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Summary. Muscular dystrophies (MDs) include
different inherited diseases that all result in progressive
muscle degeneration, impaired locomotion and often
premature death. The major focus of MD research has
been on alleviating the primary genetic deficit - using
gene therapy and myoblast-transfer approaches to
promote expression of the deficient or mutated genes in
the muscle fibers. Although promising, these approaches
have not yet entered into clinical practice and
unfortunately for MD patients, there is currently no cure.
Thus, the development of complementary and supportive
therapies that slow disease progression and improve
patients' quality of life is critically important. The main
features of MDs are sarcolemmal instability and
increased myofiber vulnerability to mechanical stress,
resulting in myofiber degeneration. Fibrosis, with
progressive replacement of muscle tissue, is a prominent
feature in some MDs, preventing complete regeneration
and hampering muscle functions. TGFS is the leading
candidate for activating fibroblasts and eliciting
overproduction of extracellular matrix (ECM) proteins.
Halofuginone, an inhibitor of Smad3 phosphorylation
downstream of TGFf signaling, inhibits the activation of
fibroblasts and their ability to synthesize ECM,
regardless of their origin or location. In animal models
of MDs with prominent muscle fibrosis, halofuginone
treatment has resulted in both prevention of collagen
production in young animals and resolution of
established fibrosis in older ones: the reduction in
muscle collagen content was associated with improved
muscle histopathology and major improvements in
muscle function. Recently, these halofuginone-
dependent improvements were also observed in MD
with minor fibrosis involvement, probably due to a
direct effect of halofuginone on muscle cells, resulting in
myotube fusion that is dependent on Akt and MAPK

pathway activation. In summary, halofuginone improves
muscle histopathology and muscle functions in various
MDs, via inhibition of muscle fibrosis on the one hand,
and increased myotube fusion on the other.
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Introduction

Muscular dystrophies (MDs) include more than 30
different inherited diseases caused by mutations that
affect distinct genes, which all result in progressive
muscle degeneration, impaired locomotion and, in many
cases, premature death (Dalkilic and Kunkel, 2003;
Davies and Nowak, 2006). The mutations in MDs
involve loss of structural proteins, defective enzymes,
disruption of sarcolemma-repair mechanisms and loss of
signaling molecules. The membranes of the fibers are
fragile and suffer extensive damage that leads to massive
infiltration of immune cells, chronic inflammation,
necrosis, and severe muscle degeneration. The
microenvironment of dystrophic muscles consists of an
elevated number of inflammatory cells that act as a
complex interface for cytokine signaling (Gorospe et al.,
1994). Key features of dystrophic muscle include central
nuclei, variation in muscle fiber size with small
regenerating fibers, and accumulation of connective and
fatty tissues (McNally and Pytel, 2007). Although
spectacular progress has been made in understanding the
molecular and genetic bases of MDs, cell-
transplantation, gene-replacement, and gene-repair
approaches have met with great difficulties and are not
yet available in the clinic. Thus, a more realistic goal is
to treat secondary defects in MDs, such as the muscle
fibrosis which is common to various forms of MDs and a
major cause of morbidity and mortality, and for which
there is a huge unmet therapeutic need.

In this review, we focus on halofuginone, a novel
therapy that inhibits fibroblast activation, resulting in
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prevention of tissue fibrosis and resolution of pre-
existing fibrosis in pre-clinical models and in humans.
Recently, additional non-fibrosis-related effects of
halofuginone have been discovered. We describe the
effects of halofuginone in animal models of MDs:
Duchenne (DMD) and congenital (CMD) muscular
dystrophies which lack dystrophin and laminin a2 chain,
respectively, and in which fibrosis is the hallmark of the
disease, and in a model of dysferlinopathy with a loss-
of-function mutation in the dysferlin gene and no
apparent involvement of fibrosis. In addition, the direct
effects of halofuginone on a myogenic cell line and
primary dystrophic mouse myoblasts are described.

MDs and fibrosis

In MDs such as DMD and CMD, a progressive loss
of muscle and its ability to function are associated with
significant fibrosis that correlates with poor motor
outcome (Desguerre et al., 2009). In DMD, the leading
causes of death—respiratory and heart failure —result
from weakness in the diaphragm and myocardium,
which are the tissues most affected by fibrosis (Finsterer
and Stollberger, 2003). Cardiac involvement in DMD is
characterized by degeneration and fibrosis of the
myocardium, probably because of myofibroblast
activity, centering around the posterolateral wall of the
left ventricle. Functionally, abnormalities in
electrocardiograms, valve motion, wall thickness and
wall motion are observed in DMD patients with
cardiomyopathy (Finsterer and Stollberger, 2003). The
significance of fibrosis in cardiac muscle function was
demonstrated by enhanced cardiomyocyte sarcolemmal
and treadmill performance after prevention of cardiac
fibrosis by a dystrophin minigene (Bostick et al., 2009).
The levels of TGFB were higher in the muscle
(Murakami et al., 1999) and plasma of CMD and DMD
patients (Bernasconi et al., 1999; Ishitobi et al., 2000),
and in muscle biopsies of DMD and Becker MD
(Bernasconi et al., 1995). DMD fibroblasts had a
profibrotic phenotype which was enhanced by TGFS8
treatment, and in culture they secreted higher levels of
collagen than normal muscle fibroblasts (Ionasescu et
al., 1977; Zanotti et al., 2010). On the other hand,
reduced TGFB signaling resulted in decreased fibrosis
and improved muscle pathology (Heydemann et al.,
2009). In the X-linked golden retriever (Passerini et al.,
2002) and the mdx mouse (Quinlan et al., 2004), both
models of DMD, myocardium and diaphragm are the
tissues most affected by fibrosis, similar to human
patients, and their failure makes a major contribution to
morbidity and mortality. The mdx diaphragm exhibits a
pattern of degeneration, fibrosis and severe functional
deficit and although diaphragm dysfunction precedes
gross collagen deposition, prevention of fibrosis
enhances muscle regeneration and facilitates more
efficient muscle repair (Marshall et al., 1989; Stedman et
al., 1991; Goldspink et al., 1994; Chan et al., 2003;
Coirault et al., 2003; Krupnick et al., 2003). A

comparison between molecular signatures of affected
and spared muscles indicated that the absence of
dystrophin is necessary, but not sufficient, to cause
patterned fibrosis, inflammation and failed muscle
regeneration (Porter et al., 2003).

Muscle fibrosis also occurs in other MDs such as
CMD but unlike in DMD, increased connective tissue is
the hallmark of CMD muscle histopathology from birth.
In both DMD and CMD, increases in type I and III
collagens were observed in the skeletal muscle (Dunace
et al., 1980; Hantai et al., 1985) leading to fibrosis,
which correlated with muscle destruction (Zhao et al.,
2003). The progression of muscular weakness in CMD
patients is directly correlated with the progressive loss of
myofibers, which is accompanied by replacement of the
connective and adipose tissue. This results in a thick
collagen layer around the muscle fibers, as well as the
capillary walls, reducing the blood supply to individual
muscle fibers and delaying muscle-fiber regeneration
following necrosis (Ishitobi et al., 2000). This
association between the structural integrity of myofibril
basal lamina and fibrosis was further demonstrated in the
CMD mouse models after somatic gene delivery (Qiao et
al., 2005). In the dy*//dy*’ mouse model of CMD with
laminin a2-chain deficiency, the fibrosis process is first
segmental but becomes generalized by the age of 3
months (MacPike and Meier, 1976; Meier and MacPike,
1977). Scattered necrotic fibers were noted at 10 days of
age followed by poorly compensated regeneration,
leading to muscle-fiber loss, marked variation in fiber
size, and proliferation of fibrous and adipose tissue
(Kuang et al., 1998; Besse et al., 2003; Guo et al., 2003).
Gene-expression profiling of muscle in Fukuyama-type
MD (FCMD) and CMD type 1A (MDC1A) patients
(Taniguchi et al., 2006), and of dy/dy mouse muscle (van
Lunteren et al., 2006) revealed a number of genes related
to the increases in connective tissue, fibrosis and
collagen content. The myogenic regulatory factors
MyoD and myogenin are expressed at reasonably high
levels in parallel with the active regenerating process in
mdx mice, whereas in dy/dy mice, MyoD and myogenin
levels decrease as fibrosis progresses (Jin et al., 2000).

Various attempts to inhibit muscle fibrosis have
achieved modest degrees of success, accompanied by
various adverse effects. For example, reduction in TGFf
levels by neutralizing antibodies resulted in increased
inflammation, probably due to its pleiotropic role in
various processes (Andreetta et al., 2006). The use of
corticosteroids such as prednisone, although causing a
reduction in TGFB levels in the mdx mouse, also caused
an increase in collagen cross-linking (Hartel et al., 2001)
and subsequent collagen stiffness, which may have a
profound impact on chest wall compliance and
subsequently on breathing. TNFoa blockage reduced
levels of TGFB and collagen (Gosselin and Martinez,
2004) but long-term treatment, especially in pediatric
patients, is questionable. Pentoxifylline, which inhibits
collagen synthesis in fibroblasts in vitro, failed to reduce
collagen synthesis in mdx mice (Gosselin and Williams,
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2006). Pirfenidone, which inhibits lung fibrosis, had a
very modest effect in mdx mice (Gosselin et al., 2007).
Thus, a specific inhibitor of fibrosis with low side effects
that can improve quality of life is greatly needed for MD
patients.

Halofuginone and fibrosis

The roots and leaves of Dichroa febrifuga have been
used in China for centuries against malarial fever. An
active alkaloid, febrifugine (C16H2103N3), was isolated
but the high anti-malarial activity was accompanied by
gastrointestinal toxicity. Thus, febrifugine was used as a
lead compound in the synthesis of active molecules with
lower toxicity (Takaya et al., 1999). Halofuginone
hydrobromide, one of these febrifugine analogues, is a
FDA-approved feed additive used for the prevention of
coccidiosis in poultry (for reviews see Pines et al., 2000;
Pines, 2008).

Serendipitously, halofuginone was also found to
inhibit fibroblast activation, resulting in inhibition of
ECM synthesis (Pines and Nagler, 1996, 1998; Pines et
al., 2000). At first, halofuginone was identified as an
inhibitor of collagen synthesis. The observation that
halofuginone inhibits collagen a1(I) gene expression in
various cells, including fibroblasts derived from
scleroderma and chronic graft-versus-host disease
(cGvHD) patients (Halevy et al., 1996; Pines et al.,
1997; Nagler et al., 1998), paved the way for the use of
halofuginone as an anti-fibrotic drug (Pines et al., 2003).
In animal models of fibrosis for which excess collagen is
the hallmark of the disease, administration of
halofuginone —regardless of the route of
administration—prevented the increase in the number of
activated fibroblasts expressing the collagen al(I) gene
and synthesizing large amounts of collagen. These
models included post-operational adhesions (Nagler et
al., 1998, 2000; Nagler and Pines, 1999), radiation-
induced fibrosis (Xavier et al., 2004; Ishii et al., 2009)
and chemically induced liver, pancreas and pulmonary
fibrosis (Nyska et al., 1996; Pines et al., 1997; Bruck et
al., 2001; Zion et al., 2009). In cGvHD-afflicted mice,
halofuginone inhibited collagen synthesis and the
proliferation of dermis fibroblasts without affecting
other resident cell populations (Levi-Schaffer et al.,
1996; Pines et al., 2001, 2003). Halofuginone-dependent
inhibition of fibroblast activation and fibrosis affects
other physiological systems as well: for example, it
improves liver regeneration in cirrhotic rats (Spira et al.,
2002), reduces the levels of autoantibodies specific for
human target antigens (anti-topoisomerase [ and
antifibrillin antibodies) in the tight skin (Tsk+) mouse
(McGabha et al., 2002a), and reduces tumor development
(Yee et al., 2006; Sheffer et al., 2007; Genin et al.,
2008). In addition to preventing fibrosis, halofuginone
elicits the resolution of established fibrosis, setting it
well apart from all other anti-fibrotic agents. In the Tsk+
mouse model of scleroderma with skin fibrosis and in
rats with established liver fibrosis, halofuginone

treatment caused a decrease in the pre-existing fibrotic
condition by inhibiting the fibroblast-to-myofibroblast
transition (Bruck et al., 2001; Pines et al., 2001).
Moreover, halofuginone successfully decreased fibrosis
in a patient who had developed severe cGVHD after a
successful bone marrow transplant, demonstrating
human clinical efficacy (Nagler and Pines, 1999).

In most animal models of fibrosis, regardless of the
tissue, halofuginone has a minimal effect on ECM
content in the control, non-fibrotic animals, whereas it
has a profound inhibitory effect in the fibrotic organs.
These results suggest different regulation of the normally
low housekeeping expression levels of ECM genes on
the one hand, and their TGFB-driven over-expressed
levels induced by the fibrogenic stimulus, which is
usually an aggressive and rapid process, on the other.
Halofuginone was found to overcome the collagen
synthesis by human skin fibroblasts activated by TGFf
(Halevy et al., 1996) and to inhibit TGFB-dependent
phosphorylation of Smad3 and collagen synthesis by
Tsk+ mouse fibroblasts (McGaha et al., 2002b). In
chemically induced liver fibrosis, halofuginone affected
TGFB-regulated genes as a result of inhibition of Smad3
phosphorylation of activated hepatic stellate cells
(Gnainsky et al., 2007). No effect of halofuginone was
observed on the gene expression of the TGFf receptors,
supporting the hypothesis that the halofuginone target(s)
is downstream in the TGFf pathway.

Halofuginone reduces fibrosis and improves muscle
histopathology

Recent studies in mdx and dy?//dy?’ mice with
massive fibrosis involvement representing DMD and
CMD, respectively, have demonstrated the inhibitory
effect of halofuginone on muscle fibrosis. Halofuginone
treatment resulted in timely and dose-dependent
inhibition of collagen a1(I) gene synthesis, as shown by
in-situ hybridization in the mdx mouse diaphragm
(Turgeman et al., 2008) and dy?*//dy?’ hind limbs (Nevo
et al., 2010)— the most affected muscles in these mice.
These findings are supported in Fig. 1, which uses
immunofluorescence staining with a specific antibody to
show protein inhibition of collagen type I in
halofuginone-treated mdx mice, and in Fig. 2, which
shows serial z-stack images of Sirius Red-stained
gastrocnemius from dy?//dy?/ mice. Halofuginone had
no effect on diaphragm or hind limb collagen levels or
on any other histological properties when administered
to wild-type mice, implying different regulation of
collagen synthesis in normal tissues versus those with
chronic trauma. In agreement with other studies, fibrosis
in the mdx mice was also evident in muscles other than
the diaphragm, albeit to a lesser extent (Gosselin et al.,
2007). In muscles with lower collagen content, such as
the gastrocnemius and tibialis cranialis, higher doses of
halofuginone were needed to affect collagen synthesis.
Cardiac involvement due to progressive accumulation of
myocardial fibrosis has become increasingly important
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Fig. 1. Halofuginone reduces collagen type | levels in mdx diaphragm. Confocal microscopy of immunofluorescence staining with collagen type |
antibodies (collagen stains red) in diaphragm of C57/BL (Wt), mdx and mdx mice treated with halofuginone. Halofuginone was administered IP at 7.5
ig/ml, three times a week for 4 weeks starting at 4 weeks of age. Cell nuclei were stained with DAPI. Fibers with central nuclei are indicated by arrows.
Note the low levels of collagen and absence of fibers with central nuclei in the Wt mice and in the mdx mice after halofuginone treatment.

dy/dy?’ dy*/dy*’ + halo

50.0pum

Fig. 2. Halofuginone inhibits collagen synthesis in dy?//dy?’ mice. Gastrocnemius from dy2//dy?’ mice and dy2//dy?’ mice treated with halofuginone (5
pg/mouse, IP, three times a week for 15 weeks, starting at 3 weeks of age) were stained with Sirius red. Serial z-stack images were taken by confocal
microscopy (excitation 543 nm, emission 560 nm). Sections are 1.2-um each and extend 7 ym into the surface of the tissue. The images with the
highest collagen staining are presented. Note the reduction in collagen levels after halofuginone treatment.
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in DMD (Marques et al., 2009). The cardiac tissue of
mdx mice exhibited high expression of the collagen
al() gene and high collagen levels compared to the
wild type, which were abrogated by halofuginone
treatment (Huebner et al., 2008; Turgeman et al., 2008).
Halofuginone caused a reduction in infiltrating
fibroblasts that were located close to centrally nucleated
myofibers, suggesting cross-talk between the two cell
types (Nevo et al., 2010). These cells, which are distinct
from the satellite cells, express, in addition to collagen
type I, prolyl 4 hydroxylase B (P,HRB), a major collagen
cross-linking enzyme, pSmad3 and MyoD. The origin of
these cells is unknown; they could be resident fibroblasts
that have undergone differentiation or they could be
myofibroblasts recruited by factors secreted by the
regenerated areas or central nucleated myofibers. TGFR
may be one such candidate, since it promotes the
fibroblast-to-myofibroblast transition and is released
locally from necrotic myofibers into the ECM and thus
promotes progressive impairment of muscle regeneration
(Melone et al., 1999). Inhibition of TGF8 signaling
ameliorated the pathological phenotype in dystrophic
mice, a finding consistent with the importance of TGFf
signaling in the regulation of both regeneration and
fibrosis (Cohn et al., 2007). It has been hypothesized that
autocrine release of TGFB from necrotic myofibers
contributes to the increasing loss of muscle regeneration
and the increase in fibrosis. In both mdx and dy*//dy?’
mice, halofuginone inhibited Smad3 phosphorylation
downstream of TGFR in cardiac and skeletal muscles
(Turgeman et al., 2008; Nevo et al., 2010; Roffe et al.,
2010).

Areas of necrosis, small myofibers and the existence
of myofibers with central nuclei are the main
characteristics of MDs; in mice they appear in various
muscle tissues as markers of previously damaged muscle
and regeneration (Coulton et al., 1988). Accumulation of
connective tissue has been suggested to be a major factor
in the progressive failure of muscle regeneration and,
ultimately, of muscle dysfunction; i.e., the fibrotic
process in MD may involve positive feedback whereby
collagen type I directly inhibits muscle regeneration
(Alexakis et al., 2007). In both mdx and dy*//dy*/ mice,
halofuginone treatment resulted in reductions in
degenerated area, cell proliferation and number of
myofibers with central nuclei, and in an increase in
myofiber diameter (Turgeman et al., 2008; Nevo et al.,
2010). These results suggest that halofuginone, by
inhibiting fibrosis, prevents its deleterious effect and
provides some protection against muscle damage, and
therefore lessens the need for excessive muscle
regeneration and exhaustion of the satellite cell pool.

Whether halofuginone should be given continuously
or can be discontinued after fibrosis inhibition is a
question of major clinical relevance. Previous reports
have demonstrated a transient effect of halofuginone on
collagen synthesis in human skin fibroblasts in culture
and in a cGvHD patient (Halevy et al., 1996; Nagler and

Pines, 1999). The collagen content of the mdx diaphragm
following discontinuation of halofuginone treatment was
significantly higher than in the halofuginone-treated mdx
mice (Turgeman et al., 2008). This was manifested in the
number of myofibers with central nuclei in the mdx
diaphragm that were restored after halofuginone
withdrawal, reaching the same level as that in the
untreated mdx mice. These transient effects are due to
the chronic pathological process that presents a
continuous stimulus for fibrogenesis. Thus, in order to
sustain low levels of muscle fibrosis, halofuginone needs
to be given continuously.

Halofuginone improves muscle function

Cardiac abnormalities cause early morbidity and
mortality in DMD patients (McNally, 2007; McNally
and Pytel, 2007). Halofuginone has been shown to
prevent posterior cardiac wall thickness and wall motion
abnormalities, as well as the deterioration in motor
coordination and balance observed in young mdx mice,
as evidenced by echocardiography and Rota-Rod,
respectively (Turgeman et al., 2008). In dy®*//dy*’ mice,
halofuginone improved motor function and balance
without affecting muscle strength or muscle force (Nevo
et al., 2010). The disparity between the effect on grip
strength and grasping reflex on the one hand, and motor
function and balance on the other, implies the existence
of additional, as yet unknown effects of halofuginone on
peripheral-nerve abnormalities in these mice.

In older mdx mice with established fibrosis,
halofuginone decreased collagen content in the
diaphragm and quadriceps (Huebner et al., 2008). This
was correlated with reduced muscle fiber damage and
increased voluntary run distances, suggesting a reduction
in exercise-induced damage. The functional
improvement in exercise endurance in mdx mice after
halofuginone treatment is of great importance, since
exercise often exacerbates the progression of symptoms
(DeLuca et al., 2003). There was significant
improvement in mdx cardiac and respiratory functions
following halofuginone treatment, and the ventricular
contraction was synchronous in the mdx-treated mice
and not dyskinetic as in the untreated mice. The treated
mice displayed a lower response to methacholine
challenge, as demonstrated by barometric
plethysmography. These results were in agreement with
other studies demonstrating resolution of established
fibrosis of the liver and skin in animal models and in a
cGVvHD patient (Nagler and Pines, 1999; Bruck et al.,
2001; Pines et al., 2001). The ability to elicit resolution
of pre-existing fibrosis is probably due to halofuginone-
mediated regulation of matrix metalloproteinase (MMP)
activity (Popov et al., 2006) and effects on the synthesis
of tissue inhibitors of metalloproteinases (TIMPs)
(Bruck et al., 2001; Zion et al., 2009). The MMPs and
their inhibitors play a crucial role in the fine regulation
of ECM turnover, which is altered in most pathological
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states associated with fibrosis, wound healing and
cancer.

Halofuginone and gene profiling in the mdx mouse

Proteomic (Lewis et al., 2009) and global gene-
expression profiling of dystrophic muscle has been
previously studied in both patients with DMD (Bakay et
al., 2002; Haslett et al., 2002, 2003) and mdx mice
(Porter et al., 2001; Turk et al., 2005; Marotta et al.,
2009). The impact of halofuginone treatment on the
transcriptome of the diaphragm of mdx mice was
determined using Affymetrix GeneChip oligonucleotide
microarray-based transcriptional profiling. Genes that
were differentially expressed during disease progression

and which affected by halofuginone were described (Fig.
3). Preliminary analysis suggested that halofuginone
affects different sets of genes (Fig. 3A) involved in
different biological processes (Fig. 3B) during disease
progression. For example, at an early phase of the
disease, halofuginone affects genes involved in
chemotaxis, cell immunity and collagen biosynthesis,
while at a later stage it affects genes involved in cell
differentiation and apoptosis, and at the final stages it
affects genes involved in wound healing, lipid and
carbohydrate metabolism. Genes involved in
inflammation are affected during the entire period. There
is a close relationship between the regeneration-
associated processes of inflammation and fibrosis.
Ultimately, the most desirable strategy is to enhance the
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Fig. 3. Effect of halofuginone on gene profiling in the mdx mouse. Halofuginone (7.5 pg/mouse, three times a week, from 4 weeks of age) was injected
IP to mdx mice for various intervals. Diaphragms were then collected and subjected to Affymetrix GeneChip analysis. A. Number of genes at each time
period that were differentially expressed in the mdx mice compared to the wild type and were affected by halofuginone. B. Gene ontology of the
halofuginone-affected genes. The DAVID (Database for Annotation, Visualization and Integrated Discovery) 2.0 software tool was used to produce

gene ontology classification (at least two genes per category).
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inflammatory signals that promote regeneration, while
inhibiting the inflammation-derived pathways that cause
muscle necrosis/fibrosis—the most deleterious outcome
of MDs. The link between tissue inflammation and
fibrosis is supported by observations that fibrinogen-
Mac-1 receptor binding promotes the synthesis of TGFf
in mdx macrophages, which in turn inducing fibrosis in
mdx fibroblasts (Vidal et al., 2008). Comparing these
results to those observed during the progression of

Balb/C

Seconds

40

Balb/C

chemically induced liver fibrosis (Gnainsky et al., 2007)
will enable a determination of general and tissue-specific
genes and pathways affected by halofuginone.

Halofuginone and late onset of MDs with minor
fibrosis involvement

Many of the genes affected by halofuginone in the
mdx mouse were not related to the TGFB-ECM pathway,

A/ A/J] +halo

Fig. 4. Histopathology of A/J muscle. A/J mice at 9 months of age were injected with 10 pg/mouse halofuginone (IP) three times a week, for 3 months.
A. Longissimus muscles were then collected and fixed, and sections were stained with H&E or Sirius red (S.R.). Yellow arrows point to myofibers with
central nuclei. Note that the A/J mouse muscle exhibits a large proportion of myofibers with central nuclei relative to the controls (Balb/C), which
disappeared after halofuginone treatment. x 400; insets, x 100. B. Performance on the Rota-Rod was assessed in terms of time spent on the rod as a
function of drum speed. The Wt mice performed much better on the Rota-Rod than the A/J mice. After halofuginone treatment, there was significant

improvement in the latter's performance.
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suggesting that apart from fibrosis, halofuginone affects
other physiological and metabolic processes. Thus, the
efficacy of halofuginone was evaluated in dysferlino-
pathy, a MD with late onset and only minor fibrosis
involvement. Dysferlinopathies encompass a wide
variety of MDs, characterized by the absence of, or loss-
of-function mutations in the dysferlin (dysf) gene in
skeletal muscle (Bushby, 2000, 2009; Klinge et al.,
2010). In contrast to DMD and CMD, dysferlinopathies
begin in the second or third decade, with previously
normal musculature. Centrally nucleated myofibers,
variations in muscle diameter, and inflammatory
infiltrates near the necrotic fibers and perivascular
regions, probably directed against degenerating
myofibers, are usually observed (Prelle et al., 2003). As
a model we used A/J mice with an ETn retrotransposon
insertion in dysf intron 4 (Kobayashi et al., 2010). Many
of the muscle fibers of the A/J muscle which contained
central nuclei disappeared after halofuginone treatment.
This occurred despite the relative absence of fibrosis
involvement (Fig. 4A). The halofuginone-dependent
improvement in muscle histopathology was
accompanied by better performance on a Rota-Rod (Fig.
4B). These results suggest that at least some of
halofuginone's effects are not mediated by fibrosis
inhibition but rather by a direct effect on muscle.

Direct effects of halofuginone on muscle

Halofuginone's actions could potentially be targeted
to muscle cells, myofibers or satellite cells, the source
for progenitors during muscle regeneration. Preliminary
studies conducted in our laboratory in which
halofuginone presence was monitored by reverse-phase
chromatography followed by its detection on quad mass
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selective detector (LC/MS/MS analysis), revealed its
ability to penetrate in a matter of minutes the muscle-cell
membrane. In addition, halofuginone affected the
kinetics of biotin-labeled membrane-cell-surface protein
expression. (S. Roffe, M. Pines and O. Halevy,
unpublished data). In proliferating myoblasts derived
from C57/BL (wild-type) and mdx mouse diaphragms,
halofuginone promoted the phosphorylation of Akt and
mitogen-activated protein kinase (MAPK) family
members and enhanced the association of Akt and
MAPK/extracellular signal-regulated protein kinase
(MAPK/ERK) with the non-phosphorylated form of
Smad3, resulting in decreased Smad3 phosphorylation
(Roffe et al., 2010). These results suggest that at least
part of the halofuginone-dependent inhibition of Smad3
phosphorylation is due to activation of Akt and ERK and
demonstrate cross-talk between TGFRB and the Akt and
MAPK/ERK pathways in muscle cells. The Akt and
Smad3-mediated effects of halofuginone were also
observed in myotubes, resulting in their increased
fusion. This finding correlates with the increase in
diameter of centrally nucleated myoflbers observed in
halofuginone-treated mdx and dyZJ/dy mice (Turgeman
et al., 2008; Nevo et al., 2010), and is consistent with the
observation that induction of the Smad3 pathway
inhibits myotube fusion and repair of old muscles (Zhu
et al., 2004; Carlson et al., 2008). Increased Akt activity
has been reported to prevent the excessive reduction in
maximal tetanic force that follows eccentric contractions
observed in the dystrophic muscle, and to increase
skeletal muscle mass (Blaauw et al., 2008, 2009). 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 dysferlin
will cause insufficiency in membrane fusion (Hino et al.,

Fig. 5. Inhibition of Smad3 pathway by halofuginone in
muscle cells. TGFB is the major activator of the Smad3
pathway. The phosphorylated Smad3 translocates to the
nucleus and regulates target gene transcription. Halo that
binds to tyrosine kinase receptors (TRK) or other cell
membrane receptors and/or directly penetrates the cell
activates the PI3K and MAPK family signaling pathways.
The phosphorylated Akt and ERK, but not the
phosphorylated JUN and p38 associate with the
unphosphrylated form of Smad3, thereby inhibiting its
phosphorylation. Halo may also inhibit Smad3
phosphorylation either directly or via other molecules (e.g.,
Smad7). By activating the PI3K and MAPK family
pathways and by inhibiting the Smad3 pathway, halo
inhibits fibrosis and promotes myotube fusion, thereby
improves the histopathology and function of the dystrophic
muscle.
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2009) and hamper muscle regeneration. The fact that
there were hardly any centrally nucleated myofibers in
the halofuginone-treated A/J mice (Fig. 4A) supports the
notion that halofuginone plays a direct role in controlling
early stages of muscle regeneration, and perhaps also
during myofiber maturation, thereby improving muscle
repair. This is of importance because in MDs small
immature centrally nucleated fibers are observed that
reflect muscle regeneration from myoblasts in the early
phase of the disease resulting in reduced muscle strength
(Deconinck and Dan, 2007).

Concluding remarks

Research into therapeutic approaches for MD has
progressed rapidly over the past decade and holds great
promise for the future. The development of practical
gene- and cell-based therapies is still in its early stages,
but at present the cornerstones of current treatment are
symptomatic and supportive healthcare. Interventions
that implement muscle regeneration appear particularly
appropriate to patients in early stages of MDs, when
muscles are in the regenerative stage. In patients at later
stages of disease progression, however, prevention of
secondary events, such as collagen deposition and
fibrosis, which preclude efficient regeneration and limit
the success of gene transfer and cell transplantation, is
required. The observation that non-muscle tissues in
MDs exhibit increased levels of collagen suggests a
systemic stimulus for fibrosis which may be triggered in
the muscle but spreads to other tissues as well. One
explanation lies in the involvement of the T-cell
“repertoire”, since collagen deposition in the diaphragm
and heart of the immunosuppressed mdx-nu/nu mouse
was delayed relative to its deposition in the mdx mouse
(Morrison et al., 2000). Halofuginone restores the
muscle's regeneration ability on the one hand and
inhibits muscle fibrosis on the other. Halofuginone
probably reaches its versatile therapeutic targets by
inhibiting both differentiation of T helper 17 cells
(Sundrud et al., 2009) and Smad3 phosphorylation
downstream of TGFB signaling (Roffe et al., 2010).
Figure 5 summarize halofuginone's mode of action.

Halofuginone can be administered orally, making it a
clinically attractive therapy. Therapeutically effective
plasma levels of halofuginone can be achieved at well-
tolerated dosages. Dose-limiting toxicities, maximum
tolerated dose (MTD), pharmacokinetics and the
recommended dose for chronic administration were
evaluated in a dose-escalating phase I study with patients
with malignant solid tumors refractory to standard forms
of therapy (de Jonge et al., 2006). Thanks to its low
molecular weight, halofuginone can be easily
synthesized in large quantities under clinical
pharmaceutical guidelines. Thus, halofuginone, which
demonstrates a significant impact on molecular, tissue
and functional phenotypes in dystrophic mice, meets the
criteria for a potential novel therapy for patients
exhibiting MDs of various etiologies.
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