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Abstract
Glucocorticoid treatment represents a standard palliative treatment for Duchenne muscular dystrophy (DMD) patients, but
various adverse effects have limited this treatment. In an effort to understand the mechanism(s) by which glucocorticoids
impart their effects on the dystrophic muscle, and potentially reduce the adverse effects, we have studied the effect of
prednisolone treatment in dystrophin/utrophin double knockout (dKO) mice, which exhibit a severe dystrophic phenotype
due to rapid muscle stem cell depletion. Our results indicate that muscle stem cell depletion in dKO muscle is related to
upregulation of mTOR, and that prednisolone treatment reduces the expression of mTOR and other pro-inflammatory media-
tors, consequently slowing down muscle stem cell depletion. However, prednisolone treatment was unable to improve the
myogenesis of stem cells and reduce fibrosis in dKO muscle. We then studied whether glucocorticoid treatment can be im-
proved by co-administration of an inhibitor of RhoA/ROCK signaling, which can be activated by glucocorticoids and was
found in our previous work to be over-activated in dystrophic muscle. Our results indicate that the combination of RhoA/
ROCK inhibition and glucocorticoid treatment in dystrophic muscle have a synergistic effect in alleviating the dystrophic phe-
notype. Taken together, our study not only shed light on the mechanism by which glucocorticoid imparts its beneficial effect
on dystrophic muscle, but also revealed the synergistic effect of RhoA/ROCK inhibition and glucocorticoid treatment, which
could lead to the development of more efficient therapeutic approaches for treating DMD patients.

Introduction
Glucocorticoids have been used as the gold standard palliative
therapy for treating Duchenne muscular dystrophy (DMD) (1–3).
However, besides their anti-inflammatory effect (1,4–6), little is

known about the cellular and molecular mechanism(s) underly-
ing the beneficial effects imparted by glucocorticoids in DMD
patients. In addition to the well-known muscle pathological
characteristics of DMD, such as muscle wasting, degeneration,
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and the progressive formation of fibrosis (7,8), stem cell deple-
tion has also been described in the skeletal muscles of DMD pa-
tients and related animal models (9,10). Stem cell depletion has
been associated with the inflammatory process in dystrophic
muscle and is hypothesized to be responsible, at least in part,
for the rapid histopathology and impaired muscle regeneration
capacity seen in the dystrophic muscle of DMD patients (9,10).
We therefore hypothesized that the beneficial effects of gluco-
corticoids may abrogate stem cell depletion in dystrophic mus-
cle. We believe that a better understanding of the mechanism(s)
of action of glucocorticoids could aid in the development of im-
proved glucocorticoid therapies for treating DMD.

The dystrophin-deficient mdx mouse model is commonly
used to study DMD; however, in contrast to DMD patients, mdx
mice feature a normal life span, mild muscle damage, and an
absence of stem cell depletion (9,11,12); hence, the mdx mouse
has not been an optimal model for studying the effects of gluco-
corticoids in DMD (13). In support of this contention, mdx/mTR
mice, which are dystrophin-deficient and exhibit telomere dys-
function/shortening, specifically in their muscle progenitor cells
(MPCs), develop a more severe dystrophic phenotype than do
standard mdx mice, and this phenotype rapidly worsens with
age, due to the rapid depletion of their MPCs (9). Similarly, the
dystrophin/utrophin double knockout (dKO) mouse model of
DMD displays a severe phenotype similar to that of DMD pa-
tients, including a much shorter life span (�8 weeks for dKO
mice compared to �2 years for mdx mice), early onset of muscle
necrosis and fibrosis, scoliosis/kyphosis of the spine, and severe
cardiac involvement, which ultimately leads to cardiac failure
(10,14–16). Moreover, dKO mice exhibit early onset of stem cell
depletion and cellular senescence in their skeletal muscles,
which may explain the rapid progression of the disease in
this dystrophic animal model (10,16), as observed in mdx/mTR
mice (9).

Mammalian target of rapamycin (mTOR) is involved in an
anabolic pathway that is essential for cell proliferation and tis-
sue growth; however, upregulation of mTOR has been found to
act as a mediator of aging, and its inhibition can extend the life-
span of several murine disease models (17–19). mTOR has also
been found to promote the exhaustion and senescence of stem
cells (17,20–22). Calorie restriction has been shown to decrease
the senescence of various stem cells, which is partially medi-
ated by mTOR inhibition (23). Interestingly, a previous study
also suggested the use of the mTOR inhibitor, rapamycin, as a
potential therapeutic drug for the treatment of rare muscular
dystrophies caused by a mutation in the lamin A/C gene (24).

In fact, the role of mTOR in muscular dystrophy is still
unclear, because it has been shown that Wnt7a treatment redu-
ces muscle damage by activating mTOR in mdx mice (25), while
other studies have reported amelioration of the dystrophic
muscle phenotype when mTOR is inhibited with rapamycin
(26). mTOR is known to play a central role in cellular metabo-
lism by promoting anabolic metabolism (27,28), and the treat-
ment of mdx mice with anabolic steroids has been found to
increase muscle damage in dystrophic muscle (29). These obser-
vations suggest that the inhibition of anabolic factors, such as
mTOR, could potentially be beneficial for treating dystrophic
muscle. In contrast to anabolic factors like mTOR (30) and ana-
bolic steroids (29), glucocorticoids are catabolic steroids
(i.e. prednisone, prednisolone, and dexamethasone) that can re-
press mTOR signaling in normal skeletal muscle (31). It has
been also reported that NF-jB functions as a negative regulator
of muscle stem cell myogenesis (32), and pro-inflammatory
TNFa/NF-jB signaling is elevated in the skeletal muscle and

muscle stem cells of dKO mice (16). We therefore posit that glu-
cocorticoids might be involved in regulating pro-inflammatory
TNFa/NF-jB signaling in dystrophic muscle, which in turn will
delay stem cell depletion and delay the onset of the pathology
in dystrophic mice.

In the current study, the dKO mouse model was used to
first determine whether the beneficial effect of glucocorticoids
in dystrophic muscle was mediated, at least in part, through a
reduction in stem cell depletion, potentially via the repression
of mTOR and other pro-inflammatory mediators. Our results
indicate that prednisolone treatment reduces the expression
of mTOR and other pro-inflammatory mediators, and conse-
quently slows down the depletion of muscle stem cells.
However, it showed that prednisolone treatment was unable
to enhance myogenesis and reduce fibrosis in dKO muscle. Our
previous study with dKO mice demonstrated that over-
activation of RhoA signaling mediates dystrophic phenotypes
in the muscle (16), and RhoA signaling is known to be involved
in the inflammatory process (33–35), in myocardial, pulmonary
and skeletal muscle fibrosis (16,36,37) and in repressing myo-
genesis (38–40). Because glucocorticoids have been shown to
be able to increase RhoA activation (41,42), we hypothesize
that RhoA inhibition might reduce the adverse effects and fur-
ther enhance the beneficial effect of glucocorticoid in dystro-
phic muscle. Our results indicate that the combination of
RhoA inhibition with glucocorticoid treatment was able to
improve the regeneration of dystrophic muscle by promoting
myogenesis while reducing fibrosis and heterotopic
ossification.

Results
Muscle stem cell depletion, cell senescence, and
mTOR activation are increased in the skeletal muscle
of dKO mice

We hypothesize that the severe dystrophic phenotypes in dKO
skeletal muscle might be associated with stem cell depletion/
senescence through mTOR activation. Tissue sections from
skeletal muscle of WT, mdx, and dKO mice were compared to
evaluate muscle histopathology. Immunostaining of cryostat
sections of the gastrocnemius muscle (GM) from 8-week old
WT, mdx, and dKO mice revealed a reduction in the number of
Pax7þ satellite cells (muscle stem cells) in the skeletal muscle of
dKO mice compared to that of WT or mdx mice (Fig. 1A and B).
An increased number of senescent cells (senescence-associated
b-galactosidase/SA-b-galþ) was also observed in the skeletal
muscle of dKO mice in contrast to WT and mdx mice (Fig. 1A
and C). Meanwhile, the level of the p-mTOR protein and p-4E-
BP1 protein (downstream target of mTOR) was increased in dKO
mice compared to mdx and WT mice (Fig. 1A–E). A higher level
of p-4E-BP1 expression reflects a higher activity of mTOR signal-
ing in dKO skeletal muscle (43). The number of necrotic myofib-
ers, immunostained with anti-mouse IgG, was also elevated
in dKO muscle compared to either WT or mdx muscle (Fig. 1A
and F). We further observed colocalization of cells expressing
Pax7 and mTOR in the skeletal muscle of dKO mice (Fig. 1G).
Semi-quantitative PCR analysis revealed that the expression
levels of TNF-a (an inflammatory mediator) and mTOR were
upregulated in the skeletal muscles of 8-week-old dKO mice
compared to either WT or mdx mice, whereas the expression of
Pax7 was downregulated in the skeletal muscle of dKO mice
compared to the other groups (Fig. 1H and I).
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mTOR activation and cellular senescence are
increased in isolated muscle-derived stem cells (MDSCs)
from dKO mice

To further validate the rapid stem cell depletion in the dKO
skeletal muscle, single myofibers were isolated from the tibia-
lis anterior (TA) muscles of 8-week old WT, mdx, and dKO
mice. Pax-7 immunostaining was performed to compare the
number of satellite cells present in the isolated myofibers, and
the results were compared among the different groups tested.
More Pax7þ cells were observed in mdx and WT myofibers than
in dKO myofibers (Fig. 2A and B). MDSCs were also isolated
from the GM muscles of 6-week-old WT, mdx, and dKO mice,
and immunostaining of p-4E-BP1 (an activated substrate of
mTOR) revealed that the percentage of p-4E-BP1 expressing
cells was significantly higher in dKO MDSCs compared to the
WT and mdx MDSCs (Fig. 2A and C). In addition, a significantly
higher number of SA-b-galþ cells could be found in dKO
MDSC cultures compared to WT and mdx MDSC cultures

(Fig. 2A and D). Our previous study also revealed that the myo-
genic potential of dKO MDSCs was lower than that of mdx
MDSCs (10). In the following set of experiments, we performed
in vitro and in vivo analyses to determine whether prednisolone
treatment can regulate mTOR activity in dKO MDSCs and skel-
etal muscles.

Prednisolone treatment repressed mTOR activity and
delayed cellular senescence in dKO MDSCs

First, we evaluated the effect of prednisolone on cultured dKO
MDSCs. MDSCs isolated from 6-week old dKO mice were cul-
tured in the presence of prednisolone (10 mg/ml) for 7 days. Cells
cultured in prednisolone-free medium served as a control.
A significant decrease in the number of p-4E-BP1þ cells was ob-
served in prednisolone-treated dKO MDSCs compared to non-
treated cells (Fig. 3A). Similarly, a significant reduction in the
percentage of SA-b-galþ senescent cells was observed (Fig. 3B)

(a)

(g)

(b) (c)

(d) (e)

(f)

(i)(h)

Figure 1. Detection of Pax7-positive satellite cells, cell senescence, mTOR activity, and inflammatory mediators in the skeletal muscle of dKO, WT, and mdx mice.

(A) Immunostaining of Pax7 in the GM muscles of 8-week-old WT, mdx, and dKO mice revealed a reduction in the number of Pax7þ cells (red) in the dKO mice;

Collagen type IV (Col IV) (green) was also immunostained to highlight myofibers. The cell senescence assay of the GM muscles of 8-week-old mice revealed the pres-

ence of senescent cells (SA-b-galþ) (arrows) in dKO mice but not in WT and mdx mice. Immunostaining of p-mTOR in the GM muscles of 8-week-old mice showed a

slight increase in p-mTORþ cells (red) in mdx mice and a significant increase in p-mTORþ cells in dKO mice compared to WT mice. Immunostaining of p-4E-BP1 in the

GM muscles of 8-week-old mice showed a slight increase in p-4E-BP1þ cells (red) in mdx mice, and a significant increase of p-4E-BP1þ cells in the dKO mice when com-

pared to WT mice; necrotic myofibers (green), detected by immunostaining with anti-mouse IgG, were significantly higher in dKO muscle than in WT and mdx mus-

cles. (B) The number of Pax7þ cells (cells per myofiber) was lower in the skeletal muscle of dKO mice. Error bars indicate mean 6 SD; P< 0.05. (C, D, E) The numbers of

SA-b-galþ, p-mTORþ, and p-4E-BP1þ cells were higher in the skeletal muscle of dKO mice than in WT and mdx mice, Error bars indicate mean 6 SD; P< 0.05.

(F). The percentage of necrotic myofibers (anti-mouse IgGþ) was higher in the skeletal muscle of dKO mice. Error bars indicate mean 6 SD; P< 0.05.

(G) Immunostaining of p-4E-BP1 and Pax7 in the GM muscles of 4-week-old dKO mice indicate the presence of cells positive for both Pax7 and p-4E-BP1 (arrows).

(H) RT-PCR showed upregulation of TNF-a and mTOR (mTORC1) expression, and downregulation of Pax7 expression in the GM muscles of 8-week-old dKO mice,

compared to those of WT and mdx mice. (I) TNF-a, mTOR, and Pax7 gene expression (ratio compared to WT).
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in dKO MDSCs treated with prednisolone, compared to the con-
trol group.

Prednisolone treatment in dKO mice repressed mTOR
and inflammatory mediators, and slowed down the
depletion of muscle stem cells

Following the in vitro effect of prednisolone on cultured dKO
MDSCs, we performed experiments to determine whether the
injection of prednisolone into dKO mice would also be beneficial
to dystrophic muscle through reduction of stem cell depletion.
Prednisolone was injected intraperitoneally into dKO mice three
times a week, starting at 3 weeks of age and continuing until
the mice reached 8 weeks of age. Compared to non-treated
mice, a significant decrease in the number of: 1) p-4E-BP1þ cells,
2) necrotic myofibers (anti-mouse IgGþmyofibers), 3)
CD68þ inflammatory cells, and 4) SA-b-galþ senescent cells
were observed in the GM muscles of prednisolone-treated dKO
mice (Fig. 4A–D). In contrast, the number of Pax7þ cells was

significantly increased upon prednisolone treatment (Fig. 4A
and E). The expression levels of TNF-a and mTOR mRNA in the
skeletal muscle of prednisolone-treated dKO mice were down-
regulated, while an upregulation of Pax7 mRNA was observed
(Fig. 4F and G).

RhoA and mTOR were activated in different populations
of cells in dKO skeletal muscle, and prednisolone
treatment did not reduce the number of RhoAþ cells

Our previous study has demonstrated that over-activation of
RhoA signaling also mediates dystrophic phenotypes in the
muscle (16), and RhoA signaling is known to be involved in the
inflammatory process (33–35). Here, we further evaluated
whether prednisolone affects RhoA activity in dKO mice, similar
to its effect on mTOR activity. First, we determined whether
RhoAþ cells and mTORþ cells represent the same cell popula-
tion. Immunostaining of the skeletal muscle tissues of dKO
mice showed the presence of both RhoAþ cells and mTORþ cells

(a)

(b) (c) (d)

Figure 2. Isolated myofiber-associated satellite cells and mTOR activity as well as cell senescence in MDSCs isolated from WT, mdx, and dKO mice. (A) Immunostaining

of Pax7 in single myofibers isolated from 8-week old WT, mdx, and dKO mice revealed a lower number of Pax7þ cells (red) in the myofibers of dKO mice.

Immunostaining of p-4E-BP1 in MDSCs isolated from 6-week old WT, mdx, and dKO mice showed a higher number of p-4E-BP1þ cells (red) in MDSCs from dKO mice.

The cell senescence assay showed that SA-b-galþ cells were generally absent in MDSCs isolated from WT or mdx mice, but present in dKO MDSCs. (B) The number of

Pax7þ cells was lower in single myofibers isolated from dKO mice compared to those from WT and mdx mice. Error bars indicate mean 6 SD; P<0.05. (C,D) The num-

bers of p-4E-BP1þ and SA-b-galþ MDSCs (percentage) were higher in MDSCs isolated from dKO mice compared to those from WT and mdx mice. Error bars indicate

mean 6 SD; P<0.05.
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in the degenerative tissue of dKO muscle; but the lack of co-
localization of the two proteins suggests that they constitute
two different populations of cells in the muscle (Fig. 5A). Next,
we determined whether prednisolone affects RhoA activity. Or
results showed that, although prednisolone treatment of dKO
mice decreased the number of p-mTORþ cells in skeletal mus-
cle, it did not alter the number of RhoAþ cells (Fig. 5B and C).
This observation suggests that prednisolone treatment has a
limited effect in regulating RhoA activity in muscle cells, which
may be associated with the limited beneficial effect of predniso-
lone in dystrophic muscle.

The RhoA/ROCK inhibitor Y-27632 improves the
myogenic potential of dKO MDSCs in vitro, when
co-administered with prednisolone

Based on the observations above, we hypothesize that RhoA in-
hibition may further improve the beneficial effect of predniso-
lone on dystrophic muscle. Activation of the myogenic potential
of muscle stem cells is required for proper skeletal muscle re-
generation (44); however, dKO MDSCs have much lower myo-
genic potential than do WT and mdx MDSCs (10). Utilizing an in
vitro myogenic assay, we determined whether prednisolone,
with or without co-administration of the RhoA/ROCK inhibitor
Y-27632, could rescue the myogenic potential of dKO MDSCs.

(a)

(b)

Figure 3. Effects of in vitro prednisolone treatment on dKO-MDSCs. (A)

Immunostaining of p-4E-BP1 in MDSCs isolated from 6-week-old dKO mice

showed that prednisolone treatment reduced the percentage of p-4E-BP1þ cells.

Error bars indicate mean 6 SD; P<0.05. (B) The cell senescence assay showed

that prednisolone treatment reduced the number of SA-b-galþ cells in dKO

MDSCs. Error bars indicate mean 6 SD; P<0.05.

(a) (b) (c)

(d) (e)

(f) (g)

Figure 4. Effects of prednisolone injection on dKO mice. (A) Immunostaining of the skeletal muscle of 8-week-old dKO mice showed that prednisolone treatment re-

duced the number of p-4E-BP1þ cells (red) and necrotic myofibers (anti-mouse IgGþ, green). Immunostaining also revealed a reduction in the number of CD68þ cells

after prednisolone treatment. The cell senescence assay showed a reduction in the number of SA-b-galþ cells (arrows) after prednisolone treatment. Immunostaining

revealed an increase in the number of Pax7þ cells (arrows) after prednisolone treatment. (B–D) The numbers of p-4E-BP1þ, CD68þ, SA-b-galþ cells in the muscles were

significantly reduced in dKO mice treated with prednisolone, compared to non-treated mice. Error bars indicate “mean 6 SD”; P<0.05. (E) The number of Pax7þ cells

was significantly increased in dKO mice treated with prednisolone, compared to non-treated mice. Error bars indicate “mean 6 SD”; P<0.05. (F) RT-PCR assay showed

that prednisolone treatment of dKO skeletal muscle downregulated the expression of TNF-a and mTOR, but upregulated Pax7 expression. (G) TNF-a, mTOR, and Pax7

gene expression (ratio compared to WT).
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Our results indicate that the myogenic potential of dKO MDSCs
was not improved upon prednisolone treatment alone com-
pared to non-treated control cells (Fig. 6); however, the use of
Y-27632 together with prednisolone was able to significantly
improve the myogenic potential of dKO MDSCs (Fig. 6).

Prednisolone treatment alone did not improve muscle
regeneration, whereas the co-administration of the
RhoA/ROCK inhibitor Y-27632 and prednisolone
improved muscle regeneration and reduced fibrosis and
heterotopic ossification in dKO skeletal muscle

We observed that, despite the increase in the number of Pax-
7þ cells in dKO skeletal muscle treated with prednisolone
(Fig. 4), the number of MyoDþ cells (myogenic cells) (45), and
embryonic myosin heavy chain (MHC)þmyofibers (regenerating
myofibers) (46), were not increased (Fig. 7A–C). Also, the amount
of fibrosis and HO was not obviously decreased with predniso-
lone treatment (Fig. 7A,D,E).

Therefore, prednisolone treatment of dKO mice appears to
have a limited effect on muscle regeneration. We next investi-
gated whether co-administration of the RhoA/ROCK inhibitor
Y-27632 with prednisolone can further improve muscle regener-
ation in dKO mice. Both Y-27632 and prednisolone were injected
into dKO mice three times a week, starting at 3 weeks of age.
Our results showed that the numbers of MyoDþ cells and

e-MHCþ cells increased (Fig. 7A–C), whereas fibrosis and HO de-
creased (Fig. 7A,D,E) in dKO muscle treated with both Y-27632
and prednisolone, compared to those of prednisolone treatment
and untreated controls.

mTOR inhibition via rapamycin has a beneficial effect
on dKO mice, similar to that of prednisolone

Because prednisolone seems to work through repressing mTOR
activation in dystrophic muscle, we examined whether a similar
beneficial effect in dystrophic muscle would be observed by di-
rectly inhibiting mTOR with rapamycin. The results showed
that rapamycin treatment of dKO mice (5 mg/kg, i.p. injection,
three times a week from 3 to 8 weeks of age) significantly re-
duced the activation of mTOR signaling and the number of
CD68þmacrophages in dystrophic skeletal muscle, as well as
increased the number of Pax7þmuscle stem cells
(Supplementary Material, Fig. S1). This result suggests that di-
rect mTOR inhibition in dKO mice with rapamycin is beneficial
to dystrophic muscle, as observed with prednisolone treatment.

Prednisolone treatment represses the deleterious effect
of mTOR activation in mdx MDSCs

To further validate the deleterious effect of mTOR activation in
dystrophic muscle stem cells, and the beneficial effect of

(a)

(b)

(c)

Figure 5. Lack of co-localization of RhoAþ cells and p-4E-BP1þ cells. (A) Immunostaining of muscle tissues of dKO mice showed that both RhoAþ cells and mTORþ cells

accumulated in dKO muscle and were located near each other, but were generally two distinct groups of cells. (B) Activation of RhoA signaling was observed in some

Pax7þ cells. (C) Prednisolone treatment of dKO mice decreased the number of p-mTORþ cells in skeletal muscle, but did not significantly alter the number of

RhoAþ cells.
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prednisolone in inhibiting mTOR activation, we performed an-
other in vitro experiment with mdx MDSCs. We hypothesize that
mTOR has a deleterious effect on mdx MDSCs in culture, and
that this deleterious effect would be blocked with prednisolone.
mdx MDSCs was treated with MHY1485 (an mTOR stimulator)
for 3 days, with or without co-administration of prednisolone.
Our results from RT-PCR showed that mTOR activation in mdx
MDSCs led to a downregulation of autophagy markers (Beclin1
and LC3b) and anti-inflammatory factor (Klotho), and an upre-
gulation of pro-inflammatory factor (IL-6) and Wnt1
(Supplementary Material, Fig. S2) expression. Importantly, these
deleterious effects of mTOR activation on the expression levels
of autophagy markers, anti-inflammatory factor, and pro-
inflammatory factor, can be partially reversed via prednisolone
co-treatment in mdx MDSCs (Supplementary Material, Fig. S2).

Discussion
Although it is well-established that glucocorticoids, such as
prednisolone, are effective at improving the quality of life and
delaying disease progression in DMD patients, there remain se-
vere adverse effects (47). It is important to determine the cellu-
lar and molecular mechanisms underlying the beneficial effects
of glucocorticoids, to potentially optimize glucocorticoids-based
therapy for DMD, and reduce their adverse effects. Stem cell de-
pletion has recently been reported to be responsible for the
rapid onset of the histopathology (decreased muscle regenera-
tion and increased fibrosis) of dystrophic muscle (9). We have
reported that dKO mice undergo rapid muscle stem cell deple-
tion (10), as observed in the skeletal muscle of DMD patients (9).
Our current results further validate this contention, and indi-
cate that over-activation of mTOR and pro-inflammatory medi-
ators might be involved in the rapid depletion of stem cells in
dystrophic muscle. Our results further suggest that the benefi-
cial effect of prednisolone treatment in muscular dystrophy is
not only mediated through a reduction of pro-inflammatory
mediators, but also through a delay in stem cell depletion by re-
pressing mTOR activation. More importantly, despite the de-
layed depletion of the stem cell pool, we observed that
prednisolone failed to improve the myogenic potential of mus-
cle stem cells and the regeneration of dystrophic muscle, an ef-
fect potentially mediated by the dystrophic micro-milieu.
Because our previous study has shown that RhoA/ROCK

inhibitor delays the histopathology of the dKO skeletal muscle
(enhancement of myogenesis and inhibition of fibrosis and HO)
(16), we posit that the beneficial effect of glucocorticoid treat-
ment in dystrophic muscle can be potentially improved by
co-administration of a RhoA/ROCK inhibitor. Indeed, our results
indicate that the co-administration of a RhoA/ROCK inhibitor
along with prednisolone was able to exert a synergistic effect,
and further improve the beneficial effect of prednisolone treat-
ment in dystrophic muscle by improving myogenesis and fur-
ther reducing fibrosis and heterotopic ossification. Based on
these results, we suggest that the RhoA/Rock inhibitor could be
used to further improve the beneficial effect of steroids in DMD.

It is currently accepted that stem cells not only serve as the
origin of progenitor cells, but also act as a reservoir of paracrine
factors that can impart beneficial effects on the tissues in which
they reside, through the production of trophic factors (48–50).
Trophic factors secreted by stem cells can modify the molecular
microenvironment of the resident cells and influence their ac-
tivity (48–50). Stem cell therapies benefit the recipient, not only
through the direct participation of the stem cells in the targeted
host tissue, but also through their secretion of paracrine trophic
factors (50–52). In the current study, Pax7þ satellite cell exhaus-
tion was delayed, at least partially, in the dystrophic muscle fol-
lowing prednisolone treatment (Fig. 4A); however, we did not
observe an increase in the number of MyoDþ cells, or obvious
improvements in skeletal muscle regeneration (Fig. 5C). These
results suggest that, despite the slow-down of muscle stem cell
depletion with prednisone treatment, these cells did not ac-
tively participate in muscle regeneration, likely due to the dys-
trophic microenvironment, which consists of fibrosis,
inflammatory and oxidative stressors, etc. This may also ex-
plain why there was only a slight increase in the life span of
prednisolone-treated dKO mice despite the reduction in stem
cell depletion (data not shown).

It is also interesting to note that, although stem cell deple-
tion might be a contributing factor to the severely dystrophic
phenotype (i.e. necrosis) in dKO mice, as indicated in the cur-
rent results, stem cell depletion could also be a consequence of
increased necrosis. The lack of dystrophin expression renders
muscle fiber more susceptible to damage, and development of
necrosis leads to a continuous cycle of myofiber degeneration/
regeneration which ultimately depletes the muscle progenitor
cells (MPCs) resulting in the occurrence of muscle histopathol-
ogy. Therefore, the depletion of the MPC pool in dKO mice could
be secondary to muscle necrosis, which consequently leads to
the continuous activation of MPCs during the regenerative pro-
cess. Meanwhile, it is evident that stem cell depletion can lead
to impaired regeneration potential in dystrophic muscles, in
both human DMD patients and mouse models (9,10). It is impor-
tant to note that despite the lack of dystrophin at birth, the initi-
ation of muscle weakness and histopathology does not occur in
DMD patients until they have reached 4–8 years of age, which
coincides with the onset of gradual depletion of their muscle
stem cells (53,54). Also, the sparing of the extra-ocular muscles
(EOM) in DMD patients appears to be related to the existence of
a subpopulation of MPCs that retain their proliferative potential
throughout the lives of these patients, indicating that the mus-
cle weakness that occurs in dystrophic muscles is related to the
exhaustion of MPCs as the disease progresses (55). Moreover,
mdx/mTR mice, which have shortened telomeres in their MPCs,
develop a more severe form of the muscular dystrophy pheno-
type than do mdx mice, and this phenotype progressively wor-
sens with age due to the rapid exhaustion of MPCs (9). We
suggest that stem cell depletion is closely related to and

Figure 6. The RhoA/ROCK inhibitor Y-27632 improves the myogenic potential of

dKO MDSCs in vitro, when co-administrated with prednisolone. In vitro myogenic

assay showed that prednisolone treatment did not increase the number of

Myosin Heavy Chain-positive (MHCþ) myotubes (red) when compared to non-

treated cells. In contrast, combined treatment with prednisolone and Y-27632

was able to significantly increase the number of MHCþ myotubes formed by

dKO MDSCs. Quantification of the number of MHCþmyotubes is shown (stars).
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partially responsible for the severe dystrophic phenotype in
dKO mice.

However, a recent discovery reported that dystrophin plays
a functional role in muscle stem cells, which implies that dys-
trophin deficiency may also directly lead to muscle stem cell de-
pletion (56). In fact, it was reported that in normal muscle,
dystrophin is expressed in both activated muscle progenitor
cells, namely satellite cells, and in differentiated myofibers (56).
In myofibers, dystrophin maintains muscle membrane integ-
rity. In activated satellite cells, localized dystrophin expression
is associated with cell polarization and can promote asymmet-
ric cell divisions, leading to the generation of satellite stem cells
that lack Myf5 and committed muscle progenitors. Dumont
et al. (56) show that dystrophin-null satellite cells exhibit a loss
of Par-mediated cell polarity, leading to cell division errors and
a decrease in asymmetric cell divisions. The resulting decrease
in differentiated myocytes leads to impaired regeneration, and
the impaired regeneration of dystrophin-null satellite cells,
combined with the degeneration of dystrophin-null myofibers,
leads to progressive muscle loss. Thus, lack of dystrophin ex-
pression may also be directly linked to the stem cell depletion
and impaired muscle regeneration capacity in dystrophic
muscle.

The mTOR pathway controls protein synthesis in skele-
tal muscle (57), and also regulates cellular energy metabolism

(58–60). However, over-activation of mTOR has also been shown
to contribute to the aging and senescence of various types of
stem cells (22). mTOR inactivation with rapamycin has been
proven effective at delaying stem cell depletion and senescence,
and extending the life span of diseased animals (17,18,20). In
skeletal muscle, mTOR activation was previously shown to pro-
mote both muscle cell proliferation and myogenic differentia-
tion, and play a role in preventing muscle atrophy (61–63).
In the current study, mTOR was found to be upregulated in the
dystrophic muscle of dKO mice, which may play a major role in
the rapid depletion of stem cell and senescence observed in the
dKO mice. Although mTOR activation may not be the only factor
responsible for stem cell depletion in dKO muscle, it is clear
that stem cell depletion in dKO muscle is mediated, at least in
part, by mTOR activation, and the inhibition of mTOR over-
activation can be beneficial in delaying stem cell depletion.
However, although the repression of mTOR activity by predniso-
lone treatment was beneficial in reducing muscle stem cell de-
pletion and senescence in dKO mice, the myogenic potential of
muscle stem cells remained unchanged. Therefore, the delay in
muscle stem cell depletion by prednisolone treatment did not
lead to improved muscle regeneration in dKO mice, an effect
potentially driven by the dystrophic micro-milieu.

Because RhoA activation was shown to be hyper-activated in
the muscle stem cells of dKO mice and the use of RhoA inhibitor

(a) (b)

(c)

(d)

(e)

Figure 7. The use of the RhoA/ROCK inhibitor Y-27632 with prednisolone improved muscle regeneration and reduce fibrosis and heterotopic ossification in the dKO

skeletal muscle. (A) Immunostaining of the skeletal muscle of 8-week-old dKO mice showed that prednisolone treatment did not significantly increase the number of

MyoDþ cells and e-MHCþ myofibers, fibrosis, and HO in dKO mice. In contrast, the combined administration of prednisolone and Y-27632 was able to significantly

increase the number of MyoDþ cells and e-MHCþ myofibers, and significantly reduce fibrosis and HO in dKO skeletal muscle. (B–E) Quantification of MyoDþ cells,

e-MHCþmyofibers, fibrosis, and HO in dKO muscle between the groups.
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improved the dystrophic micromilieu (improvement of myo-
genesis, and reduction in fibrosis and heterotopic ossification)
(16), we studied the potential effect of the co-administration of
a RhoA inhibitor with prednisolone in dKO mice. Our results fur-
ther validate our hypothesis: the co-administration of a RhoA
inhibitor with prednisolone was able to further improve the his-
topathology of dKO skeletal muscle, with enhanced muscle re-
generation and reduced fibrosis and HO being observed with
dual treatment, compared to prednisolone treatment only.

The current study revealed a novel mechanism by which
prednisolone acts on dystrophic muscle through the repression
of mTOR activity and pro-inflammatory factors (i.e. TNF-a),
which consequently delayed the depletion of the muscle stem
cell pool. The regeneration of dystrophic muscle, however, was
not significantly improved with prednisolone treatment.
Inhibition of RhoA signaling together with prednisolone treat-
ment was able to effectively improve muscle regeneration and
further reduce fibrosis in dKO mice. Therefore, we suggest that
the beneficial effects of reduced inflammation and delayed
stem cell depletion exerted by glucocorticoids in dystrophic
muscle could be improved with RhoA/ROCK inhibition, which
modifies the dystrophic micro-milieu to further improve the
histopathology of dystrophic muscle.

Materials and Methods
Animals

Wild-type (C57BL/10J) mice were obtained from the Jackson
Laboratories (Bar Harbor, ME). The mdx and dKO (dys-/-; utrn-/-)
mice were derived from our in-house colony. Mice were housed
in groups of 4 on a 12:12-h light-dark cycle at 20–23 degrees
Celsius. At least six mice were used in each experimental sam-
ple group. All procedures were approved by the Institutional
Animal Care and Use Committee (IACUC).

Muscle stem cell isolation from skeletal muscle

Muscle-derived stem cells (MDSCs) were isolated from GM mus-
cles of dKO mice (6-weeks old) via a modified preplate technique
that has been previously described (64). Cells were cultured in
proliferation medium [PM, consisting of DMEM (Invitrogen) sup-
plemented with 20% fetal bovine serum (FBS) (Invitrogen), 1%
penicillin-streptomycin antibiotics (Invitrogen), and 0.5% chick
embryo extract (CEE) (Accurate Chemical Co)].

Single myofiber isolation

Single intact myofibers were enzymatically dissociated from the
tibialis anterior (TA) muscles of 8-week old WT, mdx, and dKO
mice with 0.2% type I collagenase at 37 �C for 2.5 h (65). When
the muscles were sufficiently digested, they were triturated
with heat-polished glass pipettes to liberate single fibers. Single
myofibers were maintained in Matrigel-coated 12-well plates in
PM at 5% CO2 and 37 �C.

In vitro prednisolone treatment of dKO MDSCs

MDSCs from 6-week-old dKO mice were cultured in the pres-
ence of prednisolone (Sigma, St Louis, MO) (10 mg/ml) (66,67) for
7 days. Cells cultured without prednisolone served as controls.
Prednisolone treatment of the cells was refreshed every 2 days
by changing the medium (PM). dKO MDSCs were then fixed with

cold methanol and analysed for their expression of p-4E-BP1
and SA-b-gal.

In vitro mTOR activation and prednisolone treatment of
mdx MDSCs

MDSCs from 6-week-old mdx mice were cultured in the presence
of MHY1485 (synthesized 4,6-dimorpholino-N-(4-nitrophenyl)-
1,3,5-triazin-2-amine) (2mM, Sigma), with or with co-treatment
of prednisolone (10 mg/ml) for 3 days. mdx MDSCs were then har-
vested for comparing gene expression with RT-PCR between
treated and non-treated cells.

In vitro myogenic differentiation assay

MDSCs from 6-week old dKO mice were cultured in myogenic
differentiation medium (DM, 2% horse serum in DMEM, all from
Invitrogen) with or without prednisolone (10 mg/ml). The num-
ber of myotubes [immunocytochemical staining of fast-type
Myosin Heavy Chain (f-MHC)], was determined and compared
between the groups, 4 days after plating in DM.

In vivo prednisolone treatment of dKO mice

Prednisolone dissolved in ethanol:H2O (1:3) was injected intra-
peritoneally (IP) (5 mg/kg) into dKO mice starting at 3 weeks of
age, three times per week. Mice receiving an equal amount of
ethanol:H2O (1:3) served as the controls. IP injections of prednis-
olone were continued until the mice reached 8 weeks of age, or
to the end of their lifespan.

In vivo prednisolone treatment and RhoA inhibition in
dKO mice

Prednisolone and RhoA/ROCK inhibitor Y-27632 were co-
administered in dKO mice, with an IP injection of prednisolone
(described above) followed by an IP injection of Y-27632 [5 mM
in phosphate-buffered saline (PBS), 10 mg/kg per mouse] or con-
trol (PBS only) 1 h later. Injections of Y-27632 into dKO mice
started at 3 weeks of age, three times per week, until the mice
reached 8 weeks of age, or to the end of their lifespan.

In vivo rapamycin treatment of dKO mice

Rapamycin (Sigma) dissolved in DMSO:H2O (1:10) was injected
intraperitoneally (5 mg/kg) into dKO mice, three times per week,
starting at 3 weeks of age. Mice receiving an equal amount of
DMSO:H2O (1:10) served as controls. IP injections of rapamycin
were continued until the mice reached 8 weeks of age.

mRNA analysis via reverse transcriptase-PCR

Total RNA was obtained from MDSCs or the skeletal muscles of
mice using the RNeasy Mini Kit (Qiagen, Inc., Valencia, CA)
according to the manufacturer’s instructions. Reverse transcrip-
tion was performed using an iScript cDNA Synthesis Kit (Bio-
Rad Laboratories, Inc., Hercules, CA). The sequences of primers
are given in Table 1 for Pax7, TNF-a, mTORC1, IL6, Klotho,
Beclin1, LC3b, Wnt1, and GAPDH (glyceraldehyde 3-phosphate
dehydrogenase). PCR reactions were performed using an iCycler
thermal cycler (Bio-Rad Laboratories, Inc.). The cycling parame-
ters used for all primers were as follows: 95 �C for 10 min; PCR,
40 cycles of 30 s at 95 �C for denaturation, 1 min at 54 �C for
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annealing, and 30 s at 72 �C for extension. Products were sepa-
rated by size, and were visualized on a 1.5% agarose gel stained
with ethidium bromide. All data were normalized to the expres-
sion of GAPDH.

Immunofluorescent staining

Cells or frozen tissue sections were fixed with 4% formalin. The
primary antibodies used – Pax7 (DHSB), CD68 (Abcam), MyoD
(Santa Cruz), p-4E-BP1 (Cell Signaling Technology), p-mTOR
(Cell Signaling Technology), Embryonic Myosin Heavy Chain
(e-MHC) (DHSB), fast-type Myosin Heavy Chain (f-MHC)
(Abcam), anti-mouse IgG (Vector Laboratory), Collagen IV
(Abcam), and RhoA (Santa Cruz) – were all applied at a 1:100 to
1:300 dilution. All slides were analysed via fluorescence
microscopy (Leica Microsystems Inc., IL) and photographed at
4–40�magnification.

Cell senescence assay

A cell senescence assay was performed on muscle cells
and skeletal muscle tissues using the Senescence-associated
b-Galactosidase (SA-b-gal) Staining Kit (Cell Signaling
Technology) following the manufacturer’s protocol. The num-
ber of cells positive for b-gal activity at pH 6 – a known charac-
teristic of senescent cells, but not present in pre-senescent,
quiescent, or immortal cells – was determined.

Measurements of results and statistical analysis

Image analysis was performed using Northern Eclipse (version
6.0; Empix Imaging, Inc., Mississauga, ON, Canada) and Image J
software (version 1.32j; National Institutes of Health, Bethesda,
MD). Data from at least six samples from each subject were
pooled for statistical analysis. Results are given as the
mean 6 standard deviation (SD). The statistical significance of
any difference was calculated using Student’s t-test. P val-
ues< 0.05 were considered statistically significant.

Supplementary Material
Supplementary Material is available at HMG online.
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