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Abstract 20 

BACKGROUND: the procedure of freezing human biopsies is common in clinical 21 

practice as a form of storage. However, this technique disrupts mitochondrial 22 

membranes, hampering further analyses of respiratory function. To contribute to 23 

the laboratorial diagnosis of mitochondrial diseases, this study sought to develop 24 

an O2 consumption protocol to measure the whole electron transfer system (ETS) 25 

activity in homogenates of frozen skeletal muscle biopsies.  26 

PATIENTS AND METHODS: we enrolled 16 patients submitted to muscle biopsy in 27 

the process of routine diagnostic investigation: four with mitochondrial disease 28 

and severe mitochondrial dysfunction; seven with exercise intolerance and 29 

multiple deletions of mitochondrial DNA, presenting mild to moderate 30 

mitochondrial dysfunction; and five without mitochondrial disease, as controls. 31 

Whole homogenates of muscle fragments were prepared using grinder-type 32 

equipment.  33 

RESULTS: Transmission electron microscopy confirmed that most mitochondria 34 

presented areas of membrane discontinuation, indicating increased permeability 35 

of mitochondrial membranes in homogenates from frozen biopsies. O2 36 

mailto:felippez@alumni.usp.br
https://orcid.org/0000-0002-7274-4493


 
  
 

ACoAR in diagnosis of mitochondrial diseases 

2 Zuccolotto-dos-Reis FH et al (2021) MitoFit Preprints 2021.3 

 

consumption rates in the presence acetyl-CoA lead to maximum respiratory rates 37 

sensitive to rotenone, malonate, and antimycin. This protocol of acetyl-CoA driven 38 

respiration (ACoAR), applied in whole homogenates of frozen muscle, was sensitive 39 

enough to identify ETS abnormality, even in patients with mild to moderate 40 

mitochondrial dysfunction. We demonstrated adequate repeatability of ACoAR and 41 

found a significant correlation between O2 consumption rates and enzyme activity 42 

assays of individual ETS complexes.  43 

CONCLUSIONS: here we present a simple, low cost and reliable procedure to 44 

measure respiratory function in whole homogenates of frozen skeletal muscle 45 

biopsies, contributing to the diagnosis of mitochondrial diseases in humans.  46 

Keywords ‒ frozen skeletal muscle biopsy; acetyl-CoA driven respiration (ACoAR); oxygen 47 

consumption rate; high-resolution respirometry; electron transfer system; mitochondrial 48 

diseases 49 

1. Introduction 50 

Mitochondria are responsible for energy production (ATP) in eukaryotes and play a 51 

central role in normal cellular function and survival. Mitochondrial diseases (MD) are a 52 

group of genetic disorders characterized by dysfunctional mitochondria. They were 53 

initially considered rare disorders, but mitochondrial dysfunction has been increasingly 54 

recognized as a cause of disease in humans [1,2]. Distinct clinical phenotypes have been 55 

associated with these disorders, encompassing both multisystem and single tissue 56 

involvement, characterizing highly variable phenotypes. Due to the lack of specific serum 57 

biomarkers, it is essential to measure mitochondrial function in affected tissues for MD 58 

diagnostic investigation. Even in the molecular era, it is not uncommon to find a mutation 59 

whose pathogenicity is not clearly defined; in this situation, functional evaluation is 60 

necessary for characterizing the underlying metabolic defect. 61 

Enzyme assays to evaluate the activity of each complex in the mitochondrial electron 62 

transfer system (ETS) are very useful in identifying single or multiple enzyme 63 

deficiencies, while measurements of oxygen (O2) consumption depict the entire 64 

respiratory chain activity (pathway) and the coupling between the oxidation of substrates 65 

and the phosphorylation of ADP producing ATP (oxidative phosphorylation). Both 66 

methodologies are important tools, contributing to the laboratory investigation of 67 

mitochondrial energetic dysfunction [3,4]. 68 

The ideal use of fresh tissue for the analysis of mitochondrial function is not always 69 

possible and the use of frozen samples is a reality in clinical practice. One of the 70 

advantages of frozen tissue is the possibility of storing it for future analyses. Indeed, 71 

frozen biopsies can be stable for over ten years if the samples have been frozen quickly 72 

and stored in liquid nitrogen [5]. It also allows us to perform a more extended sequence 73 

of tests, to retest samples in subsequent moments, to include stored control samples in 74 

the analysis, to analyze samples collected at locations distant from the specialized centers, 75 

and storage in biobanks for research.  76 

While enzyme assays are routinely performed in specialized laboratories using either 77 

fresh or frozen samples, O2 consumption requires better preservation of the tissue 78 
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[5,6,7,8,9]. Because the freezing procedure disrupts the cellular and organelle 79 

membranes, causing dissipation of mitochondrial membrane potential (ΔΨ) and other 80 

key elements for oxidative phosphorylation, O2 consumption is traditionally performed 81 

in fresh samples, immediately after the collection of the tissue.  82 

Previous studies successfully developed techniques for cryopreservation of tissues for 83 

later analyses of O2 consumption, such as the one by García-Roche et al. with liver 84 

biopsies. For skeletal muscle, Kuznetsov et al. submitted the sample to dissection, 85 

permeabilization and freezing in cryopreservation solution containing DMSO and BSA. 86 

However, this is not a common procedure for sample storage at clinical laboratories and 87 

tissue biobanks. Recently, Acin-Perez et al. described protocols for measuring 88 

mitochondrial respiration in various frozen biological samples. Regarding skeletal 89 

muscle, they proposed the use of a postnuclear fraction of homogenates from frozen 90 

biopsies digested with collagenase. Respiration was evaluated using NADH as a substrate 91 

for complex I, bypassing TCA cycle. 92 

Concomitantly, we developed an O2 consumption protocol to analyze the electron 93 

transport pathway capacity in whole homogenates of frozen skeletal muscle biopsies 94 

from patients with mild to moderate or severe mitochondrial dysfunction and controls, 95 

using acetyl-CoA a major substrate. Due to its high demand for energy, skeletal muscle is 96 

frequently affected in mitochondrial disorders. It is also easily accessible for biopsy, 97 

which makes this tissue appropriate for the analysis of mitochondrial function in clinical 98 

practice and research. 99 

 100 

2.  Patients and methods 101 

The ethics committee of our institution approved this study.  102 

2.1. Patients 103 

We selected muscle biopsies of 16 patients from the Neuromuscular Disease Clinic of 104 

our University Hospital. They were divided into three groups according to the severity of 105 

mitochondrial dysfunction in the skeletal muscle.  106 

In the MD group, there were four patients with classical MD phenotypes, whose muscle 107 

biopsies were characterized by the presence of ragged red fibers, the hallmark of 108 

mitochondrial dysfunction in this tissue. Two of them had mitochondrial 109 

encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) caused by the 110 

mutation m.3243A>G in the gene MT-TL1, located in the mitochondrial DNA (mtDNA). 111 

The mutation was detected by next-generation sequencing of mtDNA in one patient, who 112 

harbored 91% mutant molecules, and by sequencing using the Sanger method in the 113 

second patient. The other two patients had progressive external ophthalmoplegia (PEO) 114 

due to large-scale, single mtDNA deletion (a 4977 bp deletion encompassing the 115 

nucleotides 8482 to 13460, known as the common deletion of mtDNA), detected by PCR 116 

as described by Sciacco et al. and visualized in agarose gel containing ethidium bromide. 117 

Mutation analyses in all patients were performed in DNA extracted from skeletal muscle. 118 

They were classified as presenting severe mitochondrial dysfunction because of the high 119 
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percentage of mutant mtDNA molecules or a decrease of 70% or more in the activity of at 120 

least one of the ETS complexes in relation to the median value of the controls (enzyme 121 

assays of individual ETS complexes as described below). 122 

Seven patients with exercise intolerance as the primary symptom composed the group 123 

with mild to moderate mitochondrial dysfunction (EI group). Although a specific 124 

diagnosis was not established and muscle biopsy showed only slight, nonspecific changes, 125 

multiple deletions were found in the mtDNA extracted from skeletal muscle fragments. 126 

These multiple deletions were detected by PCR assay, with amplification of the mtDNA 127 

region between the nucleotides 7425 and 16459, using recombinant TaqDNA polymerase 128 

(Invitrogen), visualized in agarose gels containing ethidium bromide. 129 

Spectrophotometric enzyme assays of individual ETS complexes, performed as described 130 

below, demonstrated a decrease of between 30% and 70% in the activity of at least one 131 

of the ETS complexes in relation to the median value of the controls.  132 

In the group without mitochondrial dysfunction (control group), five patients had mild 133 

proximal weakness and nonspecific findings at muscle biopsy. Multiple deletions were 134 

absent in mtDNA extracted from muscle and the activity of ETS complexes was within the 135 

normal range according to the historical controls from our laboratory (enzyme assays of 136 

individual ETS complexes as described below). 137 

Age at muscle biopsy was similar for the EI and control groups (p=0.60 in Dunn’s post 138 

hoc test); ages were also similar for the MD and control groups (p=0.24 in Dunn’s post 139 

hoc test) (Table 1). 140 

 141 

Table 1: Demographic data. 142 

 MD group EI group Control group p† 

Age at biopsy (years) 

Med (min-max) 

 

24 (8 – 42) 

 

43 (37 – 49) 

 

38 (32 – 48) 

 

0.053 

Gender M/F                              3/1 5/2 3/2  

MD = mitochondrial disease; EI = exercise intolerance; Med = median; min = minimum; 143 

max = maximum; M = male; F = female; †Kruskal-Wallis test. 144 

 145 

2.2. Samples 146 

Skeletal muscle fragments from all 16 patients were collected from the biceps brachii 147 

(n=14) or quadriceps (n=2) by opened biopsy, under local anesthesia, in the course of the 148 

routine diagnostic investigation of their diseases, between the years 2000 and 2018. 149 

Frozen samples: the skeletal muscle fragments were immediately frozen in isopentane 150 

cooled in liquid nitrogen and stored in liquid nitrogen. A fragment was taken out of its 151 

storage and thawed in ice-cold BIOPS solution (20 mM imidazole, 20 mM taurine, 50 mM 152 

KMES, 0.5 mM DTT, 10mM Ca-EGTA buffer, 6.56 mM MgCl2, 5.77 mM ATP, 15 mM 153 

phosphocreatine, pH 7.1) [14] or a TRIS-HCl buffer (0.05 M TRIS-HCl and 0.15 M KCl, pH 154 

7.5) [15] immediately before use. 155 
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Fresh samples: biopsies from two controls were also analyzed immediately after 156 

collection. The fragments were immersed in the BIOPS solution and transported on ice to 157 

the laboratory for processing. 158 

2.3. Preparation of whole homogenate of muscle (WHM) 159 

Muscle biopsy fragments (45 to 100 mg) of fresh (fresh WHM) or frozen (frozen WHM) 160 

samples were weighed and a 10% weight/volume dilution was prepared in an ice-cold 161 

TRIS-HCl buffer or BIOPS solution. The fragments were homogenized with a mechanical 162 

tissue homogenizer model PowerGen 125 (Fisher Scientific, Pittsburgh, Pennsylvania, 163 

USA) turned to the maximum position (30,000 rpm). The rotor-stator generator probe 164 

used was a stainless steel probe 5 mm in diameter and 95 cm in length, which produced 165 

a shearing action on the fragment. This procedure was performed immediately before 166 

each experimental protocol. The vials containing the samples were kept in ice baths 167 

throughout the experiment. 168 

2.4. Transmission electron microscopy (TEM) 169 

The samples were prepared for TEM after homogenate preparation. Frozen WHM was 170 

centrifuged, the pellet was fixed for 2h at 4°C, with 2% glutaraldehyde, 2% formaldehyde, 171 

and 0.5% CaCl2 in phosphate buffer saline (NaCl 137 mM; KCl 2.7 mM; Na2HPO4 10 mM; 172 

KH2PO4 1.8 mM), and subsequently washed with 0.1 M cacodylate buffer (pH 7.4) for 1h 173 

at 4°C. The fixed components were post-fixed with 1% OsO4 for 2h at 4°C, washed with 174 

deionized water, dehydrated in a graded series of ethanol (30% to 100%), infiltrated with 175 

propylene oxide, embedded in Embed 812 resin, and left to polymerize for 72h at 60°C. 176 

Thin sections were stained with uranyl acetate and lead citrate for 10 min and examined 177 

in an electron microscope (Jeol JEM-100 CXII). We prepared two biological replicates and 178 

analyzed two grids from each. The images were processed and analyzed using the NIH-179 

developed Image J software (National Institutes of Health, Bethesda, Maryland, USA; 180 

available at https://imagej.net). For visualization purposes, the contrast was modified 181 

using the CLAHE plugin (Stephan Saalfeld, 2010; available at 182 

https://imagej.net/Enhance_Local_Contrast_(CLAHE)), maintaining the equivalent 183 

proportions for all images. 184 

2.5. Enzyme assays of individual ETS complexes 185 

Spectrophotometric analyses of the activities of ETS complexes were performed in 186 

frozen WHM, considering the activities of nicotinamide adenine dinucleotide (NADH) 187 

dehydrogenase and NADH ubiquinone reductase (complex I), succinate dehydrogenase 188 

(SDH; complex II), ubiquinol cytochrome c reductase (complex III), cytochrome c oxidase 189 

(COX; complex IV), and citrate synthase (CS), as described previously, with minor 190 

modifications [15,16].  191 

For purposes of using the same WHM for enzyme assays and O2 consumption, the 192 

assays were performed with homogenates prepared in TRIS-HCl buffer, routinely used in 193 

these assays, and in BIOPS solution, regularly used for respirometry, for comparison. 194 

https://imagej.net/
https://imagej.net/Enhance_Local_Contrast_(CLAHE)
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The ETS complexes' activities were corrected according to CS, an estimated measure 195 

of mitochondrial mass. The CS activity was corrected by the wet weight of the muscle 196 

fragment and expressed as μmol of substrate/min/g of tissue. 197 

2.6. Mitochondrial O2 consumption protocols  198 

Sixty μL of WHM prepared in BIOPS solution, corresponding to 6 mg of muscle, was 199 

transferred to a High-Resolution Respirometer (Oxygraph-2k, Oroboros, Innsbruck, 200 

Austria) filled with 2 mL of mitochondrial respiration buffer (MiR05) at 37ºC. The MiR05 201 

contains: 20 mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, 1 g/L bovine 202 

serum albumin, 0.5 mM EGTA, 3 mM MgCl2·H2O, and 60 mM K-lactobionate, pH 7.1 [14]. 203 

Electrodes were calibrated in MiR05, with a calculated saturated oxygen concentration of 204 

185 nm/mL at 95.5 kPa barometric pressure [17]. As the samples were permeabilized by 205 

fragmentation (homogenized), chemical permeabilization techniques, such as saponin or 206 

digitonin, were not employed. Substrate and inhibitor titration protocols were carried out 207 

in duplicates. Acetyl-CoA was obtained from Sigma (catalog number A2181). The data 208 

were acquired and O2 consumption rates were calculated using the DatLab 4 software. O2 209 

consumption rates were corrected by wet weight of tissue, expressed as pmol/sec/mg 210 

wet weight, or by the activity of CS. The rates of O2 consumption in the Residual state were 211 

subtracted from the rates of the Basal and Energized states. 212 

2.7. Statistical analysis  213 

Numerical data were presented as median, minimum, and maximum values. Groups 214 

were compared using the non-parametric test of Kruskal-Wallis with Dunn's post hoc test. 215 

For comparison of enzyme assays performed in Tris-HCl versus BIOPS, we used the 216 

Wilcoxon test.  217 

Correlation between enzyme assays and O2 consumption was calculated using 218 

Spearman's correlation coefficient. The magnitude of correlation was established as 219 

proposed by Ajzen: ≤ 0.20 very low, 0.21-0.40 low, 0.41-0.60 moderate, 0.61-0.80 high, 220 

and 0.81-1.0 too high. 221 

Repeatability of O2 consumption measures was analyzed by the intraclass correlation 222 

coefficient (ICC) for absolute agreement, using the two-way mixed-effects model for 223 

single measures. ICC was calculated in duplicate measurements on samples from nine 224 

patients (four from the MD group, two from the EI group and three from the control 225 

group). The strength of agreement was interpreted as follows: <0.5 poor, 0.5 to 0.75 226 

moderate, 0.75 to 0.9 good, and >0.9 excellent [19,20]. Measures 1 and 2 from those 227 

patients were also compared using the Wilcoxon test to rule out biases related to the 228 

sequence of measurement. 229 

The significance level was set at p< 0.05. 230 

The program used for the statistical analysis was the Statistical Package for the Social 231 

Sciences (SPSS) (IBM SPSS software) version 17.0. The graphs were constructed using 232 

GraphPad Prism version 5.01. 233 

 234 
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3. Results 235 

3.1. Set-up of the O2 consumption protocol for frozen samples 236 

The set-up of the protocol for O2 consumption in frozen muscle was performed using 237 

skeletal muscle biopsies of two patients from the control group. Four independent 238 

experiments were performed. Frozen and fresh muscle fragments (45 to 100 mg) from 239 

the same patient (for comparison) were homogenized (by fragmentation), generating 240 

frozen and fresh WHM, respectively. 241 

Figure 1A shows the O2 consumption pattern of frozen WHM submitted to routinely 242 

used respiratory protocols for fresh homogenates [17]. The respiratory rate in the frozen 243 

WHM was not changed after the addition of exogenous substrates (pyruvate and malate), 244 

ADP, oligomycin (ATP synthase inhibitor), or the ETS inhibitors rotenone and KCN, 245 

indicating a complete respiratory impairment, probably related to a disruption in 246 

mitochondrial inner membrane integrity and depolarization. A similar result was 247 

observed in the presence of cytochrome c (cytochrome c test [21], data not shown). Then, 248 

in these frozen WHM, we checked the inner membrane permeability to acetyl-CoA (Figure 249 

1B). In the presence of cytochrome c and NAD+ (to avoid the lack of these molecules due 250 

to membrane disruption) and malate (which we named Basal state), the respiratory rate 251 

was increased after the addition of acetyl-CoA (Energized state) indicating an acetyl-CoA 252 

driven respiration (ACoAR). At this state, the addition of ADP had no effect (data not 253 

shown). This condition can be considered the maximum respiratory rate because inner 254 

membrane disruption leads to H+ return to the matrix (uncoupling), decreasing the 255 

electrochemical backpressure on the ETS proton pumps and stimulating the respiration 256 

at a maximal level flow of the ETS system. The ACoAR was sensitive to the sequential 257 

additions of the ETS inhibitors rotenone (complex I), malonate (complex II), and 258 

antimycin A (complex III), reaching an O2 consumption rate not related to mitochondrial 259 

respiration (Residual state). After complex I inhibition, an evident inhibitory effect of 260 

malonate was observed, indicating that the TCA cycle is feeding complex II with succinate. 261 

The same protocol was applied to fresh WHM from the same patient (Figure 1C). No 262 

increment in O2 consumption was observed after the addition of acetyl-CoA, 263 

demonstrating the known very low permeability of the mitochondrial inner membrane 264 

to high molecular mass and polar molecules. In addition, fresh WHM were tested to 265 

respiratory substrates (malate and pyruvate), ADP, and cytochrome c, which together led 266 

to the Energized state (Figure 1D). This state was also sensitive to ETS inhibitors; 267 

however, the inhibitory effect of malonate was less evident than that observed in the 268 

frozen WHM. This effect probably occurs because pyruvate reduces one additional NAD+ 269 

at the pyruvate dehydrogenase complex, generating a higher proportion of NADH:FADH2 270 

(4:1) compared to acetyl-CoA (3:1), thereby supplying more electrons to complex I. Note 271 

that the O2 consumption rates in Energized states of fresh (Figure 1D) and frozen (Figure 272 

1B) WHM are very similar (~ 7 pmol O2/(s*mg)), demonstrating that the protocol 273 

developed in this study for whole homogenates of frozen samples allows for the reaching 274 

of the same maximal respiratory rates found in whole homogenates of fresh samples.   275 

 276 

 277 
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A       B 278 

       279 
C       D 280 

       281 
 282 

Figure 1. Oxygen consumption in frozen and fresh WHM from the control group. The 283 

samples were homogenized in the BIOPS medium, and O2 consumption was evaluated in 284 

the MIR05 medium as described in the materials and methods section. Representative 285 

trace of O2 consumption by frozen WHM (A and B). The upper line indicates the O2 286 

concentration in the oxygraphy chamber (nmol/mL) and the lower line indicates the rates 287 

of O2 consumption (pmol/sec/mg wet weight (w.w.) of tissue). Representative trace of O2 288 

consumption rates by frozen and fresh WHM (C) or fresh WHM (D), n = 2. The arrows 289 

indicate the addition of pyruvate (Pyr), malate (Mal, 2 mM), ADP, oligomycin (oligo), 290 

rotenone (Rot, 1 μM), KCN, cytochrome c (cytc, 10 μM), β-NAD (NAD+, 100 μM), acetyl-291 

CoA (Ac-CoA, 150 μM), malonate (5 mM), or antimycin A (AA, 2.5 mM). States were 292 

determined after the addition of cytochrome c (cytc), NAD+ and malate (Basal), acetyl-293 

CoA (Ac-CoA) (Energized) representing the acetyl-CoA driven respiration (ACoAR), and 294 

antimycin A (AA) (Residual).  295 

 296 

To demonstrate the rupture of mitochondrial membranes after the freezing process 297 

and reinforce the idea of acetyl-CoA permeability in the inner membrane, we performed 298 

transmission electron microscopy (TEM) (Figure 2). For this, frozen muscle biopsies of 299 

two patients (one from the control group and one from the MD group) were selected. 300 

Although part of the mitochondrial structure was preserved in some organelles (head 301 

arrows), most mitochondria presented clearly identified areas of membrane 302 

discontinuation (arrows) in homogenates of controls (A, A’, and A”) or MD patients (B, B’, 303 

and B”). These fissures can increase the permeability of mitochondrial membranes, 304 

thereby blending the matrix and extramitochondrial environment, suggesting that added 305 
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acetyl-CoA can easily participate in the generation of reduction power by the TCA cycle 306 

(NADH and FADH2) to supply the respiratory chain. 307 

 308 

 309 
Figure 2. Mitochondrial ultrastructure in frozen WHM. Representative micrographs 310 

showing the mitochondrial ultrastructure in homogenates in two patients: one from the 311 

control (A) group and one from the MD (B) group. The arrows indicate the ruptured 312 

double membranes of the mitochondria, while the arrow heads indicate mitochondria 313 

with more preserved membranes. Scale bar = 0.5 μm with increase of 100,000x. 314 

3.2. Comparison between control, EI, and MD groups 315 

Using the protocol for frozen WHM preparation described above, we measured the 316 

O2 consumption in samples obtained from patients with different degrees of 317 

mitochondrial dysfunction and in controls (Figure 3). As patients with mitochondrial 318 

dysfunction may present a compensatory increase in mitochondrial mass [22], O2 319 

consumption rates were normalized by the CS activity (a usual marker of mitochondrial 320 

content) of each sample. The results show that WHM of the EI and MD groups presented 321 

reduced respiratory rates in both Basal state and ACoAR compared to controls, 322 
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indicating the accuracy of our protocol, which was able to identify even the mild to 323 

moderate levels of mitochondrial dysfunction.  324 

 325 
Figure 3. Oxygen consumption rates in frozen WHM from control (n=5), EI (n=7) 326 

and MD (n=4) patients of similar ages. Respiration rates in the presence of acetyl-CoA 327 

(ACoAR) or not (Basal state), normalized to citrate synthase (CS) activity. The rates of O2 328 

consumption in the Residual state were subtracted from Basal and Energized (ACoAR) 329 

rates. Bar graphs show the median and variances. Data from those patients whose 330 

experiments were performed as duplicates were included as the average of the two 331 

measurements. The Kruskal-Wallis test determined that rates of O2 consumption were 332 

different between groups (p=0.004 for both the Basal state and the ACoAR). The statistical 333 

differences in relation to the controls are indicated in the chart by *, with p = 0.04 between 334 

control and MD groups, p = 0.01 between control and EI groups and p = 0.26 and 0.39 335 

(respectively for Basal state and ACoAR) between MD and EI groups according to the 336 

Dunn's post hoc test. 337 

 338 

3.3. Correlation to enzyme assays of individual ETS complexes 339 

To better characterize the accuracy of the ACoAR protocol for frozen samples of 340 

control, EI, and MD groups, we correlated respiration results to the enzyme activity of 341 

individual ETS complexes. As in O2 consumption rates, ETS complex activities were 342 

normalized by CS activity. Therefore, we initially compared the results of enzyme activity 343 

performed in WHM prepared in BIOPS solution to WHM made in TRIS-HCl, the buffer 344 

routinely used in those assays. Except for CIV, all other enzyme complexes and CS showed 345 

similar results in both solutions (CI p=0.76; CII p=0.34; CIII p=0.09; CS p=0.42). CIV 346 

activity was higher in TRIS-HCl buffer (p=0.004); however, the values obtained using 347 

BIOPS solution in the control group were also within the normal range expected for the 348 

assay. 349 
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The results of enzyme assays performed in the BIOPS medium are shown in Table 2. 350 

The MD group presented a significant decrease in the activities of all ETS complexes. The 351 

patients with EI, however, as a group, did not differ from the controls.  352 

 353 

Table 2. Enzyme assays of ETS and citrate synthase. 354 

 MD group EI group Control group p† 

 Med (min – max) Med (min – max) Med (min – max)  

Citrate synthase 20.7 (13.7 – 49.7) 15.6 (10.8 – 20.5) 12.5 (10.6 – 15.6) 0.09 

CI 0.13* (0.01 – 0.22) 0.33# (0.15 – 0.37) 0.45 (0.29 – 0.55) 0.006 

CII 0.15* (0.11 – 0.20) 0.23# (0.20 – 0.40) 0.38 (0.31 – 0.45) 0.007 

CIII 0.23* (0.21 – 0.33) 0.25 (0.20 – 0.54) 0.48 (0.41 – 0.52) 0.03 

CIV 0.26* (0.21 – 0.36) 0.37 (0.26 – 0.76) 0.75 (0.57 – 0.77) 0.01 

ETS=electron transfer system; MD = mitochondrial disease; EI = exercise intolerance; 355 

Med = median; min = minimum; max = maximum; citrate synthase values are expressed 356 

in μmol/min/g wet tissue; activities of complexes I to IV (CI to CIV) are corrected to citrate 357 

synthase activity; group MD n=4; group EI n=7 (except in CII, where n=6) and control 358 

group n=5. †Kruskal-Wallis test. * Indicates a significant difference in relation to the 359 

control group in the Dunn's post hoc test. # Indicates a significant difference in relation 360 

to the MD group in the Dunn's post hoc test. The fragments were homogenized in BIOPS 361 

solution and evaluated in specific media for each reaction, with compositions and assays 362 

described in the methods. 363 

 364 

The correlation between O2 consumption rates in the Energized state (ACoAR) and 365 

the activities of individual ETS enzyme complexes were moderate and positive, indicating 366 

that both procedures measure related phenomena (Table 3). 367 

 368 

Table 3. Correlation between assays of O2 consumption at the Energized state 369 

ACoAR and enzyme assays of individual ETS complexes.  370 

  CI (n=16) CII (n=15) CIII 

(n=16) 

CIV (n=16) 

O2 consumption r 0.597 0.721 0.688 0.678 

 p 0.015 0.002 0.003 0.004 

ACoAR = acetyl-CoA driven respiration; ETS = electron transfer system; CI to CIV 371 

(complex I to IV); r = Spearman's correlation coefficient; n = number of individuals 372 

 373 

3.4. Repeatability 374 

The method of measuring O2 consumption rates proposed herein, using frozen WHM, 375 

showed adequate repeatability. The strength of agreement for the Basal state O2 376 

consumption rate was too variable, ranging from poor to excellent according to the 95% 377 

confidence interval (ICC=0.83, 95% confidence interval 0.30 – 0.96). However, 378 

measurements of O2 consumption rates at the Energized state (ACoAR) were highly 379 
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reliable, with strengths of agreement classified as good to excellent (ICC=0.95, 95% 380 

confidence interval 0.81 – 0.99). 381 

The Wilcoxon test indicated similarity between the groups of measures 1 and 2 at 382 

both states (p=0.73 for O2 consumption rates at the Energized state; p=0.31 for O2 383 

consumption rates at the Basal state), ruling out a bias related to the order of 384 

measurement. 385 

4. Discussion 386 

The possibility of studying mitochondrial respiratory function of skeletal muscle 387 

using frozen biopsy fragments contributes to the laboratory assessment of patients with 388 

mitochondrial disease. Enzyme assays of individual ETS complexes are routinely 389 

analyzed in frozen samples in some specialized laboratories. However, mild decreases in 390 

the activity of ETS complexes may not be identified by the assays, which may disclose 391 

normal results in a relatively high proportion of patients with abnormal mitochondrial 392 

function [23]. In fact, as a group, our patients with milder mitochondrial dysfunction (EI 393 

group) did not differ from the control group regarding the activity of ETS complexes and 394 

CS, although individually they presented a mild or moderate decrease in the activity of at 395 

least one of the ETS complexes in relation to the median value of the controls. Moreover, 396 

mild to moderate deficiencies identified in ETS enzyme assays should be confirmed by 397 

additional methods to be validated [24,25]. To meet those needs, we developed a method 398 

for measuring O2 consumption using high-resolution respirometry, so that it could be 399 

applied in frozen skeletal muscle biopsies. 400 

The first challenge was to define how to process frozen muscle samples before 401 

measuring O2 consumption.  402 

Mitochondrial isolation methods usually retrieve only part of the mitochondrial 403 

content from muscle and raise concerns regarding the selection of mitochondria [26]; 404 

moreover, these procedures were designed for application to fresh tissues. On the other 405 

hand, fiber permeabilization is a model already recognized for O2 consumption studies, 406 

which preserves the mitochondrial architecture, its three-dimensional network, and the 407 

interaction with cellular components essential for mitochondrial function [26,27]. 408 

However, this technique can not be applied in frozen samples, because before freezing, 409 

skeletal muscle needs to be dissected, permeabilized and stored in cryopreservation 410 

solution containing 30% DMSO and 10 mg/ml BSA [11].  411 

Homogenates of fresh tissue have already been used for respirometry. The main 412 

challenges of this technique were the damage to the structure of the CI and the outer 413 

mitochondrial membrane [28]. Ziak et al. have demonstrated that the homogenization 414 

technique causes only minor damage to the outer mitochondrial membrane and the 415 

respiratory complexes. In their study, reliable results could be achieved in homogenates 416 

obtained from muscle biopsy samples, provided that the respirometry was performed 417 

soon after the homogenization of the samples. Starting from frozen biopsies, respiratory 418 
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activity in homogenates was successfully measured in a postnuclear fraction, using NADH 419 

as a substrate for complex I, given the damage of the inner membrane from freeze–thaw. 420 

However, in this protocol TCA cycle was considered impaired [12].  421 

Based on the above points, we chose to use WHM prepared with grinder-type 422 

equipment with a rotor-stator generator probe, which homogenizes the tissue through 423 

fragmentation, instead of chemical/enzymatic permeabilization, to avoid interference of 424 

these molecules on respiratory function.  425 

Analyses of the mitochondrial ultrastructure of these frozen WHM showed that the 426 

membranes contain fissures, allowing for exchanges of ions, substrates, and perhaps 427 

enzymes. This explains the stimulatory effect of acetyl-CoA on respiration in 428 

homogenates from frozen WHM. Such a response was not observed in homogenates from 429 

fresh WHM, indicating that the mitochondrial membrane disruption was derived from the 430 

freeze-thaw procedure, with little influence of homogenization. These data agree with the 431 

study by Birch-Machin et al., who evaluated various membrane rupture methods and 432 

concluded that mitochondrial freeze-thaw is a crucial procedure for quantifying the 433 

activity of ETS enzymes and CS. 434 

Therefore, our protocol involves the use of acetyl-CoA and malate as substrates for 435 

respiration measurements (ACoAR). They were satisfactory substrates set for the full 436 

energization of the ETS and the reproducibility of the procedure in frozen WHM. In the 437 

presence of sufficient NAD+, malate and acetyl-CoA can feed the TCA cycle, which 438 

metabolizes acetyl-CoA, generating reduced coenzymes (NADH and FADH2) in four of 439 

eight steps. NADH and FADH2 donate their protons and electrons to the ETS enzyme 440 

complexes CI and CII, respectively, in oxido-reduction reactions. Arriving at the CIV, the 441 

electrons reduce molecular O2 to H2O, thus consuming the O2. 442 

Another essential step in the analysis was the correction of the O2 consumption rates 443 

according to the mitochondrial mass, derived from the quantification of CS activity in the 444 

same homogenate. The respiration traces, when normalized by wet weight, did not 445 

present a significant difference between the groups because the mitochondrial 446 

proliferation observed in the patients partially compensates for the deficiency of O2 447 

consumption per mitochondrion. However, our ACoAR protocol was able to differentiate 448 

individuals with a mitochondrial disease from controls when we corrected O2 449 

consumption rates by the CS activity of each sample. The ACoAR protocol for frozen WHM 450 

was also capable of differentiating the group of patients with mild to moderate 451 

mitochondrial dysfunction (EI group) from controls, which was not achieved by enzyme 452 

assays of individual ETS complexes. Because O2 consumption depicts the entire 453 

respiratory chain pathway, the summation of smaller changes in individual complexes 454 

may favor the identification of milder functional abnormalities. The finding of a significant 455 

correlation between the results of individual ETS enzyme assays and O2 consumption 456 

rates indicates that the protocol developed here for frozen samples is a valid procedure 457 

for measuring respiratory chain function. 458 
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In conclusion, the protocol developed here for sample preparation and O2 459 

consumption measurement of frozen skeletal muscle biopsies was shown to be a valid 460 

and reliable method for investigating mitochondrial respiratory function, which should 461 

include a combination of clinical and laboratory analyses to increase the diagnostic 462 

power. 463 
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