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ABSTRACT

Traditional serum biomarkers used to assess skeletal muscle damage, such as activity of creatine kinase (CK), lack tissue
specificity and sensitivity, hindering early detection of drug-induced myopathies. Recently, a novel four-factor skeletal
muscle injury panel (MIP) of biomarkers consisting of skeletal troponin I (sTnl), CK mass (CKm), fatty-acid-binding protein 3
(Fabp3), and myosin light chain 3, has been shown to have increased tissue specificity and sensitivity in rodent models of
skeletal muscle injury. Here, we evaluated if a previously established model of tissue-engineered functional human skeletal
muscle (myobundle) can allow detection of the MIP biomarkers after injury or drug-induced myotoxicity in vitro. We found
that concentrations of three MIP biomarkers (sTnl, CKm, and Fabp3) in myobundle culture media significantly increased in
response to injury by a known snake venom (notexin). Cerivastatin, a known myotoxic statin, but not pravastatin, induced
significant loss of myobundle contractile function, myotube atrophy, and increased release of both traditional and novel
biomarkers. In contrast, dexamethasone induced significant loss of myobundle contractile function and myotube atrophy,
but decreased the release of both traditional and novel biomarkers. Dexamethasone also increased levels of matrix
metalloproteinase-2 and -3 in the culture media which correlated with increased remodeling of myobundle extracellular
matrix. In conclusion, this proof-of-concept study demonstrates that tissue-engineered human myobundles can provide an
in vitro platform to probe patient-specific drug-induced myotoxicity and performance assessment of novel injury
biomarkers to guide preclinical and clinical drug development studies.

Key words: muscle; tissue engineering; biomarker; statin; toxicity; atrophy; myopathy.

Myopathic diseases result in structural and functional impair-
ment of skeletal muscle that can arise from direct or indirect
drug interactions, nutritional defects, toxin exposure, or genetic
disorders (Chavez et al.,, 2016; Goldstein, 2017). Drug-induced
myopathies are typically mild and present clinically as myalgia
but can lead to rhabdomyolysis resulting in myoglobinuria, re-
nal failure, and in extreme cases death (Chavez et al., 2016;

Torres et al., 2015). Statins are the most prevalent drug family
inducing myotoxicity, with cerivastatin being withdrawn from
the market due to fatal cases of rhabdomyolysis (Omar and
Wilson, 2002; Staffa et al., 2002; Thompson et al., 2003). However,
multiple drug families can cause myopathy, including glucocor-
ticoids (Gupta and Gupta, 2013), antimalarials (Casado et al.,
2006), and antiretroviral drugs (Dalakas et al., 1990), which
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necessitates the development of sensitive and predictive assays
for muscle damage.

The ability to noninvasively detect muscle damage would
not only lead to prevention of drug-induced myotoxicity but
also provide longitudinal assessment of muscle repair and re-
generation, ultimately resulting in improved patient safety and
therapeutic outcomes. Traditionally, skeletal muscle damage
has been assessed by the classical biomarkers creatine kinase
(CK), aspartame amino transferase, and to a lesser extent lac-
tate dehydrogenase (LDH) (Goldstein, 2017; Rodrigues et al.,
2010). However, these biomarkers are nonspecific to skeletal
muscle (Castro and Gourley, 2012; Keltz et al., 2014), lack sensi-
tivity to detect lower grade myopathies (Dabby et al., 2006), and
do not correlate with disease severity in genetic myopathies
(Govoni et al., 2013; Gunst et al., 1998; Vaananen et al., 1988). This
limits their ability to predict drug myotoxicity and to indirectly
report drug effects on muscle function and recovery from injury.
Recently, a novel skeletal muscle injury panel (MIP) of bio-
markers consisting of skeletal troponin I (sTnl), fatty-acid-
binding protein 3 (Fabp3), creatine kinase measured by a mass
assay (CKm), and myosin light chain 3 (Myl3), has been identi-
fied as more specific and predictive of skeletal muscle injury.
This biomarker panel has been extensively characterized and
validated in rodent models against multiple known myotoxi-
cants including statins and clofibrate (Bodie et al., 2016; Burch
et al, 2016; Maliver et al, 2017; Tonomura et al, 2012).
Encouragingly, the MIP has been recently validated in patients
with genetic muscular diseases (Burch et al., 2015; Goldstein,
2017; Hathout et al., 2016b). The ability to develop in vitro hu-
man model systems that can serve as a reliable platform for
testing muscle injury biomarkers has been important regarding
that small animal models are poor predictors of human drug
toxicity (Hay et al., 2014) and there may exist potential species-
specific differences in biomarker release.

Conventionally, high-throughput drug screens have been fa-
cilitated by the use of cultured cells. However, traditional two-
dimensional (2D) cell culture models do not support long-term
culture of primary contractile myotubes due to their detach-
ment from a dish. Myotube detachment prevents tissue matu-
ration and long-term drug treatments, thus decreasing
physiological relevance and predictive power of these systems
(Funanage et al., 1992; Khodabukus et al., 2018; Wang et al., 2019).
To overcome these limitations, we have developed three-
dimensional (3D) engineered skeletal muscle tissues
(“myobundles”) derived from human primary myogenic progen-
itor cells (Khodabukus et al., 2019; Madden et al., 2015) or in-
duced pluripotent stem cells (Rao et al., 2018). The myobundle
systems support increased culture duration and maturation
compared with 2D culture and permit measurements of muscle
contractile strength. Importantly, primary human myobundles
replicate functional and histopathological responses to various
drug classes including statins (Madden et al., 2015; Zhang et al.,
2018), the antimalarial chloroquine (Madden et al., 2015), and
mitochondrial toxins (Davis et al., 2017). Additionally, tissue-
engineered rat skeletal muscle models have been used to study
muscle injury and regeneration in vitro (Juhas et al., 2014, 2018;
Tiburcy et al.,, 2019). During the last decade, the ability to per-
form medium-throughput drug studies in engineered muscles
has been aided by their miniaturization and development of au-
tomated methods to assess muscle function (Afshar Bakooshli
et al, 2019; Mills et al, 2019; Vandenburgh et al., 2008).
Furthermore, engineered muscle systems have been made
more mimetic by incorporating motor neurons (Afshar
Bakooshli et al., 2019; Osaki et al., 2018; Vila et al., 2019), vascular
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cells (Bersini et al., 2018; Gholobova et al., 2015; Maffioletti et al.,
2018), and immune cells (Juhas et al., 2018). Alternatively, engi-
neered muscle systems can be coupled to additional organ sys-
tems to better model human in vivo drug metabolism and
generate multi-organ in vitro drug discovery models (Broer
et al., 2020; Oleaga et al., 2016; Skardal et al., 2017; Vernetti et al.,
2017).

Here we performed a proof-of-concept study to investigate if
primary human myobundles can be used to study drug-induced
myotoxicity and noninvasive detection of injury biomarkers.
First, we showed that release of all members of the MIP can be
detected upon a supra-physiological injury of myobundles by
the snake toxin notexin. We then assessed changes in MIP bio-
marker release and, myobundle contractile function and struc-
ture in response to physiological levels of pharmaceuticals and
growth factors known to be myotoxic (ie, cerivastatin and dexa-
methasone) and non-myotoxic (ie, pravastatin and IGF-1).
Although muscle force generation was altered in response to
drug treatment as expected, we found that MIP biomarker re-
lease did not always correlate with these functional changes
and was dependent upon mode of injury. Overall, our studies
show that the myobundle system can provide a platform for
studying biomarker release, identifying and evaluating novel
muscle-specific biomarkers, and predicting human drug toxicity
in a patient-specific manner using functional readouts.

MATERIALS AND METHODS
Myoblast isolation

Human skeletal muscle samples were obtained through surgical
waste from two donors with informed consent under Duke
University IRB approved protocols (Pro00048509 and
Pro00012628). Muscle samples were minced and digested with
0.05% trypsin for 30 min at 37°C. Isolated cells were centrifuged
and resuspended in growth media consisting of low-glucose
DMEM (Sigma, D6046), 10% fetal bovine serum (Hyclone,
SH3008803, lot no. AD21573306), 10 ng/ml EGF (Prospecbio, CYT-
217), 50 ug/ml fetuin (Sigma, F2379), and 0.4 pg/ml dexametha-
sone (Sigma, D4902). After pre-plating, cells were seeded on
Matrigel (BD Biosciences, 354234) coated flasks and expanded by
passaging upon reaching 70% confluence. At passage 4, cells
were detached by trypsin and used to fabricate myobundles.
Cellular composition was assessed by immunostaining of myo-
blasts with the muscle marker desmin (Abcam, ab32362) and in-
termediate filament marker vimentin (Abcam, ab92547).
Myogenic cell purity, assessed by proportion of desmin positive
cells, was not significantly different between donor 1
(68.1 + 4.6%) and donor 2 (73.4 = 5.2%).

Myobundle fabrication and culture

Three-dimensional engineered muscle tissues (myobundles)
were formed as described previously (Supplementary Figure 1)
(Khodabukus et al., 2019). Briefly, laser-cut Cerex frames were
placed in polydimethylsiloxane (PDMS) molds containing two
semicylindrical wells (7 mm long, 2mm diameter). The cell/hy-
drogel solution was made by mixing a cell solution (per myo-
bundle, 7.5 x 10° cells in 17.2 ul media + 2 ul of 50 U/ml thrombin
in 0.1% BSA in PBS) and an ice-cold hydrogel solution (11pul
media + 10 pl Matrigel + 10l of 20mg/ml fibrinogen in DMEM)
and was poured in the PDMS molds and left to gel for 45 min to
generate myobundles. Myobundles were dynamically cultured
on a rocker for 4days in growth media supplemented with


https://academic.oup.com/toxsci/article-lookup/doi/10.1093/toxsci/kfaa049#supplementary-data

126 | HUMAN MYOBUNDLES FOR BIOMARKER TESTING

1.5mg/ml 6-aminocaproic acid (ACA, Sigma, A7824). Media was
then switched to serum-free differentiation media (DM) consist-
ing of low-glucose DMEM, 1% N2-supplement (ThermoFisher,
17502048), 100 U/ml penicillin (Sigma, P7794), and 2 mg/ml ACA,
with media changed daily (Rao et al., 2018).

Notexin-induced injury and pharmacological treatment
of myobundles

After 1 week of differentiation, myobundles were exposed to a
single dose (1 or 3 ug/ml) of Notexin (NTX) for 6h and DM was
then collected every 24h and fully replaced with fresh media.
Alternatively, myobundles differentiated for 1 week were
treated daily with fresh DM containing 10 or 100 nM cerivastatin
(Cayman chemical, 20362), 50 or 250nM pravastatin (Cayman
chemical, 10010342), 100 or 500 ng/ml IGF-1 (Prospecbio, CYT-
216), or 1 or 25uM dexamethasone. Cerivastatin, pravastatin,
and dexamethasone were initially reconstituted to 10mM in
DMSO and IGF-1 was reconstituted to 1 mg/ml in 0.1% bovine se-
rum albumin (BSA) in PBS. Appropriate amounts of DMSO and
0.1% BSA were added to culture media to ensure the same vehi-
cle concentration in each experimental group. All concentra-
tions were chosen to be physiologically relevant and within
reported ranges of Cmax values in human serum for cerivasta-
tin (Muck et al.,, 1998, 2000), pravastatin (Corsini et al., 1999;
Escobar et al., 2005), IGF-1 (Rabkin et al., 1996; Thankamony et al.,
2014), and dexamethasone (Queckenberg et al, 2011;
Spoorenberg et al., 2014). All drugs were applied fresh every 24h
with a complete media change. Culture media samples were
collected every 24 h to measure biomarker released by myobun-
dles in response to pharmacological treatment, whereas histo-
logical and functional characterization were conducted after
7 days treatment unless stated otherwise.

Immunohistochemistry

Fixation and sectioning of myobundles were performed as de-
scribed previously (Khodabukus et al, 2019). Cross-sections
were stained with B-spectrin (Abcam, ab2808), dystrophin
(Abcam, ab15277), or sarcomeric alpha-actinin (Sigma, A7811) at
a 1:200 dilution in blocking solution for 45 min at room tempera-
ture. After washing samples with PBS 3 times, they were incu-
bated with secondary antibodies, including Hoescht 33342
(ThermoFisher, H3570) and Alexa Fluor conjugated Phalloidin
(ThermoFisher, A12381), at 1:400 dilution in blocking solution
for 45 min. Immunofluorescence images were acquired using a
Leica SP5 inverted confocal microscope and analyzed using
Image].

Measurement of myobundle contractile function

Electrically stimulated contractile force generation of myobun-
dles was measured using a custom force measurement setup as
described previously (Khodabukus et al.,, 2019). Briefly, single
myobundles were transferred to the bath of a custom-made
force measurement setup, maintained at 37°C, and stretched to
112% of their resting length via a computer-controlled motor-
ized linear actuator. Ninety V/cm, 5-ms electrical pulse was ap-
plied using a pair of platinum electrodes and the twitch force
was recorded. At 12% stretch, 1-s-long stimulation trains at 5,
10, and 20 Hz (tetanus) frequency were applied and the contrac-
tile force was recorded to determine the force-frequency rela-
tionship. Contractile force traces were analyzed for peak twitch
or tetanus force using a custom MATLAB program.

Myobundle-secreted protein expression

sTnl, FABP3, Myl3, and cTnT protein amounts were quantified
in media samples using the Meso Scale Discovery (MSD,
Rockville, Maryland) Muscle Injury Panel 1 reagent kit (MSD,
K15181C). CKm was measured using the MSD Muscle Injury
Panel 2 reagent kit (MSD, K15180C). Matrix metalloproteinase
(MMP)-1 and MMP-3 were quantified using MSD Human MMP 3-
Plex kit (MSD, K151034C). MMP-2 was quantified using MSD
Human MMP 2-Plex kit (MSD, K151033C). CK activity was mea-
sured by standard clinical chemistry techniques on the Siemens
Advia 2400 platform. All assays were performed as per the man-
ufacturer’s instructions. Samples were stored at —80°C prior to
analysis and assayed without dilution except for CKm which
was diluted 1:15.

Statistical analysis

All data are presented as mean * SEM. Statistical analysis was
conducted by one-way ANOVA followed by post hoc Tukey’s t
test or two-way ANOVA followed by post hoc Dunnett t test.

RESULTS
Effect of Notexin on Myobundle Structure

We first assessed if human myobundles can be used to detect
muscle injury by applying 0 (CTL), 1, or 3 pg/ml of notexin (NTX),
a neurotoxic phospholipase isolated from the Australian tiger
snake, known to induce severe muscle injury (Dixon and Harris,
1996). Without injury (0 pg/ml NTX), myobundle cross-sections
contained 591 * 34 nuclei and 0.27 + 0.02 mm? of area positive
for f-actin (corresponding to muscle mass [Madden et al., 2015]),
which 6 days after NTX application were found to be reduced in
average by 25% (Figs. 1A and 1B) and 30% (Figs. 1C and 1D), re-
spectively, demonstrating that the toxin induced significant
muscle death and injury. Furthermore, myotube diameter (CTL:
15.47 = 0.26 um) was also reduced in average by 10% and 15% at
1 and 3 pg/ml NTX, respectively (Figs. 1E and 1F).

Effect of Notexin on Biomarker Release

We next assessed cumulative levels of biomarkers released by
the myobundles into the culture media over a 7-day period
post-injury. The release of the traditional non-tissue-specific
biomarkers CK (Figs. 2A and 2B) and LDH (Figs. 2C and 2D) into
the culture media were significantly increased following NTX
injury. Out of four members of MIP, three (sTnl, Fabp3, and
CKm) could be detected in the culture media, whereas Myl3 re-
lease was below the detection limit of 10ng/ml (data not
shown). We also found that cardiac troponin T (cTnT) could be
readily detected in the culture media and analyzed cTnT release
in all subsequent studies. The three detectable MIP biomarkers
and cTnT were all significantly increased following NTX injury
(Figs. 2E-L). CK, LDH, CKm, and cTnT also showed a dose-
dependent increase in cumulative release from 1 to 3pg/ml
NTX. Maximal release occurred within the first 2-3 days follow-
ing injury when maximal damage by NTX would be expected to
occur. Overall, the clearly detectable response to NTX in myo-
bundles suggested that this human tissue-engineered system
could serve as an in vitro platform to study the biomarker re-
lease in response to injury or myopathic changes.
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Figure 1. Effects of notexin injury on myobundle structure. A, Representative myobundle cross-sectional images stained for nuclei (DAPI). B, Quantification of nuclei
number per myobundle cross-section normalized to drug-free control (n =4 myobundles per group, n=2 technical replicates from N =1 donor). C, Representative myo-
bundle cross-sectional images stained for filamentous actin (f-actin). D, Quantification of F-actin positive area per myobundle cross-section normalized to drug-free
control (n=4 myobundles per group from N =1 donor). E, Representative myobundle cross-sectional images stained for B-spectrin. F, Quantification of myotube diame-
ter relative to drug-free control (n = 100 myotubes from 4 myobundles per group from N =1 donor). *p < .01 from 0 pg/ml notexin and p < .01 from 1 pg/ml notexin.
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Figure 2. Effects of notexin injury on myobundle biomarker release. Cumulative biomarker release profiles and quantifications of total release during 7 days normalized
to drug-free control after NTX injury shown for (A, B) CK, (C, D) LDH, (E, F) CKm, (G, H) Fabp3, (I, ]) sTnl, and (K, L) cTnT. Quantifications performed from n=4 myobun-
dles per donor, n=2 technical replicates from N = 1 donor. *p < .01 from 0 pg/ml notexin and *p < .05 from 1 pg/ml notexin.
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Figure 3. Effects of 7-day application of pravastatin and cerivastatin on myotube diameter and contractile function. A, Representative images of myobundle cross-sec-
tions stained for B-spectrin. B, Quantification of myotube diameter from B-spectrin stainings normalized to drug-free control (n =200 myotubes from 8 myobundles per
group from N = 2 donors). C, Representative force traces during twitch and tetanic contraction. D, Quantification of specific force during tetanic contraction normalized
to drug-free control (n =8 myobundles, n =1 technical replicate, from N = 2 donors). *p < .01 from CTL and *p <.001 from C10. CTL, drug-free control; P50, 250 nM prava-

statin; P250, 250 nM pravastatin; C10, 10 nM cerivastatin; C100, 100 nM cerivastatin

Effect of Pravastatin and Cerivastatin on Myotube
Structure and Function

To continue to evaluate suitability of the human myobundle
system for toxicity testing, we measured myobundle function
and biomarker release in response to application of two statins
with variable levels of myotoxicity. Specifically, myobundles
were treated for 7 days with physiologically relevant concentra-
tions of the clinically approved pravastatin (50 or 250 nM) or the
clinically withdrawn cerivastatin (10 or 100nM). Following 1-
week statin treatment, we found that myotube diameter (CTL:
15.19+0.37 um) was significantly reduced in average by 23%
and 25% with 10 and 100 nM cerivastatin treatment, respectively
(Figs. 3A and 3B). Generated specific force (CTL: 6.17 = 0.77 mN/
mm? was significantly decreased by 26% with 250nM prava-
statin treatment (Figs. 3C and 3D), whereas 10 and 100 nM ceri-
vastatin treatment resulted in 36% and 85% decrease in specific
force, respectively (Figs. 3C and 3D). Overall, the greater de-
crease in myotube diameter and contractile function demon-
strated that cerivastatin induced greater myotoxicity than
pravastatin.

Effect of Pravastatin and Cerivastatin on Biomarker
Release

We next evaluated the effect of pravastatin and cerivastatin
on cumulative biomarker release over the 7-day treatment pe-
riod. Cerivastatin but not pravastatin induced significant
dose-dependent increase in the traditional injury biomarkers
CK (Figs. 4A and 4B) and LDH (Figs. 4C and 4D). Similar to the
traditional injury biomarkers, cerivastatin but not pravastatin
induced significant increases in MIP biomarker and cTnT re-
lease (Figs. 4E-L). Interestingly, we found dose-dependent
increases in CKm and sTnl release but not Fabp3 and cTnT
with cerivastatin treatment. Overall, cerivastatin increased
biomarker release that correlated with changes in myobundle
structure and function, whereas biomarker release with prava-
statin treatment did not significantly change despite the ob-
served decrease in specific force generation at highest tested
dose.

Effect of IGF-1 and Dexamethasone on Myotube
Diameter and Myobundle Function

We next assessed the effect of the hypertrophic agent IGF-1
(Adams and Haddad, 1996; Jacquemin et al., 2004; Rommel et al.,
2001) and atrophic agent dexamethasone (Shimizu et al., 2011,
Waddell et al., 2008) on myotube size, myobundle function, and
biomarker release. The 7-day treatment with 0.1 and 0.5mg/ml
IGF-1 significantly increased myotube diameter (CTL:
12.49+0.17pum) by 26% and 21% in average, respectively
(Figs. 5A and 5B). In contrast, 1 and 25 pM dexamethasone sig-
nificantly reduced myotube diameter by 14% and 12%, respec-
tively (Figs. SA and 5B). Although IGF-1 treatment had an
apparent trend but no statistically significant effect on specific
force, 1 and 25 uM dexamethasone significantly decreased spe-
cific force by 56% and 67%, respectively, compared with drug-
free myobundles (CTL: 6.67 + 1.06 mN/mm?) (Figs. 5C and 5D).

Effect of IGF-1 and Dexamethasone on Biomarker
Release

We next evaluated the effect of IGF-1 and dexamethasone treat-
ment on traditional and MIP biomarker release during 7-day
treatment period. Both 0.1 and 0.5 mg/ml IGF-1 treatment signif-
icantly increased levels of the traditional biomarkers CK
(Figs. 6A and 6B) and LDH (Figs. 6C and 6D). In contrast, levels of
both CK and LDH dropped below the lower limit of detection
within the first 24h of 1 and 25 uM dexamethasone treatment.
Both 0.1 and 0.5mg/ml IGF-1 treatment also significantly in-
creased cumulative levels of CKm (Figs. 6E and 6F), sTnlI (Figs. 61
and 6J), and cTnT (Figs. 6K and 6L) but not Fabp3 (Figs. 6G and
6H). In contrast, both 1 and 25uM dexamethasone significantly
decreased cumulative levels of CKm, Fabp3, sTnl, and cTnT.

Effect of IGF-1 and Dexamethasone on Myobundle
Morphology and MMP Release

Due to unexpected changes in contractile function and bio-
marker release, we additionally assessed changes in myobundle
morphology during application of IGF-1 and dexamethasone.
Interestingly, with 7-day dexamethasone application, number
of nuclei and f-actin positive area per cross-section were
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Figure 5. Effects of 7-day IGF-1 and dexamethasone treatment on myotube diameter and contractile function. A, Representative images of myobundle cross-sections
stained for B-spectrin. B, Quantification of myotube diameter from p-spectrin stainings normalized to drug-free control (n =200 myotubes from 8 myobundles per group
from N =2 donors). C, Representative force traces during twitch and tetanic contraction. D, Quantification of specific force during tetanic contraction normalized to
drug-free control (n=8 myobundles from N=2 donors). *p <.01 from CTL. CTL, drug-free control. IGF 0.1, 0.1 mg/ml IGF-1; IGF 0.5, 0.5 mg/ml IGF-1; Dex 1, 1pM dexa-

methasone; Dex 25, 25 uM dexamethasone.

decreased in average by 18% (Figs. 7A and 7B) and 60% (Figs. 7C
and 7D), respectively, compared with control values (CTL:
541 + 37 nuclei and 0.24 + 0.02 mm?). Due to this large decrease
in myobundle cross-sectional area, we assessed the secretion of
MMP-1, -2, and -3 that regulate extracellular matrix remodeling
(Chen and Li, 2009; Stamenkovic, 2003) at highest drug doses.
We found that 0.5mg/ml IGF-1 and 25uM dexamethasone

applications significantly decreased the 7-day average cumula-
tive levels of MMP-1 by 43% and 81%, respectively (Figs. 7E and
7F). On the other hand, 25uM dexamethasone application in-
creased the average 7-day cumulative levels of MMP-2 (Figs. 7G
and 7H) and MMP-3 (Figs. 71 and 7]) by 1.9 and 7.2-fold, respec-
tively, whereas 0.5 mg/ml IGF-1 showed no significant effect on
MMP-2 or MMP-3 release.
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DISCUSSION

In this study, we utilized the primary human myobundle sys-
tem to assess the structural, functional, and biomarker
responses to a set of myotoxic compounds and natural hor-
mones. Specifically, we assessed the release of both classical
and novel MIP biomarkers in response to acute (6-h) application
of the snake venom notexin and chronic (7-day) application of
the pharmacological toxicants, cerivastatin and dexametha-
sone, and their respectively related nontoxicants, pravastatin
and IGF-1. We found expected myobundle injury responses to
notexin and statins; however, despite observing the decreased
contractile function by both cerivastatin and dexamethasone,
their respective biomarker release profiles had opposite trends
with dexamethasone treatment showing significantly de-
creased or undetectable biomarker levels. However, we found
that culture media levels of MMP-2 and -3 were increased in
this case, suggesting that MMPs could be potentially used to as-
sess glucocorticoid-induced toxicity in preclinical and clinical
studies. Together, this proof-of-concept study shows that hu-
man myobundle system could be used as a testbed for evalua-
tion of known and discovery of new biomarkers for skeletal
muscle disorders.

In all conditions tested, our analysis of myobundle-secreted
media detected the presence of 3 out of the 4 MIP biomarkers,
with Myl3 falling below the level of detection. Myl3 is the ma-
ture isoform of slow myosin light chain expressed in late fetal
(>31 weeks) and adult human skeletal muscle (Butler-Browne
et al., 1990; Pons et al., 1987) and, along with other 3 MIP bio-
markers, is detected in healthy human serum and elevated in
DMD patients (Burch et al., 2015; Goldstein, 2017). We previously
showed that the contractile function and myosin heavy chain
expression of myobundles were similar to those of fetal human
skeletal muscle (Madden et al., 2015; Rao et al., 2018). Thus, our
inability to detect Myl3 most likely reflected the relatively im-
mature phenotype of myobundles. Similarly, our ability to de-
tect cTnT, which is highly expressed in developing,
regenerating, or denervated skeletal muscle (Bodor et al., 1997)
may reflect particular properties of the myobundle system. On
the other hand, cTnT is also expressed in a subset of healthy
adult skeletal muscles (Bodor et al., 1997) and found to increase
with muscle denervation (Xu et al., 2017) and in patients with
neuromuscular diseases independent of cardiac involvement
(Rittoo et al., 2014). Taken together, cTnT could have utility as a
biomarker for skeletal muscle disorders, though it must be used
in conjunction with other biomarkers to exclude potential con-
founding effects from cardiac muscle. Besides assessing muscle
damage, cTnT and Myl3 could serve as markers of advanced
skeletal muscle maturation, necessary for clinical predictability
of in vitro systems in drug development applications.
Importantly, measured biomarker release will need to be care-
fully interpreted for treatments that promote muscle differenti-
ation or hypertrophy. In our study, IGF-I treatment increased
biomarker release (Figure 6) without significantly changing
myobundle function (Figs. 5C and 5D), most likely due to stimu-
lated muscle hypertrophy (Figs. SA and 5B) and/or differentia-
tion (Delaporte et al, 1986; Musaro and Rosenthal, 1999).
Biomarker normalization is a common issue in the field due to
the lack of known secreted factors that correlate to cell size or
protein content (Gunasekaran et al., 2019). However, by combin-
ing biomarker, morphological, and functional measurements in
myobundles, the cause and impact of biomarker release
changes can be more accurately assessed.
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In the present study, the release profile of both the classical
and MIP biomarkers replicated those reported in preclinical ani-
mal models in response to large-scale notexin injury (Sharp
et al., 1993) and cerivastatin (Burch et al, 2016) treatment.
Furthermore, this increase in biomarker release correlated with
a measured loss of muscle function. In cerivastatin-treated
myobundles, we observed a 200%-300% increase in sTnl and
CKm levels and only a 20%-30% increase in Fabp3 (Figure 4).
This decrease in dynamic range of Fabp3 is in agreement with
measurements in human subjects, where DMD patients showed
an 8-fold increase in Fabp3 versus 20-30-fold increase in sTnl
and CKm (Burch et al., 2015). Furthermore, preclinical and clini-
cal studies have suggested that the MIP biomarkers have in-
creased sensitivity and specificity to muscle injury in
comparison to traditional biomarkers (Burch et al, 2016;
Goldstein, 2017). Consistent with this notion, traditional bio-
markers in our myobundle studies were below the lower limit of
detection during application of dexamethasone (Figs. 6A-D),
whereas the MIP biomarkers were still detectable (Figs. 6E-]).
However, in notexin and statin studies we found comparable
sensitivities between the traditional and MIP biomarkers (Figs. 2
and 4), potentially due to the myobundle immature phenotype
or the presence of only myogenic cells and fibroblasts.

Interestingly, we also found that notexin, cerivastatin, and
dexamethasone all decreased contractile function, but while
notexin and cerivastatin increased release of traditional and
MIP biomarkers, dexamethasone had the opposite effects on
biomarker release. The effect of dexamethasone on circulating
CK and LDH levels in human and rodent in vivo studies are con-
flicting, with reports of increased (Lee et al., 2018; Orzechowski
et al., 2002; Song et al., 2018), decreased (Khaleeli et al., 1983; Kim
et al, 2015; Rajashree and Puvanakrishnan, 1998), or non-
detectable (Minetto et al., 2010) levels in blood. Our inability to
detect secreted CK and LDH with dexamethasone treatment of
myobundles could be related to their lack of innervation-
induced contractile activity known to decrease circulating CK
levels (Rochkind and Shainberg, 2017; Sayers et al., 2000) and
skeletal muscle CK transcript levels (Washabaugh et al., 2001).
Furthermore, denervation was shown to render muscles more
vulnerable to atrophy and functional loss from dexamethasone
treatment (Mozaffar et al., 2007; Rouleau et al., 1987). In myobun-
dles, dexamethasone also significantly decreased myotube di-
ameter as has been reported in skeletal muscle tissues
engineered from the mouse C2C12 cell line (Shimizu et al., 2017)
and attributed to decreased activation of the anabolic Akt/
mTOR signaling pathway (Schakman et al., 2013; Shimizu et al.,
2011) and increased catabolism by proteasomal activation and
induction of the atrogenes (Castillero et al., 2013; Waddell et al.,
2008). Together, this suggests that the mode of injury deter-
mines both classical and MIP biomarker profile, with interven-
tions that induce significant necrosis, such as notexin (Sharp
et al., 1993) and cerivastatin (Westwood et al., 2005), increasing
biomarker release. On the other hand, dexamethasone reduced
biomarker release while inducing significant ECM remodeling
and myobundle compaction (Figs. 7C and 7D), which would not
have been easily detected in traditional 2D cultures. Following
up on this observation, we identified MMP-2 and -3 as potential
biomarkers of glucocorticoid action, highlighting the prospec-
tive utility of the myobundle model for studying and identifying
novel biomarkers. In agreement with our findings, elevated cir-
culating levels of MMP-3 have been identified in DMD patients
treated with glucocorticoids (Hathout et al., 2016a).
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The ability to model and study glucocorticoid-induced mus-
cle atrophy in a human system is essential given the impor-
tance of glucocorticoids for treating DMD and their adverse side
effects (Bushby et al, 2010; Quattrocelli et al., 2017). As an
in vitro surrogate for human skeletal muscle, the myobundle
system could be used in the future to rapidly screen and identify
novel biomarkers for muscle atrophy (such as serpina3n
[Gueugneau et al., 2018]) using proteomic (Ayoglu et al., 2014;
Hathout et al., 2015) and microRNA (Si et al., 2018; Siracusa et al.,
2018) profiling of culture media. Moreover, myobundles could
serve to screen novel glucocorticoids with potentially lower side
effects (Conklin et al., 2018), identify novel adjunctive therapies
(Jesinkey et al., 2014), and optimize glucocorticoid dosing regi-
mens (Quattrocelli et al., 2017) to improve patient safety and
therapeutic outcomes. Of further importance is that in agree-
ment with clinical (Maji et al., 2013; Meor Anuar Shuhaili et al.,
2017) and cell culture (Cafforio et al., 2005; Kaufmann et al., 2006)
studies, myotoxicity in myobundles was significantly higher for
cerivastatin than either lovastatin or pravastatin (Madden et al.,
2015; Zhang et al., 2018). Therefore the primary human myobun-
dles could also serve to predict myotoxicity of next-generation
statins, identify novel adjunctive therapies to mitigate muscle
damage, and study the mechanisms of statin-induced toxicity
(Zhang et al., 2018) by correlating biomarker release of myobun-
dles to changes in their contractile function, stiffness, metabo-
lism (Davis et al., 2017; Khodabukus et al., 2019), and/or ECM
composition (Hinds et al., 2011). Interestingly, we found that
high doses of pravastatin and low doses of cerivastatin induced
similar functional and morphological changes in myobundles,
but biomarker release was only increased with cerivastatin.
Although this discrepancy could be due to donor variability, it
may point to different myotoxic mechanisms between prava-
statin and cerivastatin via distinct effects on mitochondrial
toxicity(Kaufmann et al., 2006), ROS generation (Chen et al,
2016), MAFbx expression (Bonifacio et al., 2015), autophagy
(Chen et al.,, 2016), and Akt signaling (Bonifacio et al., 2015;
Godoy et al., 2019).

Improving the utility of myobundle system for drug discov-
ery would necessitate the development of methods to increase
tissue maturity by use of select hormones (Butler-Browne et al.,
1990; Hamalainen and Pette, 1997), small molecules (Bian and
Bursac, 2012; Selvaraj et al., 2019), motor neuron co-culture
(Afshar Bakooshli et al., 2019; Larkin et al., 2006), and electrical
(Khodabukus et al., 2019) or mechanical (Khodabukus et al., 2019;
Powell et al, 2002; Rangarajan et al, 2014) stimulation.
Incorporation of additional muscle-resident cell types within
myobundles, such as immune (Juhas et al, 2018), vascular
(Bersini et al., 2018; Gholobova et al., 2015), and neuronal (Afshar
Bakooshli et al., 2019; Osaki et al., 2018; Vila et al., 2019) cells
would better model native muscle composition, function, and
regenerative potential. In support, the incorporation of bone
marrow derived macrophages into adult rat myobundles was
required for a biomimetic regenerative response to cardiotoxin-
induced injury (Juhas et al., 2018). Additionally, the ability to pre-
dict clinical drug toxicity and identify tissue-specific biomarkers
would benefit from use of “human-on-a-chip” models whereby
myobundles would be directly coupled to cardiac, liver, kidney,
gut, adipose, and other human organoids to better model drug
metabolism, biodistribution, and complex organ-organ interac-
tions (Oleaga et al., 2016; Skardal et al., 2017; Wang et al., 2019).
Furthermore, performing high-throughput drug screening for
large numbers of patients will require significant miniaturiza-
tion of engineered muscle size (Afshar Bakooshli et al., 2019;
Mills et al., 2019; Vandenburgh et al., 2008), the incorporation of

automation compatible tissue fabrication, and functional test-
ing modalities, such as micro pillar deflection (Mills et al., 2019;
Vandenburgh et al., 2008), cantilever (Oleaga et al., 2016), or alter-
native displacement measurement systems (Zhang et al., 2018).

In summary, our studies demonstrate the potential utility of
the human primary myobundle platform for assessing drug tox-
icity in human skeletal muscle, evaluating the expression of
prospective muscle biomarkers identified in preclinical animal
models, and identifying new biomarkers for skeletal muscle in-
jury and disease.
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