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Muscular Dystrophy Therapy by Nonautologous
Mesenchymal Stem Cells: Muscle Regeneration
Without Immunosuppression and Inflammation

Arsalan Shabbir, David Zisa, Merced Leiker, Curtis Johnston, Huey Lin, and Techung Lee

Background. The use of nonautologous stem cells isolated from healthy donors for stem-cell therapy is an attractive
approach, because the stem cells can be culture expanded in advance, thoroughly tested, and formulated into off-the-shelf
medicine. However, human leukocyte antigen compatibility and related immunosuppressive protocols can compromise
therapeutic efficacy and cause unwanted side effects.
Methods. Mesenchymal stem cells (MSCs) have been postulated to possess unique immune regulatory function. We
explored the immunomodulatory property of human and porcine MSCs for the treatment of �-sarcoglycan-deficient
dystrophic hamster muscle without immunosuppression. Circulating and tissue markers of inflammation were ana-
lyzed. Muscle regeneration and stem-cell fate were characterized.
Results. Total white blood cell counts and leukocyte-distribution profiles were similar among the saline- and MSC-injected
dystrophic hamsters 1 month posttreatment. Circulating levels of immunoglobulin A, vascular cell adhesion molecule-1,
myeloperoxidase, and major cytokines involved in inflammatory response were not elevated by MSCs, nor were expression
of the leukocyte common antigen CD45 and the cytokine transcriptional activator NF-�B in the injected muscle. Treated
muscles exhibited increased cell-cycle activity and attenuated oxidative stress. Injected MSCs were found to be trapped in the
musculature, contribute to both preexisting and new muscle fibers, and mediates capillary formation.
Conclusions. Intramuscular injection of nonautologous MSCs can be safely used for the treatment of dystrophic
muscle in immunocompetent hosts without inflaming the host immune system.
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A lthough stem-cell therapies have entered the realm of
clinical trials, more studies are needed to determine the

most effective cell type for various therapeutic regiments. Ob-
taining sufficient amounts of stem cells required for clinical
applications can be a daunting task. The use of autologous stem
cells is not always desirable because aged patients often exhibit
declined stem-cell quality and quantity (1–3). Stem-cell func-
tion may also be pathologically impaired as demonstrated
in patients with diabetes and heart disease (4 –7). Certain
disease-causing genotypes may preclude therapeutic use of
autologous stem cells because of the inherent genetic defects
(8, 9). From a logistic viewpoint, the use of nonautologous
stem cells isolated from healthy donors offers a major advan-
tage because these stem cells can be thoroughly tested and

formulated into off-the-shelf medicine in advance. However,
the issues of human leukocyte antigen compatibility and re-
lated immunosuppression can potentially compromise ther-
apeutic efficacy and cause unwanted side effects.

Bone marrow mesenchymal stem cells (MSCs) have been
postulated to possess unique immunomodulatory proper-
ties that can be explored for nonautologous stem-cell-based
therapeutics (10, 11). The immune phenotype of culture-
expanded MSCs is described as major histocompatibility
complex (MHC) Class I�, MHC Class II�, CD40�, CD80�,
and CD86�, which is regarded as nonimmunogenic, suggest-
ing that MSCs may even trespass species defense barriers (10 –
12). This feature of MSCs together with the ease of MSC
expansion in culture has been explored to facilitate bone mar-
row transplantation because conventional myeloablative
bone marrow transplantation generally achieves minimal do-
nor stromal engraftment (13). The use of MSCs in allogeneic
and xenogeneic transplantation has been reported to reduce
the incidence and severity of graft versus host disease, indi-
cating a unique immunomodulatory property of MSCs (14 –
16). On the other hand, intracardiac injection of MSCs was
found to induce immune responses (17). Clearly, in vivo
studies using appropriate pathogenetic or pathophysiologic
animal models are needed to address the safety and efficacy of
nonautologous MSCs in immunocompetent hosts.
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Muscular dystrophies are heterogeneous disorders
characterized by tissue inflammation and progressive degen-
eration of skeletal muscle with or without cardiac complica-
tion (18). Muscular dystrophy can be caused by mutations in
genes encoding components of the dystrophin glycoprotein
complex, which links laminin-�2 in the basal lamina to the
actin cytoskeletal network and can serve as a dynamic scaffold
for diverse signaling molecules (19). In skeletal muscle, the
transmembrane components of the dystrophin complex in-
clude �, �, �, and � sarcoglycans, and mutations or deletions
in each of the four sarcoglycan genes can cause muscular dys-
trophy in humans and rodents (20). Although both gene and
cell therapies have been attempted to treat muscular dystrophy,
host immune reactions against the expressed gene product and
transplanted cells limit the efficacy of these therapeutic ap-
proaches and more efficient immunosuppression is often
deemed necessary (21–24). In this aspect, the immunomodu-
latory property of MSCs may be particularly well suited for
tackling the inflammatory nature of dystrophic muscle. We
here report that human MSCs (HMSCs) and porcine MSCs
(PMSCs) on intramuscular injection are well tolerated by
�-sarcoglycan-deficient dystrophic hamsters, and the MSC
treatment leads to prominent muscle regeneration and attenu-
ated oxidative stress without inflaming the host immune system.

MATERIALS AND METHODS

Animals
Bio-F1B (normal control) and Bio-TO2 (�-sarcoglycan

null) male hamsters were obtained from BioBreeders (Water-
town, MA). Animals were killed by CO2 narcosis. Procedures
and protocols conformed to institutional guidelines for the
care and use of animals in research.

MSC Culture
Fresh human bone marrows were purchased from

Lonza Walkersville (Gaithersburg, MD). HMSCs were pre-
pared and expanded as described for PMSCs (25, 26). HMSCs
and PMSCs were culture expanded in MesenPro RS medium
(Invitrogen, Grand Island, NY) and Dulbecco’s minimum
essential medium/F12 containing 10% fetal bovine serum,
respectively. Both media were also supplemented with 2 mM
glutamine, 50 �g/mL gentamycin, and 0.125 �g/mL fungi-
zone. The amplified MSCs were found to express multiple
surface markers such as CD29, CD49c, CD49e, CD51, CD73,
CD90, CD105, and CD106 and were negative for CD31,
CD34, CD45, CD133, and vascular endothelial growth factor-
R2. These MSCs were also found to express a broad spectrum
of trophic factors such as angiopoietin-1, brain-derived neu-
rotrophic factor, bone morphogenetic protein-7, fibroblast
growth factor-1 (FGF-1), FGF-2, FGF-5, FGF-7, FGF-9,
granulocyte-colony stimulating factor, growth and differ-
entiation factor-9, hepatocyte growth factor, insulin-like
growth factor-1, -2, interleukin-6 (IL-6), leukemia inhibi-
tory factor, monocyte chemotactic protein-1, macrophage-
colony stimulating factor, nerve growth factor-�, stem-cell
factor, stromal-derived factor-1, transforming growth factor-
�1, and vascular endothelial growth factor-A. Only MSC cul-
tures exhibiting robust growth capacity (typically less than
five passages) were used for cell transplantation. Live cell

labeling using the nuclear affinity dye 4�,6�-diamidino-2-
phenylindole (DAPI) was described in our recent work (27).

Intramuscular MSC Implantation
Approximately 0.5 to 1 million trypsinized MSCs re-

suspended in 0.15 mL of Hanks’ balanced salt solution were
administered through direct injection into each left and right
hamstring muscle of 4-month-old hamsters. Animals re-
ceived a second intramuscular MSC implantation 2 weeks
later. Injected muscles were harvested 2 to 3 weeks after the
second injection and processed for biochemical and histo-
logic analyses. Control TO2 hamsters received the same vol-
ume of Hanks’ balanced salt solution.

Quantitative Reverse Transcription-Polymerase
Chain Reaction

Protocols for RNA preparation and quantitative reverse-
transcription polymerase chain reaction (qRT-PCR) analysis
were as described (25). In brief, RNA samples were isolated
using the Qiagen’s RNeasy RNA isolation kit. Complemen-
tary DNA synthesis was performed using M-MLV reverse
transcriptase from Promega (Madison, WI). PCR primers
were designed using MIT’s Primer3 software. Real-time PCR
analysis using B-R SYBR SuperMix (Quanta Biosciences,
Gaithersburg, MD) was performed with MyIQ PCR machine
(Bio-Rad, Hercules, CA). Melting curve analysis was per-
formed to ensure a single amplicon for each gene. Data were
analyzed by the 2��CT method using �2-microglobulin (b2M)
as the reference gene. Hamster primer sequences and PCR
product size in base pairs (bp) are: b2M—TCTCTTGGCT-
CACAGGGAGT (5�) and ATGTCTCGTTCCCAGGTGAC
(3�), 108 bp; CD45—GGCGTACAGGCACCTACATT (5�) and
ATGTACTGGGCCTCCACTTG (3�), 136 bp; monocyte che-
motactic protein-1—TAGCATCCACGTGCTGTCTC (5�) and
TGCTGCTGGTGATTCTCTTG (3�), 122 bp; IL-1a—ACGACT-
GGGTTTCAATCAGG (5�) and CTGCATGACTCGCCTTA-
TCA (3�), 142 bp; IL-1b—CCAGGATGAGGACCTGAGAA (5�)
CGAGGCATTTCTGTTGTTCA (3�), 149 bp; IL-4—CCACG-
GAGAAAGACCTCATCTG (5�) and GGGTCACCTCATGTTG-
GAAATAA (3�), 72 bp; IL-6—CTCCGCAAGAGACTTCCATC
(5�) and ACCAAACCTCCGACTTGTTG (3�), 156 bp; NF-�B—
GATCTCCCGAATGGACAAGA (5�) and GAACCGAACCT-
CAATGTCGT (3�), 100 bp; cyclin A—CCTGCAAACTGCA-
AAGTTGA (5�) and AAAGGCAGCTCCAGCAATAA (3�), 111
bp; cyclin B–CCAAATCCGAGAAATGGAGA (5�) and TTG-
GCTAGCGTGTGTTGTTC (3�), 132 bp; cyclin D—AGAACCT-
GCTGACCATCGAG (5�) and CCTCGCAGACCTCTAGCATC
(3�), 123 bp; and porcine 16s rRNA—ACATAACTTAACATG-
GACTAGCA (5�) and GGTTATTTTGACTGGTTTGTCTAG
(3�). Oligonucleotides were synthesized by Midland Certified
Reagent Company (Midland, TX). Injected PMSCs were
quantified by qRT-PCR using pig-specific 16S rRNA primers.
A standard curve was created by generating a serial dilution
curve plotting the threshold cycles of the 16s rRNA gene
against known number of PMSCs.

Lipid Peroxidation Assay
Freshly isolated muscle was minced and homogenized

in an ice-cold lysis solution (phosphate-buffered saline sup-
plemented with 0.1% Triton X-100 and 2 mM EDTA). Tissue
debris was removed by a 10-sec low-speed spin. Crude extracts
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were recovered and protein concentrations were determined
using the BCA protein assay method (Pierce, Rockford, IL).
Extracts were treated with 10% trichloroacetic acid on ice for
30 min followed by centrifugation to remove precipitates.
Lipid peroxidation assay kit was obtained from Biomedical
Research Service (Buffalo, NY). The trichloroacetic acid-
treated muscle extracts were incubated with freshly prepared
6.5 mg/mL thiobarbituric acid at 95°C for 30 min. Reaction
products were extracted with n-butanol and measured at 540
nm. Malondialdehyde (MDA) concentrations were calcu-
lated using a molar extinction coefficient of 1.56�105/cm M.

Blood Cell and Serum Analysis
Hamster blood samples were collected by orbital bleed-

ing. Blood leukocyte counts were analyzed by BioReliance
(Rockville, MD). Hamster sera were analyzed by Rules-Based
Medicine, Inc. (Austin, TX) using their rodent MAP analysis
program.

Immunofluorescence Analysis
Excised muscle was quickly frozen in optimum cutting

temperature medium in an isopentane/dry ice slurry to pre-

serve DAPI fluorescence or fixed in freshly prepared 4% para-
formaldehyde overnight. Frozen tissue was cut into 10-�m
sections, fixed in 2% paraformaldehyde for 5 min at 4°C, and
then washed with normal saline containing 0.1% Triton
X-100 before histologic analysis. Sections were stained with a
myosin heavy chain antibody (28) or vWF antibody (#PC313;
Calbiochem, San Diego, CA) followed by TRITC- or fluores-
cein isothiocyanate-conjugated secondary antibodies. Stained
tissue sections were digitally imaged using an epifluorescence
microscope equipped with a structured illumination system for
confocal-like optical sectioning (Zeiss Axioimager Z1 with Apo-
tome). Magnification �400 z-stack images were collected at
0.5-�m thick layers. Images were viewed using Axiovision LE
Version 4.6 software.

Morphometric Analysis
Hematoxylin-eosin (H&E) staining of tissue sections

was performed by the University at Buffalo histology core
facility, and the sections were used for morphometric analysis
using Axiovision software. Magnification �200 images were
digitally collected using an epifluorescence microscope (Nikon
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FIGURE 1. Analyses of blood cells and circulating markers show no sign of host immune response after intramuscular im-
plantation of human (HMSCs) and porcine MSCs (PMSCs) in TO2 dystrophic hamsters. (A) Hamster blood samples were col-
lected at 2 weeks and 1 month postinjection by orbital bleeding. Similar results were obtained for both time points. Data shown
were from the 1-month time point; n�9 for TO2 control (saline injection); n�6 for HMSC- and PMSC-injected hamsters. No
statistically significant difference was noted between groups. (B) Serum markers of inflammation were analyzed at 1 month. Data
for IL-1b, IL-10, lymphotactin, macrophage-derived chemokine, monocyte inhibitory protein-2, and tumor necrosis factor-�
were not shown; n�3 for each group. Although HMSC also reduced myeloperoxidase, the difference did not reach statistical
significance. Data shown were mean�SEM.
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Eclipse E600). For calculation of cross-section fiber areas, pixel
squares were converted to micrometer squares using a predeter-
mined conversion factor for the microscope used. Muscle nu-
clear densities were obtained by dividing total counted muscle
nuclei by total fiber areas in millimeter square. These analyses
were performed in a blind-folded fashion.

RESULTS
We have recently characterized bone marrow-derived

MSCs (25, 26) and a �-sarcoglycan-deficient dystrophic ham-
ster model (BIO-TO2 strain) (29). Skeletal muscle degenera-
tion in the TO2 strain hamsters is evident as early as 1 month
of age, and the pathologic tissue remodeling process contin-
ues with age (30, 31). Using the dystrophic hamster model, we
examined whether the immunomodulatory property of MSCs
might promote skeletal muscle regeneration without the use
of immunosuppression. Both HMSCs and PMSCs were
tested, as the pig has long been considered the most desirable
source species for organ transplantation because of similari-
ties between human and porcine MHC antigens.

The TO2 hamsters also exhibit cardiac contractile dys-
function caused by dilated cardiomyopathy, which can be
conveniently monitored by echocardiograph (29). Because
many muscular dystrophy patients also suffer from various
forms of cardiomyopathy (32), our therapeutic regime was
designed to target both the muscle and heart. We found that
the trophic actions of MSCs elicited significantly improved
cardiac contractile function even when the MSCs were deliv-
ered intramuscularly (article in preparation). We thus took

advantage of echocardiograph to determine the optimal in-
jection interval and number of MSCs required for cardiac
improvement. Initial cell dosage studies indicated 0.5 to 1
million MSCs per hamstring muscle to be sufficient to elicit
initial cardiac improvement, and a boosting injection 2 weeks
later to cause a greater cardiac improvement. This injection
regime was adopted for both HMSCs and PMSCs. The in-
jected muscle and blood were harvested for analysis at 2 weeks
and 1 month after MSC treatment. Despite the xenogeneic
cell implantation, routine inspection revealed no adverse host
tissue reaction. Blood cell analysis showed that total white blood
cell counts and leukocyte distribution profiles were similar
among the saline control, HMSC-, and PMSC-receiving ham-
sters (Fig. 1A). Immunoassays revealed that circulating levels
of IgA along with those cytokines involved in inflammatory
response such as IL-4 (Fig. 1B) and IL-1b, IL-10, lymphotac-
tin, macrophage-derived chemokine, monocyte inhibitory
protein-2, and tumor necrosis factor-� (data not shown) were
not elevated by the MSC injections. Circulating levels of vascular
cell adhesion molecule-1, an adhesion molecule expressed by
inflamed endothelium, were also not elevated by MSCs (Fig. 1B).
Notably, circulating levels of the neutrophil enzyme myeloper-
oxidase, which is another indicator of inflammation, were sig-
nificantly reduced by MSCs (Fig. 1B).

We further used the more sensitive real-time qRT-PCR
method to quantify expression of several inflammatory cyto-
kines in the injected muscle and the assay showed increased
IL-1b, CD45 (a leukocyte common antigen), and NF-�B ex-
pression in the TO2 muscle compared with the normal F1B
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FIGURE 2. Quantitative reverse-transcription polymerase chain reaction (qRT-PCR) and lipid peroxidation analyses of
injected muscle show no sign of host tissue inflammatory response after injection of xenogeneic MSCs. (A) qRT-PCR analysis
comparing F1B, saline-, and PMSC-injected TO2 hamstring muscles at 1 month postinjection. Data were presented as fold
change vs. the F1B group; n�4 for each group. Significantly reduced expression of IL-6 and NF-�B were noted after MSC
treatment. *P less than 0.05 vs. F1B; �P less than 0.05 vs. TO2 control. (B) Lipid peroxidation assays measured muscle
contents of malondialdehyde (MDA) in �M. Hamstring muscles from normal F1B, saline- and PMSC-injected TO2 hamsters
were compared at 1 month; n�4 for each group. Data shown were means�SEM. Statistically significant differences were
indicated.
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muscle (Fig. 2A), reflecting the inflammatory nature of the
disease. Decreased expression of IL-4, IL-6, CD45, and
NF-�B were observed after MSC treatments (Fig. 2A). Signif-
icantly suppressed expression of NF-�B, a transcription fac-
tor involved in immune cytokine induction, is consistent
with the observed suppression of myeloperoxidase after MSC
administration (Fig. 1). Because myeloperoxidase is linked to
the production of oxidized lipids, free-radical-induced oxi-
dative damages also represent a reliable indicator of tissue
inflammation. We and other investigators have demon-
strated that dystrophic muscles are exquisitely sensitive to the
oxidative stress (29, 33). By measuring tissue levels of MDA,
the end product of lipid peroxidation, we demonstrated that
although the untreated TO2 hamster muscle contained sig-
nificantly higher levels of MDA than the normal F1B hamster
muscle, the MSC-treated TO2 muscle exhibited normalized
levels of MDA (Fig. 2B), indicating significant attenuation of
oxidative stress in the diseased muscle.

Previous studies showed that TO2 hamsters exhibit re-
peated cycles of skeletal muscle degeneration and regenera-
tion marked by central nucleation in the newly regenerated
fibers (30, 31). H&E staining shown in Figure 3(A) confirms
the presence of central nuclei in muscle cells along with fibrosis
in the TO2 but not F1B hamsters. Notably, the MSC-treated

TO2 muscle exhibited further increased central nucleation
with reduced fibrosis (Fig. 3A). Because central nucleation
indicates skeletal muscle regeneration, qRT-PCR was used to
analyze gene expression involved in cell-cycle progression.
Consistent with the MSC-mediated promotion of central nu-
cleation, the MSC-injected muscle exhibited significantly in-
creased expression of hamster cyclin D and c-myc genes, both
of which are known to promote cell-cycle progression (Fig.
3B). Morphometric analysis of the H&E-stained sections in-
dicates that the control TO2 muscle contain approximately
30% cells with central nuclei whereas the treated TO2 and
normal F1B muscles contain approximately 55% and 5% cells
with central nuclei, respectively (Fig. 4A). Total nuclear den-
sities are the highest in the MSC-treated TO2 muscle and the
lowest in the normal F1B muscle (Fig. 4B). Average fiber sizes
were found to inversely correlate with the nuclear densities
(Fig. 4C), reflecting the smaller fiber sizes of the newly regen-
erated muscle cells. Fiber size distribution profiles further
illustrate the abundance of smaller muscle cells in the MSC-
treated TO2 muscle and larger muscle cells in the normal F1B
muscle (Fig. 4D).

We next determined whether the implanted xenoge-
neic MSCs might directly participate in myogenic and endo-
thelial differentiation. We recently demonstrated that the
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membrane permeable nuclear affinity dye DAPI can be used
to track MSCs implanted in small and large animals because
the labeled MSCs emit prominent nuclear localized blue flu-
orescence, allowing for in vivo MSC tracking with little am-
biguity (27). Immunostaining of the TO2 hamster muscle
injected with DAPI-labeled MSCs was presented in Figure 5,
illustrating anatomically distinct MSCs in four panels: (A) a
string of peripheral MSC nuclei positioned along the length
of preexisting fibers, (B) a centrally located MSC nucleus in a
muscle fiber, (C) MSC nuclei embedded in a vWF-positive
capillary, and (D) clusters of interstitial MSCs. The peripheral
locations of the MSC nuclei identified in (A) suggest MSC
contribution to preexisting muscle fibers likely through cell
fusion. The central location of the MSC nucleus identified in
(B) indicates its active participation in new fiber formation.
The endothelial cell fate of implanted MSCs is identified in
panel C, illustrating MSC participation in new capillary for-
mation. qRT-PCR quantification of the injected PMSCs 1
month postimplantation revealed little, if any, cell migra-
tion from the injected site to other tissues (Fig. 5E), indi-

cating that the majority of the injected MSCs were trapped
in the musculature.

DISCUSSION
Several types of adult stem cells have been used for skel-

etal muscle therapies including muscle satellite cells, side
population cells, mesoangioblasts, hematopoietic stem cells,
and MSCs (21, 22). Efforts were made in these cell transplan-
tation studies to minimize immune rejection through animal
strain match, use of allogeneic stem cells, immunosuppres-
sion, or adoption of immunodeficient animals. Surprisingly,
little data on potential host immune responses after stem-cell
administration are available in the literature. Given the rec-
ognition that host immune responses can compromise the
efficacy of stem-cell therapeutics (22), we focused our attention
here on the hamster immune responses after the transplantation
of HMSCs and PMSCs. Consistent with the general notion that
MSCs are immune-privileged cells (10), neither HMSCs nor
PMSCs triggered adverse immune reactions based on our anal-
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yses of blood cells, serum inflammatory markers, tissue oxidative
stress, and expression of immune cytokines, CD45, and NF-�B
in muscle. Further, suppressed immune cytokines, myeloperox-
idase, and NF-�B, a transcription factor involved in immune
cytokine induction, were observed after cell implantation, indi-
cating a potent immunomodulatory property of MSCs. Because
oxidative stress triggered by inflammation has been implicated
in the pathogenesis of many diseases including muscular dystro-
phy, this immunomodulatory property of MSCs is ideally suited
for treating degenerative and inflammatory diseases.

Our data suggest that the immunomodulatory, antioxida-
tive, myogenic, and endothelial potentials of non-autologous
MSCs can be harnessed to achieve muscle regeneration with-
out the need for host immunosuppression. It remains unclear
whether the immunosuppressive effect of intramuscularly
injected MSCs can be sustained as the current study only
involved a 1-month time period. Further, studies demon-
strating the induction of T-cell anergy by MSCs were based on
systemic infusion of MSCs (34, 35). Intramuscularly deliv-
ered MSCs may be less efficient in inducing T-cell anergy as
these cells were largely trapped in the musculature. Studies by
Dezawa et al. (36) also reached the same conclusion that in-
tramuscularly delivered MSCs were largely retained in the
injected muscle bed. Another limitation of the current thera-
peutic approach is the rapid loss of the injected MSCs after
implantation. Although the trophic actions of the retained
MSCs seemed capable of activating the host satellite cells, new
myofibers formed by the host satellite cells remain deficient
in �-sarcoglycan, and thus should remain injury prone. It will
be of interest to determine whether the prosurvival trophic
factors produced by MSCs may help maintain the viability of
the newly formed �-sarcoglycan-deficient myofibers.

We show that xenogeneic MSCs contributed to preex-
isting and new muscle fibers and capillaries 1 month after
implantation. Analysis of hamster muscle cyclin and c-myc

gene expression provided evidence that muscle satellite cells
were also activated by MSCs, resulting in more than 50%
fibers containing central nuclei in the injected dystrophic
hamstring muscle. Importantly, we found that although
MSCs were directly injected into the hamstring muscle, the
quadriceps muscle also exhibited normalized lipid peroxida-
tion and increased central nucleation (data not shown). We
and others have shown that the �-sarcoglyan deficient ham-
sters develop dilated cardiomyopathy leading to heart failure
(29, 37, 38). Intramuscular injection of MSCs as reported here
was further found to greatly improve cardiac function and
promote cardiomyocyte regeneration in the TO2 hamster
heart (manuscript in preparation). These beneficial effects
of MSCs are most likely because of local production of
humoral mediators capable of remote functioning. Indeed,
the cardiovascular therapeutic effects of MSCs have been
largely attributed to their trophic actions (39, 40), al-
though the effective tropic factor(s) remains to be identi-
fied. Along this line, we and others have shown that MSCs
are capable of producing a broad spectrum of trophic fac-
tors, and this capacity can be further boosted by genetic
engineering of MSCs (25, 41, 42). Thus, MSC engineering
aimed at promoting trophic factor outputs may represent
an effective therapeutic module.

In conclusion, we show that nonautologous MSCs can
achieve muscle regeneration in immunocompetent animals.
Because skeletal muscle is the largest organ in the body, effec-
tive clinical therapy for dystrophic muscle is expected to re-
quire an enormous amount of MSCs, which can be fulfilled
by the robust growth potential of MSCs in vitro. Although the
long-term effect of nonautologous MSCs needs to be further
examined, we envisioned that this approach can facilitate fu-
ture stem-cell clinical trials, which undoubtedly will require
large quantities of safe, consistent, and potent batches of stem
cells in a timely fashion.
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FIGURE 5. Cell tracking analysis illustrates injected MSCs contributing to preexisting and new fibers and capillaries.
PMSC nuclei were labeled with 4�,6�-diamidino-2-phenylindole (blue fluorescence) before injection in the TO2 hamstring
muscle and cryosections were prepared from the injected muscle 2 weeks after injection. Fluorescein isothiocyanate
fluorescence (green) represents major histocompatibility complex immunostaining. TRITC fluorescence (red) represents
vWF immunostaining. (A) A string of peripheral MSC nuclei positioned along the length of preexisting fibers; (B) a centrally
located MSC nucleus; (C) MSC nuclei embedded in a vWF-positive capillary; (D) clusters of interstitial MSCs; (E) Quanti-
tative reverse-transcription polymerase chain reaction quantification of retained PMSCs after 1 month using pig-specific
16S rRNA primers. Cell numbers were calculated based on each gram of tissue.
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