant difference (P\0.05)
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at relative exercise intensities[ 100% of _Wmax changes in

this parameter may be differentially regulated (Fig. 3). We

also report that SIT represents a more efficient form of

exercise to improve mass-specific mitochondrial respira-

tion both on a per-time or per-training volume basis

(Fig. 4). Similar to mitochondrial content, a reduction in

the training stimulus, or complete detraining, induces a

rapid loss of mitochondrial respiratory function. These

findings suggest the training stimulus needs to be main-

tained to preserve previous training-induced gains in

mitochondrial respiratory function.

The above sections have provided an extensive review

on the current knowledge regarding training-induced

mitochondrial adaptations (Fig. 6). To date, very few

studies have measured many of the parameters associated

with exercise- and training-induced mitochondrial adapta-

tions simultaneously. The importance of mitochondrial

remodelling events [131, 132] and autophagic processes

influencing mitochondrial turnover [119, 133], as well as

mitochondrial ultrastructure processes regulating cristae

density [120] and shape [121], and the formation of

supercomplexes [122], is only starting to become apparent.

New evidence is continuing to emerge regarding the role of

transcription factors such as PGC-1a, p53, mitochondrial

transcription factor A and transcription factor EB in the

regulation of exercise-induced mitochondrial biogenesis

[29, 124, 134, 135]. We have also shown training-induced

changes in mitochondrial content and mitochondrial res-

piratory function are not necessarily linked, and they

should be differentiated and measured in parallel. There-

fore, we propose future research investigating exercise- and

training-induced mitochondrial adaptations should take a

more holistic and integrative approach and measure chan-

ges in the above parameters simultaneously.

It is also important to underline that most of the con-

clusions put forth in this review (and in this field of

research in general) are based on comparisons across a

number of studies performed in different laboratories using

different populations and often employing a small sample

size. Therefore, to address some of the questions that

remain to be answered, we suggest that new research

should be conducted as part of large-scale, multi-site ran-

domised controlled trials (so as to increase the sample

size), and that factors such as the population investigated

and the methodology used should be tightly and rigorously

controlled, with the aim to strengthen the validity of the

conclusions made. These studies should incorporate mul-

tiple sampling time points to capture dynamic responses to

exercise training and to better define the time course of

training-induced mitochondrial adaptations. In addition,

classic techniques (e.g. TEM, enzyme activity, mitochon-

drial respiration) should be integrated with ‘omics’ tech-

nologies (e.g. transcriptomics, proteomics, metabolomics)

and bioinformatics [136].

The emergence of these technologies provides a new

and exciting discovery potential to understand the complex

and integrative nature of exercise in skeletal muscle, as

well as inter-organ crosstalk [137, 138]. This approach

would allow a deeper understanding of the processes

involved in the regulation of training-induced mitochon-

drial adaptations, increasing our knowledge of the events

leading to skeletal muscle phenotype remodelling. This

would also provide physicians and practitioners with

greater information to better design exercise training pro-

grammes aimed at improving health and performance.
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131. Cartoni R, Léger B, Hock MB, Praz M, Crettenand A, Pich S,

et al. Mitofusins 1/2 and ERRa expression are increased in

human skeletal muscle after physical exercise. J Physiol.

2005;567(1):349–58.

132. Saleem A, Carter HN, Iqbal S, Hood DA. Role of p53 within the

regulatory network controlling muscle mitochondrial biogenesis.

Exerc Sport Sci Rev. 2011;39(4):199–205.

133. Vainshtein A, Tryon LD, Pauly M, Hood DA. Role of PGC-1a
during acute exercise-induced autophagy and mitophagy in

skeletal muscle. Am J Physiol Cell Physiol.

2015;308(9):C710–9.

1826 C. Granata et al.

123



134. Mansueto G, Armani A, Viscomi C, D’Orsi L, De Cegli R,

Polishchuk EV, et al. Transcription factor EB controls metabolic

flexibility during exercise. Cell Metab. 2017;25(1):182–96.

135. Vousden KH, Ryan KM. P53 and metabolism. Nat Rev Cancer.

2009;9(10):691–700.

136. Neufer PD, Bamman MM, Muoio DM, Bouchard C, Cooper

DM, Goodpaster BH, et al. Understanding the cellular and

molecular mechanisms of physical activity-induced health ben-

efits. Cell Metab. 2015;22(1):4–11.

137. Safdar A, Saleem A, Tarnopolsky MA. The potential of

endurance exercise-derived exosomes to treat metabolic dis-

eases. Nat Rev Endocrinol. 2016;12(9):504–17.

138. Whitham M, Febbraio MA. The ever-expanding myokinome:

discovery challenges and therapeutic implications. Nat Rev

Drug Discov. 2016;15(10):719–29.

139. Bakkman L, Sahlin K, Holmberg HC, Tonkonogi M. Quantita-

tive and qualitative adaptation of human skeletal muscle mito-

chondria to hypoxic compared with normoxic training at the

same relative work rate. Acta Physiol. 2007;190(3):243–51.

140. Barnett C, Carey M, Proietto J, Cerin E, Febbraio MA, Jenkins

D. Muscle metabolism during sprint exercise in man: influence

of sprint training. J Sci Med Sport. 2004;7(3):314–22.

141. Burgomaster KA, Heigenhauser GJF, Gibala MJ. Effect of

short-term sprint interval training on human skeletal muscle

carbohydrate metabolism during exercise and time-trial perfor-

mance. J Appl Physiol. 2006;100(6):2041–7.

142. Burgomaster KA, Hughes SC, Heigenhauser GJF, Bradwell SN,

Gibala MJ. Six sessions of sprint interval training increases

muscle oxidative potential and cycle endurance capacity in

humans. J Appl Physiol. 2005;98(6):1985–90.

143. Carter SL, Rennie CD, Hamilton SJ, Tarnopolsky MA. Changes

in skeletal muscle in males and females following endurance

training. Can J Physiol Pharmacol. 2001;79(5):386–92.

144. Chesley A, Heigenhauser GJF, Spriet LL. Regulation of muscle

glycogen phosphorylase activity following short-term endurance

training. Am J Physiol. 1996;270(2 Pt 1):E328–35.

145. Cochran AJR, Little JP, Tarnopolsky MA, Gibala MJ. Carbo-

hydrate feeding during recovery alters the skeletal muscle

metabolic response to repeated sessions of high-intensity inter-

val exercise in humans. J Appl Physiol. 2010;108(3):628–36.

146. Dubouchaud H, Butterfield GE, Wolfel EE, Bergman BC,

Brooks GA. Endurance training, expression, and physiology of

LDH, MCT1, and MCT4 in human skeletal muscle. Am J

Physiol Endocrinol Metab. 2000;278(4):E571–9.

147. Green HJ, Bombardier E, Burnett ME, Smith IC, Tupling SM,

Ranney DA. Time-dependent effects of short-term training on

muscle metabolism during the early phase of exercise. Am J

Physiol Regul Integr Comp Physiol. 2009;297(5):R1383–91.

148. Green HJ, Helyar R, Ball-Burnett M, Kowalchuk N, Symon S,

Farrance B. Metabolic adaptations to training precede changes

in muscle mitochondrial capacity. J Appl Physiol.

1992;72(2):484–91.

149. Green HJ, Jones S, Ball-Burnett ME, Smith D, Livesey J, Far-

rance BW. Early muscular and metabolic adaptations to pro-

longed exercise training in humans. J Appl Physiol.

1991;70(5):2032–8.

150. Gurd BJ, Perry CG, Heigenhauser GJ, Spriet LL, Bonen A.

High-intensity interval training increases SIRT1 activity in

human skeletal muscle. Appl Physiol Nutr Metab.

2010;35(3):350–7.

151. Gurd BJ, Yoshida Y, McFarlan JT, Holloway GP, Moyes CD,

Heigenhauser GJF, et al. Nuclear SIRT1 activity, but not protein

content, regulates mitochondrial biogenesis in rat and human

skeletal muscle. Am J Physiol Regul Integr Comp Physiol.

2011;301(1):R67–75.

152. Harmer AR, Chisholm DJ, McKenna MJ, Hunter SK, Ruell PA,

Naylor JM, et al. Sprint training increases muscle oxidative

metabolism during high-intensity exercise in patients with type

1 diabetes. Diabetes Care. 2008;31(11):2097–102.

153. Howarth KR, LeBlanc PJ, Heigenhauser GJF, Gibala MJ. Effect

of endurance training on muscle TCA cycle metabolism during

exercise in humans. J Appl Physiol. 2004;97(2):579–84.

154. Irving BA, Short KR, Nair KS, Stump CS. Nine days of inten-

sive exercise training improves mitochondrial function but not

insulin action in adult offspring of mothers with type 2 diabetes.

J Clin Endocrinol Metab. 2011;96(7):E1137–41.

155. Jeppesen J, Jordy AB, Sjøberg KA, Füllekrug J, Stahl A, Nybo

L, et al. Enhanced fatty acid oxidation and FATP4 protein

expression after endurance exercise training in human skeletal

muscle. PLoS One. 2012;7(1):e29391.

156. Liljedahl ME. Different responses of skeletal muscle following

sprint training in men and women. Eur J Appl Physiol Occup

Physiol. 1996;74(4):375–83.

157. Linossier MT, Dormois D, Perier C, Frey J, Geyssant A, Denis

C. Enzyme adaptations of human skeletal muscle during bicycle

short-sprint training and detraining. Acta Physiol Scand.

1997;161(4):439–45.

158. Little JP, Safdar A, Wilkin GP, Tarnopolsky MA, Gibala MJ. A

practical model of low-volume high-intensity interval training

induces mitochondrial biogenesis in human skeletal muscle:

potential mechanisms. J Physiol. 2010;588(6):1011–22.

159. Ma JK, Scribbans TD, Edgett BA, Boyd JC, Simpson CA, Little

JP, et al. Extremely low-volume, high-intensity interval training

improves exercise capacity and increases mitochondrial protein

content in human skeletal muscle. Open J Mol Integr Physiol.

2013;3(4):202–10.

160. Macdougall JD, Hicks AL, Macdonald JR, McKelvie RS, Green

HJ, Smith KM. Muscle performance and enzymatic adaptations

to sprint interval training. J Appl Physiol. 1998;84(6):2138–42.

161. Masuda K, Okazaki K, Kuno S, Asano K, Shimojo H, Katsuta S.

Endurance training under 2500-m hypoxia does not increase

myoglobin content in human skeletal muscle. Eur J Appl

Physiol. 2001;85(5):486–90.

162. McKenzie S, Phillips SM, Carter SL, Lowther S, Gibala MJ,

Tarnopolsky MA. Endurance exercise training attenuates leu-

cine oxidation and BCOAD activation during exercise in

humans. Am J Physiol Endocrinol Metab. 2000;278(4):E580–7.

163. Messonnier L, Denis C, Prieur F, Lacour JR. Are the effects of

training on fat metabolism involved in the improvement of

performance during high-intensity exercise? Eur J Appl Physiol.

2005;94(4):434–41.
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