
Summary. Absence of, or loss-of-function mutations in
the dysferlin gene (dysf) result in dysferlinopathy,
characterized by increased muscle inflammation,
collagen deposition and deterioration in muscle function.
We evaluated halofuginone efficacy in improving
muscle histopathology in mice with deleted dysf
transmembrane domain. Quadriceps sublumbar and
longissimus muscles of 9-month-old dysf-/- mice treated
with halofuginone for 4 months exhibited a reduction in
centrally-nucleated myofibers, inflammatory infiltrates
and collagen content. Late onset of dysferlinopathy
makes it ideal for evaluating the efficacy of early
treatments on late outcome. The dysf-/- mice were
treated with halofuginone for 3 to 4 months starting at 1,
5 or 9 months of age, and quadricep muscle
histopathology was evaluated at 12 months. Collagen
content and number of centrally nucleated myofibers
decreased after early halofuginone treatment,
administered when myofibers with central nuclei and
inflammatory infiltrates are evident, but there was
almost no fibrosis. When administered at the beginning
of fibrosis it resulted in a further decrease in the number
of centrally-nucleated myofibers with no additional
decrease in collagen levels. Cardiac fibrosis was almost
completely abolished following early halofuginone
treatment. Halofuginone inhibited Smad3
phosphorylation and its translocation to the nucleus and
increased the activity of matrix metalloproteinases 9 and
2 responsible for resolution of pre-existing collagen.
Macrophage and myofibroblast invasion into the
dystrophic muscle at the site of myofibers with central
nuclei was inhibited by halofuginone. These results
suggest that early halofuginone treatment can prevent

the late outcome of dysferlinopathy and can cause
resolution of the established fibrosis when administered
at later stages. 
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Introduction

In muscle, contraction-induced sarcolemmal injury
is a common event, and myofibers have an efficient
sarcolemmal repair system that mediates responses to
local damage, such that small tears within membranes
are normally sealed within seconds (Bansal et al., 2003).
Dysferlin is a 230-kDa protein that is highly expressed
in skeletal and cardiac muscle (Bashir et al., 1998;
Barthélémy et al., 2011) and is an important constituent
of the muscle-membrane repair system and a major
mediator of membrane resealing in muscle (Lennon et
al., 2003). In addition, dysferlin is required for proper
muscle differentiation, regeneration and fusion events
(De Luna et al., 2004; Roche et al., 2008; Chiu et al.,
2009; Millay et al., 2009; Demonbreun et al., 2011).
Dysferlinopathies encompass a large variety of muscle
dystrophies (MDs) characterized by the absence of, or
loss-of-function mutations in the dysferlin gene (dysf) in
skeletal muscle (Liu et al., 1998; Bushby, 2000; Klinge
et al., 2010; Cacciottolo et al., 2011). Although rare,
dysferlinopathies can account for up to 30% of
progressive recessive MDs in certain geographical
regions, such as the Middle East and the Indian
subcontinent (Urtizberea et al., 2008). Clinically,
dysferlinopathies are relatively mild diseases
characterized by late onset in the second or third decade
with normal musculature prior to this time. To date,
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three main phenotypes have been reported: limb girdle
muscular dystrophy type 2B (LGMD 2B), Miyoshi
myopathy (MM), and distal myopathy with anterior
tibial onset. The first phenotype exhibits predominantly
proximal slowly progressive involvement of the pelvic
and shoulder girdle, while the latter two forms present a
predominantly distal pattern (Kawabe et al., 2004).
Dysferlin is also expressed in cardiomyocytes (Guglieri
et al., 2005) and in its absence cardiomyocyte membrane
damage occurs; however, unlike in skeletal muscle, the
cell injury is sub-lethal and causes only mild
cardiomyopathy, even at an advanced age (Chase et al.,
2009). In patients with dysferlinopathy, inflammatory
and degenerative changes and fibrosis are observed at
later ages (Brunn et al., 2006).

One of the characteristics of dystrophic muscle is
infiltration of myofibroblasts expressing P4Hß, a majorcollagen cross-linking enzyme (Nevo et al., 2010). These
cells are the main source of fibrillar collagens in the
tissue. In addition to the myofibroblasts, muscle
inflammation is a prominent feature in several MDs. In
patients with dysferlinopathy (Gallardo et al., 2001;
Confalonieri et al., 2003) and in animal models of
dysferlinopathies (Bittner et al., 1999; Ho et al., 2004),
the inflammation consists mainly of macrophages. The
fibrosis in dysferlinopathies is mild compared to that in
other MDs such as Duchenne (DMD) and congenital
MD (CMD). It has been hypothesized that autocrine
release of TGFß from necrotic myofibers contributes to
the progressive loss of muscle regeneration and the
increase in fibrosis (Bernasconi et al., 1995; Melone et
al., 1999). Inhibition of TGFß/Smad3 signaling
ameliorates the pathological phenotype in dystrophic
mice, a finding consistent with the importance of TGFß
signaling in regulating both regeneration and fibrosis
(Cohn et al., 2007). In murine models of
dysferlinopathies and in patients with the disease, a
reduction in Smad2/Smad3 protein levels (Wenzel et al.,
2005) and an increase in connective tissue are observed,
together with late onset of fibrosis (Weller et al., 1997;
Vinit et al., 2010). 

Halofuginone is an inhibitor of Smad3
phosphorylation downstream of the TGFß-signaling
pathway (Pines et al., 2000; Pines, 2008). Halofuginone
inhibits Smad3 phosphorylation in a variety of cell types
and animal models (McGaha et al., 2002; Yee et al.,
2006; Roffe et al., 2010), TGFß-dependent fibrosis in
scores of animal models (Levi-Schaffer et al., 1996;
Bruck et al., 2001; Pines et al., 2001; Zion et al., 2009),
and extracellular matrix (ECM) production in tumor
xenografts associated with a major reduction in tumor
growth and development (Gavish et al., 2002; Pinthus et
al., 2005; Spector et al., 2010). In murine models of
DMD and CMD, halofuginone was shown to inhibit
Smad3 phosphorylation in cardiac and skeletal muscles
and this was associated with decreased muscle fibrosis
and enhanced motor coordination and balance
(Turgeman et al., 2008; Nevo et al., 2010). Moreover,
halofuginone treatment decreased muscle fibrosis and

improved lung and cardiac muscle functions in older
mdx mice that exhibited established fibrosis (Huebner et
al., 2008). The ability to resolve pre-existing fibrosis
derives from the regulation of MMP activity, as these
enzymes play a crucial role in the fine regulation of
ECM turnover, which is altered in most pathological
states associated with fibrosis (Bruck et al., 2001). In
addition to the profound effect on muscle fibrosis,
halofuginone also elicits a direct effect on muscle cells
and promotes myotube fusion in primary myoblasts
derived from normal and dystrophic muscles (Roffe et
al., 2010). 

In this study, we employed a murine model of
dysferlinopathy with late onset of the disease to evaluate
the efficacy of halofuginone at improving histopathology
at both early stages of the dystrophy before the onset of
fibrosis, and at later stages, when muscle fibrosis is
established. 
Materials and methods

Materials 

Halofuginone bromhydrate was obtained from Halo
Therapeutics, LLC (Boston, MA, USA). Monoclonal
prolyl 4-hydroxylase ß (P4Hß) and polyclonal anti-macrophage antibodies were purchased from Acris
(Hiddenhausen, Germany). Monoclonal anti-dysferlin
antibody was obtained from Novocastra (Newcastle
Upon Tyne, UK). A rabbit polyclonal anti-collagen type
I antibody was purchased from Abcam (Cambridge,
UK), polyclonal pSmad3 antibodies were from Cell
Signaling (Beverly, MA), polyclonal Smad3 antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA) and Sirius red F3B was obtained from BDH
Laboratory Supplies (Poole, UK). 
Animals and experimental design

Homozygous dysf-/- male mice of a mixed 129SvJ
and C57BL/g background (Stock 006830, Jackson
Laboratories, Bar Harbor ME, USA), in which a 12-kb
region of the dysf gene containing the last three exons
(exons 53-55, aa 1983-2080) is deleted, removing the
transmembrane domain, were used; C57/Bl/6J (termed,
C57/Bl) mice served as wild-type controls. The mice
were housed in cages under constant photoperiod (12:12
h L:D) with free access to food and water. All animal
experiments were carried out according to the guidelines
of the Volcani Center Institutional Committee for Care
and Use of Laboratory Animals (IL-234/10). The mice
were divided into three groups (n=10 per group)
according to age (one, five and nine months,
respectively) and were injected intraperitoneally (ip)
with 7.5 µg halofuginone per mouse three times a week
for a period of three to four months. This protocol has
been shown to be effective in other MD models
(Turgeman et al., 2008; Nevo et al., 2010). A fourth
group of dysf-/- mice was not injected and formed the
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control group. All mice were sacrificed at 12 months of
age.
Motor coordination 

Motor coordination and balance were evaluated with
an accelerating single-station RotaRod treadmill (Med
Associates, Inc., St. Albans, VT) as previously described
(Turgeman et al., 2008; Nevo et al., 2010). The mice
were placed one at a time on the rod, rotating at an initial
speed of 3.0 rpm; the speed was gradually increased to
30 rpm over a period of 5 min, and the amount of time
that the mice stayed on the rod was recorded. RotaRod
performance is highly dependent on training, and the
mice were therefore subjected to three successive trials
in each session, and the tests were repeated on two
consecutive days. The performance of each mouse was
measured as the mean of its best individual
performances over the three trials on the second day.
Preparation of sections, collagen staining and
immunohistochemistry 

At the end of the experiments, biopsies from
quadriceps, longissimus, sublumbar, gastrocnemius and
cardiac muscles were collected and fixed, and sections
were prepared and stained as previously described
(Turgeman et al., 2008; Nevo et al., 2010). The level of
fibrosis was analyzed with ImagePro software (Media
Cybernetics, Inc., Silver Spring, MD, USA).
Photographs (n=15, i.e., five sections from three
different mice from each group of 10 mice were
analyzed) were taken at each time point for analysis at
x20 magnification. The results were calculated as red
area divided by the total area (red + green) and presented
as the proportion of fibrotic muscle area (mean ± SE).
Special care was taken to exclude blank areas, which
were assumed to be artefactual. Tukey-Kramer HSD test
was applied to the results, at p=0.05, using JMP
software, version 6 (SAS Institute Inc., Cary, NC, USA).
Immunohistochemistry was performed with antibodies
against P4Hß (1:25), collagen type I (1:100), phospho-Smad3 (1:50) and macrophages (1:250). Peroxidase
activity was determined with 3,3’-diaminobenzidine
(DAB) as the chromogen. Nuclei were detected with
4’,6-diamidino-2-phenylindole (DAPI).
Confocal microscopy 

Microscopic observation and image acquisition were
performed with an Olympus IX 81 inverted confocal
laser-scanning microscope (Fluoview 500; Olympus,
Tokyo, Japan) equipped with a 405-nm diode laser, a
488-nm argon-ion laser, a 543-nm helium-neon laser,
and a 60x1.0 NA PlanApo water-immersion objective.
DAPI was excited at 405 nm and the emission was
collected through a BA 430-460 filter; "GREEN" was
excited at 488 nm and the emission was collected
through a BA 505-525 filter; "RED" was excited at 543

nm and the emission was collected through a BA 560 IF
filter. The transmitted-light images were obtained by
Nomarski differential interference contrast. Sections
were stained with DAPI (1:1000) for 2 min and washed
with PBS for 5 min. Goat anti-mouse IgG antibodies
with Alexa Fluor dye (Molecular Probes, Carlsbad, CA,
USA) were used. 
Determination of number of myofibers with central nuclei 

Muscle sections were stained with hematoxylin and
eosin (H&E) and at least 20 evenly distributed
photographs from each treatment group were analyzed.
The number of myofibers containing central nuclei was
expressed as a proportion of the total number of
myofibers observed (with central or peripheral nuclei)
and is presented as mean ± SE (Turgeman et al., 2008).
Data were subjected to one-way analysis of variance
(ANOVA) and to all-pairs Tukey-Kramer HSD test using
JMP software.
Zymography and western blot

Matrix metalloproteinase (MMP) activity was
determined in quadriceps and gastrochnemius muscle
homogenates by gelatin-impregnated (0.01% w/v) 10%
SDS-PAGE. Proteins were separated on the gel under
non-reducing conditions, followed by 2 h of incubation
in 2.5% (w/v) Triton X-100 and 24 h of incubation in 50
mM Tris pH 7.6, 0.2 M NaCl, and 5 mM CaCl2 at 37°C.After the incubation, the gels were stained with 0.5%
(w/v) Coomassie blue G250 in methanol/acetic acid/H2O(30:10:60, v/v). Each lane contained a quadriceps
muscle homogenate sample from a single mouse and the
assay was performed 3 times with homogenates from 3
different mice. Western blot for muscle homogenates
was performed as described (Roffe et al., 2010). 
Fusion assay 

Primary myoblasts from the hind-limb muscles of 8-
week-old dysf-/- mice were prepared as described
previously (Ben Dov et al., 1999). Cells were plated at
5x104 cell/cm2 and grown in DMEM-supplemented with
20% (v/v) fetal calf serum (growing medium). The
growing myoblasts were induced to differentiate with
2% (v/v) horse serum-containing DMEM for one day,
then the medium was switched back to growing medium
for an additional 2 h before halofuginone addition (10
nM) for one additional day. Myotube formation was
verified by immunofluorescence assay for myosin heavy
chain (MHC). Myotube fusion was analyzed by nuclear
number assay (Horsley et al., 2001; Roffe et al., 2010).
The number of nuclei in individual myotubes was
counted for 600 to 700 myotubes and these were
grouped into categories of cells exhibiting 2-5, 6-15, or
>15 nuclei. The percentage of myotubes in each
category was calculated. The data were subjected to
ANOVA and to all-pairs Tukey-Kramer HSD test using
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JMP software.
Results

Development of fibrosis in dysf-/- mice

Mouse genotype was verified by immuno-
fluorescence analysis, which revealed localization of
dysf in the sarcolemma of wild-type (Wt) quadriceps
muscle but no staining in the dysf-/- mice, along with a
complete loss of protein expression, as confirmed by
western blot analysis (Fig. 1A). The mice exhibited a
normal life span without any significant decrease in
locomotion activity but their RotaRod performance
deteriorated with age (1800±200 seconds at 4 weeks;
900±100 at 10 weeks; 200±20 at 20 weeks and 40±10 at
52 weeks). In patients with dysf deficiency, centrally-
nucleated myofibers and inflammatory infiltrates are

usually observed near necrotic fibers and perivascular
regions (Prelle et al., 2003). In the dysf-/- mice, centrally
nucleated myofibers were observed at as early as 10
weeks of age and inflammatory infiltrates were observed
at 20 weeks of age (Fig. 1B). Muscle fibrosis, as
detected by Sirius red staining, was apparent at 36 weeks
of age, and at 52 weeks, major collagen deposition was
observed (Fig. 1B).
Effect of halofuginone on muscle histopathology 

Quadriceps, sublumbar and longissimus muscles of
9-month-old dysf-/- mice treated with halofuginone from
5 months of age exhibited a reduction in the percentage
of centrally-nucleated myofibers out of total myofibers
compared to controls (quadriceps - untreated 58±3% vs.
treated 39±3%; sublumbar - untreated 49±4% vs. treated
29±2%; longissimus - untreated 53±4% vs. treated
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Fig. 1. A. Immunofluorescence staining (IHC) and western blot (WB) analysis of dysferlin in quadriceps muscle. Dysferlin was detected in the
sarcolemma of C57/Bl muscle, with no equivalent staining in dysf-/- muscle. A complete loss of dysferlin expression is observed in the western blot
analysis in dysf-/- muscle. B. Biopsies of quadriceps muscle sampled at various ages were stained with H&E and Sirius red (SR; collagen stains red).
Black arrows point to central nuclei, green arrows point to inflammatory infiltrate and red arrows point to collagen bundles. x 40



31±2%). This was accompanied with reduced
inflammatory infiltrates as well as a major reduction in
collagen deposits (Fig. 2). Quantification of collagen
content, expressed as red area divided by the total
muscle area and presented as the proportion of fibrotic
muscle area, revealed a significant reduction of 65, 62
and 64% in quadriceps, sublumbar and longissimus
muscles, respectively (quadriceps - untreated 16.6±3.7
vs. treated 5.9±2.9; sublumbar - 21±4 vs. treated 8±2;
longissimus - untreated 22±4 vs. treated 7.5±4) at 9
months. Similar results were observed in the longissimus
muscle while almost no fibrosis was observed in the
gastrocnemius (data not shown). A small but significant
improvement in the RotaRod performance was observed
(from 60±9 seconds in the untreated mice to 120±10 in
the halofuginone-treated mice). 

We took into consideration the late onset of the
disease in dysf-/- mice to evaluate the efficacy of early

and late halofuginone treatment. The dysf-/- mice were
treated with halofuginone for 3 to 4 months starting at 1
(1-5m), 5 (5-9m) or 9 (9-12m) months of age, and
untreated mice were used as controls. At 12 months of
age, quadriceps muscle biopsies were taken from all
mice for histopathology. In the untreated dysf-/- mice,
high levels of inflammatory infiltrates and collagen
content (monitored by Sirius red staining) were observed
(Fig. 3A,B), as well as a high number of myofibers with
central nuclei (Fig. 3A,C). Collagen content and number
of myofibers with central nuclei were lower in 12-
month-old mice that had undergone early halofuginone
treatment (i.e, 1-5m, at a time when centrally-nucleated
myofibers and inflammatory infiltrates are already
evident but almost no fibrosis is observed) compared to
the untreated mice. Halofuginone treatment at the
beginning of fibrosis (5-9m) did not cause any further
reduction in collagen levels in the 12-month-old mice.
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Fig. 2. Effect of halofuginone administered at early stage of dysferlinopathy development on muscle histopathology. Halofuginone (7.5 µg/mouse) was
injected ip three times a week from 5 to 9 months. Quadriceps, sublumbar and longissimus muscles were stained with H&E for visualization of nuclei
and inflammatory infiltrates or with Sirius red for collagen and visualized by confocal microscopy. Arrows point to myofibers with central nuclei. Note the
reduction in the number of myofibers with central nuclei, in inflammatory infiltrates and the major reduction in collagen content in all muscles.



However, an additional decrease in the number of
centrally nucleated myofibers, which differed
significantly from their numbers in the untreated mice,
was observed. The lowest number of centrally-nucleated
myofibers was observed when the dysf knock-out mice
were treated with halofuginone at later stages of the
dystrophy (9-12m), without any further change in
muscle collagen content. 
Effect of halofuginone on cardiac fibrosis

At 12 months of age, cardiac fibrosis, as detected by
Sirius red staining, was observed in the dysf-/- mice,
most markedly in the myocardium. A reduction in
fibrosis and collagen type I content at 12 months of age
was observed after halofuginone treatment, irrespective

of time of administration (Fig. 4). The fibrotic area
covered 3.3% of the total cardiac area in the untreated
mice and was reduced to 0.25% when treated with
halofuginone from 1-5 months and to 0.04 and 0.03%
when treated with halofuginone from 5-9 and 9-12
months, respectively. Almost identical results were
obtained when quantified the collagen area in the cardiac
tissue using collagen type I antibodies suggesting that
the fibrosis consisted mainly of collagen type I. 
Effect of halofuginone on infiltrating myofibroblasts and
macrophages

The quadriceps muscle of 12-month-old untreated
dysf-/- mice was characterized by infiltration of
myofibroblasts expressing P4Hß adjacent to myofibers
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Fig. 3. Effect of early and late treatment with halofuginone on muscle histopathology of the dysf-/- mice. Halofuginone (Halo; 7.5 µg/mouse) was
injected ip three times a week for the indicated time period. All mice were sacrificed at 12 months of age. A. Biopsies of quadriceps muscle were
stained with H&E and Sirius red (SR) (collagen stains red), the latter was visualized by confocal microscopy. B. Image analysis of the Sirius red-stained
collagen content was calculated from x20 magnification photos (n=15; five sections from three mice from each group); R/R+G, red area divided by the
total area = proportion of fibrotic muscle area. C. Percentage of myofibers with central nuclei. Results are means ± SE and columns with different letters
within each experiment differ significantly (P<0.05).



with central nuclei (Fig. 5, upper panels). Treatment with
halofuginone at the very early stages of the disease
progression (1-5m) almost completely eliminated
myofibroblasts expressing P4Hß. The disappearance ofthese myofibroblasts was also seen in mice treated with
halofuginone at later stages of the disease (5-9 m and 9-
12 m). Many macrophages were observed in the
quadriceps muscle of the untreated 12-month-old dysf-/-
mice, particularly adjacent to the degenerative area (Fig.
5, lower panels). A marked reduction in macrophage
numbers was observed after halofuginone treatment,
regardless of time of administration, starting from the
very early stages of disease progression. As in the case
of myofibroblasts, the few macrophages left after
halofuginone treatment were usually localized adjacent
to centrally-nucleated myofibers. To reveal the point of
entry, double-immunostaining for P4Hß-expressing cellsand macrophages in the quadriceps muscle of 12-month-
old dysf-/- mice was performed (Fig. 6). The
macrophages and myofibroblasts were seen to infiltrate
the muscle at the same location in areas adjacent to
centrally-nucleated myofibers (Fig. 6) and from there to
spread out to the entire muscle.
Effect of halofuginone on MMP activity

In the quadriceps muscle biopsies, activities of two
major matrix MMPs were observed, namely MMP 9 and

2. There was almost no MMP 9 or 2 activity in the
quadriceps muscle biopsies from C57/Bl or untreated
dysf-/- mice (Fig. 7). A major increase in the activity of
both MMPs was observed in 12-month-old biopsies after
halofuginone treatment, independent of the time of
treatment. Similar results were observed in
gastrochnemius muscle biopsies (data not shown). 
Inhibition of Smad3 phosphorylation 

TGFß, the major cytokine driving tissue fibrosis,
signals via Smad3 (Flanders, 2004). The TGFß-
dependent phosphorylated Smad3 binds with Smad4 and
this complex translocates to the nucleus where it
regulates transcription of target genes. pSmad-positive
cells were hardly detected in sections of quadriceps
muscle of 12-month-old C57/Bl mice, confirming earlier
reports (Turgeman et al., 2008), while in dys-/- mice
these numbers were greatly increased (Fig. 8A).
Halofuginone treatment (9-12m) greatly reduced the
number of pSmad-positive cells. A western blot analysis
of protein lysate from this muscle revealed a 3.9-fold
decrease in pSmad3/Smad3 ratio in halofuginone-treated
relative to non-treated dysf-/- mice. In C57/Bl mice
muscle, no centrally-nucleated myofibers were noted
and hardly any nuclei exhibiting pSmad3 were observed
(Fig. 8B,C). However, in the dys-/- mice, the level of
pSmad3 protein was markedly higher, localizing in both
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Fig. 4. Effect of halofuginone on collagen synthesis in the cardiac tissue of dysf-/- mice. Halofuginone (Halo; 7.5 µg/mouse) was injected ip three times
a week for the indicated time period. At 12 months of age, the myocardium exhibits high levels of collagen as demonstrated by Sirius red (SR) staining
(upper panels, x 4 magnification). The collagen is mainly collagen type I as demonstrated by immunohistochemistry with anti-collagen type I antibody
(lower panels, x 40 magnification). Note the reduction in myocardium collagen content after treatment with halofuginone.



central and interstitial nuclei. In the halofuginone-treated
muscle, almost no myofibers with central nuclei were
observed and the treatment almost completely eliminated
the number of pSmad3-positive nuclei. 
Effect of halofuginone enhancing myotube fusion

Fusion of cultured dysf-/- myotubes was ranked
according to number of nuclei. The percentage of larger
myotubes (for myofibers with 6 to 15 myonuclei) tended
to be higher, and it was significantly higher (for
myofibers with more than 15 nuclei) after incubation
with halofuginone (10 nM) compared to the controls,
indicating a promotive effect of halofuginone on
myotube fusion (Fig. 9). 
Discussion

Inflammatory changes (Gallardo et al., 2001;
Confalonieri et al., 2003) and increased endomysial and
perimysial connective tissue (Selcen et al., 2001) are key
features of muscle histopathology in dysferlinopathies.
In dysf-/- mice, the presence of myofibers with central

nucleii, indicating at least one cycle of degeneration-
regeneration process (Fig. 1B), precedes the increase in
collagen content. A similar phenomenon has been
reported for mdx mice, in which diaphragm muscle
dysfunction preceded gross collagen deposition (Coirault
et al., 2003). Together, these findings suggest that part of
the muscle dysfunction is an intrinsic characteristic
which cannot be accounted for only by fibrosis. Notably,
endomysial fibrosis is the only myopathological
parameter that significantly correlates with poor motor
outcome (Desguerre et al., 2009), and inhibition of
muscle fibrosis facilitates more efficient muscle
recovery and increased muscle performance (Chan et al.,
2003; Huebner et al., 2008). 

Treatment of dysf-/- mice with halofuginone for 4
months starting at 5 months of age resulted in decreased
inflammatory infiltrates and collagen deposition, along
with a decrease in the number of myofibers with central
nuclei (Fig. 2). These results demonstrate the efficacy of
halofuginone in preventing muscle pathology in a mouse
model of dysferlinopathy at early stages of disease
progression, as observed previously using mouse models
of DMD and CMD (Turgeman et al., 2008; Nevo et al.,
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Fig. 5. Infiltration of myofibroblasts expressing P4Hß and macrophages into quadriceps muscle of dysf-/- mice. Mice were treated with halofuginone for
the indicated time period and all mice were sacrificed at 12 months of age. Muscle sections were immunostained with anti-P4Hß monoclonal and anti-
macrophage polyclonal antibodies and observed by confocal microscopy. Upper panels, myofibroblasts (red); lower panels, macrophages (red). Nuclei
were detected with DAPI. Arrows indicate myofibers with central nuclei. Note the reduction in the number of P4Hß-expressing cells and macrophages
after treatment with halofuginone at the very early stages of the disease.



2010). Moreover, halofuginone administration to dysf-/-
mice, regardless of the timing of muscle degeneration,
resulted in an approximately 50% reduction in muscle
collagen content at 12 months of age that was
accompanied with improved muscle performance. We
suggest that different mechanisms are involved in
halofuginone-dependent inhibition of collagen content at
early and late stages of disease progression. At the early
stages, halofuginone prevents the increase in collagen
synthesis by inhibiting muscle infiltration of
macrophages, the source of the cytokines needed for
activation/recruitment of myofibroblasts. At a later stage
of the disease, in addition to inhibition of collagen
synthesis, halofuginone causes resolution of the
established fibrosis, as observed in rat liver fibrosis,
tight-skin mice and a patient with graft-versus-host
disease (Nagler and Pines, 1999; Bruck et al., 2001;
Pines et al., 2001), probably by activating MMPs (Popov
et al., 2006). Indeed, in the dysf-/- mice, MMP 2 and 9
activities were increased by halofuginone and remained
high for months after the end of the treatment (Fig. 7).
One possible mechanism underlying halofuginone's
effect on MMP activity might be inhibition of the
synthesis of tissue inhibitors of MMPs (TIMPs), as has
been observed in other fibrotic conditions (Bruck et al.,

2001; Zion et al., 2009). 
The infiltrating myofibroblasts are derived from

either resident fibroblasts or recruited from circulating
bone marrow-derived cells, although an additional
source has been attributed to myofiber-associated
satellite cells (Alexakis et al., 2007). Myofibroblasts are
the main source of muscle collagen, as has been
observed in dy2jdy2j and mdx mice (Turgeman et al.,
2008; Nevo et al., 2010; Zannoti et al., 2010). The thick
collagen layer, which is deposited around the muscle
fibers and capillary walls by these cells, reduces the
blood supply to individual myofibers and delays muscle-
fiber regeneration following necrosis (Ishitobi et al.,
2000). TGFß is the major activator of quiescent
fibroblasts into differentiated myofibroblasts with
migration and ECM-production properties (Serrano et
al., 2011). Halofuginone, which inhibits TGFß signaling,
almost completely abolished the P4Hß-expressingmyofibroblast infiltration into the dystrophic muscle of
dysf-/- mice from all treatment groups (Fig. 5). These
results are consistent with the observation of
halofuginone-dependent inhibition of myofibroblast
activation in the stroma and infiltration into tumors
(Sheffer et al., 2007; Genin et al., 2008), suggesting a
general effect of halofuginone on the fibroblast-to-
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Fig. 6. Double-immunostaining for P4Hß-expressing cells (green) and macrophages (red) in quadriceps muscle of dysf-/- mice. Arrows indicate
myofibers with central nuclei. Note that the myofibroblasts and macrophages are next to each other and adjacent to myofibers with central nuclei.



myofibroblast transition and migration, regardless of
disease status. 

Myofiber damage in dysf-deficient muscle
stimulates an inflammatory cascade that may initiate,
exacerbate, and possibly perpetuate the underlying
myofiber-specific dystrophic process (Nagaraju et al.,
2008). Macrophages are the most common inflammatory
cells in patients and mouse models of dysferlinopathies
(Gallardo et al., 2001; Confalonieri et al., 2003; Nemoto
et al., 2007). Activated tissue macrophages are a rich
source of inflammatory cytokines that are capable of
causing extensive tissue damage (Rawat et al., 2010)
and/or recruit myofibroblasts (Segawa et al., 2008). The
present study showed that the point of entry of the
macrophages and myofibroblasts resides near the
centrally-nucleated myofibers (Fig. 6), from which they
spread to the entire muscle (Fig. 5). A recent study has
reported that dysf-deficient myotubes release more
soluble factors involved in monocyte chemotaxis than
control myotubes, suggesting that endogenous
chemotactic factors are crucial to the sustained
inflammatory process observed in dysferlinopathies (De
Luna et al., 2010). In agreement with these findings, the
close proximity of myofibroblasts and macrophages to
myofibers with central nuclei, as found in this study,
suggests cross-talk between inflammatory cells, ECM-
producing cells and regenerating myofibers which
replace the necrotic ones. Therefore, a vicious cycle is
created: myofiber necrosis results in migration of
monocytes into the muscle, where they become tissue
macrophages. This is probably a general mechanism
since in dy2j/dy2j mice myofibroblasts also reside near
myofibers with central nuclei (Nevo et al., 2010). The
fact that the number of macrophages and myofibroblasts

in the muscle was significantly reduced by halofuginone
may explain the lesser need for vicious cycles of muscle
degeneration-regeneration, hence the lesser numbers of
centrally-nucleated myofibers (Fig. 3). 

Other drugs have been shown to reduce muscle
macrophage numbers, although without affecting muscle
histopathology in mouse models of dysferlinopathies
(Rayavarapu et al., 2010). This is in contrast to
halofuginone’s effect demonstrating a major
improvement in both parameters. Whether halofuginone
directly inhibits the transition of fibroblasts to
myofibroblasts with migration capabilities and
macrophage invasion into the dystrophic muscle, or
inhibits the secretion of chemotactic factors from
damaged myofibers remains to be determined.

Dysferlin is involved in cardiomyocyte membrane
repair and dysf deficiency leads to cardiomyopathy (Han
et al., 2007). MM patients demonstrate fibrosis-related
myocardial dysfunction (Choi et al., 2010) and cardiac
abnormalities, together with interstitial fibrosis, have
been observed in LGMD 2B patients (Wenzel et al.,
2007). Mechanical stress has been shown to increase
cardiac fibrosis in various mouse models of
dysferlinopathy, Dysferlin-deficient and control mice
had different gene expression patterns regarding the
mechanism of cardiomyocyte Z-disc and signal
transduction proteins (Wenzel et al., 2007). In the
present study, halofuginone treatment beginning at
different stages of the dystrophic process almost totally
inhibited the development of myocardium fibrosis
consisting mainly of collagen type I. As occurs in the
quadriceps muscle, when the mice were treated for 4
months at a very early stage of disease progression and
then remained untreated, the inhibition of myocardium
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Fig. 7. MMP activity in quadriceps muscle homogenates of C57/Bl and dysf-/-
mice with and without halofuginone (Halo) treatment was determined on gelatin-
impregnated gels. Proteins were separated on the gel under non-reducing
conditions and the specific MMPs were determined based on their MW.
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Fig. 8. Inhibition of Smad3 phosphorylation by halofuginone. Quadriceps muscle sections from C57/Bl and dysf-/- mice before and after treatment with
halofuginone (Halo) (7.5 µg/mouse, 3 times a week from 9 to 12 months) were immunostained with anti-pSmad3 antibody (stained red) and the nuclei
were counterstained with DAPI. A. Low magnification. Arrows point to pSmad3 signal. B. High magnification. White arrows (dark field,) indicate
pSmad3-positive nuclei. C. Some of the myofiber nuclei are central nuclei as indicating by the black arrows (bright field,) and some are interstitial nuclei
(red arrows). Note halofuginone inhibition of the increase in pSmad3-positive nuclei in the dysf-/- muscle.



fibrosis continued to be observed until at least 12 months
of age (Fig. 4). Halofuginone has also been shown to
inhibit cardiac fibrosis and to improve cardiac function
in young mdx mice and in old mice with established
fibrosis (Turgeman et al., 2008; Huebner et al., 2008).
Together, the findings of fibrosis reduction in skeletal
muscles in other MDs (Turgeman et al., 2008; Nevo et
al., 2010) and in other tissues, such as lung, liver and
pancreas (Pines, 2008), highlight a canonical mechanism
for halofuginone's antifibrotic effect, regardless of the
tissue. 

In dysf-/- mice, early halofuginone treatment
resulted in reduced fibrosis and improved muscle
histopathology, which lasted for months after

termination of the treatment (Fig. 3). In contrast, in mdx
mice, halofuginone-dependent reduction in fibrosis
requires continuous treatment, as termination of
halofuginone treatment resulted in reversal of muscle
fibrosis (Turgeman et al., 2008). This disparity between
the two mouse models is probably due to differences in
the disease progression and in the involvement of the
innate immune system which promotes inflammatory
changes. The mdx mice exhibit an early onset/severe
phenotype with disruption of the dystrophin-associated
glycoprotein complex (DGC) and increased
susceptibility to contraction-induced injury, whereas the
dysf-/- mice, with a late onset/mild phenotype, possess a
structurally intact and stable DGC and skeletal muscles
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Fig. 9. Effect of halofuginone on
myotube fusion. Primary myotubes
derived from dysf-/- mice were
treated with 10 nM halofuginone
(Halo) for 24 h. A. Cells were
stained for MHC expression by
immunofluorescence assay and
nuclei were counterstained with
DAPI. Fusion was evaluated by
quantitative analysis of percent
myotubes containing 2-5 (B), 6-5
or >15 (C) nuclei out of total
myotubes. Results are means +
SE of three individual experiments.
*Significantly different at P<0.05.



that are essentially normal with respect to resistance to
contraction-induced injury (Chiu et al., 2009). In
addition, complement system-mediated muscle injury is
central to the pathogenesis of dysferlinopathy; a recent
report has shown that genetic disruption of the central
component (C3) of the complement system ameliorates
muscle pathology in dysf-deficient mice but has no
significant beneficial effect in mdx mice (Han et al.,
2010). 

An increase in TGFß activity leads to an increase in
nuclear accumulation of pSmad3 and in muscle fibrosis,
resulting in failed muscle regeneration and impaired
muscle repair in various MDs (Cohn et al., 2007). A
major increase in pSmad3-expressing cells was observed
in the dysf-/- mice compared to the wild type (Fig. 8),
which co-localized with both myofibers' central nuclei
and the nuclei of cells surrounding the myofibers.
Halofuginone treatment resulted in a major reduction in
pSmad3 content. The central role of Smad3 as a
downstream mediator of TGFß signal in MDs highlights
its potential as a target for pharmacological intervention.
Because of the extremely pleiotropic nature of TGFß,
therapies that target its expression or its receptors are
likely to be associated with an array of adverse effects,
including abnormal cell proliferation, inflammatory
changes and autoimmunity (Andreetta et al., 2006).
Therefore, drugs that selectively target downstream
events are likely to be more successful by eliciting fewer
side effects. Halofuginone has been shown to be
effective and well tolerated in many animal models of
fibrosis (Pines et al., 2000; Pines, 2008) as well as in
humans (Nagler and Pines, 1999; De Jonge et al., 2006).
Moreover, inhibition of Smad3 phosphorylation would
probably target pathological mechanisms common to
other forms of MDs as was found in the mouse models
for DMD and CMD (Turgeman et al., 2008; Nevo et al.,
2010). 

The existence of an additional direct effect of
halofuginone on the muscle tissue cannot be ruled out, as
supported by different findings: the prevention of muscle
histopathology of the dysf-/- mouse; the increase in
average of myofiber diameter by halofuginone treatment
at early stages of disease progression before the onset of
collagen deposition (Fig. 3 and Barzilai-Tutsch,
unpublished data,); the inhibition of Smad3
phosphorylation in muscle in general and in myofibers
with central nuclei in particular (Fig. 8); the inhibition of
Smad3 phosphorylation in myoblasts derived from both
mdx and dy2J/dy2J mice in vitro (Roffe et al., 2010), and
the increase of myotube fusion in vitro (Fig. 9). It is
important to note that dysferlin functions as a
membrane-fusion protein in the wound-healing system
of the plasma membrane, so that any defect in dysf gene
will cause insufficiency in membrane fusion (Hino et al.,
2009). Mouse (Demonbreun et al., 2011) and human (De
Luna et al., 2006) dysf-null myoblasts are defective in
myoblast-myotube fusion, resulting in smaller myotubes
in culture. One of the explanations for halofuginone's
beneficial effect on myotube fusion might be its

promotion of mitogen-activated protein kinase/
extracellular signal regulated protein kinase
(MAPK/ERK) and phosphoinositide 3-kinase/Akt -
signaling pathways. In mdx mice, myotube fusion is at
least partially dependent on halofuginone's ability to
phosphorylate Akt and MAPK/ERK (Roffe et al., 2010).
This is probably a general mechanism since in
preliminary experiments using isolated dysf-/- myofibers
and myoblasts, induction of Akt and MAPK/ERK
phosphorylation was also observed in response to
halofuginone (Barzilai-Tutsch, Mimon and Halevy,
unpublished results). Akt signaling attenuates muscular
degeneration, promotes myofiber regeneration and
improves muscle function in mdx mice (Kim et al.,
2011). In some models of myopathies, a reduction in
dysferlin was associated with perturbed MAPK/ERK
activation during contraction (Shaw et al., 2006), and
activation of Akt was associated with an increase in
dysferlin levels (Blaauw et al., 2008). In preliminary
experiments no effect of halofuginone was observed on
Evans blue uptake in dysf -/- isolated myofibers (data not
shown).

In summary, in patients with dysferlinopathy at late
stages of disease progression, the prevention of
secondary events, such as fibrosis and inflammation,
which preclude efficient regeneration and limit the
success of gene transfer and cell transplantation, is of
great importance. We demonstrate that early
halofuginone treatment, even before any typical changes
in histopathology are observed, can improve muscle
histopathology in dysf-/- mice. These effects are
associated with a reduction of infiltrating myofibroblasts
and macrophages, muscle and cardiac fibrosis,
inflammation, and number of centrally nucleated
myofibers. These improvements are probably achieved
by the combined effects of halofuginone on
myofibroblast and macrophage infiltration to the
dystrophic muscle on one hand and on myofibers on the
other. Thus, halofuginone, which has significant impacts
on molecular, tissue and functional phenotypes in
dystrophic mice, meets the criteria for a potential novel
antifibrotic drug for patients exhibiting MDs of various
etiologies. 
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