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ABSTRACT
Introduction and Aims: Mitochondrial myopathies are rare genetic disorders for which no effective treatment exists. We pre-
viously showed that the pharmacological cyclophilin inhibitor cyclosporine A (CsA) extends the lifespan of fast- twitch skeletal 
muscle- specific mitochondrial transcription factor A knockout (Tfam KO) mice, lacking the ability to transcribe mitochondrial 
DNA and displaying lethal mitochondrial myopathy. Our present aim was to assess whether the positive effect of CsA was asso-
ciated with improved in vivo mitochondrial energy production.
Methods: Mice were treated with CsA for 4 weeks, beginning at 12 weeks (i.e., before the terminal disease phase). Hindlimb 
plantar flexor muscles were fatigued by 80 contractions (40 Hz, 1.5 s on, 6 s off) while measuring force and energy metabolism 
using phosphorus- 31 magnetic resonance spectroscopy.
Results: Force decreased at similar rates in Tfam KO mice with and without the CsA treatment, reaching 50% of the baseline 
value after ~14 ± 1 contractions, which was faster than in control mice (25 ± 1 contractions). Phosphocreatine (PCr) decreased 
to ~10% of the control concentration in Tfam KO mice, independent of the treatment, which was larger than the ~20% observed 
in control mice. The time constant of PCr recovery was higher in untreated Tfam KO than that in control muscle (+100%) and 
similar in untreated and CsA- treated Tfam KO mice.
Discussion: The results do not support improved mitochondrial energy production as a mechanism underlying the prolonged 
lifespan of Tfam KO mitochondrial myopathy mice treated with CsA. Thus, other mechanisms must be involved, such as the 
previously observed CsA- mediated protection against excessive mitochondrial Ca2+ accumulation.

1   |   Introduction

Mitochondrial myopathies comprise a heterogeneous group of 
genetic diseases often resulting in the failure to generate the re-
quired cellular energy by oxidative phosphorylation [1]. Patients 

with mitochondrial disease display a range of skeletal muscle- 
related clinical manifestations, including muscle wasting, 
weakness, and exercise intolerance [2–4]. No effective therapy 
is available and agents aimed at increasing respiratory chain 
components, ketogenic diet, amino acid supplementation, and 
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exercise are the main therapeutic options for alleviating the 
muscle symptoms [5–8]. Furthermore, the complex and variable 
phenotypes of mitochondrial myopathies make it difficult to as-
sess treatment efficacy [9, 10].

Mice with fast- twitch skeletal muscle- specific deletion of the 
gene for mitochondrial transcription factor A (Tfam KO mice) 
faithfully reproduce the main structural and clinical muscle 
features of mitochondrial myopathy, that is, atrophy, ragged 
red fibers, weakness, decreased endurance, and mitochon-
drial dysfunction [11, 12]. At an age of ~3 months, Tfam KO 
mice enter a stage of decay, which is manifested as rapidly 
developing weight loss and muscle weakness, and death oc-
curs ~1 month afterward [13]. We recently showed impaired 
mitochondrial energy production and premature fatigue de-
velopment before Tfam KO mice enter the terminal stage with 
rapidly developing weight loss and muscle weakness [11]. 
These results agree with previous data obtained in mouse 
models with mitochondrial dysfunction, as well as in patients 
with mitochondrial myopathies [14–16]. In addition, an abnor-
mally large and slowly reversible increase in mitochondrial 
Ca2+ was observed during repeated contractions in Tfam KO 
muscle fibers and this was suggested to play a major role in 
the disease process [17]. The excessive mitochondrial Ca2+ 
uptake was partially inhibited by cyclosporine A (CsA) [17]. 
CsA is a pharmacological agent that binds to the mitochon-
drial matrix protein peptidyl- prolyl cis- trans isomerase F (also 
known as cyclophilin D, CypD) and is considered to desensi-
tize the opening of the mitochondrial permeability transition 
pore [18]. Interestingly, the protein expression of CypD was 
increased in Tfam KO muscles and also in patients with mito-
chondrial myopathies [13], thus implying that treatment with 
CsA might be effective in combating muscle defects in these 
myopathies. Consistent with this, the CsA treatment counter-
acted the rapidly progressing terminal muscle weakness and 
extended the lifespan of Tfam KO mice [13]. Likewise, a novel, 
specific cyclophilin inhibitor, NV556, was recently found to 
limit the excessive mitochondrial Ca2+ uptake and prolong the 
lifespan of Tfam KO mice [13]. The positive effects of treat-
ing Tfam KO mice with CsA involved protection against a 
decreased sarcoplasmic reticulum Ca2+ release, and hence a 
reduced force production, whereas it did not prevent a marked 
decrease in protein expression of the mitochondrial DNA- 
encoded cytochrome oxidase subunit 1 [13]. This implies that 
mitochondrial myopathies might be effectively treated with 
pharmacological agents that do not improve mitochondrial 
respiration. However, this counterintuitive implication clearly 
requires further investigation.

Thus, the aim of the present study was to assess whether CsA 
treatment affected in vivo muscle fatigue development and mi-
tochondrial energy production in Tfam KO mice.

2   |   Methods

2.1   |   Animals, Groups, and Treatment

Male and female Tfam KO mice and control littermates (re-
ferred to as wild- type, WT) were used for experiments. The 
fast- twitch skeletal muscle- specific Tfam KO mouse model 

was generated as previously described [12]. Tfam KO and WT 
mice were randomly assigned to either the treated or untreated 
group. Treated mice received CsA as previously described 
[13], that is, 120 μg/day for 4 weeks via osmotic pumps (Alzet, 
micro- osmotic pump, Model 1004) implanted subcutaneously 
on the back under anesthesia (2.5% isoflurane in 33% O2 and 
66% NO2). CsA treatment started when mice were ~12 weeks 
old. Untreated WT and Tfam KO mice had pump implanta-
tion with vehicle (i.e., containing only saline: 2 of 15 Tfam 
KO mice; 4 of 11 WT mice). Other untreated mice were left 
without pumps. No sex- related body weight progression was 
observed for either treatment. Therefore, males and females 
were pooled together. In addition, we did not observe any ef-
fects of the pump implantation or CsA treatment in WT mice 
(Figures S1 and S2). Thus, pooled mean data from CsA- treated 
and untreated WT mice were used for comparison with results 
obtained in Tfam KO mice. Different colors and/or symbols 
were used for individual data points from mice with or with-
out pump implantation and with placebo or CsA.

All experiments were conducted in agreement with the French 
guidelines for animal care and in accordance with the European 
Convention for the Protection of Vertebrate Animals used 
for Experimental and other Scientific Purposes, and institu-
tional guidelines n°86/609/CEE November 24, 1986. All ani-
mal experiments were approved by the Institutional Animal 
Care Committee of Aix- Marseille University (permit num-
ber #12522–2017121119249655 v1). Mice were housed in an 
environment- controlled facility (12–12 h light–dark cycle at 
22°C) and received water and standard food ad libitum.

2.2   |   Experimental Design

The body weight was measured every 2 to 3 days. Mice were 
subjected to strictly noninvasive in vivo anatomical and func-
tional measurements in muscles of the left hindlimb. These 
experiments were performed at an age of 16 weeks or earlier if 
mice started to lose weight, that is, before they reached > 20% 
of body weight loss. The contractile performance of plantar 
flexor muscles (gastrocnemius [Gas], soleus [Sol], and plan-
taris) was assessed by measuring the maximal tetanic force in 
the unfatigued state and the force produced during fatiguing 
stimulation (see below). Metabolic changes were evaluated be-
fore, during, and after fatiguing stimulation using phospho-
rus- 31 magnetic resonance spectroscopy (31P- MRS). Before 
the fatiguing protocol, the volume of hindlimb muscles was 
quantified by magnetic resonance imaging (MRI). At the end 
of the in vivo experiments, hindlimb muscles (Gas, Sol, tibia-
lis anterior [TA], and extensor digitorum longus [EDL]) were 
harvested and weighed. Mice were euthanized by cervical 
dislocation.

2.3   |   Force and Magnetic Resonance 
Measurements

Mice were initially anesthetized in an induction chamber 
(4% isoflurane in 33% O2 (0.5 L/min) and 66% NO2 (1 L/min)) 
and then placed supine in a custom- made cradle designed for 
strictly noninvasive functional investigation of left hindlimb 
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muscles. A custom- built facemask was used to maintain an-
esthesia throughout the experiment (1.75% isoflurane in 33% 
O2 (0.2 L/min) and 66% NO2 (0.4 L/min)). The hindlimb was 
centered inside a 1H imaging coil and the belly of the gas-
trocnemius muscle was located above a 31P- MRS surface 
coil. The foot was positioned at 90° flexion of the ankle joint 
on the pedal of a custom- made ergometer coupled to a force 
transducer. The analog electrical signal from the force trans-
ducer was amplified with a home- built amplifier (Operational 
amplifier AD620; Analog Devices, Norwood, MA, USA) and 
converted to a digital signal, which was monitored and re-
corded on a personal computer using the Powerlab 35/series 
system (AD Instruments, Oxford, United Kingdom). Muscle 
contractions were elicited by noninvasive transcutaneous 
electrical square- wave pulses (0.5 ms duration) delivered via 
two rod- shaped surface electrodes integrated into the cradle 
and connected to an electrical stimulator (Digitimer Ltd., 
Model DS7A, Welwyn Springs, UK). The electrodes were 
placed on the left hindlimb, one at the heel level and the other 
immediately above the knee joint. The electrical current re-
quired to obtain maximal muscle activation was individually 
determined by progressively increasing the pulse amplitude 
until there was no further increase in peak twitch force. A 
150 Hz tetanic stimulation train with a duration of 0.75 s 
was used to assess the maximal tetanic force of the plantar 
flexor muscles in the unfatigued state. Force production of 
the plantar flexor muscles was also measured during a fatigue 
protocol consisting of 80 contractions at 40 Hz, 1.5 s on—6 s 
off [11, 19].

MR experiments were performed using a 47/30 Biospec Avance 
MR system (Bruker, Karlsruhe, Germany) equipped with a 
120- mm BGA12SL (200 mT/m) gradient insert. Anatomical 
MRI data were acquired at rest, that is, before functional mea-
surements. Fifteen consecutive contiguous axial slices (thick-
ness = 0.7 mm), covering the region from the knee to the ankle, 
were selected across the lower hindlimb. Rapid acquisition with 
relaxation enhancement (RARE) images (RARE factor = 4, 
effective echo time = 22.5 ms, actual echo time = 10.6 ms, rep-
etition time = 1000 ms, number of averages = 10, number of rep-
etitions = 1, field of view = 4.2 × 4.2 cm, matrix size = 256 × 192, 
and acquisition time = 8 min 00 s) were recorded. 31P spectra (8- 
kHz sweep width; 2048 data points) from the posterior hindlimb 
muscle region were acquired continuously throughout the stan-
dardized rest- fatigue- recovery protocol. A total of 800 partially 
saturated (repetition time = 2 s) free induction decays (FID) were 
recorded.

2.4   |   Data Processing

2.4.1   |   Anatomical Imaging

MR images were analyzed using FSLview (FMRIB, Oxford, UK) 
[20]. The border of the whole hindlimb muscle area was man-
ually delineated in the two slices located on the proximal and 
distal parts. Segmentations of the missing intermediate slices 
were automatically performed on the basis of registration proce-
dures as described previously [21]. The volume of the hindlimb 
muscles (mm3) was calculated as the sum of the volume of the 10 
consecutive largest slices.

2.4.2   |   Contractile Performance

The peak force of each contraction was measured using the 
LabChart software (AD Instruments, Oxford, United Kingdom). 
The specific force was expressed as the peak force (in mN) 
divided by the muscle volume (in mm3; obtained from MR 
images). Force production during fatiguing stimulation is pre-
sented as the average of every 5 contractions and the sum of each 
individual peak force during the fatiguing stimulation. The C50 
corresponds to the contraction number at which the force was 
decreased to 50% of the maximal force recorded during the fa-
tigue protocol.

2.4.3   |   Energy Metabolism

31P- MRS data were processed using a proprietary software 
developed using IDL (Interactive Data Language, Research 
System Inc. Boulder, CO, USA) [22]. The first 180 FIDs were 
acquired at rest and summed together (n = 1, time resolu-
tion = 6 min). The next 320 FIDs were acquired during the 
stimulation period and summed by blocks of 80 (n = 4, time 
resolution = 160 s). The last 300 FIDs were acquired during the 
recovery period and summed by blocks of 50 (n = 6, time res-
olution = 100 s). The relative concentrations of the phosphate 
metabolites phosphocreatine (PCr) and inorganic phosphate 
(Pi) were obtained by a time- domain fitting routine using the 
AMARES- MRUI Fortran code and appropriate prior knowl-
edge of the ATP multiplets. In order to correct for potential 
movement artifacts during fatiguing stimulation, Pi values 
were normalized to the sum of PCr and Pi values, which were 
considered to remain constant [23]. Intracellular pH (pHi) was 
calculated from the chemical shift of the Pi signal relative to 
the PCr signal [24]. The resting phosphocreatine to ATP ratio 
was calculated from the peak areas of the phosphocreatine 
and β- ATP of the spectrum acquired at rest. Changes during 
the fatiguing protocol (ΔPCr, maximal Pi/(Pi+PCr), ΔpHi) 
and the post- fatiguing recovery period (PCr recovery time 
constant (τPCr), [PCr]end recovery, Pi/(Pi+PCr)end recovery) were ex-
tracted from the time- courses of PCr, Pi, and pHi [11].

2.5   |   Statistical Analysis

Data are presented as individual data points and mean ± SEM 
for bar graphs and as mean ± SEM for curves. Statistical anal-
yses were performed using GraphPad Prism software version 
9.1.2. Normality was checked using a Shapiro–Wilk test. Two- 
way ANOVA with repeated measures on contraction or time 
was used to assess differences in force production and metabolic 
changes during the induction of fatigue and the subsequent re-
covery period, respectively. Tukey's or Sidak's posthoc test was 
performed when a significant interaction was found. One- way 
ANOVA or Kruskal- Wallis test was used for normally and not 
normally distributed data, respectively, to compare WT, un-
treated Tfam KO, and CsA- treated Tfam KO groups. Tukey's post 
hoc test or Dunn's post hoc test was performed when a signifi-
cant difference was observed. Unpaired t- test or Mann–Whitney 
test was used for normally and not normally distributed data, 
respectively, to compare untreated WT and CsA- treated WT. 
Statistical significance was accepted when p < 0.05.
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3   |   Results

3.1   |   CsA Treatment Did Not Affect Anatomy, 
Contractile Function, or Metabolism in WT Mice

Four weeks of CsA treatment of WT mice had no significant 
effect on body weight, muscle volume, maximal tetanic force, 
or the force produced during fatiguing stimulation (Figure S1). 
Likewise, the CsA treatment did not significantly affect 31P- MRS 
measurements of metabolites during the induction of fatigue 
and the subsequent recovery period in WT mice (Figure S2).

3.2   |   CsA Treatment Delayed the Decline in Body 
Weight in Tfam KO Mice

Body weight of Tfam KO and WT mice was similar from an age 
of 10 weeks (Tfam KO 21 ± 1 g vs. WT 22 ± 1 g; p > 0.05) until 
the in vivo experiments were performed at 12 weeks (Tfam KO 
20 ± 1 g vs. WT 20 ± 1 g; p > 0.05) (Figure  1A). Untreated Tfam 
KO mice started to lose weight after the intervention period was 
initiated: 1- week postintervention their weight was decreased by 
3% ± 2% and only one mouse had not reached the ethical end-
point of 20% maximum of weight loss at 4 weeks after the start of 

FIGURE 1    |    Body weight was stable in Tfam KO mice during the CsA treatment period. (A) Body weight before the treatment period start. (B) 
Body weight during the treatment period. (C) Representative axial MR images obtained from untreated WT mice, untreated Tfam KO mice and CsA- 
treated Tfam KO mice (left panel), and quantification of the volume of hindlimb muscles in untreated and CsA- treated WT and Tfam KO mice (right 
panel). Mass of Gas (D), Sol (E), TA (F) and EDL (G). Data presented as individual values and mean ± SEM. p- values obtained with mixed- effects 
analysis with Sidak's post hoc test (panel A), mixed- effects analysis with Tukey's post hoc test (panel B), one- way ANOVA with Tukey's post hoc test 
(panel C–G). Significant difference *, ** and ***p < 0.05, 0.01 and 0.001, respectively.
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the intervention. Consequently, in vivo experiments of untreated 
Tfam KO mice were performed at an age of ~14 weeks (i.e., be-
fore they reached the ethical endpoint). Conversely, CsA- treated 
Tfam KO mice had stable body weight throughout the 4 weeks 
of treatment (p > 0.05; 103% 2 weeks post- intervention and 99% 
4 weeks post- intervention). Thus, no CsA- treated Tfam KO mice 
reached the ethical endpoint so they were tested at an age of 
~16 weeks.

Hindlimb muscle volume was similarly decreased in CsA- 
treated and untreated Tfam KO mice as compared to WT mice 
(~15%; p < 0.05; Figure  1B). The mass of hindlimb muscles 
(Gas, Sol, TA, and EDL) was not significantly different between 
groups (Figure 1C–F).

3.3   |   CsA Treatment Did Not Affect Maximal Force 
or Fatigue Development

The specific maximal tetanic (150 Hz) force in the unfatigued 
state was similar in WT, CsA- treated, and untreated Tfam KO 
mice (Figure 2A).

The decline in force production during fatiguing stimulation 
was similar in CsA- treated and untreated Tfam KO mice, and 
markedly faster than in WT mice (Figure 2B). Accordingly, the 
overall force produced during the stimulation protocol and the 
C50 (number of contractions at which force was 50% of the ini-
tial) were not different in CsA- treated and untreated Tfam KO 
mice and significantly lower than in WT mice (Figure 2C,D).

3.4   |   Metabolites at Rest, During Repeated 
Contractions, and During Recovery Did Not Differ 
Between CsA- Treated and Untreated Tfam KO Mice

At rest 31P- MRS measurements showed lower phosphocreatine 
(PCr) to ATP ratio (although not statistically significant in the 
untreated Tfam KO group), higher concentration of Pi (ex-
pressed as the Pi/(Pi + PCr) ratio), and lower pHi in Tfam KO 
than in WT mice (Figure 3).

During fatiguing stimulation, the extent of PCr depletion was 
larger and Pi reached a higher level in Tfam KO than in WT 
mice (Figure 4A,B,D,E). On the other hand, the fatigue- induced 

FIGURE 2    |    CsA treatment did not affect maximal force in the unfatigued state or force decline during fatiguing stimulation. (A) Maximal 
(150 Hz) specific force (i.e., force divided by muscle volume) of the plantar flexor muscles in vivo. (B) In vivo specific force (i.e., force divided by mus-
cle volume) of the plantar flexor muscles during fatigue induced by 80 contractions (40 Hz, 1.5 s on—6 s off). (C) Total specific force during the com-
plete fatiguing protocol. (D) Contraction at which force production was 50% of the initial unfatigued force (C50). Data presented as individual values 
and mean ± SEM for panels A, C, and D. Data presented as mean ± SEM for panel B. p- values obtained with one- way ANOVA with Tukey's posthoc 
test (panels A and C) or Kruskal- Wallis (panel D). Two- way ANOVA with repeated measures on contraction number with Tukey's posthoc test (panel 
B). Significant difference ** and ***p < 0.01 and 0.001, respectively. Significant difference WT versus Tfam KO # p < 0.05. Significant difference WT 
versus Tfam KO + CsA $ p < 0.05.
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decline in pHi was less marked in Tfam KO than in WT mice 
(Figure 4C,F). Notably, none of the measured metabolic changes 
during fatiguing stimulation showed any difference between 
CsA- treated and untreated Tfam KO mice.

After the fatiguing stimulation, the rate and total extent of PCr 
recovery were lower in Tfam KO than in WT mice (Figure 4G,H). 
CsA treatment of Tfam KO mice did not result in any marked 
difference in the measured PCr recovery parameters as com-
pared to untreated Tfam KO mice. At the end of the 10 min re-
covery period, Pi had returned to the pre- fatigue resting values 
with higher Pi levels in Tfam KO than in WT mice (Figure 4I).

4   |   Discussion

Our present findings confirm and extend previous results show-
ing that pharmacological cyclophilin inhibition with CsA or 
NV556 postpones muscle weakness and body weight loss of 
Tfam KO mice, which takes place when these mice are about 
to enter the terminal myopathy phase [13, 25]. Intriguingly, our 
results imply that this beneficial effect of CsA treatment occurs 
despite no obvious improvement of the compromised mitochon-
drial energy production.

The present results demonstrate no effect of CsA treatment on 
the rate of force decline during fatiguing stimulation or changes 

in metabolites during the induction of fatigue and recovery in 
Tfam KO muscles. Our in  vivo contraction experiments were 
performed at an early myopathy stage at which significant mus-
cle weakness or muscle atrophy had not yet developed. Thus, 
fatigue resistance and energy metabolism were not affected by 
differences in muscle size or force production between untreated 
and CsA- treated mice. It was essential to perform the in vivo ex-
periments before the development of muscle weakness because 
impairments in fatigue resistance and mitochondrial energy pro-
duction might be masked by decreased specific force levels during 
fatiguing stimulation and hence reduced energy consumption. 
Indeed, we previously reported that the decrease in relative force 
during fatigue induced by repeated tetanic stimulation was sim-
ilar in isolated fast- twitch EDL muscle and single fibers of flexor 
digitorum brevis (FDB) muscle of Tfam KO and littermate con-
trol mice [12, 17]. These experiments were performed in the ter-
minal myopathy stage with the unfatigued force being 40% lower 
in isolated EDL and 25% lower in FDB single fibers in Tfam KO 
than in control muscles. Impaired SR Ca2+ release led to a reduc-
tion in unfatigued force; consequently, the rate of force decline 
during fatiguing stimulation was decreased by markedly reduc-
ing the energy consumption of cross- bridges and SR Ca2+ pumps 
[26]. Here, although in vivo fatiguing stimulation was performed 
earlier in the myopathy process where the unfatigued specific 
force was not yet decreased, force fell more rapidly in Tfam KO 
than in control muscles during in vivo fatiguing stimulation, as 
previously reported [11]. Nevertheless, CsA administration did 

FIGURE 3    |    Metabolic parameters at rest in the gastrocnemius muscle are unchanged following CsA administration. (A) Representative examples 
of resting 31P- MR spectra in muscles of untreated WT mouse (left panel), untreated Tfam KO mouse (middle panel), and CsA- treated Tfam KO mouse 
(right panel). Data presented as individual values and mean ± SEM. p- values were obtained with one- way ANOVA with Tukey's posthoc test (panels 
B and D) or Kruskal- Wallis test with Dunn's posthoc test (panel C). Significant difference * and ***p < 0.05 and p < 0.001, respectively.
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not counteract the faster fatigue development in Tfam KO than 
in control muscles. Muscle fatigue in Tfam KO mice was asso-
ciated with larger changes and slower recovery of PCr and Pi. 
These data agree with previous results and imply impaired mi-
tochondrial energy production in Tfam KO muscles before and 
immediately after the onset of the terminal myopathy stage [11]. 
PCr recovery kinetics, which are related to the end- exercise rate 
of oxidative ATP synthesis, are commonly used as a marker of 
oxidative mitochondrial capacity. Typically, an impaired mito-
chondrial oxidative function has been associated with a slower 

post- stimulation PCr recovery [27]. In Tfam KO mice, the rate of 
phosphocreatine recovery was strongly reduced and this impair-
ment was not affected by CsA administration. Therefore, CsA 
treatment had no beneficial impact on mitochondrial energy pro-
duction in Tfam KO muscles, which may account for the absence 
of muscle fatigue improvement following the CsA administration 
in Tfam KO mice. Our result fits with previous results showing 
no CsA- mediated protection against the marked decrease in pro-
tein expression of the mitochondrial DNA- encoded cytochrome 
oxidase subunit 1 [13].

FIGURE 4    |    CsA treatment had no effect on muscle metabolites during fatiguing stimulation and the following recovery. Levels of PCr (A), Pi 
(B), and pHi (C) during the stimulation and recovery periods. Drop in PCr (D), maximal increase in Pi (E) and pHi drop (F) during exercise. (G) Time 
constant of PCr recovery during the 10 min recovery phase after exercise. PCr (H) and Pi (I) at the end of the 10 min recovery period. Data present-
ed as individual values and mean ± SEM for panels A–C. Data presented as mean ± SEM for panels D–I. p- values obtained with one- way ANOVA 
with Tukey's posthoc test (panels D–F) or Kruskal- Wallis test with Dunn's posthoc test (panels G–I). Significant difference *, ** and ***p < 0.05, 0.01 
and 0.001, respectively. Two- way ANOVA with repeated measures on time and Tukey's post hoc test for PCr and Pi time- course and mixed- effects 
analysis with repeated measures on time and Tukey's posthoc test for pHi. Significant difference WT versus Tfam KO # and ## p < 0.05 and p < 0.01, 
respectively. Significant difference WT versus Tfam KO + CsA $, $$ and $$$ p < 0.05, p < 0.01 and p < 0.001, respectively.
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Weight loss has been shown to precede the decrease in unfa-
tigued specific force in Tfam KO muscle [11]. The in vivo exper-
iments on untreated Tfam KO mice were therefore performed as 
soon as these mice started to lose weight, which occurred at an 
age of ~14 weeks. On the other hand, CsA- treated mice needed 
to be followed beyond 14 weeks to ensure that the treatment 
was effective in delaying the disease process. The body weight 
of CsA- treated mice remained stable throughout the 4 weeks 
of treatment and hence these mice were tested at an age of 
~16 weeks. Thus, the CsA- treated mice were older at the time 
of testing and we cannot exclude a further decline in mitochon-
drial energy production between 14 and 16 weeks that might 
have been prevented by CsA treatment.

Our results are consistent with those from a recently described 
mouse model with impaired mitochondrial function due to 
skeletal muscle- specific deletion of nicotinamide phosphori-
bosyltransferase (NAMPT) in which CsA treatment improved 
survival without affecting the energetic stress [28]. The pro-
tein expression of CypD was found to be increased in muscles 
of Tfam KO mice and patients with mitochondrial DNA deple-
tion or mutations [13], as well as in the muscle- specific Nampt- 
deficient mouse model [28]. Marked positive effects of treatment 
with CsA as well as other cyclophilin inhibitors and genetic 
ablation of CypD have been observed in several mouse disease 
models of muscular dystrophy in which defective mitochondrial 
function is a key feature [28–32]. In addition, positive effects 
of CsA treatment have been reported in patients with CypD- 
dependent mitochondrial defects due to collagen VI mutations 
[33]. The protective effects of CypD inhibitors in muscular dys-
trophies were related to the maintenance of physiological Ca2+ 
homeostasis by improving mitochondrial abnormalities. CsA 
and the novel, specific cyclophilin inhibitor, NV556 limited the 

excessive mitochondrial Ca2+ uptake in muscle fibers of Tfam 
KO mice and prolonged their lifespans [17, 25]. Thus, the major 
mechanism underlying the positive effects of CypD inhibition 
in Tfam KO mice appears to be protection against deleterious 
effects of excessive and prolonged mitochondrial Ca2+ accu-
mulation, rather than a direct effect on mitochondrial energy 
production.

Based on the present and previous results obtained with Tfam 
KO mice, we propose a model for the progression of mitochon-
drial myopathy and the beneficial effects of CsA treatment 
(Figure 5):

• A primary mitochondrial defect results in impaired en-
ergy production that triggers adaptations to counteract the 
deficiency and premature fatigue [11]. These adaptations 
include augmented CypD- dependent mitochondrial Ca2+ 
accumulation [13].

• In contrast to transient increases in mitochondrial Ca2+ 
that stimulate mitochondrial respiration, excessive and 
prolonged mitochondrial Ca2+ accumulation activates del-
eterious apoptotic and necrotic signaling [34–36], which 
results in weight loss, muscle wasting and weakness, and 
ultimately premature death.

• Pharmacological inhibition or genetic ablation of CypD 
hinders mitochondrial Ca2+ uptake and thereby prevents 
deleterious effects triggered by excessive and prolonged mi-
tochondrial Ca2+ accumulation [13, 28–33].

• An impaired fatigue resistance remained following CypD 
inhibition, which implies no beneficial effect on the re-
duced oxidative phosphorylation caused by defective pro-
teins of the electron transport chain.

FIGURE 5    |    Diagram representing proposed CsA mechanism of action in Tfam KO muscle. In healthy conditions (left panel), mitochondrial 
transcription factor A (TFAM) promotes mtDNA genome expression (1), encoding for 13 protein subunits of the electron transport chain (2) whereas 
mitochondrial Ca2+ entry (3) is required to stimulate ATP production by oxidative phosphorylation (4). Both TFAM and mitochondrial [Ca2+] are the 
main players in force maintenance during endurance exercise (5). In disease condition (middle panel), Tfam gene deletion (1′) causes a reduction in 
mtDNA maintenance and expression (2′) resulting in defective respiratory chain activity (3′) and increased muscle fatigue (4′). Maladaptive mecha-
nisms to counteract impaired energy production, such as cyclophilin D (CypD)- dependent mitochondrial Ca2+ accumulation (5′ and 6′) to stimulate 
oxydative phosphorylation, leads in turn to excessive [Ca2+] (7′) which triggers cell death (8′). In the treated condition (right panel), cyclosporine 
A (CsA) inhibits CypD (1″), which limits Ca2+ entry into mitochondria (2″) resulting in physiological [Ca2+] (3″) and cell death prevention (4″). 
Oxidative phosphorylation is still defective due to altered electron transport chain activity (5″) leading to abnormally high muscle fatigue (6″). Blue 
arrow = positive effect. Red arrow = negative effect. Red flash = alteration. Orange line = positive effect of treatment. The figure was partly created 
with BioRe nder. com.
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In conclusion, 4 weeks of CsA administration delayed the pro-
gression into the terminal disease stage in Tfam KO mice, 
which implies that pharmacological CypD inhibitors have the 
potential to prevent the disease progression in patients with mi-
tochondrial myopathies. Our results show that the positive ef-
fects of CsA treatment occurred despite no beneficial effects on 
mitochondrial energy production or fatigue development. Thus, 
other mechanisms must be involved, such as the previously ob-
served CsA- mediated protection against excessive mitochon-
drial Ca2+ accumulation.
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