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LAY ABSTRACT

Space travel exposes astronauts to ionizing radiation (IR), which can damage muscles
resulting in impaired function reduced well-being. This study explored whether a Multi-Targeted
Dietary Supplement (MTDS) can aid in protecting muscle after IR exposure. Mice were fed
either the control diet (CD) or a control diet containing the MTDS and then exposed to IR. CD-
fed mice exposed to IR exhibited lower body weights and increased evidence of muscle damage.
Muscles from the IR exposed CD mice showed increased centrally-located nuclei, a metric of
muscle damage and ongoing repair. IR exposed mice on the MTDS diet did not experience these
changes. These results demonstrate that the MTDS has the potential to be an aid in the protection
of muscles after IR exposure, which can be useful for astronauts on extended space missions.

Supported by the Canadian Space Agency



ABSTRACT

Exposure to ionizing radiation (IR) is known to negatively impact musculoskeletal health.
A Multi-Targeted Dietary Supplement (MTDS) has been formulated to protect against radiation-
induced cellular damage. This study investigated the efficacy of this MTDS to ameliorate IR’s
negative effects on skeletal muscle. Six experimental groups of ten-week-old male BALB/c mice
were randomized (n=8/group) to either a control diet (CD) or the MTDS diet (MD). The MTDS
was mixed into the CD, and mice were pre-fed the MD for 28 days. Each diet group was randomly
divided into control (no irradiation) or an irradiated (IR) group and continued their respective diet
until euthanized at day 21 or 28. IR-treated mice received 0.8 Gy fractions (day 0 and 14 or day 0,
7 and 14) for a cumulate dosage of 1.6 or 2.4 Gy, respectively. Tibialis anterior (TA), quadriceps,
gastrocnemius and plantaris (GP), and soleus muscles were collected. Body weights remained
unchanged at 1.6 Gy, while a reduction was observed at 2.4 Gy in the IR+CD group compared to
the IR+*MTDS group. The relative TA and GP muscle/body weight ratios were elevated in IR+CD
groups, whereas the MD maintained lower muscle/body weight ratios. Cross-sectional area and
min Feret values in the IR+CD were larger compared to control and the IR+MD groups
demonstrating that the MTDS was protective against radiation-induced edema. Centrally-located
nuclei (per mm?) in the IR+CD group were significantly elevated in both the TA and GP compared
to control and the IR+MTDS group. Macrophage F4/80 staining showed a significant increase in
macrophages within muscle fibers in the IR+CD groups, which was blunted by the MD. These
results demonstrate that IR exposure leads to long-term negative changes on skeletal muscle and
the MTDS attenuated these effects, positioning it as a potential therapeutic approach to IR
exposure.

Supported by the Canadian Space Agency.
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LITERATURE REVIEW

Chapter 1: Space Travel

1.1 Introduction to Space travel

Space travel has been a topic of fascination for decades and through it humanity has been
able to explore new frontiers and understand our place in the universe. Despite the scientific
advances provided by space exploration, space radiation presents unique challenges to the human
body. These challenges are a primary limitation in furthering space travel, and it is imperative
that research is conducted to minimize these challenges as space exploration is essential in
discovering the origins of life, learning about our own planet, and potentially even furthering
human survival.

Future long-duration space missions will require prolonged exposure to the stressors of
space flight. For example, a return trip to Mars would last approximately two years, roughly half
of which would be spent in a zero-gravity spacecraft. During this journey, the human body would
be exposed to chronic micro- or partial gravity alongside volatile space radiation!~*, known as
ionizing radiation (IR) 3. Due to IR and unweighting caused by altered gravity, there are
numerous physiological changes to the human body during spaceflight. For example, the
cephalic fluid shift caused by microgravity can affect visual acuity and induce profound
cardiovascular changes and splanchnic pooling®’. These changes can extend to the
musculoskeletal system, which faces significant challenges in the space environment. A main
point of concern during spaceflight is the loss of muscle mass, and a subsequent decrease in

strength, mobility, and functionality. It is estimated that astronauts can experience muscle loss of
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10-20% on short-term missions®. However, during long term missions, loss of muscle is much
more exacerbated®!?. A substantial loss of skeletal muscle would have significant impact on both
our metabolic and physical well-being as this tissue comprises 40% of the total body mass!!.
Overall, the detrimental impacts of space travel on muscle results in loss of functional strength
required for both mission critical activities but also can impact the overall quality of life if
adequate muscle recovery is not achieved when astronauts return back to Earth.

Although there is an abundance of literature on how space travel impacts the
musculoskeletal system, studies have typically focused on the impacts of weightlessness on
skeletal muscle health and IR on bone health. Very few studies have focused on both dual
interventions and even fewer have focused on understanding low dose IR exposure on skeletal
muscle. This literature review hopes to provide a summary of the research on how spaceflight
induced IR affects the musculoskeletal system, focusing specifically on skeletal muscle and will

highlight areas where further investigation is needed further.

1.2 Space Radiation

The earth is protected from the harmful effects of space radiation by the ozone layer and
the Van Allen Belts, a protective magnetic field composed of high energy particles that originate
from the sun'?. Astronauts traveling beyond the Van Allen Belts are exposed to IR which can
have various damaging impacts on their health and quality of life even after returning to earth.
Space radiation is mainly comprised of IR, which is composed of gamma and x-rays, along with
highly charged protons, neutrons, and beta particles!'.

Ionizing radiation exposure occurs mostly through galactic cosmic radiation (GCRs),

solar particle events (SPEs), and a smaller amount through intravehicular radiation'* (Fig. 1).
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GCR is emitted as clouds of high-energy protons and alpha particles, which is thought to be
originated from supernovas. This type of radiation will comprise a major portion of the radiation
absorbed by astronauts'®. SPEs are released by the sun during solar storms or solar flares'* and
these can occur suddenly, over a short period of time and can cause intense radiation storms.
Astronauts who may be conducting extravehicular activity at the time of a SPE can receive a
lethal dose of radiation of up to 2 Gray (Gy) '> ', SPEs can sometimes be predicted due to the
activity of an SPE being proportional to sunspot activity, which follows an eleven-year solar
cycle!*. However there have been occurrences of SPE activity outside of high sunspot activity,
and as a result forecasting alone is not a perfect measure of predicting radiation exposure.
Intravehicular radiation is produced by the interaction of SPE protons and heavy-charged GCR
particles with the spacecraft itself. This type of interaction produces secondary particles through
nuclear fission reactions such as protons, alpha and beta particles, gamma and x-rays, neutrons,
and heavy-charged particles!#. In summary, while the Earth’s natural magnetic field and ozone
layer shield humans from the harmful effects of IR, astronauts venturing on space missions are
exposed to various different sources of IR which are sometimes unpredictable. As such IR

presents a significant risk to astronaut health both in space and after return to Earth.

1.3 Types of IR Exposure

Depending on the amount of radiation and the duration of radiation exposure there are
two categories of impacts. Acute impacts of radiation occurs when a large dose of radiation is
absorbed in a short period of time, often minutes to hours, leading to nausea, vomiting, fatigue,
and central nervous system diseases which can lead to lasting motor and behavioural

14,17,18

impairments . Chronic exposure to radiation is when smaller radiation doses are
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accumulated over decades, this is most relevant to astronauts on space missions. This type of
exposure results in an increased risk of cancer, cardiovascular dysfunction and spaceflight
associated neuro-ocular syndrome (SANS)!7!8 . Currently there is an abundance of literature on
how IR effects the various systems in the human body, such as the brain, heart, gastrointestinal
tract and immune system®!8-23. However, there is very limited knowledge on the effects of

chronic exposure to radiation on skeletal muscle which is the focus of this thesis.

National Aeronautics and Space Administration
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Figure 1. Graphical display of the types of space radiation and effects from NASA.
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Chapter 2: Skeletal Muscle Overview

2.1 Muscle Structure and Function

The musculoskeletal system is the largest organ system within the human body (by mass)
and is the foundation of human movement and function?®. It is comprised of bones for structural
support, cartilage that ensures smooth joint movement, ligaments and tendons that connect
muscles to bone, and lastly muscles, which are the focus of this thesis. Muscles generate the
force necessary for movement?®?’ and essential for vital tasks such as maintaining posture,
balance, and overall movement?®?°. There are three types of muscle tissue, cardiac, smooth, and
skeletal muscle. The focus of this thesis will be on skeletal muscle which is composed of bundles
of muscle fibers called myofibers which contain many myofibrils. Each myofiber represents a
muscle cell, which is surrounded by the sarcolemma, a membrane, which contains the
sarcoplasm the cytoplasm of muscle cells''. The functional unit of a myofibril is called a
sarcomere, which is composed of actin (thin filaments) and myosin (thick filaments) that slide
past each other during muscle contraction, generating the force required for muscle contraction
and effectively shortening the sarcomere 3%3!. The repeating arrangement of sarcomeres gives
skeletal muscle fibers their striated appearance?!. The contractions produced by the sarcomeres
for generating movement is known as the sliding filament theory*’, more can be read about this
theory in a review published by Powers et al, 2024.

Skeletal muscle fibers can be classified into groups based on their contraction speed and
metabolic phenotype. There are two main types of muscle, slow-twitch and fast-twitch fibers,
each of which can be further divided into specific fiber types. Slow-twitch fibers (Type I) appear
bright red and are composed of high myoglobin and mitochondrial content, and are characterized

by a slow contraction speed, high oxidative capacity, resistant to fatigue and dense
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capillarization®2. Fast-twitch (Type II) fibers appear to be whiter, have low myoglobin and
mitochondrial content, and are known to rely mainly on glycolytic pathways. Type IIA fibers are
classified as fast oxidative, have intermediate amount of myoglobin, mitochondria, and
capillarization, and are moderately fatigue resistant’?33. Type ITX, known as hybrid fibers, are
fast oxidative fibers with a fast contraction speed, however, are myoglobin and mitochondria
poor, quickly fatigued and have the least amount of capillarization®2. Type IIB fibers, primarily
found in rodents, have a fast contraction speed, however slower than Type IIX, have very low
oxidative capacity, contain low numbers of mitochondria, and are highly glycolytic. Human
skeletal muscle primary consists of Type I, ITIA, and IIX fibers, with few Type IIB fibers>*3.
Mouse species contain low numbers of Type I fibers, found primarily in the soleus, and are
mostly composed of Type 11X and IIB fibers. Despite these differences, mouse models remain
highly valuable for studying skeletal muscle biology as they are still able to undergo fiber type
shifts, regeneration, and adaptations similar to those seen in human skeletal muscle. The different
muscle fiber types are essential in allowing the body to adapt to a wide range of physical
activities and demands®. Furthermore, the plastic nature of muscle, allows the body to change
the composition of the muscle fibers in adaptation to exercise training, injury, or in the context of

spaceflight, inflammation, and weightlessness®¢—.

2.2 Muscle Regeneration and Regulation

The plasticity of skeletal muscle is regulated by a host of different cell types such as
satellite cells, immune cells, endothelial cells, and fibro/adipogenic progenitors to name a few*.
For the purpose of this thesis satellite cells and macrophages are of interest in the context of

muscle repair following exposure to injury. Satellite cells are also known as muscle stem cells.
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These cells normally exist in a quiescent state, situated between the sarcolemma and the
surrounding basal lamina*!. Upon injury, stress, or intense physical activity, these cells are
activated to respond to the physical or chemical damage caused to the myofiber. Once activated,
they begin to proliferate, differentiate, and ultimately fuse with existing muscle fibers or with

each other to form new fibers*!-#?

. This process is essential for repairing damaged muscle tissue
caused by injury, but also for muscle growth and adaptation in response to exercise*?. The ability
of muscles to regenerate makes them highly adaptable, ensuring that they can recover from
injury and maintain function. However, in cases such as muscular dystrophy where there is
continuous repair required of muscle, this can lead to a diminishing pool of satellite cells due to

40,43

over activation*”* . It is hypothesized this pattern can be observed not only in muscular

dystrophies but also due to long term IR exposure**4°,

Macrophages also play a key role in muscle repair and regeneration. Macrophages appear
in two main forms, pro-inflammatory M1 macrophages, and anti-inflammatory M2
macrophages*’. Roughly 48 hrs after injury activation of M1 macrophages peak and secrete pro-
inflammatory cytokines such as interlukin-6 (IL-6), IL-1, interferon-y, and Tumor Necrosis
Factor alpha (TNF-a)*7#8, These cytokines promote proliferation of myogenic precursor cells
while inhibiting satellite cell differentiation. Furthermore, M1 macrophages recognize damaged
muscle fibers and phagocytose the damaged tissue. Around the 4-day mark, M2 macrophages
become active and support myogenesis and regeneration by secreting high levels of Insulin-like
Growth Factor 1 to promote satellite cell proliferation and lower levels of Growth Differentiation
Factor 3, and TNFB which promote myocyte differentiation*’*>, Most macrophages disappear

after recovery and regeneration of healthy muscle fibers, however few macrophages remain, as

resident macrophages>’, underneath the basal lamina to promote normal muscle homeostasis and
phag p
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can be activated to increase recruitment of M1 macrophages following injury. As such
macrophages are essential in muscle repair and maintenance and their role becomes important

post IR induced skeletal muscle damage.

Chapter 3: Radiation Mediated Alterations to Skeletal Muscle

3.1 Inhibition of Muscle Satellite Cells

One of the underlying mechanisms for muscle atrophy is the insufficient activation of
satellite cells, which can stunt repair and regeneration of damaged muscle fibres, leading to
increased autophagy and apoptosis***. Using earth-based IR sources, studies have explored how
high-dose radiation can impact skeletal muscle satellite cells in vitro. Exposure to radiation of 4,
6 and 8 Gy on human myoblast cell culture derived from satellite cells has been shown to inhibit
proliferation and increase stress factors such as lactate dehydrogenase, IL-6 and heat shock
proteins*®, Satellite cells in cell culture, collected from the hindlimb muscle groups of female
Sprague-Dawley rats were exposed to 2 or 5 Gy of gamma radiation, which resulted in a
reduction in proliferation of 50% to 70%, respectively®!. Furthermore, reduction in satellite cell
proliferation was coupled with an increase in apoptosis and cell cycle arrest at both G1/S (growth
one and synthesis phase) and G2/M (growth two and mitosis) check points®!. This observation
strongly suggests that radiation negatively impacts satellite cell numbers.

An in vivo study completed by Masuda et al. 2015%, investigated the effects of varying doses
of 2, 10, 50, and 250 mGy/day of whole-body gamma irradiation on C57BL/6 male mice over 30
days to determine the effects of very low to high exposures. At moderate (50 mGy/day) and high

doses (250 mGy/day), there was a significant reduction in the number of myonuclei and Pax7-
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positive satellite cells immediately after radiation exposure, demonstrating a negative impact on
the regenerative capacity of muscle tissue**. Interestingly, self-renewal of satellite cells was
upregulated at moderate and high doses, suggesting that radiation-induced stress might promote
the self-renewal of satellite cells to maintain a stem cell pool, despite reduced proliferation
capacity. Three months after IR, the number of satellite cells returned to normal levels in the
moderate and high doses, however, very low dose radiation (2 and 10 mGy/day) slightly
impaired the proliferation capacity of satellite cells, indicating these doses may have long-term
impacts on muscle regeneration.

Overall, research suggests that radiation exposure both acute and chronic negatively affect
satellite cell function, compromising the muscle's ability to repair and regenerate, and leading to

long-term deterioration in muscle health*-46-5253,

3.2 Altered Muscle Morphology

Very few studies have been conducted examining the changes in muscle fiber size, and
composition following exposure to IR doses that are relevant to spaceflight. However, one study
that was conducted by Hardee et al., 2014°* on the hindlimbs of female C57BL/6 mice used two
different radiation exposures where the first consisted of 4 fractionated doses of 4 Gy and the
send of a single dose of 16 Gy. Although these doses were much higher than what astronauts
would be exposed to, this research demonstrates muscle fiber type specific changes, which may
be translatable to lower doses of IR exposure. The researchers observed that two weeks after IR
exposure there were no differences between the irradiated and control tibialis anterior (TA) and
gastrocnemius weights. However, it was observed that exposure to a single dose of 16 Gy

decreased the total muscle protein and RNA content in the gastrocnemius, however, the
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fractionated dose of 4x4 Gy did not have the same effect. This indicates that higher radiation
exposure had a more pronounced impact on muscle protein and RNA levels®*. Both 16 Gy and
4x4 Gy increased the incidence of centrally-located nuclei within TA muscle fibers compared to
control, indicating activation of muscle regeneration processes. Furthermore both 16 Gy and 4x4
Gy reduced the mean cross-sectional area (CSA) in the TA of type [IB myofibers (fast-twitch
muscle fibers), however, only 16 Gy decreased the CSA of type IIA myofibers (intermediate fast-
twitch fibers). This indicates that the higher dose affected both fiber types more extensively>*.
Both treatments reduced the frequency and size of muscle fibers exhibiting low succinate
dehydrogenase activity (SDH), which are normally Type IIB fibers, which is indicative of a
decrease in oxidative capacity. These findings suggest that larger doses of IR delivered at a single
instance cause more extensive muscle damage and remodeling, which were present even 2 weeks
after IR exposure.

Another study investigated the effects of low dose exposure to GCRs by exposing male
C57BL/6 mice to 0.24 - 0.31 Gy of GCRs>. Galactic Cosmic Rays were simulated at
Brookhaven National Laboratory using a Booster Accelerator. They showed that there were no
differences in triceps brachii weights between the control and irradiated groups 9 weeks after
exposure to IR. The mean CSA of muscle fibers of irradiated mice had slightly lower means
compared control mice, although not significant™. After classification of fiber types as small
(CSA < 1,700um?) or larger fibers (CSA > 3,000um?) found that irradiated mice expressed
significantly fewer smaller fibers>. Furthermore, this study also noticed significantly higher
number of centrally-located nuclei in the irradiated group compared to control suggesting that IR

exposure resulted in muscle remodelling and regeneration.

10
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These two studies analyzed different muscles, used different IR dose delivery modes, and
had different time point for tissue collection. Despite this both studies had similarities in
observing increases in centrally-located nuclei and fiber type shifts indicating that skeletal
muscle is highly sensitive to IR which result in muscle damage, but not necessary a loss in

muscle mass.

3.3 Radiation Induced Muscle Fibrosis

One of the later impacts of radiation exposure on muscle is the formation of fibrosis.
Muscle fibrosis is the accumulation of primary collagen, followed by elastin, glycoproteins and
proteoglycans®® and when combined reduces the muscles’ ability to contract and reduces its
ability to regenerate and function, ultimately resulting in physical manifestations such as muscle
fatigue. Radiation-induced fibrosis, in the rat model is promoted by TNFa, interleukin one (I1-1),
11-6, and TGF-B1. When muscle is damaged, satellite cells are recruited and express myogenic
factor 5 (MyF5) and proliferate and undergo myogenic differentiation. They then express
myogenic determining factor (MyoD), followed by myogenin (MyoG), which promotes the
repair of damaged fibers through the fusion of myoblasts. Along with the increase in cytokines
and activation of other intracellular pathways, there is also an activation of fibroblasts and
epithelial mesenchymal to start the transition of vascular endothelial cells to form
myofibroblasts. These myofibroblasts form new connections and provide structure to muscle
tissue. Once the repair is complete the pathway is turned off, however sustained activation of this
pathway leads to an increase of myofibroblasts which promotes collagen secretion, leading to
fibrosis . It was found that in rat models radiation doses starting with 65 Gy and higher all

developed fibrosis and the severity level was proportional to the dosage of radiation®¢. The

11
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radiation dosages used on these rats was substantial, and it is unlikely that such large doses
would be experienced during spaceflight, however this study underlines the importance of

understanding radiation mediated muscle fibrosis in the context of long duration space travel.

Chapter 4: Interventions

4.1 Current Interventions - Exercise and Shielding

The current approach to mitigating the loss of muscle mass and fibroses involves exercise
and shielding. Exercise has many positive effects on skeletal muscle such as promoting the

5738 and activates

upregulation of protective heat shock proteins®’, increasing protein turnover
satellite cell activity which aid in muscle regeneration and hypertrophy*%*->, While exercise is
important in maintaining skeletal muscle mass, studies which have investigated space flight
conditions have shown exercise is not wholly protective against space flight induced muscle

atrophy®0-63

. Furthermore, exercising in space is quite difficult and adds significant payload to
the ship as specialized equipment must be used to create resistance in a weightless
environment®.

Shielding is a barrier between astronauts and IR, which is provided by the spacecraft in
the habitation module. Some of the types of material used to shield on earth consist of lead,
liquid hydrogen, and carbon fiber reinforced plastic®*. Finding a material that has low density,
high mechanical strength and able to resist the penetration of IR is very difficult. Currently
aluminum and carbon fiber reinforced plastics®*% are the standard for spaceflights, however,

research has shown that these materials are not wholly protective against all IR types. Shielding

against GCRs is only partially affective, and this becomes a pronounced issue during long term
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space travel as GCRs are one of the most common types of IR®-%5, These limitations underscore
the need for adjuvant strategies to safeguard astronaut health during prolonged space

missions.

4.2 Multi-Targeted Dietary Supplement

A potential strategy to mitigate radiation-induced muscle damage is a nutritional
supplement that could be taken prior to and during the space mission. Recent studies from our
collaborators identified a Multi-Targeted Dietary Supplement (MTDS) as a novel and promising
approach to support and protect molecular pathways from damage associated with radiation
conditions encountered in space®®-"°, Although the exact formulation of the MTDS is propriety it
is comprised of various vitamin, minerals and plant and animal extracts®’. Each of the
components in the supplement have been studied to be effective in reducing inflammation,
insulin resistance and aid in mitochondrial regulation.

The MTDS has also been shown to improve lifespan®” and preserve cognitive function in
aging mice$®%7% Studies used transgenic growth hormone (Tg) mice as a model to display
accelerated ageing and elevated sensitivity to oxidative stress and radiation, making them a
suitable model for detecting the protective effects of the dietary supplement. One study showed
an overall increase of 28% in longevity and life span in supplemented Tg mice, that were started
on the supplement at 2 months of age and continued to receive it for their entire lifespan,
compared to unsupplemented Tg mice®’. Lastly, mice who received the supplement daily for
nearly two years found that the MTDS not only abolished age-related cognitive decline in Tg
mice with elevated free radical processes but also allowed older treated mice to learn a cued

spatial maze, indicating a preservation of cognitive function®.
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The MTDS had been tested for its efficacy against oxidative damage from IR in the form
of gamma rays from a cesium-137 source®®. In this specific study researchers focused on damage
produced by free radicals which lead to double strand breaks, which was measured through the
marker YH2AX and oxidative damage through the maker 8- OHdG in the chromosomes arrested
in metaphase of bone marrow cells collected from mice exposed to radiation. Tg mice were
paired with their normal siblings and at three months both groups were given the liquid form of
the MTDS soaked on a piece of bagel. At seven months the mice were exposed to 2 Gy of
gamma radiation. The results indicated that compared to the unsupplemented Tg and control
groups, the supplement groups expressed six-fold lower levels of radiation induced chromosomal
aberrations and lower levels of YH2AX and 8-OHdG. This study shows that the MTDS is
effective at diminishing oxidative stress in bone marrow cells following exposure to gamma
radiation.

The experimental findings supporting the effectiveness of the MTDS in diminishing
oxidative stress following IR exposure makes it an attractive potential intervention for astronauts
in space. However, since the maximum radiation exposure dose for astronauts is 1Gy, the
effectiveness of the MTDS in protecting skeletal muscle tissue at lower radiation doses that are

relevant to space flight requires further investigation.
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PURPOSE

The purpose of this research is to investigate the effects of IR on skeletal muscle
morphology and to assess the efficacy of the MTDS in protecting skeletal muscle from the
deleterious effects of IR.

Objective 1: To evaluate changes in body and muscle weights following exposure to
spaceflight relevant (cumulative) doses of IR, 1.6 or 2.4 Gy, in mice fed either the MTDS diet or
control diet.

Objective 2: Assess changes in muscle morphology by analysing changes in the myofiber
CSA and min Feret values to determine the effects of IR and the role of the MTDS in protecting
skeletal muscle.

Objective 3: Investigate metrics of muscle damage markers by quantifying centrally-
located nuclei and macrophage content within skeletal muscle after exposure to IR in mice fed

the MTDS and control diets.
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METHODS

Animal model

Ten-week-old male BALB/c mice from Charles River Laboratories were delivered to
McMaster’s Animal Care Facility, where animals were acclimated for one week prior to the
study. All experimental procedures were approved by McMaster’s Animal Research Ethics
Board. The mice were randomly divided into groups of eight with two extra mice in the radiation

groups in case of attrition.

Radiation Procedure

Exposure to lonizing Radiation (IR) was accomplished by exposing mice to gamma ray
beams from a Cesium- 137 source (Gammacell 3000-unit, Best Theratronics Ltd, Ottawa,
Canada). The mice were placed inside a plastic container of 4.5 inches in diameter, which is
designed to fit 2 mice. These containers can be stacked into a lead, cylindrical container to allow
the irradiation of 4 mice at a time (3 containers total, top container held 2 mice, middle container
remained empty, and bottom container held 2 mice). The middle container was kept empty as it
receives a lower dose compared to the top two containers. The mice were then exposed to a
dosage of 0.8 Gy during each radiation day, resulting in a cumulative dosage of 1.6 or 2.4 Gy.

Radiation days were days 0 and 14 or days 0, 7 and 14 for 1.6 or 2.4 Gy, respectively.

Dietary Supplement
The exact formulation of the MTDS is proprietary however it contains plant extracts,
vitamins, minerals, and fish 0il®. The MTDS was mixed into the mouse chow pellets and based

on the average consumption of 4 g per day. Assuming 4g/day food consumption, each mouse will
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consume 35 mg of the MTDS and 10 mg of fish oil. Experimental groups which were fed the
supplement underwent a 28-day pre-feeding and remained on their respective diet throughout the
study. Additionally, mice on the MTDS diet were weighed each time their food was replenished,
and individual food intake was recorded throughout the study to ensure adequate supplement
consumption. The supplement had been designed to be isocaloric to the control diet to ensure

calories were not a variable in study design.

Experimental Design

This masters project is a smaller portion of a much larger project, which also includes a
hindlimb suspension component. As a result, the timelines chosen are reflective of the larger
project to align with the hindlimb suspension and recovery component.

There were six experimental groups which underwent the following treatments:

True Control Group: Mice in this group did not receive any treatments or interventions and serve

as a control for all experimental groups, harvested on day 0. The total number of animals for this
group was 8.

The MTDS Control Group: These mice helped to understand how the MTDS impacts tissue in

the absence of stressors. Mice in the MTDS groups followed a 28-day pre-treatment protocol and
continued to consume the supplement for another 28 days with groups being sacrificed following
pre-treatment, day 0, and then day 21 and day 28. Eight animals were scarified at each time point
and the total sample size for this population was 24 animals.

lonizing Radiation (IR) 2.4Gy Control Group: These mice were used to study the effects of IR on

tissues. Mice were irradiated on days 0, 7, and 14 and then one group was sacrificed at day 21
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and another at day 28. Eight animals were sacrificed at the first time point, and 8 animals at the
second, for a total sample size of 16.

IR 1.6Gy Control Group: Mice were irradiated on days 0 and 14 and then one group was

sacrificed at day 21 and another at day 28, for a total sample size of 16.

The MTDS and Radiation Groups (1.6Gy & 2.4Gy): These mice consumed the MTDS for 28

days (pre-treatment) similar to the MTDS control group, followed by another 28 days where they
either received radiation on days 0, 7, and 14 cumulating to 2.4 Gy, or received radiation on days
0, and 14 cumulating to 1.6 Gy. They were then sacrificed on day 21 and day 28. The total

number of animals for this group was 16 for the 1.6 and 2.4 Gy groups.

18



Master’s Thesis — R. Vemula; McMaster University, Medical Sciences.

10 week old Male BALB/c mice

% Tissue Collection
a AQ
T AN
2 - ) ‘ ,
o [
©
9 |
w Pre-feed for 28 days
§ IR e —
& Day 0
Sacrifice
& Tissue Collection Tissue Collection Tissue Collection
°
o /4
- S
o e ° | | |
a y
@ )
E Pre-feed for 28 days | i :
"""""""""""""" I T T >
Da)_l 0 Day 21 Day 28
Sacrifice Sacrifice Sacrifice
1.6 Gy Tissue Collection Tissue Collection
(=8
3 AQ @ @ } }
6 O )
o yy IR 0.8 Gy IR 0.8 Gy : :
a > I 1 1 | >
r T T T
2 Day 0 Day 14 Day 21 Day 28
2 Sacrifice Sacrifice
‘;’ 2.4 Gy
g "/. “-/ ‘/7 } ?
E Ym v/ -
S D ¢ IR 0.8 Gy IR 0.8 Gy IR 0.8 Gy
© L 1 1 | ! ~
o I I I I I >
Day 0 Day 7 Day 14 Day 21 Day 28
Sacrifice Sacrifice
1.6 Gy Tissue Collection Tissue Collection
= o
: - ? ?
o D §
'g Pre-feed for 28 days ~ IR0.:8 Gy IR 0[8 Gy ) ‘ )
L T T T =
a Day 0 Day 14 Day 21 Day 28
= Sacrifice Sacrifice
+ 2406y
P @ @ @) }‘ (
] - [
8 Y
o ]
& Prefeedfor28days  IR0.8Cy IR 0.8 Gy IR 0.8 Gy ! )
""""""""""""" [ T T T T -
Day 0 Day 7 Day 14 Day 21 Day 28
Sacrifice Sacrifice

Figure 2. Visual representation of the experimental timeline.
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Tissue Collection

At designated study endpoints (day 0, day 21 and day 28) animals were euthanized by
cervical dislocation. Body weights were recorded to provide an overall context of systemic
health and to contextualize muscle specific changes. Hindlimb muscles, including the tibialis
anterior (TA), gastrocnemius and plantaris (GP), quadriceps, and soleus were collected. Tissue
from the left leg was collected, weighted and then mounted in Tissue Plus Optimal Cutting
Temperature compound (OCT; Fisher Healthcare) and flash frozen liquid nitrogen-cooled
isopentane and stored in -80°C for histological analysis. Tissue harvested from the right leg were
flash frozen in liquid nitrogen and stored in -80°C for biochemical analysis. The heart, liver,

eyes, tibia, fibula, and femur were also collected for future assessments.

Analyses

Histological Analysis

Frozen TA, GP and soleus muscles samples mounted in OCT were cut into 10um cross
sections with a cryostat (Thermo Fisher Scientific; Kalamazoo, MI, United States) and placed on
Fisherbrand Superforst Plus Slides (Thermo Fisher Scientific) stored in -20°C. All samples were
imaged using Nikon Eclipse Ti microscope and analyzed on the NIS- Elements ND2 software
(Nikon, Mississauga, ON). Hematoxylin and eosin (H&E) staining was completed using an
existing protocol published by Hughes et al’!. Once the cross sections of tissue were imaged,
cross sectional area and min Feret data was collected by choosing to circle a total of 150 muscle
fibers in four sites in a tissue sample. Centrally-located nuclei in muscle fibers were quantified

by counting the number of centrally-located nuclei relative to the total surface area.
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F4/80 Macrophage Stain

Tissue mounted in OCT were sectioned into 6um cross sections and air-dried prior
staining. Sections were fixed with 4% paraformaldehyde (PFA) (158127, Sigma-Aldrich)
solution at 4°C for 5 minutes. Next, sections were washed with phosphate-buffered saline (PBS)
for 5 mins to remove excess fixative. To minimize non-specific binding, sections were blocked
using 10% normal goal serum (NGS) (G9023, Sigma-Aldrich) at room temperature for 40
minutes. The primary antibody for macrophages, rat anti-mouse F4/80 (ab16911, Abcam) a
marker for murine macrophages, was diluted at 1:100 in PBS and applied to the sections. Slides
were then incubated overnight at 4°C, following incubation the sections were washed with PBS.
The secondary antibody for macrophages, Alexa Fluor 594 goat anti-rat (A11072, Invitrogen)
was diluted at 1:250 and applied for 45 minutes at room temperature. Afterward, sections were
washed thoroughly with PBS. Next, slides were blocked with 10% NGS for 30 minutes. The
primary antibody, dystrophin anti-rabbit (ab15277, Abcam) was diluted at 1:250, and slides were
incubated for 1 hr at room temperature. Following incubation, slides were washed again with
PBS. The secondary antibody for dystrophin, Alexa Flour 488 goat anti-rabbit (A-11008, Fisher
Healthcare), diluted at 1:250, was applied for 45 minutes at room temperature, followed by
washing with PBS. Fluoromount with DAPI (4,6-diamidino-2-phenylindole) (501128966,
Invitrogen) was applied to slides and cover slipped. Slides were imaged the next day with using
Nikon Eclipse Ti microscope and analyzed on the NIS- Elements ND2 software (Nikon,
Mississauga, ON). F4/80 macrophage marker was visualized as red fluorescence over lapping
with DAPI in blue. Dystrophin was visualised as green fluorescence and DAPI stain muscle and

macrophage nuclei in blue florescence. Analysis of the stain include counting the number of
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macrophages within a muscle fiber (referred herein as intrafiber macrophages) divided by the

total number of macrophages present in the tissue and expressed as a percentage.

Statistical Analysis

All data underwent the Grubbs outlier test to remove any outliers in the data. This test
was selected because it is specifically designed to detect a single outlier in a dataset, this
minimizes the risk of overcorrecting or removing valid data points. Following removing of
outliers, a one-way ANOVA with preplanned comparisons was performed to compare differences
across groups at the two time points using GraphPad Prism Version 10.5.0 software (GraphPad,
San Diego, CA, USA). Preplanned comparisons consisted of control versus the MTDS control,
control versus Radiation (Rad) + control diet, the MTDS diet versus Rad + MTDS diet, and Rad
+ control diet versus Rad + MTDS diet. Significance was accepted at p<0.05 and data was

expressed as mean+SEM.
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RESULTS

Body Weights

Body weights were recorded for all animals in each group at day 21 and day 28. There
were no differences in body weights between the MTDS diet control and control diet groups, at
either timepoint (Fig. 3). In the groups exposed to 1.6 Gy there were no differences between
treatments at both day 21 and day 28 (Fig. 3A, B). In the 2.4 Gy dosage group, at day 21 the Rad
2.4 Gy group + control diet had significantly lower body weights compared to both the control
and Rad 2.4 Gy + MTDS diet group (Fig. 3C). However, at day 28, these differences were no

longer present.
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Figure 3. Changes in body weights at day 21 and day 28 following exposure to 1.6 or 2.4 Gy
of IR. (A) Day 21 body weights at 1.6 Gy. (B) Day 28 body weights at 1.6 Gy. (C) Day 21 body
weights at 2.4 Gy. (D) Day 28 body weights at 2.4Gy. Experimental groups were organized by
dietary treatment and radiation dose indicated by pluses and minuses. The striped blue bar
represents the control group harvested at day 0, these mice were only on the control diet, n=8.
The striped red bar represents the MTDS control harvested at day 0, these mice were only on the
MTDS diet, n=8. The green bar represents mice who received the control diet and were exposed
to radiation (Rad + control diet), n=9. The solid red bar represents mice who were on the MTDS
diet harvested either on day 21 or day 28 and not exposed to radiation, n=8. The purple bar
represents mice who were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=9.
Bars represent mean + standard error of the mean. A one-way ANOVA was performed, with the
Sidak’s multiple comparisons test between the following pre-planned comparisons: control vs.
MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs. Rad + MTDS diet, and Rad
+ control diet vs. Rad + MTDS diet. Asterisks denote statistical significance (* p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001).
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Skeletal Muscle Mass.

Tibialis anterior (TA), quadricep, gastrocnemius and plantaris (GP), and soleus muscles
were collected and weighed at day 21 and day 28 and their weights were recorded. All muscle
weights were normalized to body weights and reported as a percentage.

At day 21 the Rad 1.6 Gy + control diet had significantly lower muscle/body weight
ratios in the TA compared to control (Fig. 4A) and this difference was visible at day 28 as well
(Fig. 4B). At both day 21 and day 28, there were no differences in the TA muscle/body weight
ratios in the Rad 1.6 Gy + MTDS diet compared to the MTDS diet alone. In the 2.4 Gy group at
day 21, the control group had significantly higher TA muscle/body weight ratios compared to the
MTDS control group (Fig. 4C). At day 28, the difference between the control and the MTDS
control was still visible, and interestingly the Rad 2.4 Gy + MTDS group had significantly lower
TA muscle/body weight ratios as compared to the Rad 2.4 Gy + control diet and the MTDS diet

groups (Fig. 4D).
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Figure 4. Tibialis anterior (TA) muscle/body weight ratios (%) at day 21 and day 28
following exposure to 1.6 or 2.4 Gy of IR. (A) Day 21 TA muscle/body weight ratios at 1.6 Gy.
(B) Day 28 TA muscle/body weight ratios at 1.6 Gy. (C) Day 21 TA muscle/body weight ratios at
2.4 Gy. (D) Day 28 TA muscle/body weight ratios at 2.4Gy. Experimental groups were organized
by dietary treatment and radiation dose indicated by pluses and minuses. The striped blue bar
represents the control group harvested at day 0, these mice were only on the control diet, n=8.
The striped red bar represents the MTDS control harvested at day 0, these mice were only on the
MTDS diet, n=8. The green bar represents mice who received the control diet and were exposed
to radiation (Rad + control diet), n=9. The solid red bar represents mice who were on the MTDS
diet harvested either on day 21 or day 28 and not exposed to radiation, n=8. The purple bar
represents mice who were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=9.
Bars represent mean + standard error of the mean. A one-way ANOVA was performed, with the
Sidak’s multiple comparisons test between the following pre-planned comparisons: control vs.
MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs. Rad + MTDS diet, and Rad
+ control diet vs. Rad + MTDS diet. Asterisks denote statistical significance (* p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001).
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Quadricep muscle/body weight ratios remained consistent across all groups at 1.6 Gy on
day 21. At day 28, the Rad 1.6 Gy + MTDS group had a significant decrease in the quadricep
muscle/body weight ratios weights compared to the MTDS group. However, no differences were
seen between the Rad 1.6 Gy + control diet and the Rad 1.6 + MTDS groups (Fig. 5B). At the 2.4
Gy exposure, there were no differences between quadricep muscle/body weight ratios across all

treatment groups.
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Figure 5. Quadricep muscle/body weight ratios (%) at day 21 and day 28 following
exposure to 1.6 or 2.4 Gy of IR. (A) Day 21 quadricep muscle/body weight ratios at 1.6 Gy. (B)
Day 28 quadricep muscle/body weight ratios at 1.6 Gy. (C) Day 21 quadricep muscle/body
weight ratios at 2.4 Gy. (D) Day 28 quadricep muscle/body weight ratios at 2.4Gy. Experimental
groups were organized by dietary treatment and radiation dose indicated by pluses and minuses.
The striped blue bar represents the control group harvested at day 0, these mice were only on the
control diet, n=8. The striped red bar represents the MTDS control harvested at day 0, these mice
were only on the MTDS diet, n=8. The green bar represents mice who received the control diet
and were exposed to radiation (Rad + control diet), n=9. The solid red bar represents mice who
were on the MTDS diet harvested either on day 21 or day 28 and not exposed to radiation, n=8.
The purple bar represents mice who were on the MTDS diet and exposed to radiation (Rad +
MTDS diet), n=9. Bars represent mean =+ standard error of the mean. A one-way ANOVA was
performed, with the Sidak’s multiple comparisons test between the following pre-planned
comparisons: control vs. MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs.
Rad + MTDS diet, and Rad + control diet vs. Rad + MTDS diet. Asterisks denote statistical
significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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Muscle/body weight ratios in the GP remained consistent in the 1.6 Gy exposure group
on day 21. However, on day 28, the Rad 1.6 Gy + control diet had significantly higher GP
muscle/body weight ratios compared to the Rad 1.6Gy + MTDS diet (Fig. 6B). In the 2.4 Gy
cohort at day 21, the Rad 2.4 + MTDS group had significantly higher GP muscle/body weight
ratios compared to both Rad 2.4 Gy + control diet and the MTDS diet groups (Fig. 6C).

However, at day 28 no differences were seen between treatment groups.
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Figure 6. Gastrocnemius and plantaris (GP) muscle/body weight ratios (%) at day 21 and
day 28 following exposure to 1.6 or 2.4 Gy of IR. (A) Day 21 GP muscle/body weight ratios at
1.6 Gy. (B) Day 28 GP muscle/body weight ratios at 1.6 Gy. (C) Day 21 GP muscle/body weight
ratios at 2.4 Gy. (D) Day 28 GP muscle/body weight ratios at 2.4Gy. Experimental groups were
organized by dietary treatment and radiation dose indicated by pluses and minuses. The striped
red bar represents the MTDS control harvested at day 0, these mice were only on the MTDS diet,
n=8. The green bar represents mice who received the control diet and were exposed to radiation
(Rad + control diet), n=9. The solid red bar represents mice who were on the MTDS diet
harvested either on day 21 or day 28 and not exposed to radiation, n=8. The purple bar represents
mice who were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=9. Bars
represent mean + standard error of the mean. A one-way ANOVA was performed, with the
Sidak’s multiple comparisons test between the following pre-planned comparisons: MTDS diet
vs. Rad + MTDS diet, and Rad + control diet vs. Rad + MTDS diet. Asterisks denote statistical
significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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There were no differences in soleus muscle/body weight ratios on both day 21 and day 28
(Fig. 7A, B) in the 1.6 Gy cohort. Interestingly, on day 21 (Fig. 7A) the Rad 1.6 Gy + control
diet group exhibited slightly higher soleus muscle/body weight ratios compared to the MTDS
diet (p = 0.1078) although not significant. On day 28 there were no differences in soleus
muscle/body weight ratios (Fig. 7B). In the 2.4 Gy cohort there were no differences in soleus

muscle/body weight ratios across all time points in each experimental group.
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Figure 7. Soleus muscle/body weight ratios (%) at day 21 and day 28 following exposure to
1.6 or 2.4 Gy of IR. (A) Day 21 soleus muscle/body weight ratios at 1.6 Gy. (B) Day 28 soleus
muscle/body weight ratios at 1.6 Gy. (C) Day 21 soleus muscle/body weight ratios at 2.4 Gy. (D)
Day 28 soleus muscle/body weight ratios at 2.4Gy. Experimental groups were organized by
dietary treatment and radiation dose indicated by pluses and minuses. The striped red bar
represents the MTDS control harvested at day 0, these mice were only on the MTDS diet, n=8.
The green bar represents mice who received the control diet and were exposed to radiation (Rad
+ control diet), n=9. The solid red bar represents mice who were on the MTDS diet harvested
either on day 21 or day 28 and not exposed to radiation, n=8. The purple bar represents mice who
were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=9. Bars represent mean
+ standard error of the mean. A one-way ANOVA was performed, with the Sidak’s multiple
comparisons test between the following pre-planned comparisons: MTDS diet vs. Rad + MTDS
diet, and Rad + control diet vs. Rad + MTDS diet. Asterisks denote statistical significance (*
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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Cross-Sectional Area and Min Feret Values of the TA.

To further characterize the changes in muscle weights, cross sectional area and min Feret
of H&E-stained TA muscles were analyzed. In the 1.6 Gy cohort at day 21, it was observed that
Rad 1.6 Gy + control diet group had significantly larger cross-sectional area, but not min Feret
compared to control (Fig. 8A, E). Furthermore Rad 1.6 Gy + MTDS diet had significantly lower
cross-sectional area and min Feret compared to the MTDS diet (Fig. 8A, E). At day 28, Rad 1.6
Gy + control diet had a significantly higher cross-sectional area and min Feret values compared
to control and Rad 1.6 Gy + MTDS diet (Fig. 8B, F). Interestingly, min Feret values of Rad 1.6
Gy + MTDS diet group were lower compared to MTDS diet at day 21 (Fig.8F).

At day 21 in the 2.4 Gy cohort, Rad 2.4 Gy + control diet had a significantly larger cross-
sectional area, but not min Feret, compared to control (Fig. 8C, G). Rad 2.4 Gy + MTDS had
lager min Feret values compared to the MTDS diet (Fig. 8G). At day 28, both cross-sectional
area and min Feret values for the Rad 2.4 Gy + control diet group were significantly larger
compared to control (Fig. 8D, H). At both radiation doses, groups exposed to radiation on the
MTDS diet trended towards smaller cross-sectional area and min ferrets, compared to animals

exposed to radiation on the normal diet.
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Figure 8. TA cross-sectional area and min Feret diameter at day 21 and day 28 following
exposure to 1.6 or 2.4 Gy of IR. (A) Day 21 cross sectional area at 1.6 Gy. (B) Day 28 cross
sectional area at 1.6 Gy. (C) Day 21 cross sectional area at 2.4 Gy. (D) Day 28 cross sectional
area at 2.4 Gy. (E) Day 21 min Feret at 1.6 Gy. (F) Day 28 min Feret at 1.6 Gy. (G) Day 21 min
Feret at 2.4 Gy. (H) Day 28 min Feret at 2.4Gy. Cross-sectional area (in pm?) and min Feret
(um) was recorded at different time points across experimental groups using NIS elements
software. Experimental groups were organized by dietary treatment and radiation dose indicated
by pluses and minuses. The striped blue bar represents the control group harvested at day 0, these
mice were only on the control diet, n=8. The striped red bar represents the MTDS control
harvested at day 0, these mice were only on the MTDS diet, n=8. The green bar represents mice
who received the control diet and were exposed to radiation (Rad + control diet), n=9. The solid
red bar represents mice who were on the MTDS diet harvested either on day 21 or day 28 and
not exposed to radiation, n=8. The purple bar represents mice who were on the MTDS diet and
exposed to radiation (Rad + MTDS diet), n=9. Bars represent mean =+ standard error of the mean.
A one-way ANOVA was performed, with the Sidak’s multiple comparisons test between the
following pre-planned comparisons: control vs. MTDS control, control vs. Rad 2.4 Gy + control
diet, MTDS diet vs. Rad + MTDS diet, and Rad + control diet vs. Rad + MTDS diet. Asterisks
denote statistical significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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Quantification of Centrally-located Nuclei

To further characterize the impact of radiation on skeletal muscle the number of centrally-
located nuclei relative to surface area was quantified in the TA and GP muscles. Centrally-
located nuclei in muscle fibers can originate from either activated satellite cells which fuse to aid
in muscle regeneration and repair, or macrophages that infiltrate damaged fibers to facilitate
tissue remodelling and phagocytosis.

In the 1.6 Gy cohort at both day 21 and day 28, there was an increase in centrally-located
nuclei in the MTDS control group compared to control. It was also observed that there was a
significant increase in centrally-located nuclei in the Rad 1.6 Gy + control diet compared to
control (Fig. 9B, C). Although not significant Rad 1.6 Gy + control diet trends towards higher
number of centrally-located nuclei compared to the Rad 1.6 Gy + MTDS diet (p= 0.0641) at day
21 (Fig. 9B).

At day 21 in the 2.4 Gy cohort, there was a significant increase in centrally-located nuclei
in the Rad 2.4 Gy + control diet group compared to the control and the Rad 2.4 Gy + MTDS diet
groups (Fig. 9D). At day 28, there was still a significant increase in centrally-located nuclei in
the Rad 2.4 Gy + control diet group compared to the control group, however there were no
longer differences between the Rad 2.4 Gy + control diet and the Rad 2.4 Gy + MTDS diet
groups(Fig. 9E). At both timepoints, the Rad 2.4 Gy + MTDS diet had a significantly larger

numbers of centrally-located nuclei compared to the MTDS diet (Fig. 9D).
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Figure 9. Number of centrally-located nuclei relative to surface area in the TA muscle at
day 21 and day 28 following exposure to 1.6 or 2.4 Gy of IR. (A) Representative image of
centrally-located nuclei in a TA muscle cross section from the Rad 1.6 Gy + control diet, day 21
group. White arrows point to centrally-located nuclei, and the black arrow points to peripheral
nuclei. Muscle cross sections embedded in OCT underwent H&E staining. (B) Day 21 number of
centrally-located nuclei relative to surface area in the TA at 1.6 Gy. (C) Day 28 number of
centrally-located nuclei relative to surface area in the TA at 1.6 Gy. (D) Day 21 number of
centrally-located nuclei relative to surface area in the TA at 2.4 Gy. (E) Day 28 number of
centrally-located nuclei relative to surface area in the TA at 2.4 Gy. Experimental groups were
organized by dietary treatment and radiation dose indicated by pluses and minuses. The striped
blue bar represents the control group harvested at day 0, these mice were only on the control diet,
n=8. The striped red bar represents the MTDS control harvested at day 0, these mice were only
on the MTDS diet, n=8. The green bar represents mice who received the control diet and were
exposed to radiation (Rad + control diet), n=9. The solid red bar represents mice who were on
the MTDS diet harvested either on day 21 or day 28 and not exposed to radiation, n=8. The
purple bar represents mice who were on the MTDS diet and exposed to radiation (Rad + MTDS
diet), n=9. Bars represent mean + standard error of the mean. A one-way ANOVA was
performed, with the Sidak’s multiple comparisons test between the following pre-planned
comparisons: control vs. MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs.
Rad + MTDS diet, and Rad + control diet vs. Rad + MTDS diet. Asterisks denote statistical
significance (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001).
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GP muscles were also analyzed for changes in centrally-located nuclei to surface area
numbers and displayed similar trends to that of the TA muscles. The Rad 1.6 Gy + control diet
group exhibited significantly higher numbers of centrally-located nuclei compared to the control
and the Rad 1.6 Gy + MTDS diet group at day 21 (Fig. 10A). Interestingly, the Rad 1.6 Gy +
MTDS diet group had significantly lower numbers of centrally-located nuclei compared to the
MTDS diet group at day 21 (Fig. 10A), however this difference disappeared on day 28 (Fig.
10B). On day 28, the Rad 1.6 Gy + control diet group continued to express higher numbers of
centrally-located nuclei compared to the control group.

In the 2.4 Gy cohort on day 21 and day 28 the Rad 1.6 Gy + control diet group exhibited
significantly higher numbers of centrally-located nuclei compared to the control group (Fig. 10C,
D). On day 28, the Rad 2.4 Gy + control diet group had significantly larger number of centrally-
located nuclei compared to the Rad 2.4 Gy + MTDS diet group (Fig. 10D). No differences

between the MTDS diet and the Rad 2.4 Gy + MTDS groups were seen at both timepoints.
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Figure 10. Number of centrally-located nuclei relative to surface area in the GP muscle at
day 21 and day 28 following exposure to 1.6 or 2.4 Gy of IR. (A) Day 21 number of centrally-
located nuclei relative to surface area in the GP at 1.6 Gy. (B) Day 28 number of centrally-
located nuclei relative to surface area in the GP at 1.6 Gy. (C) Day 21 number of centrally-
located nuclei relative to surface area in the GP at 2.4 Gy. (D) Day 28 number of centrally-
located nuclei relative to surface area in the GP at 2.4 Gy. Experimental groups were organized
by dietary treatment and radiation dose indicated by pluses and minuses. The striped blue bar
represents the control group harvested at day 0, these mice were only on the control diet, n=8.
The striped red bar represents the MTDS control harvested at day 0, these mice were only on the
MTDS diet, n=8. The green bar represents mice who received the control diet and were exposed
to radiation (Rad + control diet), n=9. The solid red bar represents mice who were on the MTDS
diet harvested either on day 21 or day 28 and not exposed to radiation, n=8. The purple bar
represents mice who were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=9.
Bars represent mean + standard error of the mean. A one-way ANOVA was performed, with the
Sidak’s multiple comparisons test between the following pre-planned comparisons: control vs.
MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs. Rad + MTDS diet, and Rad
+ control diet vs. Rad + MTDS diet. Asterisks denote statistical significance (* p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001).
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Intrafiber Macrophage Quantification

Macrophages within muscle fibers are indicative of muscle fibers that are damaged and
undergoing phagocytosis. Macrophages inside muscle fibers (referred to as intrafiber
macrophages) were counted using an f4/80 stain and divided by the total number of macrophages
within the image. On both day 21 and day 28, there was a significant increase in the percentage
of intrafiber macrophages in the Rad 1.6 Gy + control diet group compared to the control and the
Rad 1.6 Gy + MTDS diet groups. Additionally, at both timepoints no differences were seen

between the Rad 1.6 Gy + MTDS and the MTDS diet groups.

39



Master’s Thesis — R. Vemula; McMaster University, Medical Sciences.

507 akkk koo

40+ oo

B (2.
(=) =]
1 1

Day 21 Intrafiber
Macrophages (%)
8
1
Day 28 Intrafiber
Macrophages (%)

-
)
1

0- 0-
MTDS Diet - + - + + MTDS Diet - + - + o+
Rad16Gy - - + - + Rad16Gy - - -

Figure 11. Percentage of intrafiber macrophages in the TA muscle at day 21 and day 28
following exposure to 1.6 or 2.4 Gy of IR. (A) Representative image of F4/80 Macrophage
stain in a TA cross section from the Rad 1.6 Gy + control diet, day 28 group. A macrophage
within the muscle fiber (intrafiber) is stained (red), with DAPI (blue) and dystrophin staining the
muscle sarcolemma (green). The arrows point to macrophages within a muscle fiber. (B)
Percentage of intrafiber macrophages in the 1.6 Gy group on Day 21. (C) Percentage of intrafiber
macrophages in the 1.6 Gy group on Day 28. Experimental groups were organized by dietary
treatment and radiation dose indicated by pluses and minuses. The striped blue bar represents the
control group harvested at day 0, these mice were only on the control diet, n=5. The striped red
bar represents the MTDS control harvested at day 0, these mice were only on the MTDS diet,
n=5. The green bar represents mice who received the control diet and were exposed to radiation
(Rad + control diet), n=5. The solid red bar represents mice who were on the MTDS diet
harvested either on day 21 or day 28 and not exposed to radiation, n=5. The purple bar represents
mice who were on the MTDS diet and exposed to radiation (Rad + MTDS diet), n=5. Bars
represent mean + standard error of the mean. A one-way ANOVA was performed, with the
Sidak’s multiple comparisons test between the following pre-planned comparisons: control vs.
MTDS control, control vs. Rad 2.4 Gy + control diet, MTDS diet vs. Rad + MTDS diet, and Rad
+ control diet vs. Rad + MTDS diet. Asterisks denote statistical significance (* p<0.05, **
p<0.01, *** p<0.001, **** p<0.0001).
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DISCUSSION

Ionizing radiation (IR) exposure is one of the most pressing challenges during space travel as
it has detrimental effects on skeletal muscle tissue, leading to various forms of damage and

impairment. The impact of radiation on muscles involves a cascade of events including

45,46 72,73

inflammation®-*°, oxidative stress’~’~, and direct damage to muscle cells with the inhibition of

satellite cells*0->!

ultimately resulting in compromised muscle function and structure. The current
body of literature related to radiation exposure and skeletal muscle outcomes has focused
predominantly on higher doses of IR exposure which is relevant to cancer therapy and
subsequently its effects on skeletal muscle. However, there is a considerable gap in the research
regarding the effects of lower doses of IR exposure such as those relevant to spaceflight.
Furthermore, current countermeasures of exercise and shielding are not wholly protective against
IR exposure, and this underscores the potential risks of inadequate protection during long term
space mission such as those to Mars’*7%, This current study sheds some light on the effects of
spaceflight relevant doses of IR on the skeletal muscles, as well the potential effectiveness of the
Multi-Targeted Dietary Supplement (MTDS) in mitigating the negative impacts of radiation
exposure. This study demonstrated that the MTDS preserved body weights post-radiation
exposure and maintained lower CSA and min Feret values compared to the control diet,
suggesting protection against radiation-induced muscle edema. Additionally, it provided cellular
level protection by decreasing the number of centrally-located nuclei and macrophages, markers
of muscle damage and inflammation, respectively.

In the present study, 1.6 and 2.4 Gy were chosen for the level of radiation exposure as

these are more relevant to those that may be experienced by astronauts. In addition, the selection

of two distinctly different radiation doses allowed an investigation of the potential effective
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threshold of the MTDS. The lowest limit of radiation exposure (1.6 Gy) was chosen because
exposure to less than 1Gy, especially 0.4-0.5 Gy was demonstrated to be protective’”’® and as a
result a higher dosage of radiation was chosen in order promote cellular damage. Furthermore, a
slightly higher dose, than the lifetime limit of 1 Gy, was chosen as mice are more radiation
tolerant compared to humans”. On the other hand, the 2.4 Gy dose was chosen to be reflective of
longer duration space flight missions, such as those to mars which can last up to 2 years®. The
duration of the mission can increase the degree at which astronauts are exposed to radiation’*8°
and thus this dosage serves as a higher dosage, which is known to have negative impacts on the
human body®!~#3, to test the effectiveness of the MTDS in mitigating any damage.

In order to determine the effects that the two doses of IR had on overall body composition,
body weight was measured. It was observed that exposure to 1.6 Gy radiation did not negatively
impact overall body weigh regardless of the group or time point. At the higher dose, 2.4 Gy, a
change in body weight was observed in the irradiated group at day 21. However, mice on the
MTDS diet did not show any significant alterations. This suggests that the MTDS diet may help
protect against radiation induced weight loss at the higher dose. However, body weights were
observed to have recovered by at day 28. The doses of IR chosen may not be large enough to
have significant changes on body weights. This is further supported as existing literature had
shown that exposure to IR results in a reduction in body weights, however these studies exposed
mice to larger doses of radiation 8+%°, such as 16 Gy, which is relevant to cancer therapy. The
findings of this study are aligned with existing studies where weight loss in space is driven

primarily by microgravity?!-3¢47 and not radiation exposure. Future studies investigating the dual
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impacts of IR and microgravity would provide insight into how both stresses affect astronauts in
space.

Changes in body weights can be influenced by various factors such as loss of adipose tissue,
recent food intake, and hydration status. Therefore, to better understand tissue level changes in
muscle, the excised hindlimb muscles were normalized to body weight. Muscle weights were
normalized to body weights to account for individual variations in overall body sizes, to provide
a more accurate comparison between groups. In the present study it was determined that
following exposure to both radiation doses the TA, quadricep and GP in the control diet group
showed higher muscle/body weight ratios as compared to those on the MTDS diet. This was an
interesting finding, as it seems contrary what one would expect given that radiation had
previously been shown to induce muscle damage*>#651:34-3688 T further understand these
changes, the CSA and min Feret values were measured in the TA muscle group, and it was
determined that groups exposed to IR on the control diet compared to those on the MTDS diet
had increased CSA and min Feret diameters at both timepoints at both IR doses. Furthermore, at
the higher dose of 2.4 Gy there were no differences in CSA and min Feret between control and
the MTDS diets. However, at 1.6 Gy on day 28 the MTDS diet group had lower CSA and min
Feret values compared to the control diet group post exposure to IR. This provides further
evidence of a dose dependent response on muscle damage, with the MTDS offering protective
effects at 1.6 Gy at the later timepoint indicating the long-term benefits. Taken together these
findings suggest that post radiation edema and not hypertrophy, is the underlying reason for the
observed increased muscle mass. While very few studies have examined muscle swelling post IR

exposure, it is hypothesised that the IR damage to endothelial cells increases vascular
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permeability resulting in edema in tissues?>®. Furthermore, studies have shown that whole body
exposure to IR, although at larger doses, cause fluid retention and swelling?%-8%-%9,

Interestingly, soleus muscle did not demonstrate any significant differences in the
muscle/body weight ratio following IR exposure. The soleus muscle is primarily composed of
Type I, slow twitch fibers, and some Type IIA fibers and therefore may be resistant to IR induced
skeletal muscle damage®!. Previous literature suggests that due to the soleus being composed of
primarily muscle fibers expressing a high degree of SDH activity (Type I), an indirect measure of
mitochondrial content, allows it to maintain constant fiber size even after exposure to IR>*. This
suggests that Type I fibers may be more resistant to IR induced damage due to their high
mitochondrial content being able to combat radiation induced oxidative stress®?. Additional
studies have noted that IR exposure results in smaller Type IIA and IIB fibers>*%3, suggesting
muscle fiber specific changes. This knowledge provides evidence to support the notion of muscle
specific changes as the TA, quadriceps and GP are more IR sensitive due to mainly being
composed of Type IIA and IIB fibers. It is very interesting to note that both Type I and Type 1A
fibers are mitochondrial dense, and it is known mitochondria are a very high source of reactive

oxygen species?>83

, it would be expected after IR exposure these fiber types would actually be
reduced. However, our findings suggest the opposite effect, which suggest the prevalence of
Type I fibers maybe due to the baseline antioxidant capacity of mitochondria rich fibers. To
support this idea, studies have demonstrated that post muscle damage mitochondria rich fibers
are able to maintain reliance due to their antioxidant enzymes such as superoxide dismutase,

catalase and glutathione peroxidase, however these studies have mainly been focused on exercise

mediated skeletal muscle damage® . These papers demonstrate mitochondrial response to
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skeletal muscle injury is complex and additional research needs to be completed to understand
the effects of IR on mitochondrial changes in muscle fiber types.

To further assess the extent of muscle damage post IR exposure, muscle tissue cross sections
from the TA were quantified for centrally-located nuclei, a marker of muscle regeneration after
injury. Centrally-located nuclei can either be satellite cells donating their nuclei to help repair the
muscle fiber or macrophages helping to phagocytose the muscle fiber. In the present study an
increase in centrally-located nuclei were observed in the control diet group in both the TA and
GP muscles at both radiation doses and timepoints. Exposure to 1.6 Gy seems to have less of a
damaging effect compared to the 2.4 Gy in the TA at both timepoints. This is demonstrated by
larger numbers of centrally-located nuclei post radiation exposure in the day 21 in the control
diet group compared to day 28, suggesting partial recovery in both muscles. In the 2.4 Gy group
post radiation exposure, centrally-located nuclei numbers were lower in the control diet group on
day 21, and increase on day 28, suggesting more extensive damage to the muscle that is
continuing to repair. The MTDS diet consistently demonstrated fewer centrally-located nuclei at
all timepoints, providing strong evidence that the MTDS may be effective in mitigating muscle
damage. Our findings are in agreement with pervious literature which have also shown an
increase in centrally-located nuclei following IR exposure at a dose as low as 0.24 Gy>+%3,
Previous studies commonly used a H&E stain to quantify centrally-located nuclei, however this
type of stain does not allow for the determination of what the nuclei could be. Additional cell-
specific staining, such as a Pax7 stain to analyze for satellite cells*®, would provide a more
fulsome picture to investigate muscle regeneration following IR exposure.

To provide further characterization of the centrally-located nuclei observed, an F4/80

macrophage stain on TA samples was conducted. Based on pervious literature, intrafiber
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macrophages are pro-inflammatory M1 macrophages which are responsible for muscle
phagocytosis”’, and therefore these macrophages were chosen to be quantified. It was observed
that radiation exposure resulted in a significant increase in intrafiber macrophages compared to
the total number of macrophages and the MTDS diet mitigated this effect. Previous studies have
shown that an increase in macrophage content was observed immediately after exposure to

radiation*>-?%

suggesting an acute effect. The current findings demonstrate that elevated intrafiber
macrophage levels persist for up two weeks following IR exposure, clearly demonstrating that IR
exposure results in long-term muscle injury and inflammation. To our knowledge, this is the first
study to examine macrophages responses at space flight relevant doses of IR exposure at later
timepoints.

In conclusion, this study provides novel insights into the effects of spaceflight relevant
exposure of IR on skeletal muscle health and highlights the protective capability of the MTDS as
potential intervention. It was demonstrated that at two doses, 1.6 and 2.4 Gy, can induce
considerable muscle specific changes, as evidenced by an increase in CSA and min Feret,
suggesting post-radiation edema as well as increases in centrally-located nuclei and intrafiber
macrophages. The severity of these changes was mitigated by the MTDS, indicating its efficacy
in protecting muscle integrity and reducing muscle damage, especially at the lower dose. This
makes the MTDS a strong candidate as a potential intervention against IR induced muscle
damage. Our findings provide strong evidence in muscle specific radiation sensitivity as
suggested by the differences in muscle/body weight ratio in the TA, quadriceps, GP and soleus
muscles. Additionally, the time frame used in this current study demonstrates that the long-term

impact of IR may be more profound than previously recognized and suggests that skeletal muscle

may be more sensitive to IR than previously thought. This research underscores the need for
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further studies to investigate the long-term effects of IR exposure on muscle health and also
supports the need for further investigations utilizing the MTDS as it appears to be a promising

intervention for preserving skeletal muscle health during extended space missions.
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FUTURE DIRECTIONS

Our study showed that exposure to IR has negative effects on skeletal muscle through
morphological changes such as increase in centrally-located nuclei and macrophage
quantification along with CSA and min Feret measurements. Additional research needs to be
completed on having functional analysis of muscle health, such as electrical stimulation (stim).

This approach elicits a muscle contraction using electrical impulses®-1%

and would provide
additional information on how exposure to IR effects muscle contraction and regulation, as well
as any potential benefits of the MTDS. Furthermore, functional measures are important due to
their ability to observe both phenotypic and physiological effects.

Additionally, the MTDS has preclinical evidence indicating its antioxidant properties.
Oxidative assays, such a total antioxidant assay, should be conducted to investigate how the
MTDS effects skeletal muscles at baseline. Potentially another study collecting muscle samples
immediately post radiation, focused on observing the effects of the MTDS on reducing IR
induced ROS and DNA damage would provide further evidence of regarding the efficacy of the
supplement to reduce IR induced damage.

CSA and min Feret of muscle tissue were analysed in this study and provided preliminary
evidence of post radiation swelling as well as muscle specific changes to IR. Conducting an
immunofluorescence stain staining for different muscle fibers, would be ideal to further
characterize any fiber type shifts as well as muscle remodelling. This study is part of a larger
study, which involves hindlimb suspension, a known stimulus which results in fiber type shifts. It

would be worthwhile to investigate the dual impacts of both hindlimb suspension and IR on

muscle fiber type changes.

48



Master’s Thesis — R. Vemula; McMaster University, Medical Sciences.

Lastly, our study was conducted on male mice, investigating sex differences would better
model astronaut demographics and increase the relevance of the MTDS as a potential
intervention. Pervious literature had shown that estrogen in females is protective in maintaining

b0n6101,102

and muscle health!®® and also suggests that females are less suspectable to IR induced
damage. Additionally, females exhibit stronger immune responses than males, suggesting a faster
response to muscle damage and leading to faster recovery!®*!1%°, These physiological differences
should be further studied in the context of testing potential interventions like the MTDS. This

would aid in determining whether the MTDS is equally protective in females or whether there is

a need for changes in the formulation of the supplement.
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