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ABSTRACT Identification of factors that improve
muscle function in boys with Duchenne muscular dys-
trophy (DMD) could lead to an improved quality of life.
To establish a functional in vitro assay for muscle
strength, mdx murine myoblasts, the genetic homologue
of DMD, were tissue engineered in 96-microwell plates
into 3-dimensional muscle constructs with parallel ar-
rays of striated muscle fibers. When electrically stimu-
lated, they generated tetanic forces measured with an
automated motion tracking system. Thirty-one com-
pounds of interest as potential treatments for patients
with DMD were tested at 3 to 6 concentrations. Eleven
of the compounds (insulin-like growth factor-1, creat-
ine, �-hydroxy-�-methylbutyrate, trichostatin A, lisino-
pril, and 6 from the glucocorticoid family) significantly
increased tetanic force relative to placebo-treated con-
trols. The glucocorticoids methylprednisolone, deflaza-
cort, and prednisone increased tetanic forces at low
doses (EC50 of 6, 19, and 56 nM, respectively), indicat-
ing a direct muscle mechanism by which they may be
benefitting DMD patients. The tetanic force assay also
identified beneficial compound interactions (arginine
plus deflazacort and prednisone plus creatine) as well
as deleterious interactions (prednisone plus creatine
inhibited by pentoxifylline) of combinatorial therapies
taken by some DMD patients. Since mdx muscle in vivo
and DMD patients respond in a similar manner to many
of these compounds, the in vitro assay will be a useful
tool for the rapid identification of new potential treat-
ments for muscle weakness in DMD and other muscle
disorders.—Vandenburgh, H., Shansky, J., Benesch-
Lee, F., Skelly, K., Spinazzola, J.M., Saponjian, Y.,
Tseng, B.S. Automated drug screening with contractile
muscle tissue engineered from dystrophic myoblasts.
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Tissue engineering of functional organs as a
unique tool for in vitro drug screening applications has
been envisioned since the field’s early inception (1–3).
While more complicated than traditional high through-
put drug screening (HTS) technologies that use bio-

chemical, gene expression, or single cell assays, the
ability to analyze tissue function ex vivo has several
advantages. In targeted HTS approaches, it is difficult
to predict the ultimate physiological activity of a drug,
since all compounds have effects on multiple intracel-
lular second messenger pathways (4). High-content
drug screening (HCS) with engineered tissues based on
tissue function is the culmination of all the complex
interactions of compounds on these intracellular path-
ways and therefore should be a better predictor of their
ultimate in vivo effect at the tissue level. In addition, the
engineering of tissues from diseased animal and hu-
man cells allows the screening of new potential drug
therapies directly against a specific disease’s phenotype.
Although HCS with engineered tissues will not replace
in vivo drug screening, it should serve as a useful
secondary follow-on screen to HTS analyses of large
compound banks, reducing the time, cost, and number
of animals necessary for in vivo studies.

Physiologically based HCS technologies assaying skel-
etal muscle function are under development using
nematode worms (5, 6), zebrafish (7), and tissue-
engineered muscle “organs” (8). They provide a “holis-
tic” analysis of a compound’s effect on the multiple
pathways regulating important physiological parame-
ters of muscle such as strength, fatigability, and con-
traction-induced injury. To be useful as a primary or
secondary drug screen for the analysis of hundreds of
compounds, the HCS technologies will require adapta-
tion to the computerized robotic liquid-handling hard-
ware and imaging software developed over the past
decade for HTS. This automation has revolutionized
HTS, allowing the rapid and reproducible screening of
large compound banks. HCS automation will be partic-
ularly important in the search for new treatments for
diseases such as Duchenne muscular dystrophy (DMD),
a progressive, lethal, muscle-wasting disease resulting
from a defect in the dystrophin gene (9). Many DMD
patients take “cocktails” of dozens of compounds daily,
the complex interactions of which are unknown. While
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a cure for DMD will ultimately require correction of the
defective gene through either gene- or cell-based ther-
apies, improved therapeutics to attenuate muscle weak-
ness and loss will lead to an enhanced quality and
length of life for these patients.

Pharmacological strategies for targeting factors for
treating DMD are currently an active area of research.
Many compounds tested in the mdx murine model of
DMD and/or clinically in patients have either minimal
long-term benefits or adverse side effects (reviewed in
ref. 10). The most widely accepted medical treatment
in DMD is corticosteroids, which have multiple mech-
anisms of action on skeletal muscle in addition to their
primary anti-inflammatory role (5, 11). Combinatorial
screening by HCS of multiple drugs that have slight
beneficial effects when administered separately in DMD
may lead to significant progress in the development of
new drug protocols or drug cocktails to help patients
with this fatal disease (10, 11). In addition, screening
chemical banks of FDA-approved compounds could
lead to the rapid identification of new therapeutic
targets for DMD.

This study describes the semiautomation of HCS with
skeletal muscle tissue engineered from mdx murine
myoblasts in standard 96-microwell plate format. Stan-
dard HTS liquid-handling hardware and software were
adapted to automatically tissue engineer miniature
bioartificial muscles (mdx mBAMs), and customized
automated HCS hardware and imaging software were
designed to measure muscle strength, i.e., tetanic force,
generated by the diseased tissues. This is the first report
that we are aware of that describes the engineering of
tissues with commercially available HTS robotic tech-
nology. Compounds of interest as potential strengthen-
ing treatments for patients with DMD were tested in a
nondestructive manner for their effect on mdx mBAM
tetanic force at multiple concentrations over a 3–4 d
assay period. A number of the compounds were found
to have positive effects in a similar manner to their
activity in vivo. The HCS mdx mBAM assay also identi-
fied a unique mechanism by which glucocorticoids, a
commonly used treatment in DMD patients, might
attenuate the muscle weakness that is prevalent in the
disease. In addition, combinations of these compounds
were found to either enhance or reduce the beneficial
effects of other compounds on tetanic force. Tissue
engineered contractile tissues may thus be a useful tool
for the rapid identification of new compounds for
DMD therapy, as well as lead to a better understanding
of the complex interactions of the multiple compounds
used to improve muscle function, not only in DMD, but
potentially in other neuromuscular diseases.

MATERIALS AND METHODS

mdx Myoblast tissue culture

Conditionally immortalized control C57 and mdx myoblast
clones were used in these studies and contain a temperature-

sensitive immortalizing gene, the tsA58 mutation of SV40
large T antigen, under control of the H-2Kb inducible pro-
moter (12). When induced with interferon-� (IFN-�), tsA58
protein is expressed, allowing the cells to proliferate at 33°C.
Myoblasts were plated and maintained on gelatin-coated dishes
(0.01% gelatin) in H2K proliferation medium [H2KPM: 20%
heat-inactivated FBS, 4 mM L-glutamine, 2% v/v chick embryo
extract, and pen:strep (100 U/ml:100 �g/ml) in DMEM] at
33°C and 10% CO2 in a humidified incubator. Cultures were
fed every 2–3 d with H2KPM, and fresh IFN-� (20 U/ml) was
added to the culture medium at each feeding. Cells were
grown to near confluency, harvested with trypsin/EDTA
(0.5/0.2 g/L), and centrifuged at 160 g for 5 min. The cell
pellet was resuspended in saline for tissue engineering of
mBAMs. Under these conditions, the cells doubled every
24–30 h at 33°C and fused with �50% efficiency into multinu-
cleated sarcomeric tropomyosin-positive muscle fibers when
switched to 39°C in the absence of IFN-�. When immunocy-
tochemically stained for dystrophin, the myofibers from
the control clones were dystrophin positive, while those
from the mdx clone did not express dystrophin, as de-
scribed previously (12).

Tissue engineering of mdx mBAMs

A 96-microwell plate format for tissue engineering mBAMs
was developed that enabled the use of a standard robotic
liquid-handling system containing 37°C heating stages. Poly-
dimethylsiloxane (PDMS) microwell “plugs” were mold cast
using a Sylgard 184 Silicone Elastomer kit (Dow Corning,
Midland, MI, USA). Each plug had a 6.0-mm-diameter base
and contained two vertical 4.0-mm-tall by 0.8-mm-diameter
flexible PDMS microposts spaced 3.5 mm apart (Fig. 1A).
Each hydrophobic micropost had a 1.2-mm-diameter hydro-
philic cap on top of the hydrophobic microposts to provide a
surface for mBAM attachment at the top of the microposts
during the tissue-engineering procedure. The plugs were
glued sterilely into the bottom of the 7-mm-diameter flat-
bottom wells using uncured PDMS.

mBAMs were reproducibly tissue engineered from immortal-
ized control and mdx muscle cells around the caps of the PDMS
microposts as described previously for primary murine myoblasts
in a prototype manual system (8). The newly designed 96-
microwell plates were placed on the deck of a computer-
controlled Beckman Coulter Biomek 2000 liquid-handling sys-
tem (Beckman Coulter, Fullerton CA) in a BioSafety cabinet
(Class II Type A/B3; Supplemental Fig. 1). Briefly, immortal-
ized control and mdx cells were suspended in saline and
transferred to a 37°C reservoir on the Biomek 2000. A second
37°C reservoir was filled with the appropriate volume of
extracellular matrix solution (either 1% collagen Type I or
0.5 mg/ml fibrin) depending on the number of 96-microwell
plates to be cast. An 8-tip pipetting tool first dispensed 60 �l
of cell suspension (100,000 cells/mBAM) to each well, and
then 60 �l of extracellular matrix was added and mixed by
aspiration several times. This procedure took �7–8 min/
plate (Supplemental Video 1).

Immediately after casting, the mBAM plates were trans-
ferred to a 37°C, 5% CO2 incubator, and 1 h later (when the
cells/matrix had solidified), the Biomek 2000 was used to add
80–100 �l of H2KPM to the top of each well. The cell-matrix
mixture gelled rapidly at 37°C and, over 24–48 h, contracted
away from the walls of the wells and coalesced around the
caps on top of the microposts (Fig. 1B). The mBAMs were
maintained for 2 d at 39°C in a humidified 5% CO2 incuba-
tor, switched to differentiation medium (H2KDM: 5% HS, 4
mM glutamine, and 100 U/ml penicillin G in DMEM), and
maintained in this medium until compound screening was
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started. The tissue culture media (200 �l/well) were changed
daily using the Biomek 2000.

mBAM electrical stimulation and force measurement

At varying times postcasting, the microwell plates were placed
onto the 37°C heated stage of a customized myoforce analysis
device (MAD) that automatically places electrodes into each
well, electrically stimulates the mBAMs, and captures images
of the contracting mBAMs with a CMOS camera with a
telecentric lens (Supplemental Video 2). MAD is encased in
an insulated box so that temperature, CO2 level, and humid-
ity can be maintained in a similar manner to a standard tissue
culture incubator. MAD was located in a biosafety cabinet to
maintain sterility. Once loaded onto the MAD, the heated
stage (connected to an x-y-z translation stage) automatically
transported the microwell plate to the stimulating electrodes
and electrically stimulated each well for 1–2 s with preselected

parameters for tetanic force generation, and 40–60 images of
the micropost deflections were captured. mBAMs were elec-
trically stimulated to achieve maximum isotonic tetanic force
with electrical stimulus parameters (voltage, frequency, dura-
tion, and pulse width) optimized in preliminary experiments
(13 V, 40 Hz, 2 s, and 4 ms, respectively). Each well required
�10 s of test time, and a 96-well plate thus required just under
20 min to assay. A software algorithm written in MatLab
automatically determined the maximal micropost deflections
in the images and converted micrometers of movement to
micronewtons of force. Forces could be calculated with an
accuracy of 5–6 �N and are based on the known elastic
modulus of PDMS, the micropost height, and the micropost
diameter, as described previously (8). After electrical stimu-
lation, the plates were transferred to the Biomek 2000, the
tissue culture medium was changed, and the plates were
returned to the humidified 5% CO2 incubator for 24 h before
retesting in MAD.

Compound testing was initiated on d 9–10 postcasting,
when the mBAMs and striated myofibers were well formed
and tetanic forces had reached a stable plateau (see Results).
The variability of the tetanic force assay in MAD was high
(15–20%) when compared with traditional HTS assays, but
not unexpected considering the complexity of the tissue-
engineering procedure. Each mdx mBAM served as its own
control, with changes in tetanic force after exposure to a
compound compared with the initial tetanic force generated
right before addition of the test compound, i.e., test day 0.
Controls (no compound addition) were run in each experi-
ment, and any drift from their test day 0 plateau value over
the 3–4 d of the assay was used to correct the response of the
test groups by adding or subtracting this amount, which
averaged 10–15% in some experiments. With 4 to 6 samples/
group, increases in tetanic force �30% consistently reached
statistical significance (see Results). The majority of negative
and positive hits obtained reached �50–100% difference
from untreated controls by 3 d of incubation with the test
compound and were thus easily identified. The sensitivity of
the assay could be improved if necessary by increasing the
number of samples per group.

Compound screening

Stock solutions of test compounds were prepared at a 20�
concentration in either DMEM (poloxamer 407, Protandim,
and Solu-Medrol); sterile H2O (alanine, arginine, creatine,
creatinine, glutamine, glycine, IGF-I, lisinopril, miglustat,
pentoxifylline, Haelan 951, AmSport, and Juven); ethanol
(prednisone, prednisolone, and trichostatin A); or DMSO
(cholesterol, coenzyme Q10, cortisol, deflazacort, flurbipro-
fen, losartan, resveratrol, sildenafil, ursodeoxycholate, and
Vital Detox). Poloxamer 407, AmSport, Vital Detox, deflaza-
cort, losartan, sildenafil, Juven, and Haelan 951 were kind
gifts of B.S.T. Haelan 951 was processed by centrifugation at
4°C for 30 min at 20,000 rpm. The supernatant was filtered
through a 0.22-�m tube-top filter unit and used as 20� stock.
Sources of other compounds were as follows: Protandim and
coenzyme Q10 were from General Nutrition Corporation
(Pittsburgh, PA, USA), resveratrol was from Biotivia (New
York, NY, USA), Solu-Medrol was from Pfizer Inc. (New York,
NY, USA), and trichostatin A and miglustat were from Cal-
biochem (La Jolla, CA, USA). All other compounds were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Initial
concentrations selected for testing were based on the recom-
mended clinical dose for each compound and then 10-fold
greater and 10-fold lesser concentrations were assayed. If any
trends were evident in the initial screen, 3 to 4 additional
concentrations were tested.

Figure 1. mBAMs tissue engineered in a 96-microwell plate.
A) Side view of a single mBAM attached to the top of
microposts on a plug insert; microposts are 0.8 mm in
diameter and 4.0 mm in height. B) Array of mBAMs engi-
neered automatically with a Beckman Biomek 2000 liquid
handler. Microwells are 7 mm in diameter.
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All compound additions were performed using the Biomek
2000. Compounds were diluted into H2KDM, and mBAMs
were incubated with the test medium containing the specified
concentration of each compound or combination of com-
pounds. Compound additions were repeated daily with me-
dium changes for 3–4 d.

mBAM histological analysis

mBAMs were fixed with 2% formaldehyde in PBS (v/v) for 20
min at room temperature. Tissues were permeabilized with
�20°C methanol for 10 min; rinsed with PBS; blocked with
1% BSA and 0.2% Triton in PBS (blocking buffer) for 1 h at
room temperature; and then incubated for 1 h with an
antibody to sarcomeric tropomyosin (Sigma-Aldrich) diluted
1:100 in blocking buffer. AlexaFluor 488 goat anti-murine
secondary antibody (Invitrogen, Eugene OR, USA) was used
to detect sarcomeric tropomyosin-positive fibers. Confocal
images of BAMs were captured with a Leica TCS SP2 AOBS
spectral confocal microscope (Leica Microsystems, Wetzlar,
Germany) set to detect GFP fluorescence.

Statistical analysis

The mean � se of 4 to 8 samples/group was calculated, and
t test statistical analyses were performed using SigmaStat
software (Systat Software, Inc., Chicago, IL, USA), with a value
of P � 0.05 considered statistically significant. Power analyses
were performed using GraphPad StatMate 2.00, and EC50
values were determined with GraphPad Prism (GraphPad
Software, Inc., San Diego, CA, USA).

RESULTS

Passive forces within the coalesced extracellular matrix
gel aligned the conditionally immortalized myoblasts
parallel to each other in the long axis of the mBAM
within the first 24–48 h of casting, as previously found

for primary murine myoblasts (8). When the mBAMs
were then switched to differentiation medium on d 2
postcasting, the myoblasts fused over the next 6–7 d to
form aligned and striated muscle fibers (Fig. 2A–C).
The tetanic forces that the conditionally immortalized
control and mdx mBAMs developed were similar in time
required to reach a plateau (7–9 d postcasting) and
force generated (40–80 �N) to mBAM tissue engi-
neered from primary murine myoblasts (8; Fig. 2D).

Thirty-one compounds were selected that were either
effective in the in vivo mdx murine model for increased
muscle strength (13–17) or currently taken by DMD
patients for various reasons (personal communications
from parents of DMD patients and ref. 18). Each
compound was initially tested at 3 doses, and if a trend
was evident, 3 to 4 additional doses were tested. Twenty
of the compounds tested either were ineffective or signif-
icantly decreased tetanic mdx mBAM force at higher
concentrations after 2–4 d of incubation (Fig. 3). The
compounds ranged from nutraceuticals (Protandim,
Haelan 951, AmSport, Vital Detox, and resveratrol; Fig.
3A, K, L, O) to antioxidant coenzyme Q10 (Fig. 3B); the
membrane stabilizer poloxamer 407 (Fig. 3C); the
antihypertensive drug losartan (Fig. 3D); the creatine
metabolite creatinine (Fig. 3E); the amino acids argi-
nine, glycine, alanine, and glutamine (Fig. 3E, F, J); the
nonsteriodal anti-inflammatory drug flurbiprofen (Fig.
3G); the glycosphingolipid biosynthesis inhibitor mi-
glustat (Fig. 3N; ref. 19); the phosphodiesterase inhib-
itor sildenafil (Fig. 3M); and the antifibrotic drugs
pentoxifylline and ursodeoxycholic acid (Fig. 3H, I). At
high concentrations, 6 of the compounds (Protandim,
Haelan 951, coenzyme Q10, alanine, losartan, and ur-
sodeoxycholate) significantly inhibited mdx mBAM te-
tanic force.

Figure 2. Differentiation of con-
tractile mdx mBAMs. A) Low-
power confocal image showing
well-aligned myofibers stained
with an antibody to sarcomeric
tropomyosin in a d 12 postcast-
ing mdx mBAM. Double-headed
arrow indicates long axis of the
mdx mBAM. B, C) At higher
magnifications, striations are
evident (arrows). D) Develop-
ment of tetanic force with time
postcasting. Scale bars 	 300
�m (A); 50 �m (C).
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Figure 3. Compounds that did not increase mdx mBAM tetanic force included Protandim and Haelan 951 (A); coenzyme Q10
(B); poloxamer (C); losartan (D); alanine, glutamine, and creatinine (E); arginine, glycine, and arginine plus glycine (F, J);
flurbiprofen (G); pentoxifylline (H); ursodeoxycholate (I); AmSport (K); Vital Detox (L); sildenafil (M); miglustat (N); and
resveratrol (O). mdx mBAMs were cast on d 0, maintained in growth medium for 1–2 d, and switched to differentiation medium
for 8–9 d when mBAM tetanic force had plateaued. mBAMs were then incubated for 3–4 d with the various compounds, and
tetanic force was measured in MAD. Each point represents the mean � se of 4–6 samples/group. Results are expressed as
percentage change in tetanic force from initial tetanic force for each mBAM. Untreated control mdx mBAMs were run in each
experiment, and any drift from their test day 0 plateau value was used to correct the response of the test groups as described
in Materials and Methods.
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Eleven compounds directly increased mdx mBAM te-
tanic force, including the growth factor IGF-I (Fig. 4A),
the energy source creatine (Fig. 4B), the histone deacety-
lase inhibitor trichostatin A (Fig. 4C), and the anti-
inflammatory glucocorticoids prednisone, Solu-Medrol
(methylprednisolone), deflazacort, prednisolone, corti-
sol, and their parent compound, cholesterol (Fig. 4D, E).
Trichostatin A at 0.2 �M resulted in a large increase in
mdx mBAM tetanic force (108%) but had a very narrow
window of activity and was highly inhibitory at higher
concentrations (�3 �M; Fig. 4C). All of the glucocorti-
coids significantly increased mdx mBAM tetanic force at
0.1 �M and were active through 10 �M, with the excep-
tion of deflazacort, which showed a steeper decline in
activity at high doses (Fig. 4D, E). Half-maximal effective
concentration (EC50) values for methylprednisolone,
deflazacort, and prednisone for tetanic force increases
were 6, 19, and 56 nM, respectively. The nutraceutical
Juven increased mdx mBAM tetanic force, and this
appeared to be due to one of its ingredients, 
-hydroxy-

-methylbutyrate, which showed a similar dose-re-
sponse curve (Fig. 4F). The angiotensin-converting
enzyme inhibitor lisinopril also significantly increased
tetanic force (Fig. 4G). The glucocorticoids methyl-
prednisolone (Solu-Medrol) and deflazacort at 0.80
and 0.080 �M, respectively, rapidly increased mdx
mBAM tetanic force within 24 h of addition (Fig. 5A),
while trichostatin A showed a slower rate of activity,

requiring several days to reach statistical significance
(Fig. 5B). Four of the positive compounds (IGF-I, meth-
ylprednisolone, deflazacort, and prednisone) were tested
with nondystrophic control mBAMs, and they showed a
similar positive effect at similar doses (data not shown).

Over 50 compounds have been tested individually
that improve skeletal muscle function in the mdx mu-
rine model, but none (with the exception of the
glucocorticoids) have been found to be effective
enough to move into common clinical practice for
DMD. Combination of two or more of these factors has
been proposed to be an attractive alternative approach
to treating DMD (10, 11), and several drug combina-
tions have been shown to be more effective than their
individual components in the in vivo mdx murine model
(13, 20). To investigate whether similar combinatorial
effects could be seen in vitro, mdx mBAM tetanic forces
were measured when incubated with arginine, a creat-
ine precursor, or arginine plus deflazacort, a combina-
tion shown to have an additive effect in vivo in mdx mice
(20). Arginine at the highest concentration tested (14.4
mM) had a marginal effect on mdx mBAM tetanic force
(Fig. 3F), but nearly doubled the increase in tetanic
force seen with the optimal concentration of deflaza-
cort (0.08 �M; Fig. 6A). Similar synergistic interactions
occurred with another glucocorticoid (prednisone),
when combined with creatine as an energy source (Fig.
6B). Conversely, a recent clinical trial showed no im-

Figure 4. Compounds that increased mdx mBAM tetanic force included IGF-I
(A); creatine (B); trichostatin A (C); prednisone, Solu-Medrol, and deflazacort
(D); prednisolone, cortisol, and cholesterol (E); Juven and 
-hydroxy-
-
methylbutyrate (HDM) (F); and lisinopril (G). mdx mBAMs were cast on d 0,
maintained in growth medium for 2 d, and switched to differentiation medium
for 8–9 d when mBAM tetanic force had plateaued. mBAMs were then
incubated for 3–4 d with the various compounds, and tetanic force was
measured in MAD. Each point represents the mean � se of 4–6 samples/
group. Results are expressed as percentage change in tetanic force from initial
tetanic force for each mBAM. Untreated control mdx BAMs were run in each
experiment, and any drift from their test day 0 plateau value was used to correct
the response of the test groups as described in Materials and Methods.
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provement in muscle strength in prednisone-treated
DMD patients who were also treated for 12 mo with the
antifibrotic drug pentoxifylline (21); likewise, in mdx
mBAMs, there was no improvement seen in pred-
nisone-stimulated tetanic force with pentoxifylline (Fig.
6B). Interestingly, pentoxifylline completely inhibited
the synergistic effect seen with prednisone and creatine
(Fig. 6B). Similarly, another antifibrotic drug, ursode-
oxycholic acid (Fig. 3I) at 100 �M, completely blocked
the synergistic effect of prednisolone (0.8 �M) and
creatine (5 mM) on mdx mBAM tetanic force (data not
shown).

DISCUSSION

DMD is a progressive, lethal, muscle-wasting disease
resulting from a defect in the dystrophin gene (9). It

affects 1 in 3500 boys worldwide who are wheelchair
bound by their early teens and normally die in their late
teens or early 20s. Dystrophin is a large cytoskeletal
protein that provides structural support to the cell
membrane of the muscle fibers, and exercise-induced
stress to dystrophin-defective fibers damages their in-
tegrity and ability to generate force (22–26). More
recently, dystrophin has been shown to also be capable
of signal transduction via second messenger pathways
relevant to muscle growth in both dystrophic muscle
(27) and other muscle-wasting disorders (28).

Potential compounds to attenuate loss of muscle
strength in DMD include those that stimulate muscle
protein synthesis (anabolic steroids and recombinant
growth factors), inhibit muscle protein degradation
(protease inhibitors), reduce inflammation (glucocor-
ticoids), modulate cytokine levels (antitumor necrosis

Figure 5. Time course of effect of glucocorticoids (A) and trichostatin A (B) on mdx mBAM tetanic force. Experiments were
performed as outlined in Fig. 4. Each point represents the mean � se of 4–6 samples/group. Results are expressed as
percentage change in tetanic force from initial tetanic force for each mBAM.

Figure 6. Combinatorial effects of glucocorticoids and other compounds. mdx mBAMs were cast and maintained as described
in Figs. 3 and 4. A) On d 8–9 after casting, the mBAMs were incubated for 3–4 d with either arginine (arg), deflazacort (DFZ),
or a combination of both compounds, and tetanic force was measured. B) In a separate experiment, prednisone (PDN) and
creatine (Cre) increased tetanic force in an additive manner, but the effect was inhibited by pentoxifylline (Pent). Each point
represents the mean � se of 4–6 samples/group. Results are expressed as percentage change in tetanic force from initial tetanic
force for each mBAM.
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factor-� and nitric oxide stimulators), or stimulate
muscle stem-cell proliferation/fusion into muscle fibers
(antimyostatins). The compounds that increased mus-
cle strength in vivo also increased tetanic force in the
in vitro mdx mBAM assay: IGF-I (14), creatine (29),
trichostatin A (15), and glucocorticoids (30). Of the
nutraceuticals tested, only the two that have been
clinically proven to increase muscle strength (creatine
and 
-hyroxy-
-methylbutyrate) (31) tested positive in
the mdx mBAM assay. Interestingly, angiotensin-con-
verting enzyme inhibitors such as lisinopril, which is
taken by older DMD patients to treat heart conditions
(32) and was positive in the in vitro mdx mBAM assay,
have been proposed as a treatment for muscle weakness
in frail elderly patients (33).

To date, only glucocorticoids (e.g., prednisone and
deflazacort) are in regular use for DMD patients, since
they have been clinically proven to increase muscle
strength in long-term clinical trials (34). These results
are somewhat surprising, since it is well known that
high doses of the glucocorticoid dexamethasone can
lead to skeletal muscle atrophy by increasing proteolysis
of myosin heavy chain in nondiseased muscle cells (35,
36). The mechanisms for the clinical benefit of glu-
cocorticoids to the DMD patient are therefore uncer-
tain, and there is evidence that glucocorticoids may
have direct beneficial effects on skeletal muscle cells
outside of their well-known anti-inflammatory action
(5, 11). Although their primary target in skeletal mus-
cle disease is thought to be via this anti-inflammatory
activity, our results suggest that the glucocorticoids
might directly increase muscle strength, therefore act-
ing outside of the inflammatory mechanism. This is
consistent with the recent in vivo findings of Golumbek
et al. (37) where prednisolone was effective in increas-
ing muscle strength in immunodeficient mdx RAG2�/�

mice that do not produce T cells, B cells, or immuno-
globulins. Glucocorticoids have been shown to affect
numerous pathways in skeletal muscle, including accel-
erated myoblast fusion, altered calcium transport, pre-
vention of oxidative damage, membrane stabilization
(reviewed in ref. 38), and utrophin up-regulation (39).
Since the effect of the glucocorticoids on increasing
mdx mBAM strength is evident within 24 h of addition,
it is unlikely that their mode of action is through
myoblast fusion. In contrast, the increase in mdx mBAM
tetanic force induced by trichostatin A required several
days of drug exposure and therefore might involve the
fusion of myoblasts to new or existing myofibers (15).
Since the antioxidative compounds Protandim, coen-
zyme Q10, and Vital Detox, as well as the membrane
stabilizer poloxamer, were ineffective in increasing mdx
mBAM tetanic force, it is unlikely that the glucocorti-
coids are acting through either of these pathways. The
pathways by which glucocorticoids directly increase
tetanic force generation may involve calcium flux alter-
ations (40), since the EC50 for tetanic force increases
with glucocorticoids found in the mdx mBAMs are
similar to the EC50 for glucocorticoid-induced calcium
flux alterations in skeletal muscle fibers (41). However,

the effects of glucocorticoids on dystrophin-negative
muscle fibers are likely to be quite complex, since they
have been shown to induce unique changes in the
expression of �140 genes in dystrophic muscle (42).
This shows the difficulty in identifying which pathways
might be relevant for the beneficial effects of glucocor-
ticoids in DMD and an important advantage of com-
pound screening based on muscle physiology rather
than targeting individual genes or second messenger
pathways. Identification of the physiologically impor-
tant mechanisms for glucocorticoid action on muscle
force generation may lead to new targeted therapeutic
approaches for DMD that improve muscle strength.

Many DMD patients take dozens of compounds per
day in an attempt to attenuate muscle weakness, and
the complex interactions of these are poorly under-
stood. The amino acids that have been shown to
increase muscle strength in the mdx murine model
[alanine, glutamine (14), arginine (20), and glycine
(43)] were ineffective in improving mdx mBAM tetanic
forces. It was therefore surprising that there was a
strong synergism in mdx mBAM tetanic force with
arginine plus deflazacort, as previously found in vivo
(20). The current model for this synergism is that the
functional muscle gain in mdx mice occurs by a reduc-
tion in exercise-induced muscle damage in dystrophin-
negative muscle fibers through cellular pathways such
as increased levels of utrophin, calcineurin/nuclear
factor of activated T cells, nitric oxide, and/or satellite
cell activation (20). The results of the current study
suggest an additional potential pathway for this syner-
gism with arginine or creatine, an increased energy
supply (44). The ability of pentoxifylline or ursodeoxy-
cholic acids to inhibit this synergism, while having no
effect on glucocorticoid-induced force increase, may be
related to their general phosphodiesterase inhibition
activities and regulation of cytoskeleton-linked calcium
channels (40) and/or energy metabolism (45).

The pathophysiology of DMD is extremely compli-
cated, involving a multitude of organs and tissues in the
body. The loss of the dystrophin protein can affect not
only the muscle fibers directly but also the supporting
connective tissue, its vasculature, and innervation (46).
Compound screening with tissue-engineered muscle
constructs as performed in the present study will there-
fore have significant limitations as to its overall rele-
vance in predicting a drug’s effect in vivo. In mBAMs
the muscle fibers are noninnervated and not fully
differentiated, expressing a mixture of embryonic, neo-
natal, and adult myosin isoforms (8). The striated
myofibers in the mBAMs are thus of a more neonatal
than adult fiber type and may prove to be a better
predictor of compounds for use in younger DMD
patients, who may have different therapeutic require-
ments than older patients (47). The surrounding ex-
tracellular environment in mBAMs is also quite differ-
ent from in vivo muscle, with a lack of blood vessels and
complex extracellular matrix components. Beneficial
compounds acting as antifibrotic agents (e.g., pentoxi-
fylline or ursodeoxycholic acid; refs. 21, 48), through
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the vasculature (e.g., losartan and sildenafil; refs. 17,
49), or on the inflammatory response (e.g., flurbipro-
fen; ref. 50) will thus be missed in the in vitro mBAM
assay. Amino acid supplements, including glutamine,
alanine, arginine, glycine, and AmSport (an enzymatic
protein hydrolysate of amino acids), may be effective
in vivo but ineffective in vitro, since the tissue culture
medium has been optimized previously for cell growth.
They may also be deleterious in the in vivo environment
in the presence of an immune system (51). Other
compounds, such as those aimed at minimizing muscle
contraction-induced membrane damage (e.g., polox-
amer; ref. 52) will also be missed with the tetanic force
assay. The mBAM screening technology is currently
being expanded to measure other physiological param-
eters, such as muscle contraction rate, relaxation rate,
muscle fatigue/damage, and recovery from fatigue/
damage. Finally, the mdx murine myofiber tissue may
not be the ideal representative model for DMD, since
its disease phenotype is quite different than in humans,
and expansion of the mBAM screening technology to
tissues engineered from immortalized human myo-
blasts (53) may be a better predictor of the clinical
outcome of a compound.

In summary, the in vitro mdx mBAM assay has been
validated as a reasonable semiautomated physiological
screen for compounds that may improve muscle
strength in DMD patients. Defining unfavorable com-
pounds also has great value for the DMD community.
The tissue-engineered mdx mBAMs do not exactly
replicate an adult muscle or the in vivo environment;
but they can serve as an important rapid and cost-
effective bridge between HTS biochemical or cell-based
screening methods as performed by others (39, 54, 55)
and in vivo animal testing. Hopefully, this will lead to
new treatments to improve the quality of life of the
DMD patient.
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