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Ullrich congenital muscular dystrophy and Bethlem myopathy are
skeletal muscle diseases that are due to mutations in the genes
encoding collagen VI, an extracellular matrix protein forming a
microfibrillar network that is particularly prominent in the endom-
ysium of skeletal muscle. Myoblasts from patients affected by
Ullrich congenital muscular dystrophy display functional and ul-
trastructural mitochondrial alterations and increased apoptosis
due to inappropriate opening of the permeability transition pore,
a mitochondrial inner membrane channel. These alterations could
be normalized by treatment with cyclosporin A, a widely used
immunosuppressant that desensitizes the permeability transition
pore independently of calcineurin inhibition. Here, we report the
results of an open pilot trial with cyclosporin A in five patients with
collagen VI myopathies. Before treatment, all patients displayed
mitochondrial dysfunction and increased frequency of apoptosis,
as determined in muscle biopsies. Both of these pathologic signs
were largely normalized after 1 month of oral cyclosporin A
administration, which also increased muscle regeneration. These
findings demonstrate that collagen VI myopathies can be effec-
tively treated with drugs acting on the pathogenic mechanism
downstream of the genetic lesion, and they represent an important
proof of principle for the potential therapy of genetic diseases.

mitochondria � muscular dystrophy

Considerable progress in understanding the pathogenesis of
collagen VI diseases has been made in mice with targeted

disruption of the Col6a1 gene, which display an early-onset, mild
myopathic syndrome due to lack of collagen VI (1). Mitochon-
dria in flexor digitorum brevis fibers from Col6a1�/� mice depo-
larize in response to oligomycin (2). Our interpretation of this
abnormal event is that flickering of the permeability transition
pore (PTP), an inner-membrane, high-conductance channel, is
increased and causes depletion of pyridine nucleotides (3, 4),
progressive impairment of respiration (3), and the switch of F1FO
ATP synthase into an ATP hydrolase that maintains the mem-
brane potential at the expense of glycolytic ATP (5, 6). Because
ADP inhibits the PTP (7), ATP hydrolysis may lead to pore
closure and to at least partial restoration of respiration. The
maximal attainable respiratory rate would be lower than normal,
however, and determined by the residual matrix levels of pyri-
dine nucleotides. As long as the energy demand can be matched,
the fibers would behave normally, but dysfunction would be
precipitated by increased workload and/or by increased PTP
flickering, events that will eventually lead to individual muscle
fiber death observed in vivo (2). This sequence of events is
consistent with the occurrence of transient PTP openings in
isolated mitochondria (8, 9) and intact cells (10, 11) and with the
therapeutic effect of short-term treatment of Col6a1�/� mice
with cyclosporin A (CsA) at 10 mg�kg�1�day�1 (2), which desen-
sitizes the PTP in vivo (12). Myoblasts from patients affected by

Ullrich congenital muscular dystrophy (UCMD; Mendelian
Inheritance in Man no. 254090) have a similar mitochondrial
defect that could be normalized with CsA in vitro (13), suggesting
that PTP desensitization might have a therapeutic potential in
humans as well. Several issues have to be considered, however,
to address this key question.

The genotype–phenotype correlation of human collagen VI
myopathies is extremely complex. UCMD is a rare, severe
wasting dystrophy normally present at birth. Muscle biopsies
usually show marked decrease or complete absence of collagen
VI (14), and the disease is classically regarded as autosomal
recessive (15, 16), yet UCMD cases with de novo dominant
mutations have been described (13, 14). Homozygous or com-
pound heterozygous mutations of COL6A1–A3 genes typically
lead to a severe UCMD phenotype (17, 18), although they may
occasionally present a Bethlem myopathy-like disease (19).
Bethlem myopathy (Mendelian Inheritance in Man no. 158810)
is a milder disease with autosomal dominant inheritance, and
mutations can affect any of the three COL6 genes. Expression of
collagen VI is normal or mildly reduced in cultured fibroblasts
of most Bethlem myopathy patients (14). The differences in the
clinical phenotype, the unpredictability of the spontaneous
course of the disease, the limited number of patients, and the
potentially harmful side effects of long-term immunosuppres-
sion with CsA (in particular the occurrence of pulmonary
infections) induced us to design a short-term open trial whose
endpoint was not based on clinical assessment but, rather, on
measurements of mitochondrial function and apoptosis in biop-
sies taken before and after treatment with CsA. Here, we report
the results of this open pilot trial with CsA in five patients with
collagen VI myopathies.

Results
An essential preliminary question that we had to address was how
long the mitochondrial effects of CsA persist after a biopsy is taken.
Indeed, our experimental design is based on ex vivo measurements
of mitochondrial function before and after treatment of the patients
with CsA, and it can succeed only if the minimum time required to
perform the measurement of mitochondrial function is comparable
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to or shorter than the lifetime of the protective effect of CsA. To
address this issue, experiments were performed in Col6a1�/� mice
treated for 4 days with CsA at 5 mg/kg twice daily, a regimen that
leads to normalization of mitochondrial ultrastructure and inci-
dence of apoptosis (2). Animals were killed, and flexor digitorum
brevis fibers were prepared 4 h after the last administration of CsA,
a time point at which the desensitizing effects on the PTP are
maximal in liver and measurable in muscle mitochondria (L.
Nicolosi, E. Palma, A.A., M. E. Soriano, A. Rasola, F. Chiara, F.
Finetti, G. Vuagniaux, J.-M. Dumont, C. T. Baldari, and P. Ber-
nardi, unpublished results). Mitochondrial function was assessed 3 h
later; that is, after the time required for the preparation of muscle
fibers (�2 h) and their attachment to the coverslips.

At variance from the case of untreated animals (2), mitochon-
dria in fibers assayed 7 h after the last in vivo treatment with CsA
did not depolarize (compare Fig. 1 a and b). We then increased
the time elapsing between treatment with CsA and preparation
of fibers. It can be seen that when the time elapsed was 17 h,
addition of oligomycin still did not depolarize mitochondria in
the majority of fibers (Fig. 1c). The protective effect of CsA was
instead almost completely lost after 27 h, a time point at which
most fibers depolarized upon addition of oligomycin (Fig. 1d).

The next step was to assess the optimal conditions for obtain-
ing viable, nonreplicating muscle cells amenable to measure-

ments of mitochondrial function. To this end, a series of pre-
liminary experiments was carried out on cells prepared as
detailed in Experimental Procedures from biopsies of healthy
human volunteers (data not shown). Cell adhesion and spreading
onto the substrate occurred within 4–9 h of plating, as revealed
by phosphorylated focal adhesion kinase immunostaining. Only
after 24 h did cells start to proliferate, as indicated by KI-67
staining. The fraction of myoblasts relative to muscle fibroblasts
was 25–35% of the total, as assessed by labeling with desmin and
vimentin antibodies. A reliable measurement of mitochondrial
function with tetramethyl rhodamine methyl ester (TMRM)
could be performed after �9 h of plating.

Having established that the approach was feasible, five pa-
tients representing the clinical and molecular variety of collagen
VI diseases were recruited in the study (13, 16, 19, 20). Four were
affected by UCMD and one by Bethlem myopathy; three were
of pediatric age and two were adults; collagen VI ranged from
almost normal to marked depletion; and the pathogenic muta-
tion involved each of the three COL6 genes (Table 1). All
patients were treated with 5 mg/kg CsA per day, a dose that lies
in the lower end of the range used for immunosuppression
according to established protocols.

The vast majority of mitochondria in cells prepared from
muscle biopsies of two healthy individuals with the above
protocol did not depolarize upon the addition of oligomycin,
indicating that mitochondrial function had not been perturbed
by the isolation procedures (Fig. 2a and b). On the other hand,
most mitochondria within the cells isolated from patients depo-
larized after the addition of oligomycin (Fig. 2 c–g), confirming
the presence of the latent dysfunction we had previously iden-
tified in muscle fibers from Col6a1�/� mice (2) and in cultures
from UCMD patients (13). Similar effects of oligomycin on
mitochondrial TMRM fluorescence were observed in myoblasts
from two patients incubated in KCl- rather than NaCl-based
medium (results not shown), indicating that TMRM is reporting
a mitochondrial event rather than undergoing a change of
distribution secondary to plasma membrane depolarization (21).
One month after oral administration of CsA at a dose of 5
mg�kg�1�day�1 in two divided doses, a new biopsy was taken at
the controlateral site of the first biopsy, and the experiment was
repeated. Strikingly, the mitochondrial membrane potential
response to oligomycin was largely normalized in the muscle cells
from all patients (Fig. 2 c�–g�). If a threshold is arbitrarily set at
90% fluorescence, the number of cells with depolarizing mito-
chondria shifted from 89%, 92%, 91%, 95%, and 84% to 45%,
41%, 38%, 41%, and 19% before and after treatment with CsA
for patients 1, 2, 3, 4, and 5, respectively (on average from 90%
to 37%). These findings are in keeping with the results obtained
in cultures from UCMD patients (13) and in fibers from
Col6a1�/� mice (2), and they indicate that, at the dose used in
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Fig. 1. Changes of mitochondrial TMRM fluorescence induced by oligomycin
in muscle fibers isolated from Col6a1�/� mice. Flexor digitorum brevis muscle
fibers were isolated from Col6a1�/� mice treated with vehicle (a) or with 10
mg/kg CsA in two divided doses per day for 4 days and assayed 7 h (b), 17 h (c),
or 27 h (d) after the last treatment with CsA. Fibers from two individuals per
time point were loaded with TMRM and studied as described in Experimental
Procedures, and the results for each time point were pooled. Where indicated,
6 �M oligomycin (arrows) or 4 �M carbonylcyanide-p-trifluoromethoxyphenyl
hydrazone (arrowheads) was added. Each line represents one individual fiber.

Table 1. Features of the patients included in the study

P Phenotype Age, yr Collagen VI Mutation(s) Refs.

1 UCMD, NW 9 Mild reduction in muscle fibers and
fibroblasts

COL6A1 de novo heterozygous Gly284Arg 13

2 Mild UCMD, W 23 Mild reduction in muscle fibers and
fibroblasts

COL6A3 homozygous Arg465 stop 19

3 UCMD, NW 6 Marked reduction in muscle fibers COL6A2 compound heterozygous 16
Gly487-Ala495delAspfsX48 and Glu591-
Cys605delThrfsX148

4 UCMD, NW 8 Marked reduction in muscle fibers COL6A1 de novo heterozygous del275–280/insGlu275 13
5 Bethlem myopathy, W 57 Normal in muscle fibers, decreased

in fibroblasts
COL6A1 heterozygous Tyr122-Gly143del 20

The features of the patients (P) are summarized. Collagen VI levels are based on immunohistochemistry as described in the original references, which also
contain further details about the gene mutations and their mode of inheritance. NW, nonwalker, W, walker.
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this study, CsA reaches pharmacologically active concentrations
in muscle.

The incidence of apoptosis was assessed in the same bioptic
materials used for the measurements of mitochondrial function.
Unlike samples from healthy donors, where apoptosis was
undetectable (results not shown), all samples from patients had
a sizeable number of apoptotic nuclei, which was particularly
prominent in patients 1 and 3 (Fig. 3a, open bars), and in all
patients treatment with CsA considerably decreased the occur-
rence of apoptosis (Fig. 3a, filled bars), indicating a cause–effect
relationship between normalization of mitochondrial function
and decreased cell death. We also tested the expression of
developmental myosin heavy chain (Fig. 3b, green fluorescence)
and desmin (Fig. 3b, red fluorescence) in the muscle biopsies.
After treatment with CsA, we found an increased number of
myofibers positive for developmental myosin heavy chain (Fig.
3b Lower) also displaying diffuse staining for desmin (Fig. 3b
Right), which are characteristic signs of regeneration. The effect
was particularly prominent in patients 1, 3, and 4; that is, the
younger patients included in this study (Fig. 3c). No regenerating
fibers could be detected in samples from healthy donors (results
not shown).

Discussion
A remarkable result of the present manuscript is the demon-
stration that the PTP-desensitizing effects of CsA persist up to
17 h in flexor digitorum brevis fibers prepared from CsA-treated
Col6a1�/� mice and at least 18 h in primary cultures prepared
from CsA-treated patients. It should be recalled that the binding
of CsA to cyclophilins, which also mediates the desensitizing
effects on the mitochondrial PTP (22), is noncovalent (23); yet,
the off constant for CsA binding is extremely low, a property that
we successfully exploited to demonstrate the desensitizing ef-
fects of the drug on the PTP after isolation of mitochondria from
CsA-treated animals (12) and of cells from patients (present
work). This finding is of practical value because it allows an
objective readout of the efficacy of CsA in vivo, which is expected
to be more predictive of the potential clinical outcome than the
plasma levels of the drug for future randomized clinical studies.
We would like to point out that, in the present study, the clinical
response to CsA was not assessed because no reliable measure-
ments can be performed in the limited time frame imposed by
ethical considerations. Immunosuppression caused by CsA could
expose the patients to pulmonary infections, and this forced us
to perform a short-term trial that, in turn, leaves little potential
for clinical improvement in a disease where fibrosis is so
prominent.

It is quite encouraging that CsA decreased apoptosis in all
treated patients within a month, because this finding suggests
that assessing the effects of CsA on the clinical course of the
disease may be feasible in future clinical trials. Some reason for
hope also comes from the observation that treatment with CsA
increased muscle regeneration. At first sight, this finding may
appear paradoxical, because regeneration should match the rate
of muscle fiber death, which is lower when CsA is present. An
appealing explanation is that in collagen VI diseases, differen-
tiating muscle cells are undergoing early apoptosis together with
mature fibers, a situation that would be similar to the ineffective
erythropoiesis seen in many hemoglobinopathies. By decreasing
ineffective myogenesis, CsA could increase the overall efficiency
of muscle regeneration, in keeping with the response of all
patients. This is another promising indication that long-term
PTP desensitization may do more than just stop the progression
of the disease. Additional studies and a larger sample size will be
required before firm conclusions can be made about this issue
and about the correlation between regeneration and patient age
observed here.

Our results prove that treatment with moderate doses of CsA
favorably affects mitochondrial function in collagen VI myopa-
thies in vivo and dramatically decreases the frequency of muscle
cell death in the patients. Whether this treatment will eventually
stop progression of the disease and/or translate into a better
muscle performance depends on multiple factors, such as muscle
loss and extent of fibrosis at the time of treatment, and potential
for muscle regeneration in individual patients. Furthermore, the
potential benefit must be carefully weighed against increased
occurrence of infections that may follow immunosuppression
during treatment with CsA. It should be mentioned, however,
that other cyclosporins, like MeAla3EtVal4-cyclosporin (Debio
025), may represent an alternative to CsA. We have shown that
Debio 025, a nonimmunosuppressive cyclosporin that retains the
PTP-desensitizing properties of CsA (24), is as effective as CsA
at protecting mitochondrial function and preventing apoptosis in
muscle cultures from UCMD patients (13), a finding that holds
great promise for the treatment of collagen VI disorders.

The results obtained in this study indicate that mitochondrial
dysfunction plays a critical role in human muscle diseases in vivo,
as was first hypothesized 30 years ago (25). Moreover, they
represent an important proof of principle that hereditary muscle
diseases can be cured with proper drugs downstream of the
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Fig. 2. Changes of mitochondrial TMRM fluorescence induced by oligomycin
in muscle cells isolated from healthy donors and from UCMD and Bethlem
myopathy patients before and after treatment with CsA. Muscle cells obtained
from biopsies of two healthy donors (a and b), four patients with UCMD (c–f;
patients 1–4, respectively), and one with Bethlem myopathy (g; patient 5)
were seeded onto glass coverslips precoated with laminin/poly-L-lysine,
loaded with TMRM and studied as described in Experimental Procedures. The
procedure was repeated after 1 month of oral treatment with 5 mg/kg CsA per
day (c�–g�; patients 1–5, respectively). Where indicated, 6 �M oligomycin
(arrows) or 4 �M carbonylcyanide-p-trifluoromethoxyphenyl hydrazone (ar-
rowheads) was added. Each line represents one individual cell.
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genetic lesion if the pathogenetic mechanisms are understood
(26). This is a useful example of how translational medicine can
rapidly move from animal models to treatment of human
diseases and how mitochondrial medicine may be useful beyond
the cure of primary mitochondrial diseases (27).

Experimental Procedures
Mouse Treatment and Preparation of Muscle Fibers. All animal manipulations
conformed to the rules of the Ethics Committee of the University of Padova.
We treated Col6a1�/� mice (1) i.p. with 10 mg�kg�1�day�1 CsA (Novartis) in two
divided doses for 4 days or with vehicle (olive oil). Fibers from flexor digitorum
brevis muscles of Col6a1�/� mice were isolated as described (2), plated onto
24-mm round glass coverslips coated with 3 �g/cm2 Engelbreth–Holm–Swarm
sarcoma mouse laminin (Roche) and cultured for 1 h in DMEM (Sigma) con-
taining 10% FCS (Sigma) before starting the experiments.

Participants. UCMD and Bethlem myopathy were diagnosed according to the
criteria of the European NeuroMuscular Center (28). All probands were ex-
amined, and they all underwent a muscle biopsy. Genetic data for all of the
patients have been published previously (13, 16, 19, 20). All participants
provided written informed consent, and approval was obtained from the
Ethics Committee of the University of Ferrara. The basic features of the
patients analyzed in this study are summarized in Table 1. CsA was adminis-
tered as an oral formulation (Sandimmun Neoral; Novartis).

Biopsies and Primary Cell Cultures. We obtained muscle biopsies from healthy
donors and patients after informed consent and approval of the Ethics Com-
mittee of the University of Ferrara. Biopsies of tibialis anterior were obtained
from one Bethlem myopathy and four UCMD patients. Part of the biopsy was
frozen in isopentane prechilled in liquid nitrogen and used for TUNEL assay
and immunohistochemistry. Ten muscle biopsies were obtained from healthy
donors of ages ranging between 3 and 65 years during orthopedic surgical
treatment. Muscle samples selected for culture preparation were transferred

in DMEM supplemented with penicillin, streptomycin, and amphotericin B
(complete medium). To remove erythrocytes, muscle fragments were soaked
in a 0.25% trypsin solution, which was discarded after 3–5 minutes. The muscle
preparations were then mixed with 200 units/ml collagenase type I (Sigma) in
DMEM and incubated at 37°C for 20 min. The medium (containing detached
cells) was collected, an equal volume of complete medium supplemented with
20% FCS was added, and the mixture was set aside. Collagenase I was added
back to the residual muscle fragments, and the above procedure was repeated
four times. Cell suspensions were pooled, centrifuged for 10 min at 800 � g,
resuspended in complete medium plus 20% FCS, and finally plated on laminin/
poly-L-lysine-coated coverslips (BD Laboratories). To define suitable condi-
tions for measuring the mitochondrial membrane potential, muscle cultures
from healthy donors were checked at different times for phosphorylated focal
adhesion kinase, KI-67, desmin, and vimentin. At 4, 9, 12, and 24 h of plating,
muscle cell cultures were fixed with cold methanol, washed with PBS, and
incubated with the following polyclonal or monoclonal antibodies, properly
diluted in PBS with 2% BSA: phosphofocal adhesion kinase (1:10; Santa Cruz
Biotechnology), KI-67 (1:50; Santa Cruz Biotechnology), desmin (1:10; Abcam),
and vimentin (1:10; Sigma). The immunoreactions were revealed with FITC-
conjugated swine anti-rabbit or TRITC-conjugated rabbit anti-mouse antibod-
ies (DAKO), mounted with Pro-long anti-fade reagent (Molecular Probes) and
examined with a Nikon epifluorescence microscope at �100 magnification.

Immunofluorescence on Muscle Sections. Unfixed frozen sections of muscle
biopsies from patients were double labeled with a rabbit polyclonal anti-
desmin antibody (undiluted; Abcam), followed by a TRITC-conjugated swine
anti-rabbit antibody (DAKO). Then, samples were incubated with a monoclo-
nal anti-developmental myosin heavy chain antibody (1:10; Novocastra),
washed extensively with PBS, and treated with a secondary FITC-conjugated
rabbit anti-mouse antibody (DAKO). Samples were mounted with Pro-long
anti-fade reagent (Molecular Probes) and examined with a Nikon epifluores-
cence microscope at a �40 magnification. For statistical analysis, 1,000 fibers
from three different regions of the biopsy for each sample were considered.
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Fig. 3. Apoptosis and regeneration in muscle biopsies from UCMD and Bethlem myopathy patients before and after treatment with CsA. (A) (Bottom) Biopsies
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treatment, stained with TUNEL and Hoechst. Arrows indicate TUNEL-positive nuclei. (Scale bar: 50 �m.) (B) Representative cross-sections of muscle biopsies of
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Data were analyzed with the unpaired Student t test, and values with P � 0.05
were considered as significant.

Detection of Apoptosis. We measured the rate of apoptosis in muscle biopsies
by using the TUNEL method. Seven-micrometer-thick frozen sections were
prepared from muscle biopsies, fixed in 50% acetone/50% methanol and
processed for TUNEL analysis by using the Apoptag peroxidase in situ apo-
ptosis detection kit (Chemicon). Visualization of all nuclei was performed by
staining with Hoechst 33258 (Sigma). The number of TUNEL-positive nuclei
was determined in randomly selected fields with a Zeiss Axioplan microscope
(�40 magnification) equipped with a digital camera. For each biopsy, 30–85
fields containing muscle fibers and covering a total area of �1–7 mm2 were
observed. Data were analyzed with the unpaired Student t test and values
with P � 0.05 were considered as significant.

Mitochondrial Membrane Potential. This was measured based on the accumu-
lation of TMRM (Molecular Probes). Flexor digitorum brevis myofibers plated
onto 24-mm round glass coverslips coated with 3 �g/cm2 Engelbreth–Holm–
Swarm sarcoma mouse laminin (Roche) were incubated with 20 nM TMRM for
15 min in 1 ml of glucose-free Tyrode buffer (2). Imaging was performed with
a Zeiss Axiovert 100 TV inverted microscope equipped with a mercury light
source (100 W) for epifluorescence illumination and with a 12-bit digital
cooled CCD camera (Micromax; Princeton Instruments). We analyzed data
with the MetaFluor Imaging software. Primary cell cultures obtained as de-
scribed above from healthy donor or patient biopsies were plated within 4 h
of the surgical biopsy in complete medium plus 20% FCS on laminin/poly-L-
lysine–coated coverslips (BD Laboratories) and allowed to attach and spread
for 9–14 h. The medium was then replaced with serum-free DMEM supple-
mented with 10 nM TMRM for 30 min, and cellular fluorescence images were
acquired with an Olympus IX71/IX51 inverted microscope equipped with a

xenon light source (75 W) for epifluorescence illumination, and with a 12-bit
digital cooled CCD camera (Micromax). Data were acquired and analyzed by
using Cell R software (Olympus). For detection of fluorescence, 568 � 25-nm
bandpass excitation and 585-nm longpass emission filter settings were used.
Images were collected with an exposure time of 100 msec by using a �20
objective (Nikon) for the mouse muscle fibers and a �40, 1.3 N.A. oil immer-
sion objective (Nikon) for the patients’ cells. The extent of cell and, hence,
mitochondrial loading with potentiometric probes are affected by the activity
of the plasma membrane multidrug resistance pump, which is inhibited by
CsA. Treatment with this drug may, therefore, cause an increased mitochon-
drial fluorescence that can be erroneously interpreted as an increase of the
mitochondrial membrane potential (29). To prevent this artifact and to nor-
malize the loading conditions, the medium in all experiments with TMRM was
supplemented with 1.6 �M CsH, which inhibits the multidrug resistance pump
but not the PTP (22). At the end of each experiment, mitochondria were fully
depolarized by the addition of 4 �M protonophore carbonylcyanide-p-
trifluoromethoxyphenyl hydrazone. Clusters of several mitochondria (n �

10–30) were identified as regions of interest, and fields not containing cells
were taken as the background. Sequential digital images were acquired every
1 min for the fibers and every 2 min for the cells, and the average fluorescence
intensity of all relevant regions was recorded and stored for subsequent
analysis.
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