
Dystrophic muscle improvement in zebrafish via
increased heme oxygenase signaling

Genri Kawahara1,2, Molly J. Gasperini1, Jennifer A. Myers1, Jeffrey J. Widrick1, Alal Eran1,4,

Peter R. Serafini1, Matthew S. Alexander1,2, Mathew T. Pletcher5, Carl A. Morris5 and

Louis M. Kunkel1,2,3,∗

1Division of Genetics and Genomics, The Manton Center for Orphan Disease Research, Boston Children’s Hospital,

Boston, MA, USA, 2Department of Pediatrics and 3Department of Genetics, Harvard Medical School, Boston, MA, USA,
4Harvard-MIT Division of Health Sciences and Technology, Cambridge, MA, USA and 5Rare Disease Research Unit,

Pfizer, Inc., Cambridge Park Drive, Cambridge, MA, USA

Received July 12, 2013; Revised November 7, 2013; Accepted November 11, 2013

Duchennemusculardystrophy (DMD) iscausedbya lackof thedystrophinproteinandhasnoeffective treatment
at present. Zebrafish provide a powerful in vivo tool for high-throughput therapeutic drug screening for the im-
provement of muscle phenotypes caused by dystrophin deficiency. Using the dystrophin-deficient zebrafish,
sapje, we have screened a total of 2640 compounds with known modes of action from three drug libraries to iden-
tify modulators of the disease progression. Six compounds that target heme oxygenase signaling were found to
rescue the abnormal muscle phenotype in sapje and sapje-like, while upregulating the inducible heme oxyge-
nase 1 (Hmox1) at the protein level. Direct Hmox1 overexpression by injection of zebrafish Hmox1 mRNA into
fertilized eggs was found to be sufficient for a dystrophin-independent restoration of normal muscle via an upre-
gulation of cGMP levels. In addition, treatment of mdx5cv mice with the PDE5 inhibitor, sildenafil, which was one
of the six drugs impacting the Hmox1 pathway in zebrafish, significantly increased the expression of Hmox1 pro-
tein, thusmaking Hmox1anovel target for the improvementof dystrophic symptoms. Theseresultsdemonstrate
the translational relevance of our zebrafish model to mammalian models and support the use of zebrafish to
screen for new drugs to treat human DMD. The discovery of a small molecule and a specific therapeutic pathway
that might mitigate DMD disease progression could lead to significant clinical implications.

INTRODUCTION

Muscular dystrophy is a muscle-degenerative disease in which
the muscle at first forms normally, but starts to degenerate
faster than it can be repaired. The most common form of muscu-
lar dystrophy is Duchenne muscular dystrophy (DMD) repre-
senting over 90% of the diagnosed cases. In 1986, mutations in
the dystrophin gene were found in our laboratory to be the
cause of both Duchenne and Becker Muscular Dystrophy
(1,2). The gene encodes a large 427-KDa protein that positions
just inside of the sarcolemmal membrane and links the internal
cytoskeleton with the muscle cell membrane (3,4). This linkage
is vital to maintaining muscle membrane integrity during
repeated cycles of cell contraction. Almost all known human
dystrophin mutations that cause DMD typically result in the

loss or degradation of the dystrophin protein at the sarcolemmal
membrane.

Like mammals, zebrafish express dystrophin in skeletal mus-
cle as part of a large complex whose stability depends on the
presence of dystrophin (5). Dystrophin-deficient zebrafish,
sapje and sapje-like fish (6,7), recapitulate the pathogenesis
and severity of human DMD by displaying extensive muscle
degeneration, inflammation and fibrosis (8). The zebrafish
dystrophin-associated protein complex (DAPC) localizes to
the muscle cell membrane in adult fish (9). Much evidence sug-
gests that the DAPC proteins function similarly in zebrafish as in
mammals and that mis-expression of these proteins gives rise to a
muscle-specific phenotype that can be scored early in zebrafish
development (5–7,10,11). The fish models for muscular dystro-
phies present decreased birefringence and motility defects in
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response to touch at 4 days post-fertilization (dpf). Birefringence
measures the rotation of polarized light through the transparent
zebrafish embryo at the highly ordered sarcomeric structure of
the somitic muscle. These ‘dystrophic’ mutants all show
similar phenotypes and exhibit muscle abnormalities and low
birefringence at 4 dpf, which can be detected without harming
the fish.

Zebrafish are a powerful tool for high-throughput drug screen-
ing in vivo, enabling the monitoring of drug effects on the entire
organism (12,13). The birefringence property of intact muscle
and its alterations in dystrophin-deficient muscle (14,15) offer
a noninvasive means for detecting muscle improvement in
treated zebrafish. The sapje and sapje-like fish are dystrophin-null
models of a recessively inherited muscle degeneration phenotype
(6,7). As such, �25% of the offspring from crosses between het-
erozygous mutantfish willhavedystrophic skeletal muscle,which
can be detected viamusclebirefringence at 4 dpf. Therefore, small
molecule treatments that lead to a significant reduction in the per-
centage of affected offspring, as determined by more fish with
normal muscle birefringence and improved survival, could be
highly indicative of promising DMD therapies (16).

Currently there are no effective long-term therapies for DMD,
but cyclic guanosine monophosphate (cGMP) signaling is an
emerging target for DMD treatment. Phosphodiesterase 5
(PDE5) inhibition has been shown to be effective in restoring
normal muscular structure in a mouse model of the disease
(17–21). Previously, we reported that aminophylline, a non-
selective PDE inhibitor, had potential to improve dystrophic
muscle in dystrophin-deficient fish (16). To identify additional
compounds that improve the dystrophic phenotype in dystrophin-
deficient fish and to unveil therapeutic pathways that might be
targeted for DMD therapy, we used a drug-screening approach
on two zebrafish models of dystrophin deficiency, sapje and
sapje-like.

In this article, we have demonstrated that an additional four
compounds all target heme oxygenase signaling, thereby rescu-
ing the abnormal sapje and sapje-like muscle phenotype by the
upregulation of the levels of heme oxygenase 1 protein
(Hmox1). In addition, treatment of mdx5cv DMD model mice
with one of these four drugs, the PDE5 inhibitor sildenafil, also
significantly increased the expression of Hmox1 protein while
alleviating the mouse dystrophic phenotype. These results
point to Hmox1 as a novel target for the improvement of dys-
trophic symptoms. This also demonstrates the use of zebrafish
in the discovery of small molecules and a specific therapeutic
pathway that might mitigate DMD disease progression and
could carry significant clinical implications.

RESULTS

Therapeutic drug screening using sapje and sapje-like fish

To identify additional candidate drugs that modulate the skeletal
muscle phenotype in dystrophin-null fish, we screened two
chemical libraries: the NINDS 2 Compound library (1040 che-
micals) and the Institute of Chemistry and Cell Biology
(ICCB) Bioactive molecule library (480 chemicals). Using a pre-
viously published screening strategy (16), eight additional com-
pounds (Nos. 8–15 in Table 1) were identified that decreased
the number of zebrafish with abnormal birefringence phenotype

at 4 dpf following sapje heterozygous mating (Supplementary
Material, Table S1). Similar to the previously published effect-
ive compounds (Nos. 1–7 in Table 1) (16), the eight newly iden-
tified chemicals resulted in improved muscle phenotype in both
dystrophin-deficient sapje and sapje-like mutant zebrafish.
These compounds were effective without restoring dystrophin
expression, when compared with expression in non-treated
sapje and sapje-like zebrafish (Supplementary Material, S1).
Out of the total 2640 chemicals screened in this and previous
publications (16), 15 chemicals showed potential to maintain
normal muscle structure in the absence of dystrophin protein
expression (Table 1).

Candidate pathways impacted by six compounds from our
screening

We screened 2640 FDA-approved drugs whose mechanisms of
action are often well characterized, allowing us to identify con-
verging molecular pathways. Of the fifteen total candidate drugs
result from our drug screens, we identified six compounds that
target heme oxygenase signaling (equilin, crassin acetate, prosta-
glandin, aminophylline, sildenafil citrateand cerulenin) (Fig. 1A).
By targeting various components of the heme oxygenase pathway
(Fig. 1A), these six drugs likely act to increase the levels of cGMP
and cyclic adenosine monophosphate (cAMP). Equilin, crassin
acetate and prostaglandin activate the inducible Hmox1; amino-
phylline is a nonselective PDE inhibitor; sildenafil citrate is a spe-
cific PDE5 inhibitor and cerulenin is involved in the regulation of
PKA (16,17,22–25).

To show that the improved muscle phenotype is independent
of the specific genomic dystrophin mutation, these six effica-
cious drugs were first screened in sapje fish and then confirmed
in the second allele of dystrophin deficiency, sapje-like. Immu-
nohistochemistry and genotyping of treated fish demonstrated
that mutant fish had become apparently unaffected through a
mechanism that does not restore dystrophin expression; there-
fore, the treatment mechanism is dystrophin independent
(Fig. 1B and C).

To determine whether the drugs were able to reverse abnormal
muscle, dystrophin-null fish as determined by abnormal birefrin-
gence at 4 dpf were treated starting from 5 to 20 dpf with the

Table 1. Candidate drugs from chemical screens using DMD model fish

No. Chemical name Chemical library

1 Epirizole Prestwick collection 1
2 Homochlorcyclizine Prestwick collection 1
3 Conessine Prestwick collection 1
4 Aminophylline Prestwick collection 1
5 Equilin Prestwick collection 1
6 Pentetic acid Prestwick collection 1
7 Proscillaridin A Prestwick collection 1
8 Nitromide NINDS 2 Compound library
9 Propantheline bromide NINDS 2 Compound library
10 Androsterone acetate NINDS 2 Compound library
11 Crassin acetate NINDS 2 Compound library
12 Pomiferin NINDS 2 Compound library
13 Sildenafil citrate NINDS 2 Compound library
14 Cerulenin ICCB Known Bioactives Library
15 9a,11b-Prostaglandin F2 ICCB Known Bioactives Library
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selected drugs. Four of six candidate compounds (aminophyl-
line, sildenafil citrate, cerulenin and crassin acetate) were effect-
ive in increasing the number of sapje fish, which survived long
term (Fig. 2A). Interestingly, the treatment with a combination
of aminophylline and sildenafil citrate had better survival
results than either compound administered alone or in combin-
ation with any of the others (Fig. 2A). The surviving dystrophin-
null fish were analyzed by immunostaining with anti-myosin
heavy chain to confirm that chemically treated fish have
improved muscle structure and also analyzed by immunoblot-
ting to look at the expression of Hmox1. Myosin heavy chain
staining indicated that aminophylline-, sildenafil citrate-, crassin
acetate- and cerulenin-treated sapje fish showed improved
muscle structure compared with those of untreated dystrophin-
null fish (Fig. 2B). To analyze the effects on vasculogenesis in
the dystrophic zebrafish using the candidate drugs, wild-type,
untreated dystrophin-null fish and candidate chemical-treated
dystrophin-null fish were immunostained with anti-VEGF, a
marker of the developing vasculature in zebrafish (26). In
dystrophin-null fish, the blood vessel structure was not clearly
defined when compared with those of wild type. In chemically
treated dystrophin-null fish, the structure was clearly defined
and was similar to that of wild type (Supplementary Material,
S2). These results indicated that the structure of blood vessels
might be influenced indirectly by treatment with these drugs in
the dystrophin-null fish when compared with the untreated
dystrophin-null fish (Supplementary Material,S2).Moreover, im-
munoblotting of these chemically corrected fish clearly showed
that improved fish also exhibited significantly increased expres-
sion of Hmox1 at 20 dpf (Fig. 2C). These results suggested that
these four compounds impact the Hmox1 pathway by increasing

Hmox1 expression and improving survival of dystrophin-null
fish in the long term.

To confirm that the candidate drugs influence on the cGMP
levels and the muscle phenotypes, cGMP level and birefringence
phenotypes in chemically treated dystrophin-null fish were ana-
lyzed and quantified. Treatment with our candidate drugs had
significant effects in increased levels of cGMP and the improve-
ment of abnormal birefringence in skeletal muscle (Fig. 2D and
E). An anti-sense morpholino oligonucleotides (MO) against the
expression of zebrafish Hmox1 was injected to 1 cell-stage of
embryosfromheterozygoussapje-likefishmating to inhibit theex-
pression of Hmox1. With the zebrafish Hmox1 MO injection,
Hmox1 expression and cGMP levels were reduced in MO-injected
dystrophin-null fish (Supplementary Material, S3 and Fig. 2D).
Treatment of Hmox1 morpholino-injected dystrophin-null fish
with the candidate drugs did not improve the birefringence pheno-
type (Fig. 2E). The injection of a control morpholino did not
change the results of chemical treatment with sildenafil (Supple-
mentary Material, S4). These findings suggested that these candi-
date drugs acted to improve zebrafish muscle phenotype by
influencing the levels of Hmox1 and cGMP.

Overexpression of zebrafish hmox1 mRNA in sapje and
sapje-like fish

To determine whether increased Hmox1 expression alone is suf-
ficient to induce the beneficial effects seen in dystrophic muscle,
zebrafish hmox1 mRNA was injected into eggs from four
matings of each heterozygous sapje fish and sapje-like fish.
Overexpression of hmox1 in the injected sapje and sapje-like
fish was confirmed by real-time PCR (Fig. 3A). Indeed,

Figure 1. Dystrophin-independent muscle improvement in sapje-like fish. Compounds targeting the heme oxygenase pathway found to be efficacious in sapje models
of DMD were each administered to forty offspring of heterozygous sapje-like matings. Following 4 days of treatment, fish genotypes, muscle phenotypes and dys-
trophin expression were determined using Sanger sequencing, birefringence and immunostaining, respectively. (A) Efficacious drugs identified in high-throughput
zebrafish screens converge on the heme oxygenase pathway. (B) Immunohistochemistry of the muscle of dystrophin2/2 fish demonstrates that muscle improvement
is independent of dystrophin expression. WT, wild type; NT, non-treatment and drug treatment listed. (C) 30–90% of dystrophin2/2 fish were restored in at 4 dpf
(P ¼ 1.49e-02, chi2 test). Cerulenin was the most efficacious drug with 90% recovery rate (P , 1e-07, two proportion test).
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Figure 2. Dystrophic muscle restoration via increased heme oxygenase signaling. (A) Treatment with multiple components of the Hmox1 signaling pathway results in
increased survival of dystrophin-null fish, sapje fish (P ¼ 1.16e-05, repeated-measures ANOVA. ∗For aminophylline, sildenafil: P ≤ 0.05, ∗∗for aminophylline +
sildenafil: P ≤ 0.01, ∗∗∗for cerulenin, crassin acetate: P ≤ 0.005, n ¼ 10 in triplicate). (B) Normal skeletal muscle structure in treated dystrophin-null fish, sapje
fish (20 dpf). Skeletalmuscle in treated dystrophin-null fish was immunostained with anti-myosinheavy chain. Arrows point to commonbreaks in untreated dystrophic
muscle. (C) Upregulation of Hmox1 expression in surviving chemically treated dystrophin-null fish. Hmox1 expression in surviving chemically treated dystrophin-
null fish was analyzed with immunoblot (n ¼ 3). Treatment with each candidate drug (aminophylline: P ¼ 0.038, sildenafil: P ¼ 0.012, crassin: P ¼ 0.0095 and cer-
ulenin: P ¼ 0.045, compared with those of untreated dystrophin-null fish, t-test, n ¼ 3) upregulated Hmox1 expression. (D) Birefringence phenotype rate in sapje-like
fish and an anti-sense morpholino oligonucleotides-injected sapje-like fish after treatment with candidate drugs. Treatment with candidate drugs (aminophylline, sil-
denafil, cerulenin and crassin acetate) has significant effects on the improvement of reduced birefringence phenotypes in dystrophin-deficient skeletal muscle (40 fish
in triplicate). After injection of an anti-sense morpholino oligonucleotides (MO) against the expression of zebrafish Hmox1 to inhibit zebrafish Hmox1 expression, the
treatment with candidate drugs does not have significant effects on the improvement of reduced birefringence in skeletal muscle. (Uninjected fish versus
Hmox1-MO-injected fish; aminophylline: P ¼ 0.00079, sildenafil: P ¼ 0.0043, crassin acetate: P ¼ 0.027 and cerulenin: P ¼ 0.028, t-test, n ¼ 3). (E) Measurement
of cGMP levels in sapje-like fish and Hmox1 MO-injected sapje-like fish after treatment with candidate drugs. Treatment with candidate drugs (aminophylline,
sildenafil, crassin acetate and cerulenin) significantly has effects in increasing cGMP level (40 fish in triplicate). After injection of an MO against the expression
of zebrafish Hmox1, the treatment with candidate drugs still shows strong effects in increasing cGMP levels to almost normalized levels of the uninjected fish.
(Uninjected fish versus Hmox1-MO-injected fish; untreated fish: P ¼ 0.040, aminophylline: P ¼ 0.00028, sildenafil: P ¼ 0.000018, crassin acetate: P ¼ 0.044
and cerulenin: P ¼ 0.010, t-test, n ¼ 3).
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overexpression of hmox1 RNA normalized dystrophic skeletal
muscle and reduced the fraction of affected fish as measured
by birefringence (sapje, P ¼ 3.48e-05; sapje-like, P ¼ 1.0e-04;
t-test, n ¼ 3, Fig. 3B). The amount of cGMP and cAMP being
expressed in the hmox1 RNA-injected sapje and sapje-like fish
was also evaluated. The amount of total cGMP was significantly
increased compared with uninjected sapje fish and sapje-like
fish (sapje, P ¼ 0.0078; sapje-like, P ¼ 0.018; t-test, n ¼ 3,
(Fig. 3C). In contrast, the amount of cAMP in hmox1-injected
sapje and sapje-like fish was not significantly different from
normal controls (Supplementary Material, Fig. S5), suggesting
that Hmox1 overexpression is likely to induce levels of cGMP
andrestoredystrophicmuscle tonormal.The improveddystrophin-
null fish following hmox1 RNA injection were selected after
genotyping and stained with anti-myosin heavy chain to
examine their muscle structure. The muscle structure appeared
similar to that of wild type, and they exhibited no abnormal
muscle areas compared with untreated dystrophin-null fish
(arrows in Fig. 3D).

Hmox1 upregulation in sildenafil-treated mdx mice

To confirm that Hmox1 upregulation also occurs following sil-
denafil treatment of mdx5cv mice, sildenafil citrate was adminis-
tered to mdx5cv mice at a previously reported dosage that
resulted in beneficial effects in mouse muscle pathology
(17,18). Sildenafil citrate was dissolved in sterile-filtered water

(pH 3.0) to a concentration of 400 mg/l and administered ad
libitum, with treatment beginning at 4 weeks of age, and
lasting for 7–8 weeks. C57BL6/J and mdx5cv vehicle controls
were given untreated sterile-filtered drinking water (pH 3.0).
As previously published (21), PDE5 inhibitor treatment of
mdx5cv significantly reduced the number of central nuclei in
muscle fibers of the diaphragm and tibialis anterior compared
with those of untreated mdx mice (Fig. 4A and B). Immunoblot
results of muscle from the sildenafil-treated mdx5cv showed sig-
nificantly increased expression of Hmox1 (Fig. 4C). Following 6
weeks of sildenafil treatment, mice were subjected to an exercise
fatigue test. After a 15-min treadmill exercise regimen, the mice
were monitored for 6 min for activity measures such as the time
they spent resting (Fig. 5A), the distance they moved (Fig. 5B)
and the number of rearing events (Fig. 5C). In each test, there
were clear differences between vehicle-treated mdx5cv and wild-
type mice. Sildenafil treatment enabled significant alleviation of
exercise fatigue symptoms in the mdx5cv mice, demonstrating the
drug’s therapeutic effect and like seen in zebrafish increased ex-
pression of Hmox1.

DISCUSSION

By using drug screens in dystrophin-deficient zebrafish, this
study has identified a possible dystrophin-independent DMD
therapy that converges on heme oxygenase signaling. A total
of 15 drugs were identified that moderate the birefringence

Figure 3. Hmox1 overexpression is sufficient for the observed muscle improvement. (A) RT-PCR confirmation of Hmox1 overexpression in sapje fish and sapje-like
fish (∗sapje, P ¼ 9.09e-13; ∗∗sapje-like, P ¼ 1.57e-04; t-test, n ¼ 3). (B) Injecting 50 pg of zebrafish hmox1 mRNA into eggs from a heterozygous mating decreases
the fraction of affected offspring (∗sapje, P ¼ 3.48e-05; ∗∗sapje-like, P ¼ 1.0e-04; t-test, n ¼ 3). (C) Measurement of the amount of cGMP in hmox1-overexpressed
sapje fish and sapje-like fish (∗sapje, P ¼ 0.0078; ∗∗sapje-like, P ¼ 0.018; t-test, n ¼ 3). (D) Normal skeletal muscle structure in dystrophin-null sapje fish injected
with 50 pg hmox1. Restored dystrophin-null fish have normal muscle structure similar to those of wild type. Dark midlines reflect pigmentation.
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phenotype of two fish models of DMD, with six of these com-
pounds are known to impact the Hmox1 pathway. Four of the
Hmox1-related compounds significantly increased the number
of surviving dystrophin-null fish compared with untreated
dystrophin-null fish. Moreover, our findings indicate that these
four compounds induce the expression of Hmox1 in surviving
dystrophin-null fish. We also show that Hmox1 overexpression

acts to improve zebrafish muscle phenotype and to increase the
total levels of cGMP in dystrophin-null zebrafish. The com-
pounds identified here functions to improve dystrophic muscle
through the upregulation of Hmox1. The Hmox1 molecule func-
tions by degrading the heme molecule into biliverdin-IX alpha,
Fe (III) and monocarbon oxygen (27), which triggers multiple
downstream effects, such as anti-inflammation, anti-oxidation

Figure 4. Hmox1 expression and reduction of centrally located nuclei in mdx5cv mice following treatment with sildenafil. (A) Representative Hematoxylin and Eosin
(H&E) staining of tibialis anterior (TA) and diaphragm (DIA) muscle sections in mdx5cv mouse treated with sildenafil citrate. Bars: 50 mm. (B) Mdx5cv mice showed
significantly more centrally located nuclei in random non-overlapping fields of H&E-stained diaphragm muscle than in strain-matched wild type. Sildenafil showed
significant reduction of central nuclei in TA and DIA muscle compared with the untreated mdx5cv TA and DIA. (n ¼ 4, 11–12 weeks old). Mdx5cv mice were given
water for 7–8 weeks at a 400 mg/l concentration of sildenafil Mdx5cv and strain-matched C57Bl6/J wild type received vehicle. ∗P ¼ 0.0012, n ¼ 4, t-test, ∗∗P ¼
8.98328E-07, t-test, n ¼ 4. (C and D) Upregulation of Hmox1 expression in mdx5cv mice following treatment with sildenafil. Hmox1 expression in mice treated
with sildenafil was analyzed via immunoblot (∗P ¼ 0.0015, versus wild type, t-test, n ¼ 4).
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and vasodilation (28–31). Oxidative stress has been shown to
play an important role in the DMD disease process (4,17,20),
and inflammation leads to reduced fibrosis and muscle weakness
(28–32). It has been reported that the PDE5 inhibitor sildenafil
induces an angiogenic response in human coronary arteriolar
endothelial cells through Hmox1 and vascular endothelial
growth factor, one of the important factors to induce regener-
ation of the vascular system and vasodilation (33). Hmox1 has
also been reported to indirectly regulate the nuclear factor
kappa-light-chain enhancer of activated B cells (NF-kappa B)
activity (34,35), which is increased in expression in muscle
biopsies of DMD patients (36). These finding combined with
those presented here suggest that the modulation of the Hmox1
pathway could correct the skeletal muscle phenotype of
dystrophin-deficient muscle. The modulation of the Hmox1
pathway in dystrophin-deficient muscle opens up the possibility
that pathways related to anti-inflammatory, anti-oxidative and
vasodilating can be additional mechanisms for treating DMD.

Previously, phosphodiesterase inhibition has been shown
to improve disease course in the mdx mouse model of DMD
(17–19,37). Our sildenafil-treated mdx mice revealed that this
PDE5 inhibitor upregulates Hmox1 expression whereas it
improves the phenotype of dystrophic skeletal muscle. Our
results of the sildenafil treatment for mdx5cv mice replicate
those previously reported, which also showed improvement of
the diaphragm muscle pathology and exercise activities in mdx
mouse (17,37). Furthermore, the restoration of the dystrophin-
mediated neuronal nitric oxide synthase (nNOS) anchoring to
the sarcolemma of the mdx mouse was found to enhance exercise
performance by restoring activity-induced vasomodulation and
subsequently minimizing muscle damage (20,38). Here we iden-
tify Hmox1 as a likely link that can trigger multiple beneficial
effects. Hmox1 is an nitric oxide (NO)-inducible heme oxyge-
nase known for its cytoprotective role, which acts as a potent
anti-inflammatory and anti-oxidative stress agent, in part by ele-
vating cGMP production (30,39). This study demonstrates that
Hmox1 is a viable and sufficient target for the improvement
of dystrophic muscle in zebrafish and mouse models. We have
also identified several FDA-approved compounds that target
multiple components of the Hmox1-mediated cGMP signal-
ing pathway as a potential novel therapy for the treatment of
dystrophin-deficient muscles.

Altogether, this study highlights the use of zebrafish to screen
for disease-relevant drug compounds and it additionally defines
Hmox1 upregulation as an effective pathway for both fish and
mouse models for DMD. The results in these studies point to
Hmox1 as a potential effective therapeutic pathway for DMD.
The Hmox1 pathway and its relevant candidate drugs will
likely be informative for the development of therapeutics to
treat human patients of DMD.

MATERIALS AND METHODS

Zebrafish strains and fish cultures

Two zebrafish models of DMD were used for chemical screen-
ing: the sapje (stop codon in DMD exon 4) and sapje-like
(splice site mutation in exon 62) fish (6,15). The muscle degen-
eration phenotype of these mutant fish is transmitted in a reces-
sive manner such that 25% of the offspring show degenerative
muscle symptoms after 3 dpf. Twenty pairs of heterozygous
sapje or sapje-like fish were mated, and the fertilized eggs
were cultured at 28.58C. Zebrafish embryos were collected and
raised at 28.58C according to standard procedures and standard
criteria under the guidelines of the Boston Children’s Hospital
Institutional Animal Care and Use Committee, Boston Chil-
dren’s Hospital animal ARP protocol (12-09-2286R).

Small molecule screening

In all, 2640 FDA-approved drugs were screened, including those
in the ICCB at Harvard Medical School’s NINDS 2 Compound
library (1040 chemicals; Discover Systems, Inc., Gaylordsville,
CT, USA), BIOMOL ICCB-Longwood Known Bioactives 3
(480 chemicals; Harvard ICCB, Boston, MA, USA), and the pre-
viously reported Prestwick 1 Collection (16). These libraries
contain diverse molecules of known action, bioavailability and
safety in humans and cover �47% of all FDA-approved drugs.

Figure 5. Total resting time (A), distance moved (B) and rearing events (C) im-
provement in exercise fatigue assay of sildenafil-treated mdx5cv mice. Activity
was recorded in 10-week-old mice, following 6 weeks of drug treatment. Clear
differentiation was seen in this assay after the 6-week treatment period (∗P ¼
0.0016, ∗∗P ¼ 0.0011, ∗∗∗P ¼ 0.03, repeated-measures ANOVA), with no
large differences detected after 2 and 4 weeks of treatment. Mdx5cv mice were
given water at a 400 mg/l concentration of sildenafil (green). Mdx5cv (light
blue) and strain-matched C57Bl6/J wild type (dark blue) received vehicle
(n ¼ 4 mice with two females and two males.).
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Libraries were first screened in pools of 8 compounds for 4 days
using 20 fish, in duplicate, as previously described (16). Muscle
phenotypes were detected by a birefringence assay, which mea-
sures the rotation of polarized light through the transparent zeb-
rafish embryos at the highly ordered sarcomeric structure of the
somitic muscle (14). Following the identification of pools that
had reduced fractions of fish with abnormal birefringence,
each compound from these pools was tested individually on
both sapje and sapje-like fish (each 20 fish) for 4 days in dupli-
cate. Eight chemicals that significantly reduced the number
of dystrophic fish were identified in the individual screens
(Table 1). Aminophylline and equilin were identified in a previ-
ous screen (16) and further analyzed here as efficacious com-
pounds targeting heme oxygenase signaling.

Long-term treatment of sapje fish with candidate chemicals

Pairs of heterozygous sapje fish were mated, and fertilized eggs
were cultured at 28.58C. Zebrafish embryos were collected and
raised at 28.58C according to standard procedures and criteria.
Mutant fish showing abnormal birefringence were identified
under the dissection scope at 4 dpf and placed in a new plate to
be treated with individual candidate chemicals from 4 to 20
dpf. Affected and unaffected embryos were arrayed in 24-well
plates and cultured in 1 ml of fish water containing individual
chemicals at 28.58C starting at 4 dpf, ten embryos each in tripli-
cate. From 5 to 20 dpf, the fish were cultured in 100 ml of fish
water containing the individual chemicals (aminophylline,
crassin acetate and sildenafil citrate of 2.5 mg/ml, cerulenin of
5 mg/ml) and combination of aminophylline (2.5 mg/ml) and sil-
denafil citrate (2.5 mg/ml) at room temperature. The number of
surviving fish was counted and recorded every other day.

Genotyping sapje and sapje-like fish

Genomic DNA was extracted from chemically treated fish using
100 mM Tris–HCl, pH 8.5; 5 mM EDTA, pH 8.0; 0.2% SDS;
200 mM NaCl. Capillary sequencing was used to detect the
specific dystrophin mutation in sapje (forward primer 5′ CTGG
TTACATTCTGAGAGACTTTC 3′, reverse primer 5′ AGC
CAGCTGAACCAATTAACTCAC 3′) and sapje-like fish
(forward primer 5′ TCTGAGTCAGCTGACCACAGCC 3′,
reverse primer 5′ ATGTGCCTGACATCAACATGTGG 3′).
PCR was performed with the primers noted above at 528C for
35 cycles, purified using QIAGEN’s QIAquick PCR Purification
Kit, and bidirectionally sequenced on Applied Biosystems’ 3730
DNA Analyzers (Life Technologies, Carlsbad, CA, USA) at The
Boston Children’s Hospital Molecular Genetics Core Facility.

Cloning of zebrafish heme oxygenase 1 (hmox1) cDNA

Total RNA was extracted from 4 dpf wild-type zebrafish
embryos using QIAGEN’s RNeasy micro kit and converted to
cDNA with SuperScript III First-Strand System for RT-PCR
(Life Technologies) according to the manufacturer’s protocols.
The following primers were used to amplify the fish hmox1
cDNA coding sequence and added a myc tag and an EcoRI
site: 5′ GAATTCATGGACTCCACCAAAAGC 3′ (forward)
and 5′ GAATTCTTACAGATCCTCTTCTGAGATGAGTTT
TTGTTCAAAAGCGTAAACTCCCATGCC 3′ (reverse, with

myc tag and EcoRI site). The PCR product of the full-length
hmox1 cDNA was cloned into a pCRII plasmid (Life Technolo-
gies). All PCR products and cloned fragments were subject to
confirmatory capillary sequencing on Applied Biosystems’
3730 DNA Analyzers at The Boston Children’s Hospital
Molecular Genetics Core Facility.

Generation of expression constructs and in vitro
transcription

Fish hmox1 full-length mRNAs with a myc tag were cloned into
the pCS2+ expression vector after digestion with EcoRI. RNAs
were synthesized from Asp718-digested pCS2+ plasmids using
the sp6 mMessage mMachine kit (Life Technologies). Tran-
scripts were quantified on the Nanodrop ND-1000 spectropho-
tometer (Thermo Scientific, Wilmington, DE, USA). Phenol
red (0.1%) was added to the RNA solution as a tracer, and 50
pg hmox1 mRNA was injected into 1-cell-stage fertilized
embryos from heterozygous sapje matings. Embryos were
then cultured in the Children’s Hospital aquatic system at
28.58C.

Immunohistochemistry

Immunohistochemical staining of whole mutant fish bodies was
performed as previously described (16). Embryos were incu-
bated separately with anti-dystrophin (1: 25, Sigma–Aldrich,
St. Louis, MO, USA) or anti-myosin heavy chain (1: 25, F59; De-
velopmental Studies Hybridoma Bank, Iowa City, Iowa, USA)
or anti-VEGF (1: 50, R&D system, Inc., Minneapolis, MN,
USA) at 48C overnight. After washing three times, samples
were incubated with secondary antibodies and examined as pre-
viously described (16).

Western blotting

Fish or fish embryos and mouse muscle sections were homoge-
nized in Tris-buffered saline containing RIPA buffer (Sigma–
Aldrich), protease inhibitors and phosphatase inhibitors (Roche,
Indianapolis, IN, USA). Standard western blotting was per-
formed with anti-Hmox1 (1: 200, Aviva System Biology, San
Diego, CA, USA), anti-beta-actin (1: 500, Sigma–Aldrich)
and anti-alpha beta tubulin antibodies (1: 1000, Cell Signaling
Technology, Inc., Beverly, MA, USA). Relative band intensities
were quantified by densitometry using ImageJ, and fold differ-
ences determined between the Hmox1/beta-actin ratio of each
treatment and that of the untreated and wild-type fish.

Morpholino oligonucleotide injection

A anti-sense morpholino oligonucleotides (MO) (GENE TOOLS
LLC., Philomath, OR, USA) targeted to interfere with zebrafish
Hmox1 translation was designed using the 5′ sequence around
the putative translation start site of the cloned zebrafish
Hmox1 mRNA. The morpholino sequences were Hmox1 MO:
5′ TTGTGCTGTAGATGTCCTGTCTTTC 3′. For control MO,
we used a control morpholino (standard control oligo, GENE
TOOLS): 5′ CCTCTTACCTCAGTTACAATTTAT 3′.

Morpholino was re-suspended in 1× Danieau solution
[58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4, 0.6 mM Ca(NO3)2,
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5 mM HEPES; pH 7.6] with 0.1% phenol red used as an injection
indicator. Morpholinos (1.5 ng) were injected into the yolk of
1-cell-stage fertilized embryos from heterozygous sapje-like
fish matings. Embryos were then cultured in the Children’s
Hospital aquatic system at 28.58C.

Determination of cellular cAMP and cGMP levels

cAMP and cGMP levels in hmox1 mRNA-injected embryos
were determined with a competitive protein-binding technique
by using Cyclic GMP XPAssay Kit and Cyclic AMP XPAssay
Kit fromCellSignaling Technology following the manufacturer’s
instructions.

RNA expression analysis with real-time PCR

For analysis of expression in different tissues, 10-fold serial dilu-
tions of the cDNA were analyzed on 96-well optical plates using
the Power SYBR Green Mix system (Life Technologies) and
analyzed on the ABI 7900HT real-time PCR machine (Life
Technologies) following the manufacturer’s instructions using
with primer sets of zebrafish Hmox1; forward primer for zebra-
fish Hmox1 cDNA (NM_001127516): 5′ ATGGACTCCAC
CAAAAGC 3′, reverse primer for zebrafish Hmox1 cDNA: 5′

CCTTTCTGGTAGCTGAGCATC 3′; primer sets of zebrafish
elongation factor 1 (EF1) alpha; forward: 5′ CTGGAGGC
CAGCTCAAACAT 3′, reverse: 5′ ATCAAGAAGAGTAG
TACCGCTAGCATTAC 3′. Cycle times were normalized to
EF1 alpha as a loading control. Relative fold expression and
changes were calculated using the 22DDCt method.

Sildenafil treatment of DMD mouse models

C57BL6/J wild-type control mice and mdx5cvmice were origin-
ally purchased from Jackson Laboratories (Bar Harbor, ME,
USA) (39). All mouse husbandry and treatment was approved
by the Boston Children’s Hospital Animal Facilities/Institution-
al Animal Care and Use Committee and maintained in pathogen-
free cages following federal standard of care practices. All mice
were fed a 5P00 Prolab RMH 3000 standard chow diet (5% fat;
LabDiet, PMI Nutrition International, St. Paul, MN, USA) and
had access to food ad libitum. All mouse lines and subsequent
breeding were maintained on a C57BL6/J background under
the Boston Children’s Hospital ARCH animal protocol
(12-10-2287R). Sildenafil was administered to mdx5cv mice at
a dosage and with a protocol that have been previously studied
and found therapeutically effective in the mdx mice (17,18). Sil-
denafil citrate (powder; Pfizer, Inc.) was dissolved in acidified,
sterile-filtered water (pH 3.0) to a concentration of 400 mg/l
and administered ad libitum. Previous publications report that
this administration technique and dosage result in the ingestion
of �80 mg/kg/day, with an IC50 of 10 nM for sildenafil inhib-
ition of 50% of PDE5A (18). C57BL6/J and mdx5cv vehicle con-
trols were given untreated acidified, sterile-filtered drinking
water (pH 3.0) via the same administration protocol. Each
cohort consisted of two males and two females, with treatment
beginning at 4 weeks of age, and lasting for 7–8 weeks. At the
end of each treatment period, the mice were euthanized and
the diaphragm and the tibialis anterior muscles were harvested
and snap-frozen in 100% acetone chilled with dry ice. Muscle

sections were used for protein extraction and were stained with
Hematoxylin and Eosin to visualize areas of necrosis and inflam-
mation, as well as the myofibers, their cross sectional area and the
number and location of their nuclei. The muscle samples were
also used for western blotting and determination of hmox1
levels.

Exercise fatigue assay

This assay (40) was modeled after the 6-min walk test, a human
patient clinical endpoint measure used to assess mobility and
efficacy of therapeutics. After exercise, mdx5cv mice are found
to have decreased rearing, ambulation and distance traveled, as
well as increased rest time (41). Mice activity was recorded in
individual Actitrack Locomotor arena chambers for a 6-min
interval immediately after mild exercise, tracking movement
via infrared beam interruptions. Mild exercise consisted of
running on a 158 downhill track at 10 mpm for 10 min, with
acclimatization at 3 mpm for 5 min (20,41).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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