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A B S T R A C T

Aim: High-resolution respirometry in human permeabilized muscle fibers is extensively used for analysis of
mitochondrial adaptions to nutrition and exercise interventions, and is linked to athletic performance. However,
the lack of standardization of experimental conditions limits quantitative inter- and intra-laboratory
comparisons.
Methods: In our study, an international team of investigators measured mitochondrial respiration of per-
meabilized muscle fibers obtained from three biopsies (vastus lateralis) from the same healthy volunteer to avoid
inter-individual variability. High-resolution respirometry assays were performed together at the same laboratory
to assess whether the heterogenity in published results are due to the effects of respiration media (MiR05 versus
Z) with or without the myosin inhibitor blebbistatin at low- and high-oxygen regimes.
Results: Our findings reveal significant differences between respiration media for OXPHOS and ETcapacities
supported by NADH&succinate-linked substrates at different oxygen concentrations. Respiratory capacities were
approximately 1.5-fold higher in MiR05 at high-oxygen regimes compared to medium Z near air saturation. The
presence or absence of blebbistatin in human permeabilized muscle fiber preparations was without effect on
oxygen flux.

☆ This article is a contribution to the special issue entitled Unlocking Athletic Potential: Exploring Exercise Physiology from Mechanisms to Performance. Guest
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Conclusion: Our study constitutes a basis to harmonize and establish optimum experimental conditions for
respirometric studies of permeabilized human skeletal muscle fibers to improve reproducibility.

1. Introduction

Mitochondria are the major source of ATP production and reactive
oxygen species in eukaryote cells. Mitochondria are also a nexus for
anabolic and catabolic pathways, involved in key processes including
autophagy and calcium handling, cellular stress response, and epige-
netic reprogramming of the nuclear genome [1–4]. Athletes exercise to
improve their aerobic fitness and/or skeletal muscle strength in order to
achieve their competitive goals. It is important to understand adapta-
tions to exercise practice for the optimization of athletes training pro-
grams. To this respect, there are a couple of recent review articles that
summarize the molecular mechanisms causing acute [5] and exercise
adaptations to endurance and strength training [6]. Training stimulates
skeletal muscle mitochondrial biogenesis [7,8], and those adaptations
are determinant of athletic performance [9]. It has been reported that
both high intensity training [9] as well as moderate intensity training
[7] improves mitochondrial content and function. In the same line,
mitochondrial respiratory capacity could be ameliorated by both,
endurance and resistance training programs [10,11]. Interestingly it
seems as if excessive training causes impairments in mitochondrial
respiratory capacity but not when normalized by mitochondrial content
[12], even the interpretation of these results has been debated [13].

In addition, the importance of mitochondrial energetics for human
health is underscored by a growing appreciation of its key involvement
in pathophysiological conditions including aging and many age-related
diseases such as cardiovascular diseases, cancer, and diabetes [14–17].
As such mitochondria are being increasingly considered as a target for
the development of preventative and therapeutic strategies for human
health, and anti-aging.

Mitochondria in skeletal muscle provide the necessary ATP to fuel
contraction and maintain skeletal muscle metabolic health. Studies of
muscle mitochondrial function have broadly focused on its role in ath-
letic performance, aging, sarcopenia, and obesity/type 2 diabetes
[18–22]. The importance of mitochondria in mediating the health
benefits of exercise, caloric restriction, and some pharmacological
therapeutics, including metformin has been investigated [10,23–26].
For this purpose, permeabilized muscle fibers (pfi) obtained from skel-
etal muscle biopsies are routinely used to assess mitochondrial function
for diagnosis of mitochondrial diseases. Preparation of pfi offers tangible
advantages over isolated mitochondria: (1) less tissue is required, (2)
mitochondrial morphology is preserved, and (3) all mitochondrial
populations are represented [27,28]. However, it is important to take
into account that permeabilized muscle fibers have some limitations: (1)
complexity of preparation and time-consuming nature, (2) heterogene-
ity, leading to more variability across experiments, (3) diffusion limi-
tations, (4) inability to distinguish between mitochondrial
sub-populations, and (5) incompatibility with certain methods.
Although studies on human tissue biopsies are frequently statistically
underpowered, they must consider the background effects of age,
gender, sex, and environment [29]. As such, understanding the role of
these key intrinsic aspects of human biology on the relationship between
muscle mitochondrial energetics and human athletic performance or
disease is paramount.

Analysis of previous publications identifies diverse experimental
conditions among studies performed in human pfi. Thus we distinguish
(1) experimental conditions (composition of respiration media; use of
contraction inhibitors blebbistatin, Bleb, or N-benzyl-P-toluenesulfona-
mide, BTS; oxygen concentration range; experimental temperature), (2)
experimental protocols using different substrate-uncoupler-inhibitor
titration (SUIT) regimes addressing specific respiratory states, (3)

preanalytical procedures (including fiber preparation), and (4)
normalization of respiratory rate (for dry or wet mass of muscle fibers,
mitochondrial markers). The influence of these factors must be consid-
ered when attempting to compare and combine datasets. Furthermore,
sex [19,30,31], age [18–20,32–34], race [21], and physical fitness [8,9,
35–50] are physiological factors that influence mitochondrial respira-
tory capacity. These variables and specific mitochondrial quality control
criteria (such as cytochrome c control efficiency) must be considered
when datasets are compared [22].

Table 1 reports data obtained from human studies (different gender,
age, and physical fitness) conducted after the compilation performed by
Gnaiger in 2009 [22]. The studies used various respiration media, pre-
sence/absence of contraction inhibitors, O2 regimes, temperature, and
normalization strategies. It is clear from data in Table 1 that respiratory
rates are different, when different respiration media, O2 regimes, or
normalization strategies are used, and physical characteristics and
health status differ of the participants investigated. A limitation to
identify potential contributors to the variability observed in those data is
the diversity of parameters present in study design and participants’
characteristics. Therefore, a study that controls key experimental factors
influencing respiratory capacities is necessary to separate the effects of
methodological design from physiological variables.

The purpose of the present investigation is to explore the influence of
the most widely used respiration media, the use of contraction in-
hibitors, and the O2 concentration regime on respiratory capacities in
human permeabilized skeletal muscle fibers, while excluding physio-
logical variability between different donors.

2. Materials and methods

2.1. Biopsy donor and muscle biopsy

Three muscle biopsies were collected from a healthy, moderately-
trained male (43 years old) on three consecutive days under identical
conditions. The study was approved by the local ethics committee of
Copenhagen and Frederiksberg in Denmark (hs:h-15002266). All pro-
cedures were carried out in accordance with the declaration of Helsinki.
After an overnight fast a muscle biopsy was obtained at 9 a.m. from
muscle vastus lateralis under local anesthesia (lidocaine; 5 mg/mL) using
the Bergstrom needle modified for suction [51]. ~250 mg of muscle
biopsy was immediately transferred to ice-cold biopsy preservation
buffer (BIOPS, containing 2.77 mM CaK2EGTA, 7.23 mM K2EGTA, 20
mM imidazole, 20 mM taurine, 50 mM MES hydrate, 0.5 mM DTT, 6.56
mM MgCl2, 5.77 mM ATP and 15 mM phosphocreatine; pH 7.1 on ice
[52,53]. Each biopsy was used for two experimental runs per day
(morning and afternoon), kept on ice-cold BIOPS for less than 4.5 and
7.7 h, respectively.

2.2. Experimental design

Two experienced scientists prepared the pfi with slightly different
preparation procedures they routinely used for mechanical separation of
muscle fiber bundles, i.e. sharp forceps or needles. This was the only
difference in the standardized pfi preparation (Fig. 1).

Data with a cytochrome c control efficiency higher than 0.1 and mw
lower than 0.5 mg were excluded from the final dataset (Fig. S1). The
cytochrome c control efficiency was calculated in the OXPHOS state
following Gnaiger, 2020 [54].
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Table 1
Respiration of permeabilized fibers from biopsies of human vastus lateralis. Donors differ in age, gender, physical activity, and body mass index BMI. The studies
have been conducted using different respiration media, O2 regimes, presence/absence of contraction inhibitors, and temperature. O2 flux was normalized for wet or dry
tissue mass, mw or md. Abbreviations: Bleb: blebbistatin; BTS: N-benzyltoluene sulfonamide; G: glutamate; M: malate; MiR05: mitochondrial respiration medium
MiR05; MiR06: MiR05 plus catalase; N: sample size; NA: not available; Oct: octanoylcarnitine; P: pyruvate; Pal: palmitoylcarnitine; Ref: references; Rot: rotenone; S:
succinate; T: temperature; VO2max: maximum O2 consumption (cardiorespiratory fitness index); Z: respiration medium Z. Symbols: ♂: males; ♀: females; ~:
approximately.

Biometric data Age BMI VO2max Respi-ration
medium

O2

regime
Coupling and pathway
control state

O2 flux (per mw) at 37
◦C

Ref

[years] [kg/m2] [mL⋅min− 1⋅kg− 1] [μM] [pmol⋅s− 1⋅mg− 1]

Healthy
♂ (N = 8) 26 ± 2 NA 44 ± 7 MiR05 190–175 GMSP ~42 [35]c

♂ (N = 68) 31.4 ±

8.2
25.2 ± 3.2 NA MiR05 450–275 PMSP 123.1 [36]

♂ (N = 11) 20 ± 2 NA 45.1 ± 7.6 MiR05 450–275 PMSP ~70 [37]
♂ (N = 10) 26 ± 2 NA NA MiR06 420–250 OctPGMSP 87 [38]
♂ (N = 16) 27 ± 3 NA 43 ± 6 MiR06 420–250 OctPGMSP 86.5 [9]
♂ (N = 10) 23 ± 1 25 ± 1 46 ± 2 MiR05 200–100 GMSP ~45 [39]
♂ (N = 8) 22 ± 2 NA 45.7 ± 2.1 MiR06 450–280 PGMSP ~72.9a [40]
♂ (N = 9) 24

(19–30)
21.4
(19.6–25.7)

54 (49–57) MiR05 500–200 PalGMSP 55 (47–71) [41]

♂ (N = 8) 26 ± 2 NA 43.8 ± 6.8 MiR05 NA GMSP ~27 [42]c

♂ (N = 8) 23 ± 1 23.8 ± 0.6 NA MiR05 + Bleb 200–180 PGMSP ~142.9b [43]
♀ (N = 8) 21 ± 1 24.1 ± 1.6 NA MiR05 +Bleb 200–180 PGMSP ~142.9b [43]
♂ (N = 17) 27 ± 3 NA 47 ± 5 MiR06 420–250 OctPGMSP 103.5 [44]
♂ (N = 15) 26.2 ±

5.3
NA 37.9 ± 7.8 MiR05 NA PMP 383.4 [45]c

♂ (N = 16) 24.3 ±

0.9
23.4 ± 0.5 50.0 ± 2.4 MiR05 450–200 PGMSP ~70 [20]

♂ (N = 21) 26 ± 4 NA 46 ± 5 MiR06 420–250 OctPGMSP 94 [8]
♂ (N = 5) NA 21.6 ± 1.2 NA Z + BTS 220–150 GMP ~55.5a,b [47]
♂ (N = 10) 27 ± 1 23.5 ± 1.3 40.3 ± 3.0 Z + Bleb 250− PMSP ~65 [48]
♂ (N = 10) & ♀ (N =

6)
31 ± 2 23.6 ± 0.8 48 ± 2 MiR05 400–250 OctMP ~22.5a [21]

♂ (N = 10) & ♀ (N =

6)
31 ± 2 23.6 ± 0.8 48 ± 2 MiR05 400–250 OctPGMSP ~90a [21]

♂ (N = 10) 26 ± 1 24.1 54.43 MiR05 >300 OctMP ~30a [49]
♂ (N = 10) 26 ± 1 24.1 54.43 MiR05 >300 OctGMP ~60a [49]
♂ (N = 10) 26 ± 1 24.1 54.43 MiR05 >300 OctGMSP ~90a [49]
♂ (N = 10) 26 ± 1 24.1 54.43 MiR05 >300 S (Rot)P ~60a [49]
♂ (N= 7)& ♀ (N= 7) 21 ± 2 NA 49 ± 1 MiR05 400–275 PalPGMP ~35 [50]
♂ (N= 7)& ♀ (N= 7) 21 ± 2 NA 49 ± 1 MiR05 400–275 PGMP ~46 [50]
♂ (N= 7)& ♀ (N= 7) 21 ± 2 NA 49 ± 1 MiR05 400–275 PMP ~40 [50]
♂ (N= 7)& ♀ (N= 7) 21 ± 2 NA 49 ± 1 MiR05 400–275 PalMP ~20 [50]
♂ (N= 7)& ♀ (N= 7) 21 ± 2 NA 49 ± 1 MiR05 400–275 S (Rot)P ~60 [50]
♂ (N= 8)& ♀ (N= 2) 31.2 ±

5.4
21.3 ± 1.0 56.7 ± 9.6 Z + Bleb 400–200 GMSP ~90 [19]

♂ (N= 8)& ♀ (N= 2) 67.5 ±

2.7
24.2 ± 1.0 34.9 ± 4 0.3 Z + Bleb 400–200 GMSP ~85 [19]

Overweight
♂ (N = 18) & ♀ (N =

6)
28 ± 7 26 ± 3 NA MIR05 400–200 OctPGMSP 46.6 [32]

♂ (N = 11) & ♀ (N =

8)
70.7 ±

4.7
27.7 ± 0.7 18.6 ± 3.8 Z + Bleb 400–200 GMSP ~65 [19]

Obese
♂ (N= 5)& ♀ (N= 7) 40 ± 2 32 ± 2 27 ± 2 MiR05 450–200 GMSP ~55 [30]
♂ (N = 17) & ♀ (N =

14)
62 ± 8 31 ± 6 NA MiR05 400–200 OctPGMSP 36.1 [32]

♂ (N = 9) 57.3 ±

6.5
33 ± 5 21.4 ± 5.4 MiR05 450–300 OctPMSP ~30 [33]

♂ (N = 20) 60 ± 2 33.3 ± 0.6 NA MiR05 450–200 PGMSP ~70 [34]
♂ (N = 5) NA 43.0 ± 4.1 NA Z + BTS 220–150 GMP ~37.0a,b [47]
♀ (N = 24) 31.6 ±

1.4
30.2 ± 1.4 NA Z + BTS 220–150 PalGMSP 67.4a,b [31]

♀ (N = 8) 35.1 ±

2.4
36.5 ± 2.4 NA Z + BTS 220–150 PalGMSP 68.4a,b [31]

O2 fluxes were measured using the Oroboros O2k (Oroboros Instruments, Innsbruck, Austria).
Raw data from Table 1 are shown in Table S1.

a Respirometry was performed at 30 ◦C and O2 fluxes were adjusted to 37 ◦C by multiplication with a T-factor of 1.62 [22].
b Fiber wet mass to dry mass ratio is assumed to be 3.5 [22].
c Measured using the Hansatech system (Hansatech Instruments, King’s Lynn, United Kingdom).
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2.3. Preparation of permeabilized muscle fibers

A portion of the muscle sample was mechanically permeabilized
immediately after biopsy collection (morning) while the other half was
kept on ice-cold BIOPS and was prepared in the afternoon. After removal
of visible blood and connective tissue, fiber bundles were gently teased
apart by two experienced researchers using two different procedures: (1)
needles (BD microlance; 23G, BD, NJ, USA) under a magnifying glass or
(2) a pair of sharp forceps (Fisher Scientific, Item#50822410) under a
dissecting microscope (Zeiss, Stemi 305, Jena, Germany) using a small
Petri dish (ThermoFisher Scientific, Item#150318) and an ice block
(Biocision, Item#BCS-132). Muscle samples were kept completely sub-
merged in ice-cold BIOPS during both procedures. Immediately after
mechanical separation, fiber bundles (form by 15–25 fibers or several
with less fibers) were incubated in 5 mL of ice-cold BIOPS containing
freshly prepared saponin (50 μg saponin/mL BIOPS). After 30 min
shaking on ice for chemical permeabilization of the plasma membrane,
fiber bundles were washed by continuous shaking for 10 min in either 5
mL ice-cold MiR05 or medium Z. Finally, pfi were blotted on blotting
paper for 5 s, transferred to another dry section of the blotting paper for
2 s, and the mw was measured (range 0.60–2.83 mg) on a calibrated
microbalance (Mettler Toledo, XS105, Columbus, USA) as previously
described [28].

In our study, we did not find significant differences related to the two
mechanical fiber bundle separations in pfi preparation (Fig. S3). It is
important to mention that in this study both operators had extensive
experience preparing permeabilized human muscle fibers.

2.4. High-resolution respirometry

O2 consumption of human pfi was measured at 37 ◦C by high-reso-
lution respirometry (HRR) with the Oxygraph-2k (O2k; Oroboros In-
struments, Innsbruck, Austria) in pre-calibrated 2 mL chambers with
continuous stirring (750 rpm) [28]. Four experimental conditions were
compared using two mitochondrial respiration media, MiR05 (Oroboros
MiR05-Kit Lot#0915) and medium Z (prepared according to Table S2)
in two different O2 regimes, low O2 (L: 200-100 μM) and high O2 (H:
400-250 μM): (1) MiR05 in the absence of Bleb and presence of the
vehicle DMSO (MiR05-Bleb), (2) MiR05 with 25 μMBleb (MiR05+Bleb),
(3) medium Z in the absence of Bleb and presence of the vehicle DMSO

(Z-Bleb), and (4) medium Z in the presence of 25 μM Bleb (Z+Bleb). Due
to the photosensitivity of Bleb [55], illumination of the O2k chambers
was switched off after addition of Bleb/DMSO. The increase of the O2
concentration in experiments performed at the high O2 regime was
achieved by the injection of O2 gas into the gas phase of the open O2k
chambers. The researchers preparing pfi and operators running the ex-
periments were blind to each chamber experimental condition (except
for the oxygen regime).

We applied the substrate–uncoupler–inhibitor titration protocol
SUIT-008 (Fig. 2) [56]. First, NADH- (N-) linked substrates (5 mM py-
ruvate, 2 mM malate; PM) were titrated immediately after the addition
of permeabilized fibers and Bleb/DMSO. Subsequently, the O2 concen-
tration was increased in experiments conducted at high O2 levels. LEAK
respiration (PML) was determined after the addition of pyruvate and
malate for low O2, or after the O2 concentration was increased for high
O2, once O2 fluxes stabilized. Then, a kinetically saturating concentra-
tion of ADP (5 mM) with MgCl2⋅6H2O (3 mM) was added to evaluate
N-pathway OXPHOS capacity (PMP). After testing the integrity of the
mitochondrial outer membrane by adding cytochrome c (10 μM),
glutamate (10 mM) was added as additional N-linked substrate (PGMP).
Succinate (10 mM) was injected to assess OXPHOS-capacity of the
convergent N- and succinate-pathway into Q (NS-pathway, PGMSP).
Additional ADP titrations were performed to ensure kinetically satu-
rating concentrations for OXPHOS capacity [57]. The uncoupler
carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP) was
titrated stepwise to obtain ET-capacity of the NS-pathway (PGMSE).
Since ET-capacity must be at least equal (E = P) or higher (E > P) than
OXPHOS capacity, E < P is due to an experimental artefact (e.g. appli-
cation of an inhibitory uncoupler concentration) [54]. If PGMSE showed
slightly lower values compared to PGMSP, PGMSE was corrected as
PGMSE = PGMSP. Afterwards, Complex I was inhibited by rotenone (0.5
μM), allowing the evaluation of the succinate- (S-) pathway ET-capacity
(SE). Finally, Complex III was inhibited by antimycin A (2.5 μM) to
measure residual O2 consumption (Rox in the ROX state). O2 concen-
trations were maintained within low and high O2 ranges by
opening-closing the experimental chamber or by adding O2 into the gas
phase of the open O2k chambers. O2 fluxes were corrected for the
respective instrumental O2 background. For real-time data acquisition
and analysis, DatLab 7.4 software (Oroboros Instruments, Innsbruck,
Austria) was employed. Marks to obtain data of the O2 fluxes were

Fig. 1. Workflow of the human vastus lateralis study. Abbreviations: HRR: high-resolution respirometry; MiR05: mitochondrial respiration medium MiR05; Z:
respiration medium Z; ± Bleb: presence/absence of blebbistatin; L: low O2 regime (200-100 μM); H: high O2 regime (400-250 μM). Each operator used two O2k with
all-together 16 experimental chambers each morning and afternoon on three consecutive days.
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performed when a steady state was reached at each step of the SUIT
protocol, indicating stable O2 flux over time (red line, in Fig. 2).

2.5. Microscopic analysis of mitochondria network integrity and
ultrastructure

A fraction of the skeletal muscle biopsy was fixed freshly, and sub-
fractions of the biopsy were fixed after defined preparatory and exper-
imental steps: after dissection and permeabilization, and in samples
obtained from the O2k-chambers after completion of respirometric

measurements. Fixation was performed by immersion in 2 % glutaral-
dehyde, or 2 % paraformaldehyde supplemented with 0.15 % picric
acid, for electron microscopy and light microscopy, respectively. For
electron microscopy, muscle fibers were post-fixed with 1 % osmium in
0.1 M Sorensen buffer (pH 7.4) for 20 min. Muscle fibers were then
dehydrated in a graded series of ethanol, transferred to propylene oxide,
and embedded in Epon according to standard procedures. Ultrathin
sections were cut with a Reichert-Jung Ultracut E microtome and
collected on one-hole copper grids with Formvar supporting mem-
branes. Sections were stained with uranyl acetate and lead citrate and

Fig. 2. Representative traces of respiration of pfi from human vastus lateralis. High-resolution respirometry with two O2 regimes and two respiration media
with the substrate-uncoupler-inhibitor titration protocol SUIT-008. Blue lines: O2 concentration [μM], red lines: mass-specific O2 flux [pmol•s− 1•mg− 1] as a function
of time. (A) Low O2 (L, 200-100 μM), medium Z with blebbistatin (+Bleb); (B) high O2 (H, 400-250 μM), MiR05, absence of blebbistatin (-Bleb). Additions: per-
meabilized fibers, 25 μM blebbistatin or vehicle (DMSO); 5 mM pyruvate and 2 mM malate supporting the NADH-pathway N in the LEAK state (PML); ADP:
kinetically saturating ADP concentration to measure OXPHOS capacity (PMP); 10 μM cytochrome c to evaluate the mitochondrial outer membrane integrity; 10 mM
glutamate as additional N-linked substrate (PGMP); 10 mM succinate to activate the convergent electron flow into Q in the NADH&succinate-pathway NS (PGMSP);
ADP: further ADP addition to assess saturating ADP concentrations; U: uncoupler titrations to obtain the electron transfer-capacity (PGMSE); 0.5 μM rotenone to
inhibit Complex I (SE); 2.5 μM antimycin A (Complex III inhibitor) to measure residual O2 consumption (Rox, ROX state). Shaded areas indicate addition of O2 gas
into the gas phase while the chamber was opened for reoxygenation. The chamber illumination was switched off during respirometric measurements. Artefacts in the
O2 flux (spikes) due to reoxygenations and chemical additions were eliminated from the traces.
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examined with a CM 100 transmission electron microscope (FEI, Ter-
mofisher, Waltham, USA) operated at an accelerating voltage of 80 kV.
Images were collected using a Megaview 2 camera and processed with
the Analysis software package.

For fluorescence confocal microscopy analysis, single muscle fibers
were isolated and mitochondrial networks were labelled by immuno-
staining with a rabbit anti-COX IV (1:500, Ab16056, Abcam) primary
antibody, immunodetected with a goat anti-rabbit conjugated to Alexa
488 (1:500, Thermofisher, Waltham, USA). Image acquisition was per-
formed with a LSM700 (Carl Zeiss, Jena, Germany), through a Plan-
Apochromat 63x/1.4 objective. Confocal z-stacks from the surface of
the fiber and 10 μm in following Nyquist criterion (Voxel size x, y, z –
90,•90,•280 nm).

2.6. Statistics

To identify the systematic differences in measurements of O2 fluxes

that lead to predictable outcomes of the procedure, we followed two
complementary approaches: (1) a leave-one-out (LOO) cross-validation
strategy using a Random Forest Classifier to predict unobserved fea-
tures; (2) a LOO cross-validation using a Random Forest regressor to
predict each individual O2 flux. For each O2 flux at different respiratory
states we computed Spearman’s correlation between predicted and
observed O2 flux values.

Statistical analysis was performed using the software GraphPad
Prism 9. Non-parametric Mann-Whitney test was applied. Data are
shown as median ± interquartile range.

3. Results

3.1. Mitochondrial network and ultrastructure

Human pfi preparations were assessed by electron and confocal mi-
croscopy to evaluate how the permeabilization procedure and

Fig. 3. Effect of sample preparation and incubation on the mitochondrial network and ultrastructure. Sample fractions were fixed for light and electron
microscopy. (A–D) Mitochondria from freshly fixed muscle fibers were highly connected and displayed dense and preserved cristae. (E–H) Dissection and per-
meabilization with saponin induced mitochondrial fragmentation and disruption of ultrastructural integrity, including swelling, and bursting of mitochondria. (H)
Mitochondrial fragmentation occurred in both longitudinal and transversal connections. (I–P) After completion of titration protocol SUIT-008 in the respirometric
chambers, muscle fibers were fixed and analyzed with electron and confocal microscopy. Respirometric incubation induced further fragmentation and swelling of
mitochondria, (I–L) especially in absence of blebbistatin. (M, N)Mitochondrial ultrastructure was better preserved in fibers incubated with blebbistatin, compared to
(I, J) fibers incubated in absence of blebbistatin. Scale bars are indicated under each panel column.
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mitochondrial respirometry incubations affect mitochondrial ultra-
structure and network integrity compared to muscle fibers fixed before
these procedures (Fig. 3A–D). Although these analyzes were conducted
on a limited number of samples, these images show that the dissection
and permeabilization of muscle fibers bundles induce mitochondrial
fragmentation (Fig. 3E–H). Transversal connections between inter-
myofibrillar mitochondria decreased and different degrees of longitu-
dinal fragmentation were observed. These effects of dissection and
permeabilization were independent on respiration media (MiR05 versus
medium Z) used. The structural preservation of mitochondrial networks
and ultrastructure of the cristae were highly compromised in the fibers

after respirometric measurements (Fig. 3I–P). Addition of Bleb to the
incubation medium seems to improve the preservation of the mito-
chondrial morphology. Fibers incubated without Bleb showed enlarged
mitochondria, with disrupted inner and outer membranes (Fig. 3J). The
isolated fibers that were incubated with Bleb showed better preservation
of the mitochondrial membrane ultrastructure, although several largely
swollen mitochondria were detected per fiber as well (Fig. 3P, arrow).
Thus, respirometric measurements in pfi are performed in fragmented
mitochondria regardless of the original organization of the skeletal
muscle mitochondrial networks in vivo.

Despite our results indicating that the presence of Bleb in the

Fig. 4. Comparison of experimental respirometric conditions in permeabilized human skeletal muscle fibers. Respiration in MiR05 at high O2 without
blebbistatin (MiR05-Bleb/H) compared to medium Z at low O2 with blebbistatin (Z + Bleb/L). (A) Mass-specific O2 fluxes [pmol•s− 1•mg− 1] corrected (bc) and non-
corrected for residual O2 consumption (Rox) in LEAK state supported by pyruvate and malate (PML); (B) Residual oxygen consumption Rox after inhibiting Complex
III with antimycin A. (C, D) OXPHOS capacity in the presence of pyruvate, glutamate and malate (PGMP) or NS-linked pathway after addition of succinate (PGMSP).
(E, F) ET capacity of the NS- (PGMSE) or S-pathway after inhibition of Complex I by rotenone (SE). (G) Coupling-control ratio (L/P) calculated as PML/PMP, and (H)
succinate control efficiency calculated as 1-JO2(PGMP)/JO2(PGMSP). Results are represented as scatter plots and median with interquartile range from individual
human muscle fiber preparations (n = 7–9) obtained from three biopsies (N = 3) of the same volunteer. p-values from Mann-Whitney tests. Total respiration not
corrected for Rox is shown in Fig. S2.
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respiration medium seems to preserve the mitochondrial membrane
ultrastructure (Fig. 3), it is important to mention that the use of Bleb did
not influence mitochondrial respiration (Fig. S4) or cytochrome c con-
trol efficiency (Fig. S1). This indicates that the presence or absence of
Bleb in the respiration medium does not affect the release of cytochrome
c induced by sample preparation in human permeabilized muscle fibers.
Therefore, Bleb should not be used as a strategy to decrease cytochrome
c control efficiency.

3.2. Comparison of experimental conditions to study mitochondrial
respiration in pfi

As shown in Table 1, different experimental conditions (i.e. respi-
ration medium, use of contraction inhibitors, O2 regime) are used in
studies evaluating mitochondrial respiration in human pfi. Studies per-
formed in MiR05 are commonly carried out at a high O2 regime in the
absence of Bleb, whereas studies inmedium Z are conventionally done at
low O2 regime in the presence of Bleb [19,36,37,48]. Consequently, we
compared mitochondrial respiratory capacity (Fig. 2) of pfi in MiR05
and high O2 regime (400-250 μM O2) and medium Z with Bleb and low
O2 regime (200-100 μM O2; Fig. 4). Differences were not apparent be-
tween both experimental conditions in N-linked pathway states, both in
the LEAK (PML) and OXPHOS (PGMP) states (Fig. 4A and C). Similarly,
mass specific ET-capacity in the S-pathway (SE) did not show significant
differences between experimental conditions (Fig. 4F). However, when
O2 flux was further increased from the N-pathway by addition of suc-
cinate to induce convergent electron transfer into the Q-junction
(Fig. 4D and E), a significant difference was observed in OXPHOS:
PGMSP, MiR05-Bleb/H: 139 pmol•s− 1•mg− 1 (121− 147
pmol•s− 1•mg− 1); Z + Bleb/L: 92 pmol•s− 1•mg− 1 (79− 131
pmol•s− 1•mg− 1) p = 0.046, and ET states: PGMSE, MiR05-Bleb/H: 140
pmol•s− 1•mg− 1 (121− 155 pmol•s− 1•mg− 1); Z + Bleb/L: 92
pmol•s− 1•mg− 1 (82− 135 pmol•s− 1•mg− 1) p = 0.036 between the two
experimental regimes.

In addition, we evaluated two qualitative parameters of mitochon-
drial function. No differences were found for the coupling-control ratio
at low N-linked pathway flux (L/P; Fig. 4G) but a significant reduction
was observed for the stimulatory effect of succinate (succinate control
efficiency) addition to N-linked substrates (MiR05-Bleb/H: 0.45
(0.42− 0.62); Z + Bleb/L: 0.21 (0.15− 0.31), p = 0.0047; Fig. 4H).

In conclusion, the variability among previously published studies
(Table 1) cannot be attributed only to physiological characteristics of the
study groups, but lab-to-lab variability and differences in standard
operating procedures must be considered. Under controlled experi-
mental conditions (Fig. 1), experimental variables impact on the
apparent mitochondrial performance. These variables include compo-
sition of respiration media, the use of Bleb, and O2 regime as previously
suggested [22].

3.3. Predictive analysis of potential factors contributing to experimental
variability

To identify the systematic differences in measurements of O2 fluxes
that lead to predictable outcomes of the procedure, we followed two
complementary approaches. The first approach assessed whether it is
possible to predict a particular feature (factor; i.e. experimental day,
experimental run, pfi preparation, respiration medium, O2 regime,
presence/absence Bleb, O2k-operator and experimental O2k-chamber)
using the O2 flux obtained in a specific experimental assay. Specif-
ically, we followed a leave-one-out (LOO) cross-validation strategy
using a Random Forest Classifier (RFC) to predict unobserved features.
That is, to predict the feature of a certain experimental condition (target
feature such as respiration medium), we trained the RFC model with all
results on O2 flux in all assays and their corresponding features leaving
out only the assay (O2 flux and target feature) for which we wanted to
predict the target feature. We repeated this process for all assays and

obtained an average prediction accuracy as the fraction of correctly
predicted target features. To assess whether the average accuracy was
higher than expected (which would indicate a correlation between
feature and O2 flux), we randomized target features. That is, we matched
target features to O2 flux vectors at random, and we repeated the same
LOO strategy as for real data. We repeated the randomization process
1000 times to obtain a distribution of randomly expected average pre-
diction accuracies. By comparing the actual prediction accuracy of the
target feature to the random expectation, we assigned a p-value to the
measured accuracy. We found that two features were significantly
correlated with O2 flux: O2 regime and respiration medium (Table 2,
Fig. 5A and B). The confusion matrices from LOO experiments for these
two features clearly show that most of the time it is possible to predict
the correct O2 regime and respiration medium 23/32 for low O2 and 29/
35 for high O2; 23/31 for medium Z and 24/33 for MiR05 (Fig. 5A and
B). Remarkably, when we performed the LOO prediction experiments
for the combination of the two features (O2 regime and respiration
medium), it is possible to correctly predict respiration media for high O2
regimes but not for low O2 regimes (12/19 for high O2 regime and
medium Z; and 12/16 for high O2 regime and MiR05; Fig. 5C). These
results point to a clear difference in high O2 flux readouts for high O2
regimes (400-250 μM), in relation to the respiration medium used.

Our second approach included all features used previously to predict
each specific O2 flux measurement (O2 flux for PML, PGMP, PGMSP,
PGMSE and SE; Fig. 6). Again, we followed a LOO cross-validation using
a RFC to predict each individual O2 flux. For each O2 flux at different
respiratory states we computed Spearman’s correlation between pre-
dicted and observed O2 flux. To assess whether these correlations were
different from random, we repeated the process by randomizing the
features 1000 times and obtained the distribution of randomly expected
Spearman’s rho values. Fig. 6 shows that by using all features, we can
predict PML, PGMSP, PGMSE and SE but not PMP and PGMP. Addition-
ally, by using only O2 regime and respiration media (green line, Fig. 6)
the correlation between predicted and real fluxes was close to the cor-
relation obtained for predictions with all features (except for PML, where
some other feature seems to play a role, SE was marginally significant).

Both complementary statistical analyses revealed significant differ-
ences, clearly indicating that results on O2 flux depend on the tested
experimental regimes, specifically on the respiration medium and O2
regime. This predictive analysis of potential factors contributing to
experimental variability strongly shows that the other potential

Table 2
Statistics of leave-one-out prediction experiments (LOO). Random forest
classifier (RFC) to predict unobserved data in leave-one-out experiments for
each one of the features considered using O2 readouts as training (see results
section). LOORF Accuracy is the average accuracy of the RFC for that feature.
Av. Accuracy Random is the average accuracy obtained for LOO when the fea-
tures were randomized (1000 times). p-values computed by comparing the
LOORF to the distribution of accuracies obtained from the randomizations of
each feature. Abbreviations: pfi: permeabilized fibers; MiR05: mitochondrial
respiration medium MiR05; Z: medium Z; L: low O2 regime; H: high O2 regime;
Bleb (±): presence/absence of blebbistatin.

Column p-
value

LOO
RF

Av.
Accuracy

Significance
0.05/9

Day (1,2,3) 0.5773 0.3125 0.3199 n.s
Run (1: morning, 2:
afternoon)

0.7469 0.4688 0.5110 n.s.

pfi prep (needle/forceps) 0.0561 0.6563 0.5258 n.s.
Respiration medium
(MiR05/Z)

0.0027 0.7031 0.4856 significant

O2 regime (L/H) 0.0014 0.7969 0.4956 significant
Bleb (+/-) 0.2524 0.5469 0.4855 n.s.
O2k-operator 0.0096 0.4375 0.2620 n.s.
O2k-chamber 0.6077 0.0469 0.0507 n.s.
O2 regime/respiration
medium

0.0014 0.5625 0.2367 significant
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variables (two standardized pfi preparations, time of the day, consecu-
tive day of the experiment) did not influence our results, nor did the
standardized variables (O2k-operator, O2k-chamber) exert any influ-
ence on the results.

3.4. Targeted statistical analysis of critical features in high-resolution
respirometry

To validate results obtained by the leave-on-out (LOO) cross-
validation method using Random Forest models, more specific statisti-
cal analyses were performed to assess the influence of each parameter of
interest in HRR experiments under the current experimental conditions.

Effect of themyosin inhibitor blebbistatin: To assess the influence
of Bleb in human pfi preparation on O2 flux, we compared its use with
both respiratory media (MiR05 and medium Z) under both O2 regimes
(low O2 at 200-100 μMand high O2 at 400-250 μM). The addition of Bleb
in the O2k chamber did not exert any effect onmitochondrial respiration
(Fig. 7).

These results corroborate previous predictions by leave-on-out
(LOO) cross-validation method using Random Forest models where
the use of the myosin inhibitor Bleb, independently or in combination
with other features, was unable to predict O2 fluxes when saturating

substrate concentrations are used.
O2 regime: One of the features that predicted the observed differ-

ences in O2 fluxes was the O2 regime used in human pfi respiratory
studies. In this regard, the O2 dependence of mitochondrial respiration
in pfi has been previously reported, about 100-fold higher p50 compared
to small living cells and isolated mitochondria [58,59]. One of the ar-
guments published in favour of using Bleb is the option of avoiding high
O2 regimes to assess mitochondrial respiration [60] by inhibiting in vitro
skeletal muscle fiber contraction and by this means to reduce the O2
dependence. However, the prevention of O2 dependence under low O2
regimes using Bleb was not adequately addressed in this study [60]. Our
results clearly show that Bleb does not exert any impact on mitochon-
drial respiration regardless of the O2 regime used (Fig. S4).

Due to the absence of any Bleb effect on mitochondrial respiration,
we combined data with and without Bleb to assess the effects of respi-
ration media in both O2 regimes (Fig. 8).

Our results confirm that O2 concentration in the experimental O2k-
chamber influences mitochondrial respiration of pfi in MiR05 (Fig. 8A).
When medium Z is used (with or without Bleb) such sensitivity to O2
concentration is absent (Fig. 8B). However, when comparing OXPHOS
capacities in the NS-pathway (PGMSP) measured in both respiratory
media at high O2 regime, respiration was lower in medium Z (Fig. 8B).

Fig. 5. Confusion matrix for predictions of O2 regime and respiration medium. Results for leave-one-out prediction experiments using a Random Forest
Classifier (RFC) for the following features: (A) O2 regime, (B) respiration medium, (C) combination of both. Rows indicate predicted feature classes, while columns
indicate real (true) feature classes. Elements along the diagonal correspond to accurately classified data, while off-diagonal matrix elements correspond to mis-
classified data. Matrix elements are colored according to the color bars on the right-hand side of each matrix: the darker the color, the larger the RFC. The RFC
identified O2 regime and respiration medium from O2 flux readouts. However, the analysis of the combination of O2 regime and respiration medium shows that
differences in respiration media were only detectable for high O2 regimes. Abbreviations: L: low O2 regime; H: high O2 regime; MiR05: mitochondrial respiration
medium MiR05; Z: medium Z; ±Bleb combination of data in the presence and absence of blebbistatin.
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3.5. Correction factors for respiration medium and O2 concentration

To elucidate if differences of mitochondrial respiration in PGMSP
between MiR05 and medium Z (Fig. 8) depend on the O2k-operator
performance or O2 regime conditions, we applied correction factors to
the O2 fluxes (Fig. 9 and Fig. S5).

First, an O2 correction factor was calculated for each respiration
medium as the median values of the O2 fluxes at high-O2 divided by
median values of O2 fluxes at low-O2. Since the presence of Bleb in the
O2k chamber has not any effect on mitochondrial respiration (Fig. 7 and
Fig. S4), combined data with and without Bleb were used to calculate the
correction factors. These correction factors were 1.56 and 1.24 for
MiR05 and medium Z, respectively. O2 fluxes at low-O2 were multiplied

with O2 correction factors for each respiration medium.
Second, O2 fluxes obtained in experiments performed with respira-

tion medium Z were multiplied by the media correction factor 1.33
(media correction factor of medium Z: median values of O2 fluxes in
MiR05/median values of O2 fluxes in medium Z). The application of O2-
and media-correction factors showed that the differences between both
media are not related to the O2k performance between operators
(Fig. S5). Consequently, O2 fluxes at respiratory state PGMSP in MiR05
and medium Z were multiplied with O2 correction factors. Results
indicate that there are differences related to the respiration media used,
which are independent of O2 regimes (Fig. 9).

4. Discussion

This study evaluated current preanalytical and analytical procedures
for high-resolution respirometry, routinely used to assess mitochondrial
function in human pfi. Several international groups with specific expe-
rience in the field convened at the same laboratory to collaborate and
perform the present study. The intention was to minimize technical
sources of variability and therefore reinforce the study’s ability to infer
insight into the effect of experimental regimes on respiration of per-
meabilized human muscle fibers.

Previous research has explored how varying fitness levels and body
compositions correspond to a range of 60–180 pmol O2 s− 1 mg− 1 in
skeletal muscle maximal OXPHOS capacity, with the lower end typical
of sedentary individuals with obesity and the upper end representative
of athletes [22]. Exercise factors, such as training volume and intensity,
can influence various mitochondrial parameters, including protein
synthesis, content, and respiratory function—both mass-specific and
mitochondrial-specific respiration. Granata et al. (2018) provided evi-
dence that training volume significantly affects mitochondrial content,
whereas exercise intensity primarily drives changes in mass-specific
mitochondrial respiration [61]. Their comprehensive analysis high-
lighted the dissociation between mitochondrial content and respiratory
function, revealing how different training strategies can uniquely in-
fluence skeletal muscle mitochondrial adaptations. A precise knowledge
of these factors is critical to optimize training programs and athletes’
performance.

Based on current literature it is difficult to derive solid conclusions
on the “optimal experimental procedure” or to combine published
datasets for in-depth meta-analysis. Mainly due to differences in the
selected experimental conditions ‒ respiration media and O2 regime ‒
as potential major sources of variability among studies (Table 1).

Fig. 6. Predictability of individual O2 fluxes. LOO cross-validation experi-
ments using a Random Forest regressor to predict individual O2 flux (x-axis).
Prediction accuracy was quantified by Spearman’s correlation (y-axis) between
predicted and measured flux. The orange line shows the correlation values
obtained from the RFC model using all available features (experimental day,
experimental run, pfi preparation, respiration medium, O2 regime, presence/
absence of blebbistatin, O2k-operator, and O2k-chamber) as predictors. The
green line shows Spearman’s correlation values using respiration medium and
O2 regime as predictors of O2 flux. The blue line and shaded region are the 95 %
C.I. for the random expectation, obtained when all feature values are ran-
domized. Points in orange that fall out of the shaded region show O2 flux that
can be predicted from the features. Abbreviations: P: pyruvate; M: malate; c:
cytochrome c; G: glutamate; S: succinate; U: uncoupler; Rot: rotenone; L: LEAK
respiration; P: OXPHOS capacity; E: ET capacity.

Fig. 7. No effect of blebbistatin on mitochondrial respiration. Evaluation of Bleb effect on OXPHOS capacity supporting NS-pathway (PGMSP) at (A) low and (B)
high O2 regimes in respiration media MiR05 and Z. Results are represented as scatter plots and median with interquartile range from individual human muscle fiber
preparations (n = 8–10) obtained from three biopsies (N = 3) of the same volunteer. Abbreviations: MiR05: mitochondrial respiration medium MiR05; Z: medium Z;
± Bleb: presence/absence of blebbistatin; L: low O2; H: high O2; bc: baseline correction by residual O2 consumption.
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However, there is a growing need for standardization of experimental
conditions to generate comparable results among studies. This is a
necessary step to build reliable opensource datasets that facilitate
Bayesian statistics and obtain answers to relevant questions raised by
scientists studying human muscle mitochondrial function as a diagnostic
readout to assess athletes’ performance. By minimizing sources of
variability and standardization of technical variables, this study iden-
tified two critical experimental conditions with a significant effect on O2
flux of permeabilized human muscle fibers: respiration medium and O2
regime.

Environmental O2 levels, O2 delivery and respiratory metabolism are
the main factors controlling cellular oxygenation. Physiological intra-
cellular O2 concentrations are significantly lower than ambient O2 levels
at normoxic conditions. Thus, when working with cells or isolated
mitochondria, air saturation will mimic a hyperoxic environment when
assessing mitochondrial performance [62,63]. Therefore, when HRR
studies are performed using living or permeabilized cells, or isolated
mitochondria, O2 concentration in the experimental chamber could be
below 1 kPa, due to the low p50 and O2 diffusion distance; this O2 con-
centration in the chamber is at least 10 times higher than the p50, which

ranges from 0.01 to 0.10 kPa in mitochondria and small cells [58,59].
However, an O2 dependence was already reported [57] when
high-resolution respirometry studies were performed in skeletal muscle
pfi due to a higher diffusion distance (from 5 to 10 μm in cells to >150
μm in the intertwined fiber bundles [58] increasing significantly p50
values in more than 50 orders of magnitude, from below 0.1 kPa in small
cells to 5 kPa in permeabilized muscle fiber bundles).

The effect of respirometric incubation on disruption of the mito-
chondrial network caused by preparation and respirometric incubation
on respiratory capacities may be limited, considering that the mea-
surements are performed in pfi, where substrates reach mitochondria by
entering through the membrane pores made by the permeabilization
step and directly diffuse across the cytoplasm, instead of reaching spe-
cific mitochondria and travelling through mitochondrial networks [64].

Our current results agree with previous observations in rat muscle
but disagree with previous findings in human vastus lateralis muscle.
Unfortunately, that specific study did not report data in human muscle
at air saturating and higher O2 regimes, making a comparison with our
study results difficult [60].

When comparing MiR05 and medium Z, our results show that dif-
ferences in mitochondrial respiration of permeabilized human fibers in
NSP (PGMSP) remain after applying O2 and operator correction factors
(Fig. 9). We investigate the respiration media composition (Table S2) to
identify other potential factors which may trigger the observed differ-
ence in mitochondrial respiration between medium Z and MiR05. It has
been described that chloride inhibits OXPHOS and ET capacities using
different substrate combinations [65]. In this study, Wollenman et al.
addressed that chloride may inhibit adenine nucleotide translocase and
substrate transport across the inner mitochondrial membrane [65].
Moreover, another study showed an inhibitory effect of chloride on the
mitochondrial creatine kinase [66]. The presence of higher concentra-
tion of chloride in medium Z (46 mM after addition of ADP + MgCl2)
compared to the respiration medium MiR05 (12 mM after addition of
ADP+MgCl2) may explain the lower NSPwhich we observed in medium
Z. Other components present in MiR05 i.e. taurine and K-lactobionate
may play a role protecting mitochondrial function.

Current efforts to optimize and standardize the biological relevance
of HRR studies [36,54,67,68] are of major interest for different stake-
holders: scientific research, athletic performance, clinical practice, and
companies working on research and development in fields related to
mitochondrial function assessment. The European COST-action
MitoEAGLE had as an objective to improve our knowledge on mito-
chondrial function in health and disease related to Evolution, Age,
Gender, Lifestyle and Environment (EAGLE). For such undertaken, a
well-coordinated international network worked on the harmonization of
protocols towards generating a rigorously monitored data repository on

Fig. 8. O2 regime influences mitochondrial respiration in permeabilized human skeletal fibers. NS-pathway OXPHOS respiratory capacity (PGMSP) at low and
high O2 regimes using (A) respiration medium MiR05 and (B) medium Z. Dashed and solid lines show the median and interquartile ranges, respectively, obtained in
MiR05 in the presence&absence of Bleb at high O2 regime (MiR05±Bleb/H, blue) and in medium Z in the presence&absence of Bleb at low O2 (Z ± Bleb/L, gray).
Results are represented as scatter plots and medians with interquartile range from individual human muscle fiber preparations (n = 16–20) obtained from three
biopsies (N = 3) of the same volunteer. p-values indicate the level of significance obtained from Mann-Whitney tests. Abbreviations: MiR05: mitochondrial respi-
ration medium MiR05; Z: medium Z; ±Bleb: combination of data in the presence and absence of blebbistatin; L: low O2 regime; H: high O2 regime; bc: baseline
correction by residual O2 consumption.

Fig. 9. Effect of respiration medium on O2 flux (PGMSP) after application
of correction factors for the O2 regime. Results are represented as scatter
plots and medians with interquartile ranges from individual human muscle
fiber preparations (n = 33–38) obtained from three biopsies (N = 3) of the same
volunteer. p-values from Mann-Whitney tests. Correction factors: O2 (MiR05) =
1.56, O2(Z) = 1.24. Abbreviations: NSP: NS-pathway OXPHOS capacity; MiR05:
mitochondrial respiration medium MiR05; Z: medium Z; bc: baseline correction
by residual O2 consumption.
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mitochondrial respiratory function. An initial and necessary step was to
ameliorate dissemination and inter-study data analysis by standardiza-
tion and harmonization of terminology [54] which is a critical step for
data recording, building up inter-laboratory databases and comparison
of datasets. The incapacity to harmonize previous published data sets
using HRR in muscle tissues takes the working group 2 of the European
COST-action MitoEAGLE to concentrate on the optimization of HRR
studies in muscle tissues as a major task that has been divided in two
main actions: (1) inter-laboratory study on human permeabilized myo-
fibers: effects of fiber preparation, respiration medium and Bleb on
mitochondrial respiratory capacity and O2 regime; (2) inter-laboratory
harmonization of protocols for mitochondrial function evaluation in
muscle pfi. The current manuscript is a result of these actions. Thus, the
results presented in this study move forward the goal of achieving reli-
able HRR measurements, which together with the valuable information
supplied by other methodological studies [36,54,67,68] brings closer
the idea of establishing unified experimental conditions and defining a
HRR protocol that allows inter-study comparisons, which it is of great
need and demand nowadays. However, Cardinale et al. clearly pointed
out other potential sources of variability (e.g. sample preparation) that
should be taken into consideration when studies are performed by
different researchers with different technical skills [67]. Research in
methodological harmonization and optimization will benefit consortia,
such as the Molecular Transducers of Physical Activity Consortium
(MoTrPAC). MoTrPAC aims to generate a molecular map of exercise by
using a multi-omic approach and bioinformatic analysis, both in pre-
clinical and clinical studies [69]. Ancillary projects from MoTrPAC and
SOMMA are focused on mitochondrial function assessment in human
skeletal muscle and will be a significant contribution to the Consortium.

5. Conclusions

Our results demonstrate that O2 fluxes in human skeletal muscle pfi
are significantly influenced by the media and O2 regime. Thus, we
conclude that high O2 regime (400-250 μM) and a buffer composition
that do not interfere with the measurements, such as in this case MiR05,
are the optimal conditions to assess mitochondrial respirometry in
human skeletal muscle pfi. Our study provides a basis to harmonize
results on human skeletal muscle pfi and establishes guidelines for
selecting optimum experimental conditions, contributing to fight the
reproducibility crisis. These experimental advances will facilitate a more
accurate assessment of athletic performance and human health.

Data availability statement

Original files are available Open Access at Zenodo repository:
https://doi.org/10.5281/zenodo.7229481.

Ethics approval statement

The study was approved by the local ethics committee of Copenha-
gen and Frederiksberg in Denmark (hs:h-15002266). All procedures
were carried out in accordance with the declaration of Helsinki.

CRediT authorship contribution statement

Carolina Doerrier: Writing – review & editing, Writing – original
draft, Visualization, Validation, Methodology, Investigation, Formal
analysis, Data curation, Conceptualization, Supervision. Pau Gama-
Perez: Methodology, Investigation, Formal analysis, Data curation.
Dominik Pesta: Writing – review & editing, Methodology, Investiga-
tion, Formal analysis, Data curation, Conceptualization. Giovanna
Distefano: Writing – review & editing, Methodology, Investigation.
Stine D. Soendergaard: Methodology, Investigation. Karoline Maise
Chroeis: Investigation, Methodology. Alba Gonzalez-Franquesa:
Methodology, Investigation. Bret H. Goodpaster: Validation, Re-
sources, Conceptualization. Clara Prats: Writing – review & editing,
Methodology, Investigation, Formal analysis. Marta Sales-Pardo:
Writing – review & editing, Writing – original draft, Visualization,
Validation, Methodology, Formal analysis, Data curation. Roger Gui-
mera:Writing – review& editing, Writing – original draft, Visualization,
Validation, Methodology, Formal analysis, Data curation. Paul M.
Coen: Writing – review & editing, Writing – original draft, Validation,
Data curation. Erich Gnaiger:Writing – review& editing, Visualization,
Validation, Software, Resources, Funding acquisition, Data curation,
Conceptualization. Steen Larsen:Writing – review & editing, Writing –
original draft, Visualization, Validation, Supervision, Resources, Meth-
odology, Funding acquisition, Formal analysis, Data curation, Concep-
tualization. Pablo M. Garcia-Roves: Writing – review & editing,
Writing – original draft, Visualization, Validation, Supervision, Project
administration, Methodology, Investigation, Funding acquisition,
Formal analysis, Data curation, Conceptualization.

Declaration of competing interest

The authors declare no competing interests.

Acknowledgements

CD has been employed by Oroboros Instruments. GD is a recipient of
the Postdoctoral Fellowship Award from the American Diabetes Asso-
ciation (1-19-PDF-006). This publication is based upon work from COST
Action CA15203 MitoEAGLE, supported by COST (European Coopera-
tion in Science and Technology; https://wiki.oroboros.at/index.php/CO
ST_Action_MitoEAGLE).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.freeradbiomed.2024.07.039.

Abbreviations

Ama antimycin A N NADH-linked pathway
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CI Complex I Oct octanoylcarnitine
CIII Complex III OXPHOS oxidative phosphorilation
D ADP P capacity of oxidative phosphorylation, OXPHOS capacity
E electron transfer capacity, ET capacity P pyruvate
FCCP carbonyl cyanide p-trifluoro-methoxyphenyl hydrazone Pal palmitoylcarnitine
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(continued )

H high oxygen regime RF Random Forest
HRR high-resolution respirometry Rot rotenone
JO2 mass-specific O2 flux Rox residual oxygen consumption; ROX: state of Rox
L LEAK respiration S succinate
L Low oxygen regime SUIT substrate-uncoupler-inhibitor titration
LOO leave-one-out cross-validation U uncoupler
M malate Z mitochondrial respiration medium Z, medium Z
md dry mass
MiR05 mitochondrial respiration medium 5
mw wet mass
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