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The cyclophilin inhibitor Debio 025 normalizes
mitochondrial function, muscle apoptosis and
ultrastructural defects in Col6a1-/- myopathic mice
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Background and purpose: We have investigated the therapeutic effects of the selective cyclophilin inhibitor D-MeAla3-EtVal4-
cyclosporin (Debio 025) in myopathic Col6a1-/- mice, a model of muscular dystrophies due to defects of collagen VI.
Experimental approach: We studied calcineurin activity based on NFAT translocation; T cell activation based on expression of
CD69 and CD25; propensity to open the permeability transition pore in mitochondria and skeletal muscle fibres based on the
ability to retain Ca2+ and on membrane potential, respectively; muscle ultrastructure by electronmicroscopy; and apoptotic
rates by terminal deoxynucleotidyl transferase-mediated dUTP nick end labelling assays in Col6a1-/- mice before after treatment
with Debio 025.
Key results: Debio 025 did not inhibit calcineurin activity, yet it desensitizes the mitochondrial permeability transition pore in
vivo. Treatment with Debio 025 prevented the mitochondrial dysfunction and normalized the apoptotic rates and ultrastruc-
tural lesions of myopathic Col6a1-/- mice.
Conclusions and implications: Desensitization of the mitochondrial permeability transition pore can be achieved by selective
inhibition of matrix cyclophilin D without inhibition of calcineurin, resulting in an effective therapy of Col6a1-/- myopathic
mice. These findings provide an important proof of principle that collagen VI muscular dystrophies can be treated with Debio
025. They represent an essential step towards an effective therapy for Ullrich Congenital Muscular Dystrophy and Bethlem
Myopathy, because Debio 025 does not expose patients to the potentially harmful effects of immunosuppression.
British Journal of Pharmacology (2009) 157, 1045–1052; doi:10.1111/j.1476-5381.2009.00316.x; published online 10
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Keywords: Mitochondria; permeability transition; cell death; cyclosporins; cyclophilins; collagen VI; muscular dystrophies

Abbreviations: CRC, calcium retention capacity; CsA, cyclosporin A; CyP, cyclophilin; Debio 025, D-MeAla3-EtVal4-
cyclosporin; FDB, flexor digitorum brevis; GFP, green fluorescent protein; NFAT, nuclear factor of activated T
cells; PTP, permeability transition pore; TMRM, tetramethylrhodamine methyl ester; TUNEL, terminal deoxy-
nucleotidyl transferase-mediated dUTP nick end labelling; UCMD, Ullrich Congenital Muscular Dystrophy

Introduction

Mitochondria have a crucial role in pathophysiology, and the
mitochondrial permeability transition pore (PTP) stands out

as an effector mechanism of cell death. Cyclosporin A (CsA)
favours PTP closure after high affinity binding to cyclophilin
(CyP) D, a matrix peptidyl-prolyl cis-trans isomerase, an effect
that does not involve calcineurin (Rasola and Bernardi, 2007).
In chronic diseases where the PTP plays a role, such as mus-
cular dystrophies due to collagen VI deficiency (Irwin et al.,
2003; Angelin et al., 2007; Merlini et al., 2008) and possibly
other forms of muscular dystrophy (Millay et al., 2008;
Reutenauer et al., 2008), CsA derivatives that bind CyPs and
desensitize the PTP but do not inhibit calcineurin (Nicolli
et al., 1996; Waldmeier et al., 2002; Hansson et al., 2004;
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Paeshuyse et al., 2006) should therefore maintain the benefi-
cial effects of CsA without exposing patients to the long-term
complications that may arise from immunosuppression. The
CyP inhibitor D-MeAla3-EtVal4-cyclosporin (Debio 025) was
developed from CsA by substituting Sar in position 3 and
MeLeu in position 4 with D-MeAla and EtVal respectively
(Hansson et al., 2004). Unlike CsA, Debio 025 does not display
affinity for calcineurin. In vitro, Debio 025 is 7000 times less
effective than CsA at inhibiting interleukin-2 production
by Jurkat cells and at least 15 times less potent than CsA
in mixed lymphocyte reaction tests (Ptak et al., 2008). In
addition, Debio 025 inhibits the PTP in brain mitochondria
(Hansson et al., 2004), a finding that has encouraged the
study of its effects in PTP-dependent disease paradigms.

In this study, we have investigated the effects of Debio 025
in myopathic Col6a1-/- mice, a model of muscular dystrophy
caused by defects of collagen VI. Our findings show that it
lacks immunosuppressive activity but has therapeutic efficacy
against the myopathy of this mouse disease model. Hence,
they provide an important proof of principle that the in vivo
effect of CsA is not due to inhibition of calcineurin (Irwin
et al., 2003), and may pave the way to the long-term treat-
ment of Ullrich Congenital Muscular Dystrophy (UCMD) and
Bethlem Myopathy.

Methods

Expression of nuclear factor of activated T cells-green
fluorescent protein (NFAT-GFP)
Jurkat T cells were transfected with the plasmid enhanced
green fluorescent protein (pEGFP)/NFAT-1D (Boncristiano
et al., 2003) using a modification of the diethylamino ethyl
(DEAE)/dextran procedure described previously (Plyte et al.,
2001). One million Jurkat T cells were then treated for 15 min
at 37°C with 0.8 mM CsA, Debio 025 or vehicle, followed by
500 ng·mL-1 of the ionophore A23187. After 20 min of incu-
bation at 37°C, the localization of NFAT-GFP was studied by
laser scanning confocal microscopy (Plyte et al., 2001).

Preparation of mouse T lymphocytes by negative selection
Single cell suspensions were prepared from the spleen of the
129-strain of mice using Cell Stainer-BD Falcon. Monocytes
were removed by adherence. Unstimulated splenic T lym-
phocytes were then negatively selected by immunomagnetic
sorting using anti-CD22 antibody conjugated magnetic beads
(Dynabeads Mouse pan-B). Purity of T cells (typically above
90%) was assessed by flow cytometry after labelling with
fluorochrome conjugated anti-CD3 and anti-CD22 mAb. Two
hundred thousand T cells in 0.1 mL of RPMI-7.5% bovine
calf serum were treated for 15 min at 37°C with 0.8 mM CsA
or Debio 025 or with an equal volume of vehicle in six-
well plates. The plates were transferred on ice, treated with
saturating amounts of hamster anti-CD3 mAb (2C11) or an
equivalent volume of medium (unstimulated samples) and
incubated for 30 min at 4°C. Cells were washed and resus-
pended in 0.2 mL of cold RPMI-7.5% bovine calf serum, and
0.8 mM CsA or Debio 025, or vehicle added back to the app-
ropriate samples, which were transferred to 96-well plates

previously coated with an antihamster secondary antibody
(50 mg·mL-1) and incubated at 37°C for 30 h in a CO2 incu-
bator. Cells were resuspended, spun, resuspended in 0.2 mL
phosphate-buffered saline-1% bovine calf serum and sub-
jected to flow cytometric analysis after being labelled with
a combination of fluorochrome conjugated anti-CD3/anti-
CD69 mAbs or anti-CD3/anti-CD25 mAbs.

Preparation of mitochondria and calcium retention
capacity (CRC) test
Mitochondria were prepared from liver and muscle homo-
genates by differential centrifugation exactly as described
previously (Costantini et al., 1995; Fontaine et al., 1998a). The
CRC of mitochondrial preparations was assessed fluorimetri-
cally in the presence of the Ca2+ indicator Calcium Green-5N
(1 mM; excitation, 505 nm; emission, 535 nm) using a Perki-
nElmer LS50B spectrofluorimeter equipped with magnetic
stirring and thermostatic control (Fontaine et al., 1998b). The
incubation conditions are detailed in the legend to Figure 3.

Isolation of skeletal myofibres and measurements of
tetramethylrhodamine methyl ester (TMRM) accumulation
Fibres from flexor digitorum brevis (FDB) muscles were isolated
exactly as described previously (Irwin et al., 2002). Fibres
were then plated onto glass coverslips coated with laminin
(3 mg·cm-2) and cultured in Dulbecco’s modified Eagle
medium containing 10% fetal bovine serum. During the
experiment, FDB fibres were placed in 1 mL Tyrode’s buffer
and loaded them with 20 nM of TMRM as described previ-
ously (Irwin et al., 2003). The images of mitochondrial TMRM
fluorescence were acquired with a Zeiss Axiovert 100 TV
inverted microscope exactly as described previously (Merlini
et al., 2008).

In vivo treatments
Col6a1-/- mice (Bonaldo et al., 1998) had free access to a
standard diet and were kept under controlled conditions of
temperature and humidity on a 12-h light/12-h dark cycle.
For the experiments presented in Figures 3–6, mice received
two daily doses of Debio 025 5 mg·kg-1, i.p. or an identical
volume of vehicle (i.p.) for 5 days. For the experiments shown
in Figure 7, the final stated doses of Debio 025 were admin-
istered through gavage in two daily doses of identical
volumes. All in vivo experiments were approved by the com-
petent Authority of the University of Padova and authorized
by the Italian Ministry of Health.

Terminal deoxynucleotidyl transferase-mediated dUTP
nick end labelling (TUNEL) assay
We prepared 7 mm-thick sections of muscle diaphragm
after 4% paraformaldehyde fixation and paraffin embedd-
ing. TUNEL was done using the ApopTag in situ apoptosis
detection kit. Samples were stained with peroxidase-
diaminobenzidine to detect TUNEL-positive nuclei and coun-
terstained with Hoechst 33258 to identify all nuclei, as
described previously (Irwin et al., 2003). The total number of
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nuclei and number of TUNEL-positive nuclei were determined
in randomly selected fibres using a Zeiss Axioplan microscope
equipped with a Leica DC 500 camera.

Electron microscopy
Diaphragm muscles from Col6a1-/- mice were isolated and
gently stretched on a dental wax support in order to prevent
contraction during fixation. Samples were fixed with 2.5%
glutaraldehyde in phosphate buffer 0.1 M, pH 7.4 for 3 h at
4°C, washed overnight in phosphate buffer 0.15 M, post-fixed
in 1% osmium tetroxide in veronal buffer, dehydrated and
embedded in Epon 812 epoxidic resin. Transverse ultrathin
sections were stained with uranyl acetate and lead citrate and
observed in a Philips EM400 transmission electron micro-
scope operating at 100 kV. For statistical analysis, we studied
300 muscle fibres from three different blocks of tissue for
each sample.

Data analysis and statistical procedures
Data were analysed either with the Mann–Whitney test or
with Student’s unpaired t-test as indicated in the text and
legends, and only values with P < 0.05 were considered sig-
nificant. Data are presented as mean � SEM or mean � SD.

Materials
Cell Stainer-BD Falcon was obtained from BD Biosciences
Europe (Belgium); Dynabeads Mouse pan-B – Dynal Biotech,
Invitrogen (San Giuliano Milanese, Italy); fluorochrome con-
jugated anti-CD3 and anti-CD22 mAb, Becton-Dickinson
(Milan, Italy); Calcium Green-5N and TMRM, Molecular
Probes; ApopTag in situ apoptosis detection kit, Intergen;
Hoechst 33258, Sigma.

Results

Effects of CsA and Debio 025 on NFAT translocation
and T cell activation
We investigated whether Debio 025 is able to prevent acti-
vation of calcineurin through the reporter plasmid pEGFP/
NFAT-1D encoding a fusion GFP-NFAT protein that undergoes
calcineurin-dependent dephosphorylation and translocation
to the nucleus (Plyte et al., 2001). Nuclear NFAT localization
increased from 10% to about 50% after treatment with the
divalent cation ionophore A23187 in a process that was
blocked by CsA but not by Debio 025 (Figure 1A–C). Only CsA
inhibited expression of the T lymphocyte activation markers
CD69 and CD25 after stimulation with the T cell receptor
agonist antibody 2C11 (Figure 2A and B respectively).

Effects of Debio 025 on the CRC of isolated mitochondria
after in vivo administration
We next assessed whether a mitochondrial effect of Debio
025 can be demonstrated after in vivo drug administration to
mice. Liver and hind leg muscle mitochondria were isolated
from individual Col6a1-/- mice treated for 5 days with vehicle

or with Debio 025. Mitochondria were then incubated in
the presence of substrates and supplemented with Calcium
Green-5N, which monitors extramitochondrial Ca2+. A train
of Ca2+ pulses was added, each pulse being taken up until
a threshold was reached that caused opening of the PTP
and precipitous release of the previously accumulated Ca2+

(Figure 3). The threshold Ca2+ needed for PTP opening was
lower in liver than in muscle mitochondria (compare traces
1 in Figure 3A and A’, respectively); and it was significantly
increased by in vivo treatment with Debio 025 in both organs
(traces 1 in Figure 3B and B’). The effect was particularly
striking for muscle mitochondria (Figure 3B’), the CRC
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Figure 1 Effects of A23187, cyclosporin A (CsA) and Debio 025 on
nuclear factor of activated T cells-green fluorescent protein (NFAT-
GFP) distribution in Jurkat T cells. (A) Jurkat T cells were scored
for cytoplasmic versus nuclear localization of NFAT-GFP before and
after treatment with 500 ng·mL-1 A23187 in the presence of vehicle,
0.8 mM CsA or 0.8 mM Debio 025. (B) and (C) Representative
examples of cells with cytosolic and nuclear NFAT-GFP respectively.
*P < 0.05 versus untreated, Student’s t-test.
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Figure 2 Effects of cyclosporin A (CsA) and Debio 025 on activation
of mouse T lymphocytes. Mouse spleen CD3+ lymphocytes were
prepared by negative selection as described in Methods and scored
for expression of the activation markers CD69 (A) and CD25 (B), in
the presence of vehicle, 0.8 mM CsA or Debio 025. Where indicated,
cells were treated with the stimulatory antibody 2C11. *P < 0.05
versus vehicle, Student’s t-test.
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getting close to the maximum level that could be attained by
adding Debio 025 directly to the cuvette (trace 2 in all panels).
Statistical analysis revealed a highly significant desensiti-
zation of the PTP in both liver and muscle mitochondria
(Figure 3C). It should be noted that the CRC measured in
mitochondria treated with Debio 025 in vivo represents a

lower limit, because some washout effect was expected to
occur during the preparation of mitochondria.

Effects of in vivo administration of Debio 025 on
oligomycin-dependent mitochondrial depolarization in FBD fibres
Next, we tested whether this pharmacological inhibition of
the PTP can be demonstrated in FDB fibres isolated from
Debio 025-treated Col6a1-/- mice. In order to explore the
status of the PTP, we exploited our previous observation that
most of these fibres display an anomalous depolarizing
response to the F1FO ATPase inhibitor oligomycin, which can
be corrected by CsA (Irwin et al., 2003). Addition of oligomy-
cin to vehicle-treated animals caused decreased fluorescence
of mitochondrial TMRM (a measure of mitochondrial depo-
larization) in a fraction of the fibres; if a threshold is arbi-
trarily set at 90% of the initial fluorescence value (Merlini
et al., 2008), 18 out of 31 fibres (58%) and 10 out of 40 fibres
(25%) depolarized in vehicle- and Debio 025-treated animals
respectively (Figure 4, compare A and B).

Effects of Debio 025 on mitochondrial ultrastructural defects and
diaphragm apoptosis in vivo
Swelling, a typical feature of mitochondrial PTP opening, was
easily detected in Col6a1-/- (Figure 5A) but not in wild-type
diaphragm fibres (results not shown), and mitochondrial
ultrastructure was normalized by treatment with Debio 025
(Figure 5B). Debio 025 caused a reduction in the number of
abnormal mitochondria in all individuals (Figure 5C) with an
average decrease of affected fibres from 13 to 2.5 %
(Figure 5D). We also assessed whether treatment with Debio
025 was able to normalize the increased apoptotic rates
observed in Col6a1-/- mice (Irwin et al., 2003). Vehicle-treated
animals had an average of 55.4 � 7.3 apoptotic nuclei per
mm2, which is well within the range previously reported for
these mice (Irwin et al., 2003). After treatment with Debio
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Figure 4 Effects of oligomycin and carbonylcyanide-p-
trifluoromethoxyphenyl hydrazone (FCCP) on mitochondrial tetram-
ethylrhodamine methyl ester (TMRM) fluorescence in flexor digitorum
brevis (FDB) fibres isolated from Col6a1-/- mice treated with vehicle or
with Debio 025. Mice were treated for 5 days with vehicle (A) or with
10 mg·kg-1·day-1 Debio 025 (B). FDB fibres were isolated and mito-
chondrial fluorescence images acquired as described in Methods.
Where indicated, 5 mM oligomycin (Oligo) and 4 mM FCCP were
added. Each trace shows the fluorescence of a single fibre, and data
from all treated animals were pooled.
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025, the incidence dropped to 9.5 � 2.6 nuclei per mm2

(Figure 6), which is the same value reported after treatment
with CsA (Irwin et al., 2003). We finally studied the dose
dependence of the effects of Debio 025 on diaphragm apop-
tosis after gavage. It can be seen that 0.66 mg·kg-1·day-1 was
ineffective, while doses of 6.6 and 20 mg·kg-1·day-1 day effec-
tively reduced the number of apoptotic nuclei, consistent
with the CRC increase measured in muscle mitochondria
(Figure 7). Doses of 60 mg·kg-1·day-1 were no longer effective
at preventing apoptosis, but rather slightly increased the fre-
quency of apoptotic nuclei (Figure 7 A,B); yet the effect of
Debio 025 6.6 mg·kg-1·day-1 on the CRC was indistinguish-
able from that of 60 mg·kg-1·day-1 (Figure 7C). The overall
increase of CRC was somewhat lower than that observed after
i.p. administration of Debio 025 (compare with Figure 3C).

Discussion and conclusions

CyPA is the prototype of the CyP family of peptidyl prolyl
cis-trans isomerases (Fischer et al., 1989), which in humans
includes 17 unique proteins (Wang and Heitman, 2005). After
binding to its inhibitory ligand CsA (Borel et al., 1977), the
CsA/CyPA complex binds to and inhibits the cytosolic phos-
phatase calcineurin (Liu et al., 1991) resulting in immuno-
suppression (Clipstone and Crabtree, 1992; Walsh et al.,
1992). Early work with active site mutants of human CyPA
had already clearly separated the peptidyl prolyl cis-trans
isomerase activity of the protein from CsA binding and cal-
cineurin inhibition (Zydowsky et al., 1992), suggesting that
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Figure 5 Ultrastructure of mitochondria in diaphragms from
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CyPs have cellular functions that are independent of immu-
nosuppression. This prediction has been fulfilled, and the
emerging field of CyP biochemistry and pathophysiology
is uncovering the great importance of these proteins for a
variety of processes relevant to human disease (Wang and
Heitman, 2005). These include inflammation and vascular
dysfunction (Jin et al., 2004; Kim et al., 2004; 2005; Arora
et al., 2005; Damsker et al., 2007), wound healing (Kong et al.,
2007), innate immunity to HIV (Sokolskaja and Luban, 2006),
hepatitis C infection (Flisiak et al., 2007), host-parasite inter-
actions (Bell et al., 2006), tumour biology (Yao et al., 2005)
and mitochondrial PTP-dependent dysfunction mediated by
matrix CyPD (Connern and Halestrap, 1992; Nicolli et al.,
1996; Woodfield et al., 1997; Waldmeier et al., 2003). These
studies underline the importance of developing CyP ligands
like Debio 025 that do not result in formation of calcineurin-
inhibitory complexes and thus offer great promise for the
therapy of CyP-dependent diseases such as HCV and HIV
(Flisiak et al., 2008; Paeshuyse et al., 2006; Inoue et al., 2007;
Ptak et al., 2008) and collagen VI muscular dystrophies
(present manuscript).

We have shown (i) that Debio 025 does not inhibit
calcineurin-dependent NFAT translocation to the nucleus in
Jurkat T cells, nor does it prevent activation of resting mouse
T lymphocytes; this is conclusive evidence that calcineurin
is not involved in the protective effects displayed by CsA in
the Col6a1-/- mouse (Irwin et al., 2003), an issue of impor-
tance because calcineurin affects mitochondrial fission
through dephosphorylation of Drp-1 (Cereghetti et al., 2008);
(ii) that this drug is an effective inhibitor of the PTP in vivo, as
demonstrated by its desensitizing effects in mitochondria and
FDB myofibres isolated from Debio 025-treated mice; and (iii)
that treatment of Col6a1-/- mice with Debio 025 has a thera-
peutic efficacy matching that previously described with CsA
(Irwin et al., 2003). Remarkably, and at variance from the
decreased contractile performance of human and rabbit heart
muscle preparations caused by CsA (Janssen et al., 2000),
Debio 025 was cardioprotective in a mouse model of myocar-
dial infarction (Gomez et al., 2007) suggesting that the toxic
effects of CsA are rather due to inhibition of calcineurin.

It should also be noted that Debio 025 was effective
after both i.p. and oral administration, and that a per os
dose of 6.6 mg·kg-1·day-1 was extremely effective at inhibit-
ing diaphragm apoptosis, with no further decrease at
20 mg·kg-1·day-1. The antiapoptotic effect was not observed at
60 mg·kg-1·day-1, a dose that slightly increased the incidence
of apoptosis. This event appears to be independent of PTP
desensitization because the CRC of skeletal muscle mito-
chondria was the same at 6.6, 20 and 60 mg·kg-1·day-1 of
Debio 025. This point should be considered in the future use
of Debio 025 in a clinical setting for muscular dystrophy, and
deserves further study. It should be mentioned, however, that
Debio 025 1000 mg daily is in general well tolerated and
proved to be safe in HCV-infected patients, the most promi-
nent side effect being transient hyperbilirubinemia caused
by inhibition of biliary canalicular transporters (Flisiak et al.,
2009).

Debio 025 inhibits all CyPs including CyPA and/or B, which
appears to be responsible for the effects of the drug on
HCV and HIV replication respectively (Chatterji et al., 2005;

Bobardt et al., 2008; Kaul et al., 2008). The conclusion that
Debio 025 prevents muscle cell apoptosis in the Col6a1-/-

mouse through CyPD inhibition and PTP desensitization is
considerably strengthened by our recent finding that genetic
ablation of CyPD cures the myopathy of Col6a1-/- mice
(Palma et al., 2009).

Taken together, our findings have major implications
for UCMD patients, whose treatment with CsA has proven
beneficial (Merlini et al., 2008). UCMD is a chronic muscle-
wasting disease involving the diaphragm, and respiratory
failure is a common complication which is worsened by pul-
monary infections (Merlini and Bernardi, 2008). Long-term
treatment with CsA must therefore be carefully weighed
against the risks of immunosuppression, which may favour
life-threatening infections. Debio 025 has already proved
effective at restoring mitochondrial function and at decreas-
ing apoptosis in myoblasts from patients affected by UCMD
and Bethlem myopathy (Angelin et al., 2007). Since this drug
is as effective as CsA in the Col6a1-/- mouse animal model,
we believe that the present results represent an important
and necessary step towards a therapy of human collagen VI
muscular dystrophies with Debio 025.
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