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In Duchenne muscular dystrophy (DMD) patients and the mouse model of DMD, mdx, dystrophin deficiency
causes a decrease and mislocalization of muscle-specific neuronal nitric oxide synthase (nNOSm), leading to
functional impairments. Previous studies have shown that nitric oxide (NO) donation associated with anti-
inflammatory action has beneficial effects in dystrophic mouse models. In this study, we have systematically
investigated the effects of naproxcinod, an NO-donating naproxen derivative, on the skeletal and cardiac dis-
ease phenotype in mdx mice. Four-week-old mdx and C57BL/10 mice were treated with four different concentra-
tions (0, 10, 21 and 41 mg/kg) of naproxcinod and 0.9 mg/kg of prednisolone in their food for 9 months. All mice
were subjected to twice-weekly treadmill sessions, and functional and behavioral parameters were measured at
3, 6 and 9 months of treatment. In addition, we evaluated in vitro force contraction, optical imaging of inflamma-
tion, echocardiography and blood pressure (BP) at the 9-month endpoint prior to sacrifice. We found that
naproxcinod treatment at 21 mg/kg resulted in significant improvement in hindlimb grip strength and a 30% de-
crease in inflammation in the fore- and hindlimbs of mdx mice. Furthermore, we found significant improvement
in heart function, as evidenced by improved fraction shortening, ejection fraction and systolic BP. In addition,
the long-term detrimental effects of prednisolone typically seen in mdx skeletal and heart function were not
observed at the effective dose of naproxcinod. In conclusion, our results indicate that naproxcinod has signifi-
cant potential as a safe therapeutic option for the treatment of muscular dystrophies.

INTRODUCTION

Duchenne muscular dystrophy (DMD) is the most common
X-linked inherited disease (1), affecting 1 in 3500 live male
births in all populations with 30% of all cases resulting from
de novo mutation (2). DMD is caused by a mutation in the dys-
trophin gene that leads to the absence of dystrophin protein in
the skeletal muscle (3). Dystrophin is a subsarcolemmal
protein involved in the link between the contractile machinery
and the extracellular matrix; in the absence of dystrophin,
the transmembrane dystrophin–glycoprotein complex (DGC)
components are lost, and the stability of the sarcolemma is

reduced (4,5). The loss of this force transmission system
results in an increased fragility of the muscle fibers, which is
believed to be responsible for the susceptibility of dystrophic
muscle fibers to damage (6–9). Thus, it is thought that in dys-
trophic muscle, mechanical stress occurring during contraction
can result in transient tears in the muscle sarcolemma (10),
allowing an influx of extracellular calcium that lead to muscle
necrosis and secondary inflammation (11–14). This mechanical
damage results in elevated levels of creatine kinase (CK) that can
be detected in the serum of both DMD patients and mdx mice
(the mouse model of DMD) or by the presence of exogenous
marker dye (Evans blue) within the muscles (15–17).
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The loss of dystrophin also results in a significant reduction in
another member of the DGC, neuronal nitric oxide synthase m
(nNOSm) (18,19). Nitric oxide (NO) derived from nNOSm
plays a critical role in the physiology of the skeletal muscle, regu-
lating force generation, muscle mass, fatigue, muscle repair from
injury, oxidative stress and blood flow (20,21). Therefore, the
loss of nNOSm is believed to contribute significantly to dys-
trophic pathology (22–25). It has been recently reported that
dystrophins carrying spectrin-like repeats 16 and 17 (R16/17)
anchor nNOS to the sarcolemma (22,26). Restoring this
portion of the dystrophin gene (R16/17) in mdx mice showed
better efficacy in ameliorating histological muscle pathology
and skeletal muscle function than all the mini-/microgene
therapies that do not restore nNOS function (22).

Naproxcinod is a cyclooxygenase-inhibiting compound that
has both analgesic and anti-inflammatory effects and was
originally developed for the treatment of osteoarthritis (27).
After absorption, the compound is metabolized to naproxen
and nitroxybutyl ester, which allows it to also act as an NO
donor. This mechanism of action makes naproxcinod the first
in a new class of drugs, the cyclooxygenase-inhibiting nitric
oxide donators (CINODs), which are postulated to have an anal-
gesic efficacy similar to that of traditional non-steroidal anti-
inflammatory drugs (NSAIDs), but with fewer gastrointestinal
and cardiovascular side effects (28). In fact, lower cardiovascu-
lar side effects were demonstrated in a clinical trial in which 916
osteoarthritis patients were treated with naproxcinod for 13
weeks. These patients showed BP profiles similar to those of
the patients receiving placebo, whereas the group treated with
naproxen displayed elevations in BP (29). In addition, two
Phase II randomized controlled trials showed a decrease in sys-
tolic BP of 2.1 mmHg when patients took naproxcinod (375 or
750 mg twice daily) for 6 weeks (28,30). Interestingly, it has
also been reported that compounds belonging to the CINOD
class lead to a significant, persistent recovery of muscle function
in a number of models of muscular dystrophy. Specifically,
long-term treatment of dystrophic mice (mdx or alpha-
sarcoglycan-null mice) with two different CINODs, HCT 1026
(a NO-donating flurbiprofen) and NCX 320 (a NO-donating
ibuprofen), substantially improved muscle morphology, and
reduced muscle necrosis, inflammation and muscle ischemia
(31–33). However, both HCT 1026 and NCX 320 are still in
early stages of development and are not yet ready to be used in
patients.

To date, the most effective form of medication for patients
with DMD is represented by glucocorticoids (GCs) (34). Pred-
nisone and its derivative prednisolone have been shown to
provide some level of clinical benefit and are therefore the most
widely used treatment for DMD (34,35). However, their mechan-
ism of action remains unknown, and there are significant adverse
side effects associated with their use (36,37). Therefore, alterna-
tive medications with reduced side effects are still needed.

Given the beneficial effects of the NO-donating ibuprofen and
flurbiprofen derivatives on both heart and skeletal muscle, to-
gether with the reduction in the well-recognized adverse side-
effect profile associated with the use of traditional NSAIDs, it
is expected that naproxcinod will provide an effective therapy
for DMD patients. The aim of the current study was to test the
long-term use of naproxcinod versus prednisolone (currently
the only standard of care for DMD patients) in young mdx

mice (4 weeks of age). We found that long-term treatment of
mdx mice with naproxcinod produced significant improvement
in muscle strength, histology and heart function, with none of
the side effects commonly associated with prednisolone.

RESULTS

Effect of naproxcinod treatment on the body weight
(BW) of mdx mice

Since our drug was administered in food, we measured the
average food intake/mouse/week. We found that all drug-treated
mice consumed more food than did the mdx or wild-type (WT)
vehicle-treatedmice;however,both the21 mg/kg/daynaproxcinod-
and prednisolone-treated groups had a significantly higher average
food intake than did the mdx vehicle-treated mice at 42 weeks of
age(9monthsafter the initiationof the treatments).Nostatisticaldif-
ferences were observed between the other groups at this time point
(Fig. 1).

Consistent with their significantly higher food intake, the mdx
group treated with 21 mg/kg/day naproxcinod showed a signifi-
cantly higher mean BW (7.3%) than did the mdx vehicle-treated
group. Prednisolone-treated mice, despite their increased food
intake, showed a significantly lower BW (210.1%) when com-
pared with the mdx vehicle-treated group. There was no differ-
ence in BW between the mdx vehicle and WT groups at 42
weeks of age (Fig. 2). The same trend was also observed when
we analyzed the percent change in BW from 5 to 42 weeks of
age (Supplementary Material, Table S1).

Effect of naproxcinod on muscle grip strength
measurements (GSM) in mdx mice

Forelimb
As expected, the mdx vehicle-treated group showed a significant
reduction in both absolute and normalized forelimb grip strength

Figure 1. Analysis of food consumption by WT and mdx mice at 42 weeks of age
following 9 months of treatment. Data are expressed as means+S.E.M. (n ¼ 10
animals for the WT and n ¼ 15 animals for the mdx vehicle-, naproxcinod-
and prednisolone-treated mice). ∗∗P ≤ 0.01, comparing mdx vehicle-treated
mice and mdx mice treated with 21 mg/kg/day naproxcinod or 0.9 mg/kg/day
prednisolone.
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when compared with the WT vehicle-treated group at 42 weeks
of age. Long-term treatment with prednisolone induced an add-
itional significant reduction in forelimb grip strength. No statis-
tically significant differences between the naproxcinod-treated
groups and the mdx vehicle-treated group were observed at
42 weeks of age, or when the data were analyzed as the percent-
age change in absolute and normalized forelimb grip strength
from 18 to 42 weeks of age (Supplementary Material, Table S2
and S3).

Hindlimb
Both the absolute and the normalized hindlimb grip strengths of
the mdx vehicle-treated group were significantly lower than
those of the WT group at 42 weeks of age. Like its effect on fore-
limb grip strength, prednisolone also significantly decreased the
hindlimb grip strength in prednisolone-treated mice when com-
pared with mdx vehicle-treated mice. No difference in either the
absolute or normalized hindlimb grip strength was seen between
any naproxcinod-treated groups and the mdx vehicle-treated
group at 42 weeks of age (Supplementary Material, Table S2).
However, the average percentage change in both the absolute
and normalized hindlimb grip strength from 18 to 42 weeks of
age was significantly higher in both the 10 and 21 mg/kg/day
naproxcinod-treated groups than in the mdx vehicle-treated
group, with the 21 mg/kg/day group exhibiting a higher percent-
age change than the 10 mg/kg/day group (Table 1).

Effect of naproxcinod on cardiac function of mdx mice

At 42 weeks of age, the mdx mice had significantly lower BP (as
measured by the non-invasive tail cuff) and compromised

cardiac function (as assessed by fraction shortening and ejection
fraction), than did the WT mice. Treatment with 10 and 21 mg/
kg/day naproxcinod resulted in a significant 15.8 and 10.4%
improvement in systolic BP, respectively, over that of the
mdx vehicle-treated group (Fig. 3A). Furthermore, the fraction
shortening (7.3 and 10.1% at 10 and 20 mg/kg/day respectively,
versus the mdx vehicle-treated group) and ejection fraction
(7.3% at 20 mg/kg/day versus the mdx vehicle-treated group)
were also significantly improved following a 9-month treatment
with naproxcinod (Fig. 3B and C). Conversely, the mdx
prednisolone-treated group displayed significantly higher
BP; a 54% increase over that of the mdx vehicle-treated
group. This increase was also found to be significantly
higher compared to WT mice (Fig. 3A). Also, both the
fraction shortening (29.0%) and ejection fraction (27.4%)
were significantly lower in the prednisolone-treated group
than in the mdx vehicle-treated group and lower than either
naproxcinod-treated group (Fig. 3B and C). These results
indicate that long-term dosage with prednisolone has signifi-
cant adverse side effects on heart function.

Effect of naproxcinod on inflammation in the limb muscles
of mdx mice, as measured by optical imaging

To examine the effect of naproxcinod on inflammation in the
forelimbs and hindlimbs of live treated and non-treated mice,
we employed an optical imaging strategy. As expected, a signifi-
cant increase in both fore- and hindlimb cathepsin activity
was observed after 9 months of drug treatment in the mdx
vehicle-treated mice when compared with the WT mice, indicat-
ing an increase in inflammation in the vehicle-treated mice. The
naproxcinod-treated groups and the prednisolone-treated group
showed a significant reduction in both fore- and hindlimb
cathepsin activity when compared with the mdx vehicle-treated
group, with the 21 mg/kg/day naproxcinod-treated group
achieving the highest reduction in inflammation (Fig. 4A and B).

Effect of naproxcinod on histopathological features
in the diaphragms of mdx mice

Histological assessment of hematoxylin and eosin (H&E)-
stained sections for inflammation and other parameters (total
fiber number, number of central nucleated muscle fibers, regen-
eration and degeneration) was performed on the diaphragm
muscle after 9 months of drug treatment. Evaluation of the dia-
phragm showed that there was a significant reduction in inflam-
matory cell infiltration after treatment with 21 mg/kg/day
naproxcinod (Fig. 5A and B). We did not detect any reduction
in inflammation in the prednisolone-treated group. The 21 mg/
kg/day naproxcinod-treated group also showed a significant re-
duction in the total fiber number and number of regenerating
muscle fibers and a marked reduction in the number of central
nucleated muscle fibers (226.1%) in the diaphragm when
compared with mdx vehicle-treated mice, but showed no
change in the number of degenerating fibers (Fig. 6A–D).

Effect of naproxcinod on heart fibrosis in mdx mice

Since naproxcinod showed beneficial effects on the heart func-
tion of mdx mice, we performed Picro-Sirius red staining to

Figure 2. BW measurement of WT and mdx mice treated with either vehicle, or
various concentrations of naproxcinod or prednisolone at 42 weeks of age follow-
ing 9 months of treatment. Data are expressed as means+S.E.M. (n ¼ 10
animals for the WT mice and n ¼ 15 animals for mdx vehicle-, naproxcinod-
and prednisolone-treated mdx mice). ∗P ≤ 0.05 and ∗∗P ≤ 0.01, comparing
mdx vehicle-treated mice and mdx mice treated with 21 mg/kg/day naproxcinod
or 0.9 mg/kg/day prednisolone.
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assess the level of fibrosis in the hearts of these mice. We
found a reduction in the level of heart fibrosis (226%) in
the 21 mg/kg/day-treated group when compared with the

mdx vehicle-treated group, although this reduction did not
reach statistical significance because of inter- and intra-group
variation (Fig. 7A and B).

Table 1. Analysis of the percent change in absolute and normalized hindlimb GSM over time (each mdx drug-treated group compared only with mdx vehicle-treated
mice). All models include only main effects, no interaction terms (models contain a quadratic term if appropriate).

Measurement mdx—pred. 0.9 mg mdx—nap. 10 mg mdx—nap. 21 mg mdx—nap. 41 mg

% Change in GSM hindlimb 20.837 (0.772) 6.421 (0.025) 9.226 (0.001) 4.040 (0.165)
% Change in normalized GSM hindlimb 3.169 (0.292) 9.577 (0.001) 12.336 (,0.001) 5.489 (0.069)

Figure 3. BP (A) and echocardiography measurements (B and C) for WT and mdx mice treated with either vehicle, one of various concentrations of naproxcinod, or
0.9 mg/kg/day prednisolone at 42 weeks of age following 9 months of treatment. Data are expressed as means+S.E.M. For systolic BP measurements: n ¼ 8 animals
for mdx vehicle-treated mice and 10 mg/kg/day naproxcinod-treated mice; n ¼ 6 animals for 0.9 mg/kg/day prednisolone-, 21 mg/kg/day naproxcinod- and 41 mg/
kg/day naproxcinod-treated mice; n ¼ 10 animals for WT. For echocardiography: n ¼ 8 animals for mdx vehicle-treated mice and 10 mg/kg/day naproxcinod-treated
mice; n ¼ 5 animals for 0.9 mg/kg/day prednisolone; n ¼ 7 animals for 21 mg/kg/day naproxcinod- and 41 mg/kg/day naproxcinod-treated mice; n ¼ 5 animals for
WT. ∗P ≤ 0.05, ∗∗P ≤ 0.01 and ∗∗∗P ≤ 0.001, comparing mdx vehicle-treated mice and various treatment groups. The percentages above each of the plots indicate the
percentage change from the mdx vehicle-treated group.
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Effect of naproxcinod treatment on behavioral activities
as determined by open-field activity

No significant difference was observed between the mdx
vehicle-treated group and the WT group in terms of behavioral
activity evaluated at 42 weeks of age, except for vertical activity,
in which the mdx vehicle-treated group performed significantly
worse than the WT group. No difference was detected in behav-
ioral activity at 42 weeks of age between any of the naproxcinod-
treated groups and the mdx vehicle-treated group. Conversely, the
0.9 mg/kg/day prednisolone-treated group showed significantly
higher activity levels for all the parameters than did the mdx
vehicle-treated group (Supplementary Material, Fig. S1A–E).
Although the changes were not statistically significant because
of the large inter- and intra-group variation at 42 weeks of age,
the 21 mg/kg/day naproxcinod-treated mdx mice exhibited the
highest positive percentage change when compared with the
mdx vehicle-treated mice in term of horizontal activity (21.5%),
totaldistance traveled (32.9%),vertical activity (48%),movement
time (33%) and the lowest rest time (22.6%; Supplementary Ma-
terial, Fig. S1A–E). When the percentage change in the activity
levels from 18 to 42 weeks of age was considered, we saw no

significant difference between any of the various treatment
groups and the mdx vehicle-treated group, or between the mdx
vehicle-treated group and the WT group (Supplementary Mater-
ial, Table S4).

Effect of naproxcinod on the in vitro force of the extensor
digitorum longus (EDL) muscle and serum CK of mdx mice

At 42 weeks of age, naproxcinod-treated mice showed a signifi-
cant increase in EDL muscle mass when compared with mdx
vehicle-treated mice (Supplementary Material, Fig. S2A). Despite
this increase in muscle mass, there was no significant difference
in maximal (Supplementary Material, Fig. S2B) or specific force
(Supplementary Material, Fig. S2C) between naproxcinod-treated
mdx mice and mdx vehicle-treated mice. However, both the 10
and 41 mg/kg/day naproxcinod-treated mice showed a trend
toward increased strength, with a 6.4 and 9.1% improvement
in the maximal EDL force over the mdx vehicle-treated mice, re-
spectively. Conversely, the prednisolone-treated mice showed a
significant reduction in the maximal force (222.9%) when com-
pared with the mdx vehicle-treated group (Supplementary

Figure 4. Optical imaging of the forelimbs and hindlimbs of WT and mdx mice treated with either vehicle, various concentrations of naproxcinod or 0.9 mg/kg/day
prednisolone at 42 weeks of age following 9 months of treatment. (A) Forelimb photon counts and (B) hindlimb photon counts were used as a direct measure of inflam-
mation in live animals. Data are expressed as means+S.E.M. (n ¼ 7 animals formdx vehicle-treated mice and 21 mg/kg/day naproxcinod-treated mice; n ¼ 6 animals
for 0.9 mg/kg/day prednisolone-, 10 mg/kg/day naproxcinod- and 41 mg/kg/day naproxcinod-treated mice; n ¼ 5 animals for WT). ∗∗∗P ≤ 0.001, comparing mdx
vehicle-treated mice and various treatment groups. The percentages above each of the plots indicate the percentage change from the mdx vehicle-treated group.
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Material, Fig. S2B). Comparison of in vitro force measurements
between WT and mdx vehicle-treated mice showed a significant
decrease in the specific force of the mdx vehicle-treated
mice when compared with WT mice (Supplementary Material,
Fig. S2C).

The EDL muscle was also subjected to a fatigue protocol to
assess its level of fatigue resistance and recovery in response
to naproxcinod treatment. There was no difference in the
induced decline in measured force between the drug-treated
mdx groups and the mdx vehicle-treated group. However, as
expected, the EDL muscles from the mdx vehicle-treated mice
fatigued at a significantly faster rate than did the EDL muscles

from the WT mice. In contrast, there was no improvement in
the rate of recovery between the mdx vehicle-treated mice and
the WT mice, or between the mdx drug-treated groups and the
mdx vehicle-treated group (Supplementary Material, Fig. S2D).

Serum CK was significantly elevated in the mdx vehicle-
treated group when compared with the WT group. However,
there was no improvement in the CK levels when the mdx
mice were treated with any of the concentrations of naproxcinod
or with prednisolone (Supplementary Material, Fig. S3).

DISCUSSION

In this study, we investigated the effect of long-term treatment
with naproxcinod on both skeletal and cardiac function in the
mdx mouse model of DMD. The results presented here indicate
that long-term treatment of mdx mice with naproxcinod signifi-
cantly improves the disease phenotype. In addition, these bene-
ficial effects persisted throughout the disease state (9 months
of treatment), without the adverse side effects observed with
prednisolone.

Treatment of the mdx mice with naproxcinod for 9 months
resulted in an increase in BW (a simple measure of the overall
drug effect on the phenotype of a mouse) and food consumption
in these mice. Increased food consumption suggests an increase
in appetite as the result of the treatment, perhaps as a result of an
improvement in skeletal muscle function and thereby in their be-
havioral activity. The maximal food consumption was observed
in the mdx group treated with 21 mg/kg/day naproxcinod,
along with the maximal increase in BW observed for this
group. Apart from the 21 mg/kg/day naproxcinod-treated group,
the prednisolone-treated mice consumed a greater amount of
food than any other group; however, they weighed significantly
less at the end of the study (42 weeks of age). These findings
suggest that prednisolone may increase the appetite of the mice,
but it adversely affect them, leading to a significant reduction in
BW. A decrease in BW and increase in appetite as the result of
prednisone/prednisolone treatment has been previously docu-
mented (37–41). One of the known mechanisms of GCs is the in-
duction of catabolic effects in skeletal muscle through the
activation of genes encoding ubiquitin ligases such as Muscle
RING Finger 1 (MuRF1) and Muscle Atrophy F-box (MAFbx),
which in turn induce muscle atrophy (42,43). This finding, to-
gether with stunted growth, another well-documented side
effect of GCs (41), may have outweighed the effect of increased
food intake and resulted in weight loss rather than weight gain
in the prednisolone-treated mice.

The beneficial effect of naproxcinod also extended to an im-
provement in muscle function. Hindlimb grip strength was sig-
nificantly improved in the mdx naproxcinod-treated mice (10
and 21 mg/kg/day groups) when compared with the mdx mice
treated with vehicle. The improvement in hindlimb function
may be explained by the ability of NO donors to alleviate the
muscle ischemia, a defect often associated with the loss of sarco-
lemmal nNOS in the dystrophic muscle fibers (32). Sarcolemma-
targeted nNOS attenuates a-adrenergic vasoconstriction in
contracting muscles and improves muscle perfusion during
exercise (22). This process is defective in both mdx mice and
patients with DMD (23,24), thus promoting fatigue and injury
of dystrophic muscles. In addition, the optical imaging results

Figure 5. Quantification of inflammation in the diaphragm of WT and mdx mice
treated with either vehicle, various concentrations of naproxcinod or 0.9 mg/kg/
day prednisolone at 42 weeks of age following 9 months of treatment. (A) Rep-
resentative histological images of the diaphragm and (B) quantification of the
number of inflammatory foci within the diaphragm to determine the effects of
the treatment on the inflammation. Data are expressed as means+S.E.M.
(n ¼ 7 for mdx vehicle-treated mice and 21 mg/kg/day naproxcinod-treated
mice; n ¼ 6 for 0.9 mg/kg/day prednisolone-, 10 mg/kg/day naproxcinod-
and 41 mg/kg/day naproxcinod-treated mice; n ¼ 5 for WT). ∗P ≤ 0.05 and
∗∗∗P ≤ 0.001, comparing mdx vehicle-treated mice and various treatment
groups. Bar ¼ 200 mm.
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(a direct measure of inflammation in a live animal) indicated that
there was a significant reduction in inflammation in both the fore-
and hindlimb muscles of the naproxcinod-treated mice. This
finding may also explain the improvement in the hindlimb grip
strength measurement. Despite the significant reduction in in-
flammation in the forelimb muscles, we did not detect any sig-
nificant improvement in their grip strength. It is possible that
the compound affects different skeletal muscle groups different-
ly. Prednisolone-treated mice, on the other hand, performed sig-
nificantly worse in both fore- and hindlimb grip strength at
all-time points (18–42 weeks) despite having a significant re-
duction in inflammation, as measured by optical imaging. The
effect of prednisolone/prednisone on the grip strength of mdx
mice has been extensively studied. Previous studies have indi-
cated that low-dose and short-term treatment with prednisol-
one/prednisone appears to improve grip strength in mdx mice
(40,44–46). We believe that in our study, the deterioration in
grip strength in the prednisolone-treated mice is a result of the
negative side effects associated with long-term treatment with
prednisolone. One of the side effects of prednisolone is the in-
duction of muscle atrophy (47), which may lead to a reduction
in force production.

The next, and likely most important, aspect of the search for a
better DMD treatment is to find a way to improve cardiac func-
tion, since patients with DMD eventually die of cardiac failure.
The progression of the DMD disease in cardiac muscle is much
slower than in skeletal muscle and is characterized by reduced
systolic function and cardiac arrhythmias (48). Unlike skeletal

muscle, cardiac muscle is incapable of undergoing regeneration,
since it lacks stem cells akin to the satellite cells of skeletal
muscle (49). Consistent with previous findings, the mdx mice
in our study had significantly reduced cardiac function when
compared with WT mice (50–53). With naproxcinod treatment
(10 or 21 mg/kg/day), the systolic BP, fraction shortening and
ejection fraction were significantly improved over those of the
mdx vehicle-treated mice, reaching the values obtained for
WT mice. In addition, there was a 26% reduction in cardiac fibro-
sis in the naproxcinod-treated mice when compared with mdx
vehicle-treated mice as measured by Picro-Sirius red staining.
This reduction is consistent with the improvement in cardiac
function that we observed with naproxcinod treatment. Con-
versely, prednisolone treatment resulted in a 54% increase in
systolic BP over the mdx vehicle-treated group, yielding pres-
sures that were also significantly higher than those in WT
mice. Steroid treatment can result in retention of sodium that
leads to fluid accumulation, which can result in high BP. In add-
ition, prednisolone treatment caused a significant decrease in
both the fraction shortening and ejection fraction when com-
pared with vehicle treatment of mdx mice, leading to an exacer-
bation of the cardiomyopathy associated with mdx mice. This
increased cardiomyopathy can be the result of an increase in
cardiac fibrosis, which usually results in a dilation of the heart
that decreases its ability to shorten and contract. Consistent
with this explanation the observation that prednisolone treat-
ment results in decreased cardiac function and increased
cardiac fibrosis in mdx mice (53).

Figure 6. Histological quantification of the total fiber number (A), number of centrally nucleated muscle fibers (B), number of degenerating muscle fibers (C) and
number of regenerating fibers (D) in mdx vehicle-treated mice and mdx mice treated with 21 mg/kg/day naproxcinod. Data are expressed as means+S.E.M.
(n ¼ 7 for mdx vehicle-treated mice and n ¼ 10 for 21 mg/kg/day naproxcinod-treated mice). ∗P ≤ 0.05, comparing mdx vehicle-treated mice and mdx mice
treated with 21 mg/kg/day.
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Apart from cardiomyopathy, patients with DMD also experi-
ence respiratory failure, which can also cause death in these
patients (2,54,55). Therefore, improvement in the diaphragm
is also of benefit. Histological examination of the diaphragm
indicated that there was a significant reduction in inflammation
as a result of naproxcinod treatment (21 mg/kg/day). In addition,
there was a reduction in the total fiber number, central nucleated
fibers and regenerating fibers, all of which are consistent with
reduced damage and regeneration. Inflammation plays a hefty
role in the pathogenesis of DMD and, together with fibrotic re-
placement of myofibers contributes to muscle weakness. Inflam-
matory cells are not only responsible for clearing up debris but
can also produce enzymes and toxic molecules that can
damage even healthy bystander muscle (56). A reduction in in-
flammatory cells can, therefore, prevent the extensive damage
caused by such cells.

We did not detect any significant difference in behavioral
activity with an open-field Digiscan apparatus, in in vitro force
measurements, or in serum CK levels as the result of naproxci-
nod treatments. There are several explanations for these observa-
tions: (1) there was significant intra- and inter-group variation
in many of these parameters, which may have affected the out-
comes; and/or (2) the compound may have affected different
muscles or tissues differently. Although the changes were not
statistically significant, naproxcinod had positive behavioral
effects, especially at 21 mg/kg/day. At this concentration all
the behavioral parameters tested showed an improvement
over that in mdx vehicle-treated mice, to a level similar to WT
mice. The improvement in behavioral effects is likely influenced
by the improvement in the pathological features of the dia-
phragm, cardiac and skeletal muscles.

Although several studies have examined the effects of NO-
donor compounds on skeletal muscle function, none have exam-
ined the effects of these compounds in a single muscle in an
in vitro setting (31–33). With our method, there was an improve-
ment in the maximal force (10 and 41 mg/kg/day of naproxcinod),
but a reduction in the specific contractile force of the EDL muscles
of the naproxcinod-treated mice when compared with the mdx
vehicle-treated group. The decrease in the EDL specific force at
all naproxcinod concentrations tested may be a result of the fact
that naproxcinod-treated EDL muscles exhibited a significant

increase in EDL muscle mass when compared with the mdx
vehicle-treated muscles. The increase in muscle mass results in
an increase in cross-sectional area of themuscle. Since the specific
force is a measure of maximal force corrected for cross-sectional
area, the significant increase in cross-sectional area resulted in a
reduction in specific force. Why naproxcinod treatment leads to
an increase in EDL muscle mass remains to be elucidated. Con-
sistent with previous findings (57), we observed that the specific
force of the EDL muscles in the mdx mice was significantly
lower than that of the WT mice. In the prednisolone-treated
group, there was a significant reduction in the maximal force
when compared with the mdx vehicle-treated group, perhaps
because the prednisolone caused a significant reduction in the
EDL muscle mass and thereby induced muscle atrophy and a sub-
sequent reduction in force generation.

When we measured serum CK levels, we found that the levels
were significantly higher in mdx mice than in WT mice. Al-
though the comparison between mdx and WT mice showed the
expected trend, the question still remains as to whether there
is any correlation between serum CK levels and structural
damage. In other words, is the serum CK level a true predictor
of the skeletal muscle damage? Several studies have indicated
that while CK levels are used as a marker of muscle damage,
especially in disease states like DMD, the levels do not always
correlate with the degree of structural damage (58–61).

Overall, our findings indicate that naproxcinod has significant
potential as a safe and effective therapeutic option for muscular
dystrophy especially for long-term treatment. It was effective in
improving muscle strength and cardiac function as well as histo-
pathological features (especially in limiting inflammation). The
compound did not show the same adverse side effects and was
more potent and beneficial in correcting the secondary defect
in mdx mice than was the traditionally used GC, prednisolone.
A naproxcinod dose of 21 mg/kg/day (the dose at which the com-
pound exerted the maximal beneficial effects in most of our tests)
appears to be an effective dose. This is one of the few compounds
that we have tested thathas shown promising results,with improve-
ment in most of the parameters tested. Therefore, we believe our
results point to the directionof a possible alternative to the currently
used prednisolone, with reduced adverse side effects and a more
beneficial battery of outcomes in patients with DMD.

Figure 7. Quantification of the area of fibrosis in the heart of mdx mice and mdx mice treated with 21 mg/kg/day naproxcinod at 42 weeks of age following 9 months of
treatment. (A) Representative images of the heart from mdx vehicle-treated mice and mdx mice treated with 21 mg/kg/day naproxcinod. (B) Quantification of the area
of fibrosis in the heart, expressed as a percentage of the whole heart. There was a 26% mean reduction in the fibrosis in the hearts of mdx mice treated with 21 mg/kg/day
naproxcinod as compared with mdx vehicle-treatedmice but this differencedid not reachstatistical significance. Data are expressedas means+S.E.M. (n ¼ 8for mdx
vehicle-treated mice and 21 mg/kg/day naproxcinod-treated mice). Bar ¼ 200 mm.

3246 Human Molecular Genetics, 2014, Vol. 23, No. 12



MATERIALS AND METHODS

Animals

Mice were handled according to local Institutional Animal Care
and Use Committee guidelines. Male mdx and C57BL/10ScSnJ
WT mice, 4 weeks of age, were purchased from the Jackson
laboratory (Bar Harbor, Maine, USA).

Dose of naproxcinod

The actual per-day intake of naproxcinod by a mouse deviated
slightly from the predicted amounts of 10, 20, 40 and 0.75 mg/
kg/day. The actual intake was calculated using the following
formula: [(average of food intake/day/mouse) × (amount of
drug/kg)]/BW in kg/1000. Using this formula, the actual
intake amounts of naproxcinod were determined to be 10, 21,
41 and 0.9 mg/kg/day (rounded off to a whole number, except
for prednisolone).

Study design

The study involved five groups of mdx mice (15 mice/group) and
one group of WT control mice (n ¼ 10; C57BL/10SnJ), as
follows: (1) WT mice (treated with vehicle), (2) mdx mice
(vehicle), (3) mdx mice (naproxcinod, 10 mg/kg/day), (4) mdx
mice (naproxcinod, 21 mg/kg/day), (5) mdx mice (naproxcinod,
41 mg/kg/day) and (6) mdx mice (prednisolone, 0.9 mg/kg/day).
Vehicle, naproxcinod and prednisolone were administered
orally in food at the concentrations aforementioned every day
for 9 months. The mice were acclimatized to the animal facility
for 1 week upon arrival and then randomly assigned to their re-
spective treatment groups based on their BW. Starting at 5
weeks of age, all groups of mice were subjected to treadmill ex-
ercise twice weekly for 7 months. Treadmill exercise was per-
formed to unmask the mdx mouse phenotype. Due to the loss
of trial animals to both old age and exercise, we did not
perform the treadmill exercise for the full 9 months. Since the
deaths were not specific to any particular treatment group, there-
fore, they were not the result adverse side effects of the drug(s)
after long-term treatment. For the functional measurements
(Digiscan and grip strength measurements), all animals were
acclimatized to all the instruments before the actual readings
were recorded at 3, 6 and 9 months of treatment. All the function-
al measurements were performed in the morning hours and in a
blinded fashion.

GSM

Forelimb and hindlimb grip strength were measured using a grip
strength meter (Columbus Instruments, Columbus, OH, USA) as
previously described (62). The maximum values for each meas-
urement were used for subsequent analysis. The grip strength
measurements were collected over a 5-day period.

Open-field behavioral activity measurements (Digiscan)

Locomotor activity was measured using an open-field Digiscan
apparatus (Omnitech Electronics, Columbus, OH, USA) as pre-
viously described (62). The locomotor activity data were
recorded every 10 min for 1 h over a 4-day period.

Treadmill exercise

Mice were not acclimatized to the treadmill prior to the start of
the exercise. They were placed on the treadmill set at a 08
incline and run for 30 min at a maximum speed of 12 m/min,
twice a week as previously described (62).

BP measurements

The mice were sedated using 1.5% isofluorane with constant
monitoring of the plane of anesthesia and maintenance of the
body temperature at 36.5–37.58C. The heart rate was main-
tained at 450–550 beats/min. A BP cuff was placed around the
tail, and the tail was then placed in a sensor assembly for non-
invasive BP monitoring (SC1000, Hatteras Instruments, Cary,
NC, USA) during anesthesia. Ten consecutive BP measurements
were taken. Qualitative and quantitative measurements of tail
BP, including systolic pressure, diastolic pressure and mean
pressure, were made offline using analytic software.

Echocardiography

Echocardiography was performed on anesthetized mice using a
high-frequency ultrasound probe over a 20 min period as previ-
ously described (62,63). The quantitative measurements were
made offline using analytic software (VisualSonics, Toronto,
Ontario, Canada).

Optical imaging

Cathepsin activity was measured from the optical imaging scan-
ning of the limb muscles using caged near infrared substrate as
previously described (64).

In vitro force measurements

In vitro force measurement of the EDL muscle from the right
hindlimb was performed as previously described (40). The
protocol to fatigue the EDL muscle was as follows: 60 isometric
contractions for 300 ms each, once every 5 s. The EDL muscles
were stimulated at 100 Hz. The force was recorded every minute
during the repetitive contractions and again at 5 and 10 min after-
ward to measure recovery.

Histological evaluations

At the end of the trial, directly following euthanasia, the muscles
(diaphragm and heart) were removed and fixed in 10% formalin
for later processing. Both diaphragm and heart were sectioned
and stained for H&E by Histoserv (Germantown, MD, USA).
Five random digital images were taken using an Eclipse E800
(Nikon, Japan) microscope, and blinded analysis was done
using Image J (NIH) as previously reported (40,62).

Picro-Sirius red staining was performed to measure the degree
of fibrosis in the hearts of the trial mice. In brief, paraffin sections
were deparaffinized in xylene followed by nuclear staining with
Weigert’s hematoxylin for 8 min. They were then washed and
then stained with Picro-Sirius red (0.5 g of Sirius red F3B, satu-
rated aqueous solution of picric acid) for an additional 30 min.
The sections were cleared in three changes of xylene and
mounted in Permount.
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Serum CK

Blood samples were taken via cardiac puncture when the animals
were euthanized, and the serum collected was used for the meas-
urement of muscle CK levels as previously described (53).

Statistical analysis

Normality assessment of each measurement using both the
Shapiro–Wilk normality test and visual examination of histo-
grams determined that BW, grip strength measurements and
average food eaten were normally distributed, while Digiscan
measures were not. Therefore, parametric tests were used for
all measures other than Digiscan, for which non-parametric
tests were used. For each measurement at each time point, two
separate comparisons were done. A comparison between mdx
vehicle and WT vehicle groups used either t-tests or Wilcoxon
rank sum tests, depending on the distribution. A further compari-
son between the mdx vehicle-treated group and each of the mdx
treatment groups was also performed. For parametric measure-
ments, pair-wise t-tests were used to compare the vehicle
group to each of the treated groups, with the resulting P-values
adjusted for multiple comparisons using the Sidak method. For
non-parametric measurements, pair-wise Wilcoxon rank sum
tests were used to compare the vehicle-treated group to each of
the drug-treated groups, again with P-values adjusted for mul-
tiple comparisons using the Sidak method. Measurements
were further tested longitudinally using mixed effects linear
models to account for the repeated nature of the data. Only the
main effects were tested with no interaction, and each model
was assessed for fit. The mdx vehicle-treated group was com-
pared with the WT vehicle group using a log-rank test to the
equality of the survival functions. Log-rank tests with post hoc
adjustment for multiple comparisons were used to compare the
mdx vehicle group to all other mdx-treated groups. No overall
adjustments of the type 1 error rate (multiple testing) were
made, and statistical tests were considered significant at the
P , 0.05 level. All analyses were performed using Stata V11
(College Station, TX, USA).

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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