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Abstract

Microphysiological tissue engineering models of human skeletal muscle (myobundles) provide a
platform to investigate the mechanism of muscle diseases and to study the response to drugs and
toxins in vitro. To examine the dynamic response to drugs, which often take several days to induce
responses, we developed a system to monitor the contractile force of the same human skeletal
muscle myobundles over time before and after treatment with drugs. Myobundles were formed in
series with Ecoflex rubber films (platinum-catalyzed silicones) with embedded microbeads. The
displacement of the microbeads in Ecoflex exhibited a linear relation between muscle force
production and Ecoflex film stretch. Forces measured with the microbeads embedded in Ecoflex
agreed well with simultaneous measurements with a force transducer. Application of the Hill
model for the myobundles showed that the Ecoflex affected the magnitude of the response, but not
the kinetics. After continuous exposure to 100 nM cerivastatin, both active and passive forces were
reduced relative to controls after 2—4 days. The decline in force was associated with a decline in
the muscle myofiber organization. The inhibitory effect of cerivastatin was reduced when 0.1-1
mM mevalonate was added with cerivastatin. Although addition of co-enzyme Q10 with
cerivastatin inhibited degradation of sarcomeric a-actinin (SAA) in myoblasts, the contractile
force still declined, suggesting that statin-induced myopathy was related to mevalonate pathway
but the addition of co-enzyme Q10 was insufficient to overcome the effect of statins on the
mevalonate pathway. Thus, cerivastatin rapidly induces myopathy which can be reversds with
mevalonate but not co-enzyme Q10.

Introduction

Skeletal muscle accounts for 40% of the body’s mass, is the source of power for moving
bone and other structures, and plays a crucial role in energy metabolism in the body?: 2.
Engineered human skeletal muscle is a promising system to study muscle development,
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screening muscle-active drugs, and supplying tissue sources to clinical transplant3-5.
Further, 3D engineered human skeletal muscle is a closer model of the native muscle tissue
in vivo, and can be used to monitor contractions and calcium transients '~19. Because animal
models do not always exhibit the same response as humans, engineered human skeletal
muscle myobundles may better reflect the responses of human muscle to drugs or other
stimulil0-12,

Several different systems of engineered skeletal muscles that replicate normal physiological
function have been developed, which exhibited both good biological and mechanical
featurest3-18,

Four methods are used to measure contractile force in tissue engineering. One, larger
engineered constructs, including skeletal muscle, are connected to force transducers9: 19,
Two, force is calculated from displacement of embedded micro/nano particles in hydrogel/
PDMS with cells of engineered tissue and a constitutive relation for the matrix materials and
known properties of the matrix materials2%-22, Three, force is determined from the
displacement of a layer of muscle cells that adhere to and then form myofibers on a thin film
23,24 or cantilevers 25. Four, myobundles form between two flexible pillars and
measurement of the bending angle of the pillars yields the force from beam theory or finite
element models 13. 17, 26.

While these various methods can determine force, not all of these techniques are capable of
measuring the force on the same group of myobundles over time, determine twitch, tetanus,
and passive force as well as relaxation and fatigue kinetics or couple with fluorescent
methods to measure calcium dynamics. To satisfy these requirements and provide a system
that permits improved throughput, we established an /n situ force monitoring system for
three-dimensional skeletal muscle myobundles arranged in series with platinum-catalyzed
silicone films (Ecoflex) in which marker beads were embedded. By mapping the film
displacement induced by muscle contraction and calibrating with a force transducer, the
force production of the myobundle was measured. At least four muscles could be tested
simultaneously under the same conditions in a single well, enabling a dose-response curve in
a six well plate.

Using this platform, we investigated cerivastatin—induced myopathy. Statins are one of the
most commonly used drugs in the world, and play an important role in prevention of
cardiovascular diseases by blocking mevalonate pathway of cholesterol synthesis 27. About
3% to 15% of patients taking statins exhibit myopathy ranging from mild myalgia to fatal,
but extremely rare, rhabdomyolysis1: 2729, While relationships have been obtained
between statin concentration and contractile force with three-dimensional human skeletal
muscle myobundles'9-12, the dynamics are not known. We examined the time required for
the onset of myopathy in engineered human myobundles and assessed the important role of
mevalonate pathway in force generation of muscle. Further, as a potential compound to
block statin—induced myopathy 28-33 we examined addition of co-enzyme Q10 with statin
on force production.
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Experimental

Design and fabrication of the frame, Ecoflex film and mold

The system consisted of Ecoflex membranes (platinum-catalyzed silicones) aligned in series
with myobundles and attached to nylon frames (Figs. 1 and S1). There were two designs of
the mold and frame: one design was the four myobundles and Ecoflex films compacted in a
same frame (20.4 x 17.6 mm outer dimensions, 18.6 x 14 mm inner dimensions), which was
used in /n situforce testing (Fig.1la and S1a); The other design was the single myobundle
grown in a smaller frame (19 x 8 mm outer dimensions, 15 x 6.2 mm inner dimensions)
connected to the Ecoflex membrane (Fig. S1b), which was used in force transducer
validation testing. Microbeads were added at a final concentration of 1.25% (w/w) prior to
polymerization. The polymer solution with beads was poured into a Teflon mold and
covered with a glass slide, bubbles were removed and the mixture cured.

HSKM cells isolation and culture

Human skeletal muscle (HSkM) samples were obtained using Duke University IRB
approved protocols. Myoblasts were isolated similar to the method previously described?.
HSkM cells (Duke University Hospital) were cultured in skeletal muscle growth media
(GM), consisting of DMEM, 8% Fetal bovine serum, 0.4 pg/ml Dexamethasone, 10 ng/ml
EGF, 50 pg/ml Fetuin, 1% antibiotic-antimycotic and fed every other day. HSKM in passage
3-5 were used for generation of myobundles.

Fabrication of human myobundles and culture

Each of four Ecoflex films was bonded on a nylon frame (Fig.1a and S1) and the other end
was linked with a small piece of nylon. Then this Ecoflex bonding frame was placed into a
PDMS mold treated with Pluronic F-127 and aligned with a seeding chamber in the mold.
Myobundles were formed similarly to our previously published methods®. For each bundle
3 x 10° cells were encapsulated in 20 pl of gel containing thrombin, fibrinogen, Matrigel and
growth media. Then the gel was pipetted into the seeding chamber. After gelation,
myobundles were incubated in GM containing 1.5 mg/ml 6-aminocaproic acid for 4-5 days.
Frames with myobundles were removed from molds and cultured in shift media (SM),
consisting of low glucose DMEM, 2% horse serum, 10nM insulin, 2 mg/ml ACA, and 1%
antibiotic-antimycotic for 7 days34. Myobundles were fed every day and incubated on the
rocker. Beginning on day 8, contractile forces were obtained daily for the myobundles at
room temperature. The culture media was changed immediately after forces were measured
and the myobundles returned to the incubator.

Force Testing

To compare force production of myobundles by the force transducer and Ecoflex membrane
displacement method, a larger myobundle (50 pl with 7.5x 10° cells/bundle) was cultured on
a smaller frame (Fig S1b). Then the force was measured under stimulation by the transducer
and Ecoflex displacement.

To electrically stimulate the muscles (20 Hz, 20 pulses, 40V/cm), a pair of electrodes
connected to a stimulator was placed into the well containing frame with myobundles array
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(Fig. S2 a, b) and the stretch of all Ecoflex films were recorded as video through
stereomicroscope. Particle image velocimetry (P1V) was performed using an ImageJ plugin
(ImageJ-P1V) to quantify Ecoflex displacement.

Relation between strain and force of Ecoflex

Statistics

Results

In force testing, the Ecoflex film was stretched for 10 0.05 mm steps and the passive force of
the Ecoflex film was measured at each step. At the same time, the displacement of individual
microbeads in the film was recorded as video through stereomicroscope. By application of
ImageJ-P1V, the primary length of the Ecoflex film (defined as L1 as shown in Fig. 1c) and
the longest displacement of Ecoflex at each step was measured (defined as L2 as shown in
Fig. 1c), and the strain was calculated.

Data were analyzed using Originlab and Graphpad Prism. Results are presented as mean +
S.D.(N=3) or mean £ S.E.(N=>4). Statistical significance was determined by unpaired t-test. p
< 0.05 was considered statistically significant, for N=3-6 samples (*p < 0.05, ** p < 0.01,
***n < 0.001).

Ecoflex characterization

Microbeads were distributed uniformly in the Ecoflex enabling measurement of
displacement versus applied force (Figs. S3a, b). Since the Ecoflex films needed to maintain
consistent properties throughout growth, differentiation and testing of myobundles, we
tested whether the elastic force of Ecoflex material was affected by long-term exposure to
media. The force-displacement relation was not influenced by long-term incubation in media
for 5 weeks (Fig. S3c). As described in Experimental, the relationship of stretch length
versus passive force was linear and three different batches of Ecoflex gave similar results
(Figs. S3d, ) When pooled, the curves yielded a very good fit (R2 =0.9999) (Fig. 1d). From
the slope, the spring constant for the Ecoflex is 57.8+1.4 mN/cm.

The relationship between stretch length vs. strain (A x/L1) was also linear with RZ =0.9999
(Fig. 1d). The relation between strain and force was obtained by combining these results
(Fig. 1e) and the resulting linear relation was Y (mN)=46.26(+£0.39)x +0.05 (x0.02).

In situ monitoring of myobundle contraction

To determine whether the series linkage of the Ecoflex affected contractile force generation
by myobundles, we used a force transducer to measure the contractile force of myobundles
with and without bonding to an Ecoflex film at the unstretched length and stretches of 3.6%
(0.3 mm) and 11% (0.9 mm). Although the twitch and tetanus force was about 20% smaller
when the Ecoflex was connected in series with the skeletal myobundle than when the force
was measured for the myobundle alone (Fig. 2a, b), the dynamics were similar, indicating
that the Ecoflex did not exhibit viscoelasticity.
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In these initial experiments, the Ecoflex was in series with a myobundle in a nylon frame
(Fig. S1b). However, after the frame was cut to enable stretching of the myobundle to 115%
-120% of its original length for maximum force production, force measurements on
subsequent days deteriorated relative to bundles for which the frames were cut immediately
before measurement. To prevent loss of tension, subsequent experiments were performed in
which the Ecoflex was placed directly in series with the myobundles and connected to the
frames (Fig. 1a).

More than 80% of the frames with four myobundles in series with Ecoflex could be
fabricated reproducibly. The initial width of the myobundles attached to Ecoflex (1.36+0.02
mm, n=8) were less than the mold width (1.8 mm). After 7 days in SM, myofibers in
myobundles attached to Ecoflex membranes were aligned with Ecoflex film in series (Fig.
1b) with very minor deviation relative to horizontal (1.1+0.8 degrees, n=8), which
guaranteed that the muscle force was transmitted directly to the Ecoflex film.

The size of the engineered human skeletal muscles after 1 week in shift media was about 4.2
mm length x 0.6-0.7mm width (Fig. S4a), which was much thinner than the initial width
due to compaction of the hydrogel. The displacement patterns at tetanus were very similar
for 4 myobundles in a single frame (Fig. S4b) with the smallest displacements near the fixed
end. Densely packed and aligned myofibers (F-actin) and multinucleated myofibers were
observed in myobundles (Fig. 2c). The expression of sarcomeric a-actinin (SAA) cross-
striations indicated the mature structure of the myofiber (Fig. 2d). Furthermore, the
engineered human skeletal muscle displayed force production in response to electro-
physiological stimulation (Fig 2a,b) consistent with our previous report 10 (response
time~0.1s, ~0.3mN twitch force and 1mN tetanus force) and spontaneous twitching of
myobundles was observed (Supplementary Video 2).

From a plot of the passive force versus length for the same donor used in Figure 2, the
myobundle spring constant is 8.3+0.3 mN/cm, indicating that the Ecoflex is about 7 times
stiffer than the myobundles.

Comparison of contractile force measured by the Ecoflex-coupling method and a force

transducer

When myobundles responded to a single electrical pulse, the Ecoflex film stretched
accordingly and the extent of stretch depended on the force generated by the myobundle
(Supplementary Video 1). To establish whether the force determined by coupling the Ecoflex
with the myobundles (“Ecoflex coupling method™) accurately measured the contractile

force, we measured the twitch and tetanus force of the same myobundles by both the Ecoflex
coupling method and a force transducer (Fig. 3a). To produce myobundles with a range of
contractile forces, myobundles were cultured under three different conditions for 7 days in
shift media. In group 1, myobundles were cultured under static conditions without rocking
which produced myobundles with low contractile forces (0.02-0.05 mN twitch, 0.12-0.17
mN tetanus). In group 2, myobundle culture alternated between the rocker and static
conditions every other day, which produced myobundles with moderate contractile forces
(0.1-0.25 mN in twitch, 0.38-0.68 mN in tetanus). In group 3, myobundles were cultured on
the rocker for the duration of the experiment, which produced myobundles with the largest
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contractile forces (0.3-0.65 mN in twitch, 0.7-1.65 mN in tetanus). Each myobundle was
electrically stimulated at three different values of stretch (0.0mm, 0.3mm, 0.6mm). The
relation between force measured with a transducer vs. force calculated from bead
displacement was linear for both twitch and tetanus (Fig. 3b, c). The slopes of linear
regression were 0.52+0.05 (twitch) and 1.02+0.07 (tetanus). For twitch testing, the force
calculated using the Ecoflex is about half of the actual force, possibly due to the low frame
rate of the camera, 12 frames/s. Since the calculated force for tetanus is not different than
that produced by the force transducer, subsequent results are presented for tetanus.

To further establish whether the presence of the Ecoflex affected the contractile force, we
used a Hill model in series with an elastic element representing the Ecoflex membrane (Fig.
S5a). (Details of the model formulation and parameter estimates are in the Supplementary
Materials.) The model reproduced the kinetics of the twitch force as a function of time (Fig.
S5b) and tetanus. Simulations showed that adding the Ecoflex in series with the myobundle
did not alter the kinetics but reduced the peak twitch force and tetanus force (Fig. S6),
similar to that observed experimentally (Fig. 2a, b).

Assessment of the time course of cerivastatin—-induced myopathy

The Ecoflex coupling method was applied to examine the time course of cerivastatin—
induced myopathy (Fig. S7a). The /n situ force measurement system was composed of a
stimulator, a pair of electrodes, stereoscope and PDMS coated 6 well plate (Figs. S2 a, b). To
produce a more compact system to measure the contractile force, the Ecoflex films were
reduced to 9mm x2mmx0.5mm a single frame consisted four myobundles in series with
Ecoflex in a single well of a 6 well plate (Fig. S2b). In order to ensure that the Young’s
modulus remained the same when the cross-sectional area was reduced by 1/3, the resulting
relation between strain and force (mN) was revised to Y=30.84(+0.26)x +0.03. Passive
forces generated by the myobundle over could be monitored over time by regular
measurement of bed displacement.

The tetanus force generation of myobundles in control group increased from day 8 to 14
after shifting (Fig. 4a), as was observed previously with bundles examined at separate time
points. In the cerivastatin-treated group, the tetanus force increased more slowly and by
day 4 after addition of cerivasatin, the tetanus force was significantly less than the value for
the control group (Fig. 4a). Like the active force, the passive force and the normalized
specific force (active force/diameter of myobundle) increased from day 8 to 14 in control
group and was significantly less in cerivastatin-treated groups from day 9 or day 12 (Fig.
S7b, ¢). Addition of 0.1-1 mM mevalonate with the cerivastatin limited the effect of the
cerivastatin for 7 days (Fig. 4a), but addition of these levels of mevalonate did not affect
active force production in myobundles that did not receive cerivastatin (Fig 4b). However,
higher concentrations of mevalonate (0.3—-1mM) did prevent the passive force from
increasing, an effect which was significant on days 13 and 14 (Fig. S7d). Throughout, the
coefficient of variation (COV) of the Ecoflex coupling method was 7.1+£0.2% and exhibited
a significant negative correlation with days after start of measurement (Fig. S7e).

In addition to influencing the contractile force, cerivastatin treatment resulted in degradation
of SAA in myofibers. In the control group, SAA cross-striations could be observed clearly in
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the cells. But the cross-striations of SAA in cerivastatin treated myobundles had disappeared
in some cells and only the SAA fragments were observed (Fig. 4c). Treatment with
cerivastatin and mevalonate prevented the breakdown of SAA (Fig. 4c). For the cerivastatin
treatment group, the myobundle diameter was smaller than other groups, but the density of
nuclei did not change among groups (Fig. 5a, b). The diameter change impacted the specific
force for cerivastatin-treated myobundles, but there was still a significant reduction in
specific force on day 12 (Fig. S7c). Addition of 0.1 mM or 0.3 mM mevalonate alone did not
affect the myobundle diameter or nuclear density (Fig 5a and Fig. 5b). Addition of 1 mM
mevalonate increased lipid accumulation in muscle cells as judged by Oil Red O staining
(Fig. 5¢) and changed the morphology of HSKM from elliptical into round (Figs. 4c and 5d).
But it did not influence the presence of SAA striations in myofiber (SAA) (Fig. 4c). Overall,
the 0.3 mM mevalonate seemed to be the optimal condition to block the cerivastatin —
induced myopathy.

Addition of co-enzyme Q10 is reported in some studies to block statin—induced
myopathy28-30, whereas other studies failed to see an effect2. We found that addition of 10
UM co-enzyme Q10 with cerivastatin did not block the decline in active (Fig. 6a) and passive
force induced by cerivastatin treatment (Fig. S8a). Addition of 10 uM co-enzyme Q10 itself
reduced the active force generation of myobundles, but had no effect on passive force.
Furthermore, cerivastatin and co-enzyme Q10 alone and in combination induced a decrease
in the myobundle diameter (Fig. S8b). To normalize the effect of diameter change, we
computed the specific force (active force/cross-sectional area) for all groups (Fig. 6b). The
results indicated that the decline in force in co-enzyme Q10 group resulted from the
diameter change since the specific force of co-enzyme Q10 group was not statistically
different than the control group. On the other hand, the specific force declined with time in
cerivastatin-treated groups, which indicates dysfunction of myoblasts independent of the
diameter change. However, based on the immunofluorescence results, co-enzyme Q10
addition with cerivastatin appeared to reduce the degradation of SAA observed with
cerivastatin treatment (Fig. 6¢). Also, co-enzyme Q10 appeared to reduce the lipid levels as
identified from Oil Red O staining in muscle when compared to DMSO vehicle control (Fig.
6d).

Discussion

In this work, we developed a novel and flexible Ecoflex-coupling method to measure
dynamically the active and passive forces of individually engineered human muscle bundles.
The Ecoflex membrane exhibited linearly elastic behavior without hysteresis up to a stretch
of 4.2%, was not affected by long-term exposure to media and is compatible with muscle
cells. Because the force only depended on the strain of Ecoflex, the force production of
different sizes Ecoflex films was calculated by multiplying the ratio of cross-sectional areas
of differently sized Ecoflex membranes. Using stretch to determine force provides greater
flexibility than other methods that rely on bending, for which the mechanical model is more
complicated.

The force of myobundles measured by Ecoflex-coupling method was validated using a force
transducer as the gold standard. The results demonstrated that our method was suitable to
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test myobundles with tetanus stimulation. However, the twitch force measured by Ecoflex-
coupling method was only half of the transducer force because camera frame rate (12
frames/s) was not fast enough to capture the maximum force. As shown in Figs.2 a and b,
the total force duration of twitch was about 0.3s. The peak occurred near the end of the
second frame or close to the third frame after start of contraction, producing an average
much less than the peak due to the rapid rise and decline of the force. To accurately capture
the peak twitch force would require frame rates of about 120 frames/s. The longer duration
of the tetanus force (1 s) enabled accurate measurement of the maximum force.

Application of the Hill model provided good representation of the twitch force (Fig. S5b).
The model indicated that addition of the Ecoflex in series did not affect the dynamic
response and only produced a small decrease in the peak force and tetanus force, thus
supporting the view that the Ecoflex measurements are a reliable indicator of the contractile
force. The sensitivity of Ecoflex-coupling method is at least 0.12 mN, but could be reduced
further by using Ecoflex film with smaller cross-sectional area (e.g. Immx0.5mm) or lower
stiffness, and forces smaller than 0.06 mN may be detected. Furthermore, the ImageJ-PIV
software used is a semi-automated and free version, which can generate a displacement
pattern map and can be widely used in some non-specialist labs. On the other hand, if the
automatic and higher efficient method is needed, there are some commercial systems can be
used as well, such as VIC-3D software.

Using the Ecoflex-coupling method, four myobundles in single well of a six well dish could
be examined under stimulation regimen (Supplementary video 1). We can perform a dose-
response curve with 4 replicates in 6-well plate, which results in a higher throughput than
we obtained previouslyl9. By tracking individual bundles over time, the error is reduced.

Several different methods have been developed to measure contractile forces of muscle cells,
including the use of deformable posts, cantilevers, displacement of nanobeads or
deformation of thin polymer films13: 22.35-37 An advantage of our approach is that it can be
used to determine the dynamics of passive force or active force production in response to
twitch or tetanus stimuli and yields additional information about the kinetics of contractions,
such as the relaxation time. The cost of this system is low, requiring only video-microscopy
capability. Also, separating the muscles bundle from the testing scaffolds is advantageous for
bio-analysis or transplant in the downstream experiment. We have reduced the myobundle
volume by 85% and can adjust dimensions of the myobundle and Ecolfex to optimize
tetanus force production. This method can be integrated on a perfusion chamber with
stimulating electrodes. Then this muscle chip can be connected easily with other “organ
chips”. One limitation to this method is that since the frame is pinned on the PDMS coated
bottom, the PDMS material may need to be treated to minimize drug absorption38,

The Ecoflex bonding method was used to examine the evolution of cerivastatin—-induced
myopathy. Cerivastatin belongs to the family of statins that inhibit the enzyme HMG-CoA
reductase and block the cholesterol biosynthesis pathway. While cerivastatin was effective in
reducing plasma cholesterol?’, severe toxicity was observed and it was removed from the
market!L. While in clinical trials the occurrence of reported muscle weakness and pain has
been reported in statin treated and placebo groups3®, we extended our previous work0 by
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tracking force on individual myobundles following exposure to cerivastatin. To confirm the
molecular mechanism of this effect, we showed addition of mevalonate blocked the
reduction of force and prevented degradation of the sarcomeric structure. However, higher
concentration of mevalonate did not increase the force of muscle, and resulted in increasing
of lipid accumulation in the myobundle and changed the morphology of cell into round.

Recently, it has been hypothesized that a reduced coenzyme Q10 which is a downstream
production of mevalonate pathway and plays a role in energy transfer in skeletal muscle is a
cause of statin-induced myopathy?28, since co-enzyme Q10 could increase the ATP synthetic
capacity and inhibit oxidative stress in cell*0. Whether or not the circulating levels of CoQ10
could relieve myopathic symptoms is not still clear28-30, Qur results demonstrated that
coenzyme Q10 did not inhibit the effect of cerivastatin, thus providing a relatively rapid test
for mediators of drug toxicity in human skeletal muscle. Especially, this novel platform
could help to determine the onset of a drug-induced effect over time.

Conclusions

In this work, we firstly developed an “Ecoflex-coupling method” to measure the force
generation of engineered muscle. This novel method was proved accurate, flexible and stable
to test the muscle force within long-term culture. The response time of mechanical scaffold
to force was first proposed in this work, which revealed that our method was suitable to be
used in tetanus testing of muscle. The present detection limit is 0.12mN, which can be
improved with Ecoflex films. Due to the series binding, the myobundle was independent
from the Ecoflex, which reduced the influence of mechanical scaffold to engineered muscle
if following experiments are needed. Based on the “Ecoflex-coupling method”, an /n situ
monitoring system with parallel myobundles array was established. Through integrating 24
myobundles in one 6-well plate and testing four of them synchronously, the throughput of
testing was improved. This system was used to monitoring myobundles in situ for one week
and the cerivastatin—-induced myopathy was investigated. The results demonstrated that
cerivastatin can induce the decline in both active forces and passive forces relative to
controls after 2—4 days, which was associated with a decline in the muscle myofiber
organization. This inhibitory effect of cerivastatin was reduced when 0.1-1 mM mevalonate
was added with cerivastatin, that revealed the side effect of cerivastatin to skeletal muscle
was also related to mevalonate pathway. Although addition of co-enzyme Q10 with
cerivastatin inhibited degradation of sarcomeric a-actinin (SAA) in myoblasts, the
contractile force still declined, suggesting that the inhibiting of co-enzyme Q10 synthesis in
body was only one factor in this result. This novel system opens new possibilities for
investigate the mechanical stresses of muscle, which has potential applications in drug
screen and multi-organs integration study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Ecoflex binding myobundle fabrication and characterization. a, Seeding the myobundle in
the PDMS mold with attached Ecoflex; b, Myobundle in 6-well plate for force testing in
situ., 5 days in shift media, scale bar: 3 mm. ¢, Ecoflex before and after stretching. d, Linear
relationship between force and stretch. e, Calibration curve of strain vs. force within Ecoflex

(n=3, data presented as mean +S.D.).
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muscle (day 7 in shift media). Immunofluorescence staining of myobundles with (c) F-actin
(green) and DAPI(blue), (d) sarcomeric alpha actin (SAA, red), scale bar: 50um
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Fig. 3.
Comparison of contractile force of measured by the Ecoflex-coupling method and with force

of measured by a transducer. a, Schematic diagram of forcing the myobundle with two
methods. b-c, The relationships of calculated force using the Ecoflex coupling method and
transducer force for twitch (b) and tetanus (c). (h=3-6, data presented as mean +S.D.)
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Pharmacological assessment of myobundles under treatments of cerivastatin (Cer) and
mevalonate (Meva). a, the active normalized force of myobundles under treatments of
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cerivastatin and mevalonate (* p < 0.05; ** p<0.01 relative to control conditions); b, the

active normalized force of myobundles after treatments with 0.1 mM, 0.3 mM, 1 mM

mevalonate. Force were normalized to day 8. (n=4-6, data presented as mean £S.E.). c,
Immunofluorescence staining of myobundles with sarcomeric a-actinin (SAA, red), F-actin
(green) and DAPI (blue), scale bar: 20 um for SAA staining, 100 pm for cross-sections.
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Fig.6.

Te%ting whether co-enzyme Q10 (CoQ10) can block cerivastatin—induced myopathy. a, the
active force and (b) the specific active force (active force/diameter of myobundle) of
myobundles under treatments of cerivastatin and CoQZ10 for a week. All forces were
normalized to day 8. (n=4-6, data presented as mean +S.E.) mevalonate (* p < 0.05; **
p<0.01 relative to control conditions; ¢, Immunofluorescence staining of myobundles with
sarcomeric a-actinin (SAA, red) and DAPI (blue), scale bar: 20um. d, Oil-red O staining of
myobundles under different treatments, scale bar: 50um.
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