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Abstract

Advances in tissue engineering have led to the development of 3D biomimetic models of
human skeletal muscle (myobundles), which have a wide range of applications in
regenerative medicine, predictive drug testing and toxicology screening, and
development of therapeutics for muscular disorders. Statins are the most commonly
used medications to lower cholesterol and prevent cardiovascular diseases. Long term
treatment using statins may lead to musculoskeletal side effects in the form of
myopathy, myalgia or rhabdomyolysis. Currently, there are no reliable diagnostic
measures of statin-induced myopathy since only some of the individuals complaining of
the symptoms of statin myopathy exhibit elevated creatine kinase levels. This study
examined if the engineered human skeletal myobundles using cells derived from
patients with a history of statin induced myopathy exhibit statin-dependent defects in
muscle physiology when exposed to varying concentrations of statins in vitro. Utilizing
a microphysiological system for skeletal muscle, that uses patient-derived tissue to form
engineered myobundles, to recapitulate the organization and function of native muscle is
anovel way to understand the functional changes within individuals that experience statin
induced myopathy. To create myobundles, myoblasts were encapsulated in a

matrigel/fibrin matrix. The myobundles were cultured in 3D human growth media for 4

iv



days and shifted to low amino acid differentiation media for another 4 days and then
dosed for 5 days with varying concentrations of statins in low amino acid
differentiation media. These were then force tested to see if there is a difference in
twitch, tetanus and fatigue force response between different statin types, concentration
levels, case and donor and dose exposure periods. A repeated measures multiple linear
regression of the raw tetanus force versus statin dose, myopathy or control, and type of
statin revealed a negative relationship between tetanus force response and statin
concentration and myopathy. It was also seen that force production for the myopathy
donors dosed with simvastatin when compared to their control pair was much lower
which can be due to muscle weakness in these donors. In addition,
immunofluorescence of the myobundles showed there is a structural difference in
myotubule formation between the myopathy donors and control donors which can be
correlated to force production. The donors that exhibited fewer myotubules or those
that had a frayed appearance and lacked structural definition had lower force
production. Overall, myobundles prepared with myoblasts from the myopathy and
control donors exhibited functional changes associated with reported statin myopathy,
while absence of myofibers or degradation of myofibers was associated with very low

levels of force production.
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1. Introduction

1.1 3D Skeletal Muscle Physiology and its Significance in Tissue
Engineering.

Engineering of functional human skeletal muscle can lead to significant
improvements in developing new treatments of diseased muscle and development of
systems to study muscle function in response to drugs in vitro'. Recapitulating the
structural organization of the native skeletal muscle to ensure generation and
transmission of contractile force is key while engineering the skeletal muscle tissue.
Native skeletal muscle is composed of fibers called myofibers and contain repeating
functional units called sarcomeres which produce the striated appearance seen in
skeletal muscle!?. Sarcomeres consist of alternating actin and myosin filaments with the
actin filaments at the borders connected to Z lines'. The length of the sarcomere
determines the force of contraction. The interconnection of muscle cells and matrix
which includes the blood vessels, nerves and tendons is responsible for the contraction
of the muscles’. Myofibers are characterized as either type I (slow twitch) or type II (fast
twitch). Type I fibers are involved in aerobic activities and utilize oxidative
phosphorylation!. Type II fibers are involved in quick movements such as running and
utilize anaerobic glycolysis!.

Improvements in the field of cell and tissue engineering have led to the
development of 3D constructs that imitates the structural organization of native skeletal

muscle. In vitro engineered three-dimensional (3D) skeletal muscle tissues possess many



of the important features of native muscle fascicle, including key functional proteins,
abundant cross-striations and contraction in response to electrical stimuli. However,
they lack multifascicle organization, tendons, and the neurovascular bed and generally
exhibit lower specific forces than those found in vivo!?. The functionality of the 3D
engineered muscle constructs were determined through studying key muscle activity
including active contractile force, glucose consumption, expression of key proteins such
as myosin heavy chain and calcium transients®. These 3D skeletal muscle constructs have
a wide range of applications in regenerative medicine, predictive drug testing and

toxicology screening, and development of therapeutics for muscular disorders'®.

1.2 Statin Therapy
Statins are selective 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)

reductase inhibitors. HMG-CoA reductase is a rate controlling enzyme of the
mevalonate pathway, the metabolic pathway that is responsible for the production of
cholesterol and various other isoprenoids®. This enzyme is the major drug target for
cholesterol lowering drugs like statins in humans.

Statins are the most commonly used medications to lower cholesterol and
prevent cardiovascular diseases*. Long term treatment using statins may produce
musculoskeletal side effects in the form of myopathy, myalgia, myositis or
rhabdomyolysis®. Mild myalgias related to statin use are quite common, reported to
occur at frequencies ranging from 1% to 10%?. Myalgias accompanied by elevation in

serum CK level occur at a much lower frequency. The Health Improvement Network
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(THIN) and MediPlus databases report an annual incidence approaching 700 per million
exposed per year, for intermediate myotoxicity?. Muscle weakness accompanied with
levels of creatine kinase (CK) greater than 10 times its upper normal limit is usually
defined as statin toxicity®. Symptoms of statin induced myopathy include myalgias,
muscle tenderness or weakness. A study of patients with statin-associated myopathy
revealed that for these patients, muscle related symptoms developed a mean of 6.3
months after the start of statin therapy and continued up to a mean of 2.3 months after
the statin therapy was discontinued>” The frequency of muscle related symptoms
associated with statin therapy was assessed by the Prediction of Muscular Risk in
Observational Conditions (PRIMO) study, which was an observational study conducted
in a population of 7,924 patients who had abnormally elevated levels of lipids in the
blood (hyperlipidemic) and were receiving high-dose statins>®. Patients were included if
they had received high doses of fluvastatin 80 mg per day; atorvastatin 40 or 80 mg per
day ; pravastatin 40 mg per day; or simvastatin 40 or 80 mg per day for at least 3 months
prior to the study?. Here, it was found that the patients that reported muscle related
weakness (10.5%) was highest amongst those receiving simvastatin (18.2%), followed by
atorvastatin(10.9%), pravastatin and fluvastatin(5.1)>°. Amongst all the muscular side
effects with statin therapy, rhabdomyolysis is the most severe adverse effect of statins
and can result in acute renal failure and death’. One of the most commonly used statins;
cerivastatin was voluntarily removed from the market in 2001 because of multiple

reports that it caused fatal rhabdomyolysis.



There still isn’t a complete understanding of the exact pathology or mechanism
of statin induced myopathy. A mitochondrial theory postulates that statins inhibit the
synthesis of mevalonate which is required to produce cholesterol and coenzyme Q
(CoQ10), and the statin induced CoQ10 deficiency plays a major part in the pathogenesis
of statin myopathy>!51617. CoQ10 is an important co factor for the electron transport
chain. Multiple studies have shown that statins can decrease coenzyme Q10 levels?.
Therefore, the elimination of CoQ10 due to statins may disturb cellular respiration and
cause muscle toxicities like myopathy and rhabdomyolysis>!8. However, the data on the
effect and intramuscular levels of CoQ10 on myopathic symptoms is still inconsistent
and not clear. Statins have also shown to reduce protein synthesis and growth and
differentiation of myoblasts, signifying that they may play a role in impairing the
regenerative capacity of muscle in vitro>".

Some of the major risk factors for muscle related weakness during statin therapy are a
family history of muscle symptoms, hypothyroidism, cramps and elevated creatine
kinase (CK) levels>®. Moreover, there have been multiple studies that have shown that
females are affected by statin myopathy more than male patients if they have the above
risk factors including type 1 diabetes and chronic liver disease>!*. Dose plays a
significant role in the induction of statin myopathy. Increase in statin dosage and
prolonged systemic exposure amplifies the possibility of creatine kinase (CK) elevation
and risk of muscle related toxicity>?. While there is no foolproof way to ensure
prevention of statin related myopathy, reducing or using the lowest statin dose needed
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to achieve therapeutic aims and avoiding drug interactions with ones that increase
myopathy risk is the best way to go. The most effective treatment for statin induced
myopathy in the market currently is the discontinuation of statins in individuals that

have elevated creatine kinase levels and muscle related weakness and pain®.

1.3 Identifying effects of Statins on the 3D Skeletal Muscle
Microphysiological system (Goals)

Though described as mild, statin induced side effects are frequently cited as a
reason why patients stop statin therapy!®!" Therefore preventing statin myopathy or
understanding its mechanism is likely to result in a multitude of benefits to public
health. Risk factors for statin induced myopathy include female sex, statin
dose/concentration, statin metabolites, statin type, and advanced age'?. Recent genetic
studies have identified two genes: Solute Carrier Organic Anion Transporter Family,

Member 1B1%2%3, (SLCO1B1, a hepatic transporter responsible for statin clearance) and

Glycine Amidinotransferase' (GATM, an enzyme in the creatine synthesis pathway)
that influence the risk of simvastatin-induced myopathy. These prior findings
demonstrate that statin induced myopathy is, in part, the result of a specific muscular

response to statins exposure —not a secondary effect of cholesterol lowering.

Utilizing a microphysiological system for skeletal muscle, “muscle on a chip”
platform that uses patient-derived tissue to form engineered myobundles, to recapitulate
the organization and function of native muscle is a novel system to understand the effects
of statin induced myopathy®. There exists some preliminary data using this system which
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demonstrates concentration and statin type-dependent myobundle toxicity mimicking
healthy patient responses to different statin types®. The purpose of this study is to
demonstrate the usefulness of this innovative platform to explore mechanistic drug
toxicity effects and characterizing myobundle performance in patients with and without
a history of statin induced myopathy. This study is a paired study where the cells are
derived from patients that have been on statin therapy, however only one of the pairs
developed statin induced myopathy. The patient population is older individuals that
also have a variety of other age-related diseases. By studying patient derived samples
that retain their genetic architecture, we are better equipped to identify complex

mechanisms for statin myopathy. Thus, the goals of this thesis are as follows:

1. Examine if the engineered human skeletal myobundles using cells
derived from patients with a history of statin induced myopathy exhibit
statin-dependent defects in muscle physiology when exposed to varying
concentrations of statins in vitro.

2. Identify if there exists a difference in twitch tetanus and fatigue force
response between
(a) Statin Type (Simvastatin, Pravastatin, Atorvastatin, Rosuvastatin and

Lovastatin)
(b) Statin dose/concentration levels
(c) Patients with and without a history of statin induced myopathy (case

and control donors).



(d) The cross-sectional area of the myobundles with respect to the statin

concentration and donor type.



2. Materials and Methods

2.1 Culture and Formation of Human Tissue Engineered
Myobundles

2.1.1 Preparation and Culture of Human Myoblasts

Human skeletal muscle samples were obtained through biopsy from patients
that were currently on statin with (19 donors) and without (22 donors) a history of statin
induced myopathy. These were obtained through Duke University IRB approved
protocols. The sample was placed in a sterile 50ml conical tube and washed 3 times with
Dulbecco’s Phosphate Buffered Saline (DPBS) without calcium and magnesium + 2x
Anti/Anti solution (Thermofisher). 10 mL of 0.05% Trypisin-EDTA (Gibco) was added to
the tube containing the tissue and placed in the water bath for 30 mins and was shaken
periodically. The trypsin was then neutralized with 10 mL growth media (1:1 ratio). The
tissue was allowed to settle down and the trypsin mixture was aspirated. The tissue was
then resuspended in 20 mL hSkM (human skeletal muscle) growth media that has low
glucose (LG; 1 g/L glucose) DMEM (Gibco Life Technologies) supplemented with 8%
fetal bovine serum characterized (Hyclone), 0.4pg/mL dexamethasone (Sigma), 10ng/mL
EGF (VWR), 50ug/mL Fetuin (Sigma), 0.1% Gentamycin (1X) (Gibco), 0.1%
Amphotericin B (1X) (Gibco). The muscle tissue was then plated on uncoated T-75 flask
and placed in an incubator at 37°C for two hours. This pre-plating step was done to
remove dermal fibroblasts and fat from the muscle biopsy. After 2 hours of pre-plating,
the muscle tissue along with the hSkM growth media was transferred to a T-75 flask

coated with reduced matrigel in Low Glucose(1g/L) DMEM (5 pL matrigel/mL DMEM)
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and placed in the incubator at 37°C for without moving for 2 days. The media was
changed after 2 days and replaced with 13mL of growth media. The flask was then not
moved for another 3 days and media was changed every other day. The cells were
passaged to a new T-75 flask when individual colonies within the flask became 80%
confluent, and then subsequently into T-175 flasks and then the cells were frozen down
at 1 million cells per vial and stored in liquid nitrogen. The isolations were passaged
according to ratio in Table 1.

Table 1:Isolation Maintenance Schedule

Passage Current Culture Dilution Factor New Culture
po>p1 |- fom 1:1 1T-75 flask
isolation
P1-> P2 T-75 flask 1:4.6 2 T-175 flasks
1M cells per cryovial Cryovials
P2 > P3 2 T-175 flasks 4500 cells/well of 24-well 24-well plate for
plate staining

Myoblasts were cultured on growth factor reduced Matrigel (VWR) coated T-175
flasks using hSkM growth media (Gibco). The myoblasts were allowed to grow only in
passage 3 at 80-90% confluency before they were used in experiments. The myobundles
are made using myoblasts at passage 4.

2.1.2 Preparation of PDMS Molds and Frames for Myobundle Formation

Myobundles are made on molds fabricated from polydimethylsiloxane (PDMS)
(Sylgard 184 PDMS kit, Ellsworth Adhesives). To fabricate the molds, PDMS is mixed in
a 10:1 ratio of base to curing agent and degassed in a vacuum sealed chamber for 30 min
to remove air bubbles. The mixture is then poured over Teflon master molds and

allowed to cure in an oven at 65°C for 4-5 hours, or until the PDMS is hardened,
9



whichever is later. After the PDMS is cured, it is cut off from the Teflon master molds to
produce a copy of the master molds. The myobundles are grown on these PDMS molds

(Figure 1).

I

1)
1
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3} 16 24

Figure 1:PDMS mold (left) and Teflon Master Mold (Right)

To use the PDMS molds for tissue culture and myobundle formation, the molds
are soaked in ethanol and sonicated for 45 min, and then kept in DPBS overnight. To
sterilize the molds, they are autoclaved in the gravity cycle for 20 mins. The PDMS
molds are then coated with 0.2% pluronics solution under the cell culture hood for 30
min, and then aspirated and washed twice with sterile culture water (Gibco) for 15 min
each. They are left to air dry for 10 min to ensure the molds are completely dry. The
pluronics treatment prevents the myobundles from sticking to the PDMS molds, by
generating a hydrophobic surface.

Cerex frames provide an anchor for the myobundles to grow and to be cultured
under passive tension. Cerex frames are laser cut and sterilized by soaking them in
ethanol under the cell culture hood for 1 hour. The ethanol is then aspirated and
exposed to UV light under the cell culture hood overnight. Sterilized individual Cerex
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frames are then placed on top of the crevices of the PDMS molds and each mold with the

frame is placed in a 12 well plate (Figure 2).

Figure 2: Sterilized Cerex frames placed on top of the pluronics coated PDMS molds.

2.1.3 Creation of Human Tissue-Engineered Myobundles
The myoblasts cultured in the T-175 flasks are passaged using 0.025% Trypsin

and then encapsulated in a matrigel/fibrin matrix which is pipetted into the PDMS
molds and anchored to the Cerex frames. The matrix contains a cell solution of 1.0 x10¢
cells in 23 pl of 3D hSkM growth media and 2pl of 50 unit/mL thrombin in 0.1%BSA in
PBS. This is added to a solution of 5 ul of 3D hSkM growth media, 10 pl of Matrigel and
10ul of 25mg/ml Fibrinogen in warm PBS. This mixture is pipetted onto the PDMS
molds and left inside the incubator for 30 mins to allow it to gel. After 30 minutes, they
are fed with 3ml of 3D hSkM growth media (2D hSkM growth media supplemented
with 1.5 mg/ml 6-Aminocarpoic Acid (ACA)). ACA minimizes degradation of the

extracellular matrix of myobundles.

2.1.4 Culture Protocol 1

During the initial phase of our testing and culturing of the myobundles, the

bundles were fed for 4 days with 3D hSkM, and on day 4 they were shifted to a custom
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low amino acid media (LAA Media). Formulation of custom LAA media is in Appendix
D. The custom LAA media is first made by making basal media which involves
dissolving 8.3 g/ml of MEM powder media (Gibco, catalog 15230), and 2.2g/ml of
Sodium Bicarbonate (Sigma) in 1000ml of distilled water (Gibco). This is then brought to
a pH of 7.2 by titrating with HCL and sterile filtering it. LAA media contains 93.76%
(v/v) of basal media, 2% Horse Serum, 0.666% BSA from 7.5% stock, 0.025 mg/ml
Gentamycin, 0.125 pg/ml Amphotericin B from 250 ug/ml stock (Invitrogen), 250 pL 200
mM L-Carnitine (Sigma), 100 pM Fatty Acids (50 uM Oleate/50 uM Palmitate)
conjugated to 0.14% BSA from 7% BSA/5mM FA stock, 5.5 mM D-Glucose from 45%
stock (Sigma), 0.2 mM Pyruvate from 100 mM stock (Sigma), 2 mM Glutamine from 200
mM stock (Gibco), 1.72 uM insulin (Lonza) and 2 mg/ mL ACA.

The bundles were cultured with 3ml of 3D hSkM media with 1.5mg/ml ACA
(growth media) for 4 days, and then shifted to 2mL of LAA media with fatty acids and
2mg/ml ACA (differentiation media) for another 4 days and on day 9, statin dosing of
the bundles in differentiation media began. The concentration of statin levels 0 (Vehicle
Control), 0.014uM (Low dose), 0.14uM (Medium Dose), 1.4pM (High dose) was
determined through identifying the highest dose of statins used in previous in vivo

studies through literature. The bundles were dosed 2mL of LAA media with the above
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concentrations of the statins for 7 days and on day 8 of statin dose (day 16 of culture),the

bundles were force tested to observe their contractile forces.

3D hSkM Growth Low Amino

Media Acid Media Force Testing

Day 8 of Statin Dose

4 days 4 days 16t day of Culture

Figure 3: Initial protocol of cell culture timeline of the tissue engineered bundles. The
bundles were fed with 3mL of 3D human skeletal muscle growth media (with 1.5 mg/ml
ACA) for 4 days, shifted to 2mL of custom LAA differentiation media (with 2% horse
serum, 2mg/ml ACA and Fatty acids) for 4 days and then dosed with varying statin
concentrations for 7 days and then force tested on day 8 of statin dosage.

2.1.5 Culture Protocol I1

Using protocol I did not yield consistent and significant results which is
discussed in detail in the results and discussion section. Therefore, a dose titration to
determine optimal statin concentrations as well as reduction in the total cell culture
timeline was considered to increase force production. After obtaining force data from
the lovastatin titration of young, healthy donor experiment (Section 3.2), the highest
concentration of statin dose was increased to 5 uM with medium dose at 0.5 uM and
vehicle control (0 uM). After a couple of initial experiments, it was also found that 0.5
uM was too low of a dose to have a significant drug response in our microphysiological
system, hence during the second round of experimental testing most of the donor pairs
were tested with Vehicle Dose (0) and 5 uM (High Dose) (Protocol II). Moreover, we

were able to test in healthy donors that increasing the statin dose and reducing the
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dosing time would produce a similar effect as a low statin dose with longer dosing time
(Section 3.2).

In protocol II, the tissue engineered bundles were exposed to 3mL of 3D hSkM
growth media with ACA for 4 days, shifted to 2mL LAA media (with ACA) for 4 days,
and then dosed with 5uM of statin and vehicle control in LAA for 5 days (in the
previous protocol, the bundles were in statin dosing for 7 days) and then force tested on
day 6 of statin dose (day 14 of cell culture). This effectively reduced the total cell culture
timeline by 2 days.

Low Amino

3D Growth Media > 4 Madia 0.5,

Force Testing

4 days 4 days ‘

Figure 4: Modified Cell Culture Protocol: Tissue engineered bundles were fed for 4
days in 3D human growth media, shifted to LAA media for 4 days and then dosed with
Statin at 5 uM and VC (0 pM) concentrations for 5 days and then force tested at day 6 of
statin dosage.

Day 6 of Statin Dose
14t day of Culture

2.2 Measurement of Contractile Force of the Myobundles

Myobundles on the Cerex frame were placed between two carbon electrodes in a
small 5-6ml polycarbonate bath filled with warmed 37C LAA media. One end of the
bundle was pinned to an immobile PDMS block and the other end was pinned to a
floating PDMS block connected to the force transducer. Both sides of the frame are cut in

order to allow for movement of the bundle during the testing. The force transducer is
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mounted on a motorized linear actuator so that the bundles can be stretched before
electrically stimulating it (Figure 5).

The bundle is first stretched to 115% of its length using the linear actuator and
the APT controller (Automatically Programmed Tool) user program. 45 seconds after it
is stretched, the twitch force of the bundle is measured by applying a single 5
millisecond rectangular pulse. The bundle is stimulated at 100V with 1 Hz with a
monophasic wave. The twitch pulse is displayed on a custom made LABVIEW program.
After the twitch force is measured, tetanus is measured by applying continuous pulses
to the bundle at 20 pulses at 20 Hz and 100 V as a monophasic wave. The maximum
contractile force is measured by subtracting baseline force from peak contractile force.
This is done using a custom-made MATLAB program (Section 2.4). Finally, the fatigue
of the myobundles is measured by applying 600 pulses at 20Hz and 100V for 32 seconds.
The curve is seen on the custom LABVIEW program. Once, the fatigue (force at 30
seconds/maximum force) is measured, the myobundle needs to be de-stretched and
taken out. Since the media shows the presence of bubbles after fatigue due to
electrolysis, the media is changed after every fatigue measurement to avoid oxidative

damage.
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Figure 5: Force Transducer system. Myobundles on the Cerex frame
are cut on the two side ends to allow for mobilization and the bundle
is stretched using a linear actuator connected to the force transducer
and is electrically stimulated by the carbon electrodes.

2.2.1 Specific Force

Specific force is measured by calculating the dimension of the myobundle
(Figure 6). The cross-sectional area of the myobundle is calculated using Image ] and
then the myobundle is considered to be a cylinder and as such the raw tetanus or twitch
force of the myobundle is divided by the cross-sectional area. Specific force provides a
method to observe the results by incorporating the variability of myobundle dimensions

due to cell culture technique, statin dosage or donor type.
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Figure 6: A ruler is used as a standard to determine the length/diameter of the
myobundle using Image J. The cross-sectional area of the myobundle is calculated
considering it to be a cylinder and raw tetanus and twitch is divided by the cross-sectional
area to obtain the specific force.

2.3 Myobundle Characterization

2.3.1 Quantifying Myoblast Purity using 2D Immunofluorescence

Extensive population of fibroblasts in isolated cells from skeletal muscle is one of
the long-standing problems for expansion, as a result we have stained the myoblasts
after isolation to determine their myoblast purity. In order to determine myoblast purity,
a 24 well plate with donor cells was cultured and fixed with methanol and then stained
with vimentin and desmin. Vimentin stains positive for fibroblasts and desmin stains for

myoblasts. Results from myoblast purity analysis is discussed in Section 3.4.
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2.3.2 Banking Myobundles for Future Metabolomics and RNA Sequencing

The day the myobundles are force tested, the force tested myobundles are placed
in a 1.2ml cryovial and flash frozen using liquid nitrogen. 1mL of media from the
different station dosage as well as vehicle control is placed in a 1.2ml cryovial and flash
frozen as well. They are both stored in -80C until they are taken for RNA sequencing.
2.3.3 Fixing Myobundles for 3D Immunofluorescence

Myobundles that were not force tested were fixed using 2% Paraformaldehyde
(PFA) from a 4% stock solution diluted using DPBS. They are fixed overnight and placed
in PBS for short term storage in 4 C.

2.3.4 3D Immunofluorescence of the Myobundles

After the bundles are fixed in 2% PFA and were immunostained to observe the
structure differences in myotubule formation of the myobundles between a control and
case donor. The bundles are washed three times with PBS++ (Gibco), and then
permeabilized overnight using the blocking buffer (0.2% Triton X +10% goat serum + 3%
BSA) at 4C on a rocker. The next day the blocking solution is removed, and the bundles
are incubated with primary antibody (mouse SAA ab9465 1:200, rabbit Vimentin 1:200)
on a rocker in 4C for 24 hours. After 24 hours, the bundles are washed 3x with PBS++
(Gibco) and then incubated with secondary antibody 1:250 in blocking solution, Hoechst
1:1000 on a rocker overnight at 4 C (anti mouse 488 SAA, anti-rabbit 594 Vimentin,
where the number refers to the emission wavelength of the fluor). The bundles are then

washed 3x with PBS++ the next day and imaged using a confocal microscope.
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2.4 Post Experiment Force Data Quantification

During the measurement of contractile force of the myobundles, the twitch,
tetanus and fatigue measurements are saved using a custom made LABVIEW program.
This data is then imported into a MATLAB program, where the peak force for twitch
and tetanus is obtained. For fatigue, the LABVIEW files have to first be converted to
excel files and then run using a MATLAB script. The script provides the peak force as
well as force at 30 seconds. Fatigue is calculated by dividing the force at 30 seconds by
the peak force multiplied by 100. MATLAB scripts for Twitch and Tetanus as well as

Fatigue are provided in Appendix A.

2.5 Statistical Analysis of Force Data

For the statistical analysis of the force data, JMP, a statistical software analysis
package was used. Multiple linear regression analysis plots were graphed by first
creating a table with all the data for the donors inputted including, but not limited to
their raw force data, specific force, fatigue, myopathy status, statin type and statin
concentration. Then, they were run through the Analyze tab > Fit Model. A dialog
window appears, where the Y-response (usually Raw Tetanus or Specific Force or
Fatigue) is entered, and then model constructs (interaction effects such as statin
concentration, statin type, and myopathy status) are entered. A standard least squares
personality type is chosen to run with effective leverage.

To account for repeated measures, a repeated measure add-in package (Full

Factorial Design Mixed -Effects) was downloaded on to the JMP statistical software
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program. The data was run through this add in, where the Y-response was chosen to be
Raw Tetanus, the within subject factors was chosen to be statin concentration, between
subject factors were statin type and myopathy case and subject/donor ID was accounted

for.
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3. Results

3.1 Contractile force measurement with culture protocol I

Twitch force is a single contraction of the muscle, whereas a tetanus force or
contraction is a sustained muscle contraction that is brought about during the emission
of action potentials at a very high rate. Preliminary force output measurement was
conducted on 4 donor pairs to identify optimal culture conditions (Protocol I). After
many iterations, protocol I proved to be the most optimal at that time. The testing was
blinded with each pair containing one control donor and one donor that developed
statin myopathy, but the identity was not known during testing. It must be noted that
both donors were taking statins at the time of the biopsy, however only one developed
statin induced myopathy. Table 2 contains the list of donors that was tested using
protocol I along with their identity, type of statin they were dosed with, gender, and
creatinine kinase level. Though 18 pairs of donors were isolated, only 12 pairs of donors
were tested with protocol I, as few significant trends were seen with the results from
protocol I and therefore, a switch in cell culture conditions to protocol II was considered

after a lovastatin titration experiment with young, healthy donors (section 3.2).
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Table 2: List of donors tested using protocol I with details regarding the type of statin
they received, their identity (control vs case), gender and creatinine kinase level for
the case individual.

Experiment Statin Control | Case Gender | Case
Received (Myopathy) Creatinine

Kinase
Level(U/L)

1 Atorvastatin | 104 108 Male 654

2 Atorvastatin | 101 112 Male 1223

3 Atorvastatin | 136 117 Male 915

4 Atorvastatin | 126 122 Female | 431

5 Atorvastatin | 102 139 Male 716

6 Atorvastatin | 128 143 Male 599

7 Atorvastatin | 130 129 Male 427

8 Simvastatin | 116 119 Female | 621

9 Simvastatin | 103 121 Male 1925

10 Simvastatin | 137 134 Male 1034

11 Simvastatin | 105 140 Male 821

12 Rosuvastatin | 114 115 Male N/A

Out of the 12 pairs of donors tested with protocol I, only donors 121 and 103
showed an effect of statin myopathy in the case of the myopathy donor (Donor ID 121).
There was a significant difference between the tetanus forces at vehicle control and
tetanus forces at 1.4 uM. There was no statistical significance seen between the other two
doses (0.014pM and 0.14uM) (Figure 7). There was no effect of statin myopathy seen in

the case of the control donor (donor 103).
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Figure 7: Effect of statin dose on twitch and Tetanus (Right): Donor 121 is a statin
myopathy case donor showed more sensitivity to statin when compared to the control
donor 103 (left) for Protocol I. A post-hoc Tukey’s test indicates a significant difference
between conditions with respect to vehicle control. * p < 0.05. Data reported as mean
+SEM, n = 3-4 biological replicates per condition. Vehicle control = 0.0015% ethanol.

Figure 7 shows the results that we expected to see from the donors that were
tested using protocol I, however none of the other 10 donors that were tested using the
protocol I showed a consistent effect of statin myopathy. Moreover, with the other
donors, quite a bit of the force production seemed to happen at the noise level or Twitch
(-) and Tetanus (-) range (Figure 8) and for some that had higher forces, an effect of

statin myopathy could not be accurately assessed (Figure 9).
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Figure 8: Raw Twitch and Tetanus Force for a subset of donors dosed with
Simvastatin and Atorvastatin using Protocol I. {Data is reported as mean +SEM,
n = 3-4 biological replicates per condition. Vehicle control = 0.0085% DMSO for
atorvastatin and Vehicle control = 0.0015% Ethanol for simvastatin}.
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The subset of donor pairs in Figure 8 produced quite low twitch and tetanus
forces, most of them below 0.05 mN which for our testing we have considered to be the
noise threshold level or in the Twitch (-) and Tetanus (-) range (Section 3.1.1). There
were also donors that produced forces above noise level or in the Twitch (+) and Tetanus

(+) range with protocol I, however, they did not produce any significant effect of statin

myopathy (Figure 9).
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Figure 9: Raw twitch and tetanus force production for a subset of donors using Protocol
I. Donors on the (left) are control donors whereas those on the (right) are case donors.
{Data is reported as mean *SEM, n = 3-4 biological replicates per condition. Vehicle
control = 0.0085% DMSO for atorvastatin and Vehicle control = 0.0015% ethanol for
simvastatin.
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Donor sets (104, 108) and (105, 140) have produced tetanus forces that are in the
Twitch (+) and Tetanus (+) range, however these donors do not show any dose effect of
statin myopathy to the different statin concentrations. Therefore, effect of a statin
myopathy could not be accurately measured using this set of data.

3.1.1 Representation of twitch and tetanus curves

Figure 10 provides an image of a good twitch and tetanus curve of a young,

healthy donor under vehicle control (0.0020% Ethanol) dosing for 5 days. These curves

represent peak forces above 0.05mN or in the Twitch (+) and Tetanus (+) range.

_ Peak Force = 0.159667mN 09 Peak Force = 0.853167mN

o
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Figure 10:A good twitch curve of a young, healthy donor that has been dosed with vehicle
control (0.0020% ethanol) for 5 days with a peak force of 0.15mN (Left). A good tetanus
curve of a young, healthy donor that has been dosed with Vehicle Control (0.0020%

ethanol) for 5 days with a peak force of 0.85 mN (Right).
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Figure 11 shows curves of twitch and tetanus respectively from a donor (ID 128)
that produced forces that were below 0.05mN. It can be observed here that the curves
are fragmented and is not smooth like the ones seen in Figure 12. Hence, these are

considered to be in the Twitch (-) and Tetanus (-) range.

Peak Force =0.0166667mN | | o Peak Force = 0.0283333mN

SENTY

0.01 ‘ L I - | ' 001; ! f f \ f M

0.005 |- e ““ ““ P | | Of-E %’ ‘1“1 ‘,/ ‘Hl }y{ 1
: ! i

-0.015 : . . . :
Y 200 i 480 ALK 0 500 1000 1500 2000
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Figure 11: Twitch curve from a control donor (128) that produced a low peak force of
0.016 mN (Left). Tetanus curve from a control donor (128) that produced a low peak force
of 0.028 mN. Both the curves are not smooth and quite fragmented and hence these
forces are considered to be in the noise area {Twitch (-) and Tetanus (-)}.

In Figure 12, the twitch and tetanus curves of control donor (104) are not
completely smooth as seen in Figure 10, but otherwise display the typical shape of

twitch and tetanus curves, and display forces above 0.05 mN and hence these forces can

be considered to be in the Twitch (+) and Tetanus (+) range.
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Figure 12: Twitch curve from a control donor (104) that produced a peak force of 0.065
mN (Left). Tetanus curve from a control donor (104) that produced peak force of 0.07
0mN. These forces are considered to be above noise level {Twitch (+), Tetanus (+)} since
the curves still hold structural integrity and is not as fragmented as seen in Figure 11.

Based on the threshold considered for peak forces of twitch and tetanus, Table 3,

provides a summary of donors that have forces in Twitch (-/+) and Tetanus (-/+) range

from those tested using protocol I. Twitch forces for 18 out of the 24 individual donors

were in the Twitch (-) range. In the instance of tetanus forces, it is seen that 10 out of the

12 (83.3%) control donors tested had tetanus force production higher than 0.05 mN,

whereas only 7 out of 12 (58.3%) case donors had tetanus forces in the Tetanus (+) range.

All 4 control donors that were treated with simvastatin also had tetanus forces that were

above 0.05 mN, whereas only 5 out of 7 control donors dosed with atorvastatin

produced tetanus forces in the Tetanus (+) range.
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Table 3: List of donors tested using protocol I with details regarding if their twitch
and tetanus forces were in the range of Twitch (+/-) or Tetanus (+/-).

No | Statin Received Donor | Twitch ()
ID and
(Control) | Twitch (+)

1 Atorvastatin | 104

2 Atorvastatin | 101

3 Atorvastatin | 136

4 Atorvastatin | 126

5 Atorvastatin | 102

6 Atorvastatin | 128

7 Atorvastatin | 130

8 Simvastatin | 116

9 Simvastatin | 103

10 | Simvastatin | 137

11 | Simvastatin | 105

12 | Rosuvastatin | 114

Tetanus (-) Donor Twitch (-) Tetanus (-)
and Tetanus ID and and Tetanus
(@) (Case) Twitch(+) +)

3.1.2 Using Linear Regression to quantify the effects of statin myopathy on

force.

A simple linear regression involves a single independent variable is used to

predict the value of a dependent variable. For a multiple linear regression, two or more

independent variables are used to predict the value of the dependent variable. A

regression analysis estimates relationship among different variables. The R?in a

regression analysis usually gives information regarding the fit of the model. It is a
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measure of how well the data is represented by the linear model. An R?value of 1

indicates a perfect fit?!.

Results are presented from multiple linear regression plots from sets of donors
that were tested with protocol I and dosed with statins (Simvastatin and Atorvastatin).

In Figure 13, a multiple linear regression was conducted on all 4 sets of the statin donors
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Source Nparm DF Squares F Ratio Prob > F
Statin Concentration 1 1 002243892 04773 04910
Myopathy 1 012720173 27054 01026

1
Statin Concentration*Myopathy 1 1 002118246 04505 0.5034

Figure 13: (Left): Shows the linear regression plot of all 4 sets of donors that were
dosed with simvastatin with Protocol I. It is a response of the raw tetanus with the
interaction effects of Statin Concentration, Myopathy and Statin
Concentration*Myopathy. (Right): Shows the parameters and significance of the

results.
that were tested with protocol I and dosed with simvastatin. Raw tetanus value was the

dependent variable and the interaction effects tested were statin concentration, case vs

control, and statin concentration * (case vs control).

In Figure 13, for the 4 sets of donors that were dosed with simvastatin from
protocol I, the R? value of this regression line is 0.03, which is very low and indicates that

there is no significant trend with the independent variables. The coefficient for statin
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concentration was -0.022 (negative) and myopathy was 0.032 (positive). Moreover, there
is no significant difference between the different statin concentrations, myopathy vs
control, and effects of statin concentration with myopathy.

A similar multiple regression was evaluated with all 7 sets of donors dosed with
atorvastatin using protocol I and the R?value of this regression line is 0.08, which is very
low and indicates that this is not a good fit. The coefficient of statin concentration is
0.002 (positive) and myopathy is 0.046 (positive). Moreover, there is no significant
difference between the different statin concentration and effects of statin concentration
with myopathy. However, there is a significant difference in raw tetanus between the

control and case donors are seen with a P (<0.0001) (Figure 14).
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Figure 14: (Left): Shows the linear regression plot of all 7 sets of donors that were
dosed with atorvastatin with protocol L. It is a response of the raw tetanus with the
interaction effects of statin concentration, myopathy and statin
concentration*myopathy. (Right): Shows the parameters and significance of the

results.
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Since both the regression plots yielded low R? values and did not show
significant interaction effects in terms of statin type, myopathy or concentration, it can
be further concluded the data collected using protocol I did not provide the expected
response of functionality and effects of the statin induced myopathy donors and control
donors in the microphysiological system. Hence, experiments to modify conditions and
statin concentration levels to identify optimal conditions that would create significant

interaction effects and responses was conducted.

3.2 Testing on Healthy Patient Tissue Samples

Since no significant trends with statin dose or the myopathy treatment were
observed with Protocol I for myobundles, we examined the effect of statin dose on
myobundles from a young, healthy donor. Myobundles were fabricated using healthy
patient tissue samples (T-105) and dosed with 2 uM Lovastatin and tested at 1 week and
2 weeks of statin dosage. Lovastatin was chosen since a similar experiment was
conducted by Madden et al.®in which three young, healthy donors were dosed with
varying levels of lovastatin concentration with 2 uM being the highest dosage and effects
of drop off of forces were seen at this highest dosage®. Healthy T-105 bundles were
cultured using the same protocol I and was dosed with 0.02 uM and 2 uM of lovastatin
in order to represent a low dosage and high dosage. They were statin dosed for 1 and 2

weeks and then force was measured (Figure 15).
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Figure 15: T-105’s are the heathy patient donors were dosed with 0.02 pM and 2 pM
of lovastatin modelled after Madden et al.t (Left): Shows the twitch and tetanus

force response after 1 week of statin dosage, whereas (right) shows the response
after 2 weeks of statin dosage.

In Figure 15 (left), the twitch response after 1 week of statin dosage did not seem
to show any decline between the two statin doses, however, the tetanus force response
did show a small decline, but it could not be considered to be significant. Figure 16
(right), shows that the force outputs at the end of 2 weeks of statin dosage borders
around the Twitch (-) and Tetanus (-) levels, and hence cannot be quantified to find a
difference between both levels. It can be seen here that the protocol I does show force
outputs that are in the Twitch (+) and Tetanus (+) for the healthy bundles, however, the
highest statin dose level is quite low to show a varying difference between it and the low

dose of 0.02uM. Moreover, the patient tissue samples of the statin induced myopathy
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come from donors that are older and unhealthy, as a result a prolonged culture time can
reduce the force production.

Therefore, experiments with the T-105 cells using a modified culture protocol
(protocol II) which reduces statin dosage time to 5 days from 7 days and a dose titration
with lovastatin was conducted to identify a significant enough high dose for the statins
that would produce effects of production in our microphysiological system. Young,
healthy myobundles (T-105s) after being dosed with 2, 3, or 5 uM of lovastatin showed a
significant drop off in forces between 5 uM and vehicle control after 5 days of statin
exposure. This significance was identified using a post hoc Tukey’s test. Post hoc Tukey
test also showed a significant difference between tetanus force between 2 uM and
vehicle control at 10 days, however the force production of the vehicle control decreased
by 25% between day 5 and day 10 with the healthy donors. The tetanus force production
of the myobundles that were dosed with 5 uM at 5 days was almost double the tetanus
force production of the myobundles that were dosed with 2 uM at 10 days (Figure 16).
An observation can be made that, the myobundles produce higher forces when cultured
for a shorter period of time and that dosing them with a higher dose of statin for a
shorter period of time would produce a better force output, but similar effect of statin
myopathy as would be dosing them with a lower statin dosage for a longer period of
time. The modified cell culture protocol (Protocol II) was obtained after this titration
experiment and included a change of high dosage of statin to be at 5 uM while lowering
the dosage time from 7 days to 5 days.
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From Figure 16, a significant difference of tetanus force output between 5 uM
and VC at 5 days and 2 uM and VC at 10 days of statin dosing is observed.
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Figure 16: (Left): T-105s were dose titrated with 2, 3 and 5 M of lovastatin and cultured
for 5 days of statin exposure to find the optimal high dosage to produce a significant
difference. (Right): T-105s are dosed with 2 pM of lovastatin for 10 days to show it
produces a similar effect when dosed with 5 pM for 5 days. A post-hoc Tukey’s test
indicates a significant difference between conditions with respect to vehicle control. *
p < 0.05. Data reported as mean +*SEM, n = 3-4 biological replicates per condition.
Vehicle control = 0.0020% ethanol.

A plot of raw tetanus forces vs dose*exposure provided an R? of 0.15, with a P
value of 0.0264 which suggests that there is a lot of variability between the force points.
However, normalized average raw tetanus force vs dose*exposure with a weighted SEM
shows that there is a negative correlation between the tetanus force and the
dose*exposure period (Figure 18) with an R? value of 0.88 which is a good fit. The graph

below is indicative that there is trend between average raw tetanus and dose*exposure.
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Figure 17: A plot of normalized average raw tetanus force vs
dose*exposure time shows a negative relationship between force and
dose*exposure has a good fit with a R? value of 0.88

Through the lovastatin titration experiment with young, healthy myobundles (T-
105s), it is seen that force production increases with a shorter cell culture time period,
and a higher statin dosage contributes to a significant force drop between when
compared to its vehicle control. Hence, this was built into the culture conditions for

protocol II.

3.3 Contractile force measurement with modified culture protocol
(Protocol II)

3.3.1 Twitch and tetanus results from donors tested with protocol 11

10 pairs of donors were tested with protocol II, and Table 4 contains data
regarding the type of statin they were dosed with, their identity, gender and Creatinine
Kinase level.
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Table 4: List of donors that have been tested using protocol II with details regarding
the type of statin they were dosed with, their identity (control vs case), gender and
creatinine kinase level.

Experiment | Type of Control Case Gender Creatinine
Statin (Myopathy) Kinase

Level (U/L)

1 Simvastatin | 105 140 Male 821

2 Simvastatin | 116 119 Female 621

3 Atorvastatin | 102 139 Male 716

4 Atorvastatin | 136 117 Male 915

5 Atorvastatin | 128 143 Male 599

6 Atorvastatin | 130 129 Male 427

7 Rosuvastatin | 111 138 Male N/A

8 Pravastatin 110 132 Male 384

9 Pravastatin 142 123 Female 357

10 Lovastatin 141 125 Male 474

Out of the 10 pairs of donors that were tested with protocol II, 2 of the pairs that

were dosed with simvastatin showed an effect of force production between the control

and myopathy donors. The control donors (105, 116) had significantly higher tetanus

forces when compared to their myopathy pairs (140, 119), however only 116 showed a

significant effect of statin myopathy, donor 105 did not, owing to the variability in its

forces (Figure 18).
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Figure 18: Response of Myobundles Using Protocol II. Donor 105 (control) and Donor
116 (control) showed higher tetanus force production in comparison to their respective
statin myopathy pairs 140 (case) and 119 (case). Donor 116 did show a significant effect
of statin myopathy between 5 uM and VC. A post-hoc Tukey’s test indicates a
significant difference between conditions with respect to vehicle control. * p < 0.05.
Data reported as mean +SEM, n = 3-4 biological replicates per condition. Vehicle

control

=0.0015% ethanol.

Donors 141 (control) and 125 (case) were dosed with lovastatin and they also

showed an effect of tetanus force production between case and control; however, the

case force was greater than that for the control and they did not exhibit any effect of

statin myopathy and difference in statin concentration levels (Figure 19).
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Figure 19: Donors 141 (control) and 125 (case) showed a significant difference in
tetanus force production between the control and myopathy donor. However, due to
high variability in the forces it did not exhibit significant an effect of statin
myopathy.

Atorvastatin accounted for 4 of out of the 10 pairs tested with protocol II and 2 of
the pairs produced forces below 0.05 mN in the Twitch(-) and Tetanus(-) levels and did
not show any effect of statin myopathy and contained a lot of variability in its force
production. This was observed with protocol I for donors 128, 143 and 129. For

rosuvastatin both the case (138) and control (111) donors tested with protocol II had

forces that were in the Twitch (-) and Tetanus (-) levels. (Figure 20).
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Figure 20:These three sets of donors produced forces in the Twitch (-) and Tetanus

(-) ranges and did not show any significant effects in terms of control vs
myopathy.
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The other two pairs dosed with atorvastatin did produce forces in the Twitch (+)
and Tetanus(+) ranges, however, only one of them (102 control) showed a significant
difference between the high dose statin and vehicle control. Neither of the two pairs

showed any trend in terms of differences between case and control (Figure 21).
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Figure 21: These two sets of donors dosed with atorvastatin did not show significant
effects between control and myopathy donors. The myopathy donors also did not
show any effect of statin myopathy. A post-hoc Tukey’s test indicates a significant
difference between conditions with respect to vehicle control. * p < 0.05. Data
reported as mean +SEM, n = 3-4 biological replicates per condition. Vehicle control
=0.0085% DMSO.
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Although the controls had nominally higher forces for the vehicle control,
pravastatin dosed donors also did not show any statistically significant difference
between the myopathy donors and control, however the controls (142, 110) dosed with
pravastatin did show a significant effect of statin myopathy when compared to their

vehicle control (Figure 22).
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Figure 22: Donors dosed with pravastatin did not show significant effects
between case and control. The control donors 142 and 110 did show a significant
effect of statin myopathy with respect to their vehicle control. A post-hoc Tukey’s
test indicates a significant difference between conditions with respect to vehicle
control. * p < 0.05. Data reported as mean +SEM, n = 3-4 biological replicates per
condition. Vehicle control = 0.062% H20.
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A table with the levels of twitch and tetanus force production for all the donors
tested with protocol I and protocol II are provided in Table 5. It can be seen that twitch
forces were quite low and variable in general for all statin types and concentrations and
hence have not shown a trend for any of the 10 pairs of donors tested with protocol II.
For all the donors that were retested using protocol II from protocol I, a consistent trend
of force production in the case of Tetanus forces can be seen in 11 out of 12 donors and
for Twitch forces, 10 out of 12 donors showed the same trend. Comparing protocol I and
II, it can be said that in protocol I, 83.3% of the control donors had tetanus forces in the
Tetanus (+) range, whereas 58.3% of the case donors had tetanus forces in the Tetanus (+)
range. In protocol II, 70% of the control donors produced tetanus forces in the Tetanus
(+) range, and 60% of the case donors produced tetanus forces in the Tetanus (+) range.

Table 5: Protocol I and II donors with their force production levels.

Protocol 1 Protocol II

Control Tetanus i Tetanus
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In evaluating raw tetanus forces for protocol II, simvastatin and lovastatin dosed
donors showed differences in force production between case and control donors.
Relating this to the properties of statins, it is known that simvastatin, lovastatin and
atorvastatin are lipophilic (tends to dissolve easily in lipids), whereas pravastatin and
rosuvastatin are hydrophilic (tends to dissolve easily in water)?. In this study,
simvastatin and lovastatin were administered as lactone pro-drugs, so they were
enzymatically hydrolyzed to their active, hydroxy-acid form before they were
administered to the donors. But, atorvastatin, pravastatin and rosuvastatin were
administered as their original hydroxy-acid form and did not show any particular trend
as a whole. This is further validated using linear regression plots to identify interaction
effects (Section 3.3.2).

3.3.2 Multiple Linear Regression of tetanus force using protocol II.

All simvastatin donors (105 and 140, 116 and 119) tested with protocol II were
analyzed by multiple linear regression to identify interaction effects that are significant.
Their raw tetanus values were fit to statin concentration and myopathy. It was seen that
for donors 105 and 140, the R? value is 0.48 and shows a P<0.005 significance between the
control and myopathy (case) donor (Figure 23 (Right) which compares the measured

and predicted values). For donors 116 and 119, the R?value is 0.98 which is a solid fit
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and exhibits a significant difference in terms of statin concentration (for 116), control and
myopathy and statin concentration*myopathy (Figure 23 (Left)).
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Figure 23: (Left): Linear regression plot of statin donors (105 and 140) dosed with
simvastatin resulted in a R? value of 0.48 and showed significant difference
between the control and myopathy donor in terms of raw tetanus force. (Right):
Linear regression plot of statin donors (116 and 119) dosed with simvastatin
resulted in a R? value of 0.98 and showed significance differences between statin
concentration, control vs myopathy donor and statin concentration*myopathy.

All 10 pairs of donors were analyzed using a multiple linear regression where the
response of raw tetanus against interaction effects of statin concentration, myopathy and
control, and statin type. The R?value indicates that the model accounts for 45% of the
variability in data (R? = 0.45) and shows that there is a significant difference in terms of
statin type, myopathy vs control and statin type*myopathy (Figure 24). Furthermore, the
coefficient of myopathy (-0.104), and statin type*myopathy for lovastatin (-0.16), indicate

that there is a negative correlation with force production. The coefficient for statin
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type*myopathy for atorvastatin (0.08), pravastatin (0.09) and rosuvastatin(0.11) were

positive.
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Figure 24: Linear regression plot for all of the 10 pairs of donors tested with protocol
II. It showed significant effects in terms of statin type, myopathy vs control and
statin type*myopathy.

In order to account for variability between donors, a repeated measures between
experiments with donor ID was included in a repeated measures with full factorial
mixed effects regression analysis and it was found that the R? value increases from 0.45
to 0.66, and interaction effects that prove to be the most significant is myopathy with P
value of (0.0248) and statin concentration with a P value of (0.0107). The coefficient of
the significance of myopathy is (-0.106) and concentration is (-0.0246). Both of these

show that there is a negative trend with force production. (Figure 25).

46



4 v Response Raw Tetanus
4 Whole Model P
4 Actual by Predicted Plot

1.8
1.6
1.4
1.2

1
0.8

0.6

0.4

0.2 = E——

0 e
0 0.2 0.4 0.6 0.8 1
Raw Tetanus Predicted RMSE=0.1815 RSq=0.66
PValue=0.0418

Raw Tetanus Actual

> Effect Summary

> Residual by Predicted Plot

P Summary of Fit

> Parameter Estimates

> Random Effect Predictions

> REML Variance Component Estimates
Fixed Effect Tests

A

Source Nparm DF DFDen FRatio Prob > F
Statin Type 4 4 11.93 2.5456  0.0944
Myopathy 1 1 1222 65449 0.0248*
Statin Concentration 1 1 11.77 9.1620 -
Statin Type*Myopathy 4 4 11.93 2.5047 0.0981
Statin Type*Statin Concentration 4 4 10.91 0.8024  0.5487
Myopathy*Statin Concentration 1 1 11.77 3.8779 0.0729
Statin Type*Myopathy*Statin Concentration 4 4 10.91 2.0753 0.1533

Figure 25: Repeated measures regression plot of all donors from protocol II
showing significance in terms of myopathy and statin concentration

3.3.3 Effect of cross sectional area of myobundles on twitch and tetanus force
production using protocol II.

Specific force was calculated by dividing raw twitch and tetanus force by the
cross-sectional area of the myobundles aims to reduce variability by accounting for
differences due to statin concentration, case, and myopathy donors as well as
myobundle fabrication. Specific force of twitch and tetanus in most cases individually
(Appendix B) did not have a significant effect in terms of the trends with statin
concentration or myopathy that was different from that observed with the raw force,
however, collectively analyzing the specific force of the 10 pairs of donors, and plotting
them in a multiple regression yielded a better R? value (0.65) and showed the same
significant interaction effects as those seen with raw tetanus force (Figure 26). The

coefficients of significance for myopathy (-0.02), statin type*myopathy for atorvastatin(-
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0.05) show that there is a negative correlation with force production. The specific force
graphs for all the 10 pairs of donors tested using protocol Il is provided in Appendix B.
A repeated measures regression for specific force was performed accounting for the
donor IDs and considering interaction effects of statin concentration, myopathy and
statin type. However, in that model, R? value for the repeated measures for specific force
reduced to 0.48, which proves that there is a lot of variability in specific force between

the individual donors.
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Figure 26:Linear regression plot for all of the 10 pairs of donors tested with protocol II
using specific force as the dependent variable. It has a R? value of 0.65 and showed
significant effects in terms of statin type, myopathy vs control and statin type*myopathy

It can be concluded that even though the cross-sectional area of the myobundles
do not reduce variability within individual donors, it did improve the overall fit of the
regression plot and perhaps reduced the variability of all of the 10 pairs of donors as a
group in terms of specific tetanus. Specific twitch had a similar effect as that of the
twitch forces and were too low to establish any trend.
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3.3.4 Fatigue results of the myobundles

Fatigue is measured by dividing force output at 30 seconds after start of tetanic
stimulation by the peak contractile force. Muscle fatigue is usually the decline in the
ability of a muscle to generate force. It was expected that fatigue would be higher for
donors that were dosed with higher dose of statin (5 uM) in comparison to their vehicle
control. Fatigue was measured for all 10 pairs of donors that were tested with protocol
II. Comparing the fatigue of donors on an individual basis with their pairs yielded no
significant trend in terms of statin concentration or myopathy vs control. Fatigue graphs
of all 10 pairs of donors tested is provided in Appendix C.
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Figure 27: Linear regression plot for all of the 10 pairs of donors tested with
protocol Il with Average Fatigue. It has a R? value of 0.83 and showed significant
effects in terms of statin type.

A multiple linear regression was plotted with average fatigue data of the 10 sets

of donors against statin concentration & control vs myopathy and R? value of regression
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was 0.83 which a good fit and shows significant difference between statin types with a P

(<0.0001) and a negative coefficient for atorvastatin and lovastatin (Figure 27).

3.4 Myoblast purity results

Myoblast purity of all the donors were analyzed according to the protocol in

section 2.3.1, and the percentage of desmin-positive cells is plotted in Figure 28.
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Figure 28:Percentage of desmin-positive cells (indicator of myoblast purity) of all the
donors.

Comparing the myoblast purity of donors tested with protocol II, there was no

significant difference between case and control donors in terms of myoblast purity

(Figure 29).
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Figure 29: Myoblast Purity of control donors (left) and case donors (right) that were tested
with protocol II. No significant difference was seen between the case and control donors in
terms of myoblast purity



A graph with the myoblast purity of donors tested with protocol II against the
tetanus force produced by the vehicle control dosage is plotted in Figure 30. There is no
particular trend or relationship that can be between these two parameters and the R?
value of the graph is very low (0.0002) . As a whole, it can be concluded that myoblast
purity of a donor does not have a trend with its tetanus force production.
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Figure 30: Myoblast purity of donors tested with protocol II vs tetanus force
production under vehicle control dosing,.

3.5. 3D Immunofluorescence of the Myobundles

3D immunofluorescence imaging of the myobundles was performed on all 10
pairs of donors tested with protocol II. They were stained with Sarcomeric Alpha
Actinin (SAA) which is a late maturation marker in myotubules and Vimentin which
stains for fibroblasts. Representative images of some donors dosed with simvastatin,
lovastatin and atorvastatin, pravastatin and rosuvastatin are provided in this section.

Simvastatin dosed donors 105 and 140 showed structural difference in

myotubule formation between control donor (105) and case donor (140) in vehicle
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control. The control donor’s myotubes were striated and showed more structural
integrity and was also present in larger numbers when compared to the case donor. The
two donors did not show any differences within each other between the high dose statin
and vehicle control (Figure 31). This could account for higher tetanus force production of

donor 105 and lower tetanus force production of donor 140.

52



Statin ID 105 Vehicle Control Statin ID 140 Vehicle Control

Statin ID 105 (5uM) Statin ID 140 (5uM)

Figure 31:Confocal images of control donor 105 and case donor 140 dosed with
simvastatin. Donor 140 showed fewer number of myotubules in Vehicle control
when compared to Donor 105. Both the donors did not seem to show differences
within themselves between the high dose and vehicle control.
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Lovastatin donors 141 (control) and 125 (case) were also imaged and an
observation can be made that the 141 has fewer myotubule formation when compared to
125. This could explain the higher tetanus force production of 125. For both donors
fewer myobundles are seen in the high dose of 5 uM when compared to their respective

vehicle controls (Figure 32).

»Statin ID141 Vehicle Control Statin ID 125 Vehicle Control

Statin ID 141 (5uM) Statin ID 125 (5uM)

Figure 32:Confocal images of control donor 141 and case donor 125 dosed with
lovastatin. Donor 141 showed fewer number of myotubules in Vehicle control when
compared to Donor 105. Fewer myotubules are also observed in the 5uM dosage for
both donors.
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Atorvastatin dosed donors 128 (control) and 143 (case) showed that the control
donor had fragmented myotubules, whereas the myotubules of the case donor were
structurally intact but were fewer in number. Both the control and case donors produced
forces at the Twitch (-) and Tetanus (-) levels. The fragmented nature of the myotubules
of donor 128 could have contributed to its very low forces, whereas the few number of

myotubules of donor 143 could have resulted in its low force. (Figure 33).

Statin ID 128 Vehicle Control Statin ID 143 Vehicle Control

Statin ID 128 5pM @ e -~ StatinID 143 5uM

Figure 33: Confocal images of control donor 128 and case donor 143 dosed with
atorvastatin. Donor 128 showed fragmented myotubules, and donor 143 showed
fewer number of myotubules.
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Pravastatin donors 142 (control) and 123 (case) also showed similar properties
where the higher number of myotubules co-related with force production. Donor 142,
had higher tetanus force production in comparison to donor 123 and exhibited more
myotubule formation. Donor 142 also had fewer myotubes in the high dose condition,
which can be correlated to the significant difference in the tetanus force drop off
between the high dose and vehicle control. Donor 123 did not show much difference in
myotubule formation between vehicle control and high dose of statin (Figure 34).

» Statin ID 142 Vehicle Control Statin ID 123 Vehicle Control

3

StatinID142 5uM Statin 1D 123 54/M
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Figure 34: Confocal images of control donor 142 and case donor 123 dosed with
pravastatin. Donor 142 showed higher myotubule formation in vehicle control
when compared to donor 123.

Rosuvastatin dosed donors 111 (control) and 138 (case) had forces that were in
the Twitch(-) and Tetanus (-) levels, and observing their confocal images, it can be seen

that for both donors, there is very low myotubule formation and the myotubules are

fragmented (Figure 35).
Statin ID 111 Vehicle Control , StatinlD138 Vehicle Control

Figure 35: Confocal images of control donor 111 and case donor 138 dosed with
rosuvastatin. Both show very low myotubule formation and can be correlated
to their low tetanus force production.

Based on the immunofluorescence images, an observation can be made that the
formation of myotubules directly relates to force production. In cases where there were
fragmented or fewer number of myotubules, force production of these donors was much
lower than their pair that had higher number of myotubules. In simvastatin dosing,
myopathy donor had lower force production and hence fewer myotubules were seen.

Whereas, in lovastatin dosing, the myopathy donor had higher force production and

hence a higher number of myotubules were observed. As a result, no relationship
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between myopathy donors and formation of myotubules can be concluded. There is

however a relationship between force production and myotubule formation.
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4. Discussion

Through this thesis, I was able to show that young, healthy myoblasts show a
significant relationship between their normalized tetanus force production and the
product of the dose and exposure. This was seen through the lovastatin titration
experiment of young, healthy donor (T-105) and enabled me to optimize the statin dose
level and time of exposure that would increase force production and at the same time
show a significant decline in force production between the high dose of statin and their
vehicle control. These conditions were built into Protocol II and 10 pairs of donors were
tested with this protocol.

With protocol 11, 2 pairs of simvastatin, 1 pair of lovastatin, 4 pairs of
atorvastatin, 2 pairs of pravastatin and 1 pair of rosuvastatin were tested. Only 10 pairs
of donors were tested with protocol II, because, there were not enough cells available
through isolation since already 12 pairs of donors were tested with protocol I. Overall, a
repeated measures multiple regression with raw tetanus and interaction effects of statin
concentration, myopathy and statin type was chosen to account for the different
individual donors and presented the best fit as judged by the R? value of 0.66. It showed
that the 10 pairs of donors from protocol II did display significant differences between
myopathy vs control and statin concentration. Simvastatin showed an effect of force
production between the control donors and case donors. Control donors produced
higher tetanus forces when compared to their case pairs. Immunofluorescence imaging

of the simvastatin donors showed higher myotubule formation with the control donors
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that may have contributed to their higher force production. Lovastatin donors also had
an effect of force production between the control and case donors. In the case of the
lovastatin, the case donor produced higher forces, and this can be correlated with
immunofluorescence where the case had higher myotubule formation. Donors who had
been taking atorvastatin, rosuvastatin, and pravastatin showed no significant effects of
force production with respect to statin type, myopathy and control and statin
concentration levels. Low forces were observed with case donors that were dosed with
rosuvastatin in both protocol I and protocol II. Comparing the similarities of the effects
observed with the drug properties, it can be inferred that simvastatin and lovastatin
showed similar effects because in the experiments, simvastatin and lovastatin were
administered as lactone pro-drugs, so they were enzymatically hydrolyzed to their
active, hydroxy-acid form before they were administered to the donors. But,
atorvastatin, pravastatin and rosuvastatin were administered as their original hydroxy-
acid form and did not show any particular trend as a whole.

Specific force did not have a significant effect on the trends observed with
individual donors. For some donors, the error bars (SEM) did reduce with specific force,
but for others, it either increased or did not have a difference, hence no consistent trend
was observed with SEM for specific force for donors tested with protocol II. As a group,
on the 10 pairs of donors tested with the new protocol, specific tetanus force showed
significant difference with respect to statin myopathy, myopathy vs control and statin
type*myopathy and specific forces reduced variability of tetanus forces as reported by
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the R2. Fatigue only showed an effect on statin type and did not show any trends with
statin concentration or myopathy and control donors.

Effect of statin drug toxicity was visible when young, healthy myobundles were
tested®, however the paired donors used in this thesis are older individuals who exhibit
a wide range of clinical diseases including cerebrovascular disease, diabetes, coronary
artery disease, obesity, hypothyroidism to name a few. As a result, muscle weakness
might not be the most pronounced symptom of these donors. A conclusive analysis of
their clinical data would provide a better understanding of significance of their
comorbidities in relation to the force production.

Moreover, in patients, the statins usually present their effects on long term high
dosage use (typically 3-6 months), however, through our microphysiological system we
have tried to stimulate similar effect through a culture period of 14 days and were still
able to achieve positive results with regards to assessing differences in the force

production of donors with regards to statin type and type of donor.
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5. Conclusion

Understanding the effect of statins on the skeletal system is beneficial and
through this thesis I have demonstrated that certain statins (simvastatin) are more
susceptible to effects of statin myopathy, and donors that already present with statin
induced myopathy when exposed to these statins had lower force production.

Future work can be done to understand the characterization of myobundles on a
molecular level through RNA sequencing and metabolomics. This would be able to
provide more details regarding the mechanism of the effect of statin and observe if there
are any intrinsic factors that show a significant trend. Moreover, increasing the number
of pairs dosed with simvastatin and lovastatin would perhaps show a more robust effect

of these statins on force production.
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Appendix

Appendix A: MATLAB Script to quantify Twitch, Tetanus and Fatigue.

%% Program Overview

% This program will gather the force data (twitch, tetanus, and
fatigue)

% from the fmd files in a selected folder. It will then save the
data plots

% into another folder and output the data to an Excel
spreadsheet.

% To best use this program, you should save your data so that
each

% condition's data is in its own folder(e.g. T107 - Control). You
do not

have to organize your fmd files into the Twitch/Tetanus/Fatigue
conditions. The program will automatically determine what type
of force

% measurement was being tested. Refer to the section labeled

o\

o\

% "Program Setup" (line 32) to customize the output of the data
analysis.

o\

% Procedure

1. Change the name of the spreadsheet as desired (line 34).
2. Change the name of the condition folder as desired (line
) .

o oe

w

7

o\

Plots for twitch, tetanus, and fatigue will be saved for
each condition.

% 3. Change the offset (average of first indicated number of
points) . The

% default is set to the first 20 points (line 46).

% 4. Account for the time delay due to the force rig. The default
is set to

% analyze the data starting after 50 ms (line 49).

% 5. Click "Run" and select the folder of files you want to
analyze.

% 6. You will see the figures of the force traces pop up and
disappear,

% indicating that they have been saved in the respective
folder. If you

% wish to have the plots remain visible, refer to line 140 and
comment

% that line out.

% 7. Open up the Excel spreadsheet and the images to see the
results of the
% data analysis

%% Clear workspace and variables
Cr

Q
-
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%% Program setup - requires user input
% Excel file
spreadsheet = 'Test.xlsx'; % Change title as desired

Q

% Folder for images; change folder name as desired

condition = 'Test'; % Write in the condition of your muscle
bundle

% Subfolders for plotting the various conditions

mkdir ([condition ' Plots'], 'Twitch'); % create folder of twitch
plots

mkdir ([condition ' Plots'], 'Tetanus'); % create folder of
tetanus plots

mkdir ([condition ' Plots'], 'Fatigue'); % create folder of

fatigue plots
% Offset: subtracts all values from the average of the first
indicated

% number of data points. Offset is set to 20 as a default
os = 20; % Change as desired

% Time delay: default is set as 50 ms
delay = 50;

%% Gather files and establish counters

% Obtain folder of files

directory = uigetdir; % Allows for user selection of folder
files = dir(fullfile(directory,'*.fmd')); % Obtain all fmd files
in the directory

% Create a counter for the number of files with the specific test
condition

twiCount = 0;
tetCount = 0;
fatCount = 0;

%% Loop through data

for i = l:length(files)

files (i) .fullname = fullfile(directory,files (i) .name); % obtain
full file name

[files (1) .pathstr, files(i).filename, files (i) .extension] =
fileparts(files (i) .fullname);

files (i) .fulldata = importdata(files(i).fullname); % obtain all
data

files (i) .datapoints = length(files (i) .fulldata.textdata); % find
number of datapoints
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files (i) .start =

find(isfinite (str2double(files (i) .fulldata.textdata(1:20)))); %
Find row where first numerical datapoint begins

% % Convert data from text format to numerical and account for 50
ms delay

files (i) .prelimData =

str2double (files (i) .fulldata.textdata(files (i) .start(l)+delay:fil
es (i) .datapoints));

o)

% Change offset

files (i) .offset = mean(files (i) .prelimbData(l:o0s)); % account for
offset (change range as desired)
files (i) .newData = files (i) .prelimData - files (i) .offset; % new

data with offset taken into account

% Account for the different number of pulses for each test
condition:

% Twitch (1), Tetanus (20), Fatigue (600)

if (files (i) .fulldata.data(3) == 1) % Twitch
files (i) .condition = 'Twitch';

[files (1) .peakForceTwi, files (i) .peakTimeTwi] =
max (files (i) .newData (1:2001));

% Half-time to relaxation

files (i) .halfForce =

abs (files (i) .newData (files (i) .peakTimeTwi:2001) -

files (i) .peakForceTwi./2); % Ensures time is counted after peak
force

files (i) .halfTime = find(min(files (i) .halfForce) ==

files (i) .halfForce);

[files (i) .halfTimeRelax] = files (i) .halfTime(1l); % take the first

timepoint if min is the same for more than one datapoint
files (i) .totalHalfTime = files (i) .halfTime (1) +

files (i) .peakTimeTwi - 1;

twiCount = twiCount + 1;

elseif (files(i).fulldata.data(3) == 20) % Tetanus
files (i) .condition = 'Tetanus';

[files (i) .peakForceTet, files (i) .peakTimeTet] =

max (files (i) .newData (1:2001)) ;

files (i) .ninetyPercentMax = 0.9*files (i) .peakForceTet;
files (i) .ninetyPercentForce = 0.9*files (i) .newData (1:2001);
files (i) .ninetyPercentTime =

find(min (abs (files (i) .newData (l:files (i) .peakTimeTet) -
files (i) .ninetyPercentMax))

== abs(files (i) .newData(l:files (i) .peakTimeTet) -

files (i) .ninetyPercentMax));

[files (1) .npTimeTet] = files (i) .ninetyPercentTime (1) ;
tetCount = tetCount + 1;

else % Fatigue

files (i) .condition = 'Fatigue';

[files (i) .peakForceFat, files (i) .peakTimeFat] =

max (files (1) .newData (1:32001)) ;
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% Fatigue Calculations; accounts for much larger data points in
fatigue testing

files (i) .thirtySecForce = files (i) .newData (30001); % force at
30seconds
files (i) .fatigueForce = (files(i).thirtySecForce ./

files (i) .peakForceFat) .*100;
fatCount = fatCount + 1;

end

end

%% Plot data
for k = 1l:1length(files)

hold on
figure (k) ;clf
if strcmp(files (k) .condition, 'Twitch') == 1 % Plot Twitch Data

plot (1:2001, files (k) .newData (1:2001), "k-

', files (k) .peakTimeTwi, files (k) .peakForceTwi, 'rx', ...
files (k) .totalHalfTime, files (k) .newData(files (k) .totalHalfTime),'
gx');

xlabel ('Time (ms) ')

ylabel ('Force (mN) ")

$ title(files (k) .filename)

title(['Twitch - ' num2str(find([files (k) .peakForceTwi] ==
[files.peakForceTwi]))]) % Indicates sample number

legend ('Force Trace', '"Max Force', 'Half Relaxation')

saveas (figure(k), [pwd '\' condition ' Plots' '\Twitch\'
files (k) .filename '.jpg'])

elseif strcmp(files (k) .condition, 'Tetanus') == % Plot Tetanus
Data

plot (1:2001, files (k) .newData (1:2001), "k-

', files (k) .peakTimeTet, files (k) .peakForceTet, "rx"', ...
files (k) .npTimeTet, files (k) .ninetyPercentMax, "gx');

xlabel ('Time (ms) ')

ylabel ('Force (mN) ")

% title(files (k) .filename)

title(['Tetanus - ' num2str(find([files (k) .peakForceTet] ==
[files.peakForceTet]))]) % Indicates sample number

legend ('Force Trace', 'Max Force', '90% Max Force')

saveas (figure(k), [pwd '\' condition ' Plots' '\Tetanus\'
files (k) .filename '.jpg'])

else % Plot Fatigue Data

plot (1:32001, files (k) .newData (1:32001), "k-

',files (k) .peakTimeFat, files (k) .peakForceFat, "'rx', ...
30001, files (k) .thirtySecForce, 'gx'");

xlabel ('Time (ms) ')

ylabel ('Force (mN) ")

% title(files (k) .filename)
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title(['Fatigue - ' numZ2str(find([files (k) .peakForceFat] ==

[files.peakForceFat]))]) % Indicates sample number

legend ('Force Trace', "Max Force', 'Force at 30 Seconds')

saveas (figure(k), [pwd '\' condition ' Plots' '\Fatigue\'
files (k) .filename '.jpg'])

end

hold off

set (figure(k), 'Visible', 'off') % Makes plots invisible; comment
out if you wish to see the figures in MATLAB

end

% Amass the data, generate table, and write to excel spreadsheet
Twitch

o o°

if (twiCount ~= 0)

% Force data

twiForce = [files.peakForceTwi]; % peak force
meanTwiForce = mean (twiForce) ;

stdTwiForce = std(twiForce);

semTwiForce = stdTwiForce./sqrt (length (twiForce)) ;
% Time data

twiTime = [files.peakTimeTwi]; % peak time
meanTwiTime = mean (twiTime) ;

stdTwiTime = std(twiTime) ;

semTwiTime = stdTwiTime./sqgrt (length (twiTime)) ;
halfRelaxTime = [files.halfTimeRelax]; % half time to relaxation

meanHalfRelaxTime = mean (halfRelaxTime) ;
stdHalfRelaxTime = std(halfRelaxTime) ;
semHalfRelaxTime = stdHalfRelaxTime./sqgrt (length (halfRelaxTime)) ;

Q.

% Table of results

twiNums = cellstr (num2str ([l:twiCount]'));

twilabels = [twiNums; 'mean'; 'std dev'; 'std error'];
allForceTwi = [twiForce meanTwiForce stdTwiForce semTwiForce];
allTimeTwli = [twiTime meanTwiTime stdTwiTime semTwiTime];
allRelaxTwi = [halfRelaxTime meanHalfRelaxTime stdHalfRelaxTime
semHalfRelaxTime] ;

twiTable = table(allForceTwi',
allTimeTwi',allRelaxTwi', 'RowNames', twilLabels, 'VariableNames', {'m
axForce', 'timeToMax"', 'timeToHalfRelax"'}) ;

% Writing to spreadsheet

writetable (twiTable, spreadsheet,

'Sheet', "Twitch', '"WriteRowNames', true) ;

end

% Tetanus

if (tetCount ~=0)

% Force data

tetForce = [files.peakForceTet]; % peak force
meanTetForce = mean (tetForce);
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stdTetForce = std(tetForce);

semTetForce = stdTetForce./sqrt (length (tetForce));

% 90% force data

tetForce90 = [files.ninetyPercentMax]; % 90% of peak force
meanTetForce90 = mean (tetForce90) ;

stdTetForce90 = std(tetForce90);

semTetForce90 = stdTetForce90./sgrt (length (tetForce90)) ;
% Time data

tetTime = [files.peakTimeTet]; % peak time

meanTetTime = mean (tetTime) ;

stdTetTime = std(tetTime) ;

semTetTime = stdTetTime./sqgrt (length (tetTime));

% 90% time data

tetTime90 = [files.npTimeTet]; % time to 90% max
meanTetTime90 = mean (tetTime90) ;

stdTetTime90 = std(tetTime90) ;

semTetTime90 = stdTetTime90./sgrt (length (tetTime90)) ;
% Table of results

tetNums = cellstr (num2str([l:tetCount]'));

tetLabels = [tetNums; 'mean'; 'std dev'; 'std error'];
allForceTet = [tetForce meanTetForce stdTetForce semTetForce];
allTimeTet = [tetTime meanTetTime stdTetTime semTetTime];
allForce90Tet = [tetForce90 meanTetForce90 stdTetForce90
semTetForce90];

allTime90Tet = [tetTime90 meanTetTime90 stdTetTime90
semTetTime90] ;

tetTable = table(allForceTet',
allTimeTet',allForce90Tet',allTime90Tet', "RowNames', tetLabels, 'Va
riableNames', { 'maxForce', 'timeToMax"', 'ninetyPercMaxForce', 'ninety
PercMaxTime'}) ;

% Writing to spreadsheet

writetable (tetTable, spreadsheet,
'Sheet', '"Tetanus', 'WriteRowNames', true) ;

end

% Fatigue

if (fatCount ~= 0)

% Force data

fatForce = [files.peakForceFat]; % peak force
meanFatForce = mean (fatForce);

stdFatForce = std(fatForce);

semFatForce = stdFatForce./sqrt (length(fatForce));
% Time data

fatTime = [files.peakTimeFat]; % peak time
meanFatTime = mean (fatTime);

stdFatTime = std(fatTime) ;

semFatTime stdFatTime./sqrt (length (fatTime)) ;
% 30 Sec Force data

thirForce = [files.fatigueForce];

meanThirForce = mean (thirForce);
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stdThirForce = std(thirForce);

semThirForce = stdThirForce./sqrt(length (thirForce)) ;
% Table of results

fatNums = cellstr (num2str([l:fatCount]"'))

fatLabels = [fatNums; 'mean'; 'std dev'; 'std error'];
allForceFat = [fatForce meanFatForce stdFatForce semFatForce];
allTimeFat = [fatTime meanFatTime stdFatTime semFatTime];
allThirForce = [thirForce meanThirForce stdThirForce
semThirForce];

fatTable = table(allForceFat',
allTimeFat',allThirForce', 'RowNames', fatLabels, 'VariableNames', {'
maxForce', 'timeToMax', 'FatigueForce'});

% Writing to spreadsheet

writetable (fatTable, spreadsheet,

'Sheet', '"Fatigue', 'WriteRowNames', true);

end
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Appendix B: Specific force for individual donors with protocol II

Graphs on the left are control donors, and those on the right are case donors.
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Force at 30sec/Peak

Appendix C: Fatigue for individual donors tested with protocol II.

Graphs on the left are control donors, andon the right are case donors.
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Appendix D: Low Amino Acid Formulation

Table 6: Custom Low Amino Acid Formulation for 500mL

10
3.33
250
250

250

10
1.11

500

468.8

Volume of each component needed

Desired total volume
500 500
mL Horse serum
mL 7.5% BSA stock
UL Gentamycin
ML Fungizone
UL 200 mM L-
carnitine
mL 5 mM FA stock
mL 45% D-glucose solution
mL 100 mM
pyruvate
mL 200 mM
glutamine
uL Gibco insulin
g ACA
mL Basal media with sodium bicarbonate already added
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