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LAY ABSTRACT

Type 1 diabetes (T1D) is a disease that affects millions of adults worldwide by
harming their ability to manage blood sugar levels. Insulin therapy has allowed for longer
and healthier lives but requires constant attention manage blood sugar levels. Over time,
the quality of life declines because of complications from T1D. Muscle is able to control
blood sugar levels through exercise, but little is known about muscle in those with T1D.
Therefore, the purpose of this work was to examine skeletal muscle health in people with
T1D who do not have other complications. We found that adults with T1D exhibit signs of
aging in their muscles earlier than non-diabetic people. Also, we observed that muscle from
young adults with TID recovered slower from exercise. Finally, we learned that people
with T1D have more of a muscle-shrinking protein. This is the first evidence of
dysfunctional muscle fibers at rest, after exercise, and with age in adults with T1D. This

work aims to improve future guidelines for millions of adults with T1D.
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ABSTRACT

The objective of this thesis was to examine muscle function and myofiber
physiology in skeletal muscles in those with type 1 diabetes (T1D) by investigating the
effects of diabetic myopathy on these metrics of muscle health under various conditions:
at rest, after exercise and with increasing age. These works recruited adults from
surrounding communities with T1D and non-diabetic counterparts (i.e. controls) matched
for age, sex, body mass index, and self-reported physical activity levels. We hypothesized
thatadults with T1D would exhibit decreased muscle function (i.e. lower maximal strength)
and altered myofiber physiology in each of these conditions. Atrest, we observed that those
with T1D exhibited more fast-twitch fibers and fewer satellite cells. After exercise, T1D
muscles recovered less strength, showed higher amounts of myofiber damage, and delayed
satellite cell proliferation. With increasing age, adults with T1D exhibited exaggerated
signs of muscular aging compared to age-matched controls in the form of more abundant
hybrid fibers and type 1 fiber grouping. Finally, individuals with T1D exhibited higher
baseline expression of myostatin, a negative muscle growth regulator, compared to
controls. Overall, our work provides the first evidence in muscle dysfunction from humans
with T1D at various ages and after damaging exercise. Our findings provide novel insights
on muscle health and its contribution to overall health during this lifelong, debilitating
disease. Our work aims to guide future clinical & exercise guidelines with the ultimate

purpose of improving the lives of millions of individuals living with T1D.
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PREFACE

This thesis is a “sandwich” style thesis prepared in the format outlined in the School
of Graduate Studies’ Guide for the Preparation of Theses. Chapter 1 is original work that
serves as the general introduction. Chapters 2 and 4 include original research papers
published and presented as the electronic version of the published reprint. Chapter 3 is an
electronic version of a manuscript accepted for publication. The candidate is the first author
on all the papers. The declaration of academic achievement is found in the preface of each
chapter including author contributions and the citation. Copyright permission is indicated
at the beginning of each chapter and found in Appendix A. All chapters have been

reproduced with the permission of each co-author.
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CHAPTER 1- GENERAL INTRODUCTION
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1 TYPE 1 DIABETES

Type 1 diabetes (T1D) is a disease precipitated by the autoimmune destruction of
the insulin-producing B-cells of the pancreas. Loss of normal insulin function leads to a
host of disease-associated complications, chief among which is the inability to regulate
blood glucose (i.e. dysglycemia). The resultant dysregulation of glucose metabolism leads
to various complications including nephropathy, neuropathy, retinopathy, and myopathy.
While newer, more efficient therapies continue to lengthen the lives of those with T1D,
there remains no cure for the disease. Thus, increased understanding of its effects on
insulin-sensitive tissues remains of paramount importance to help control and/or prevent
comorbidities and increase the healthy lifespan.
1.1 EPIDEMIOLOGY

Globally, the incidence of T1D has increased since the 1950s with an average
annual increase of 3—4% over the most recent decades (Gale, 2002; Karvonen et al., 2000;
Patterson et al., 2019). It is estimated that 300,000 Canadians live with the disease
(Karvonen et al., 2000). T1D is the major type of diabetes experienced by youths,
accounting for greater than 85% of cases under the age of 20 years (Thunander et al., 2008;
Vandewalle et al., 1997). While it is possible for disease onset to occur as late as the ninth
decade of life (Thunander et al., 2008), peak incidence of T1D onset appears to occur at
10-14 years of age (Weng et al, 2018). Race/ethnicity is often not the focus of
epidemiological studies, in part because many studies lack the statistical power based on
their sample size to examine rates by race/ethnicity. However, one study has provided

specific data on the role of race/ethnicity on T1D in the United States. Mayer-Davis et al.
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concluded that incidence of T1D in youths was highest in non-Hispanic white individuals,
and that these rates were among the highest in the world (Mayer-Davis et al., 2009). With
regards to sex, girls and boys are equally affected with T1D (Soltesz et al., 2007). However,
many reports indicate that males are disproportionately affected post-puberty (Gale, 2002;
Kyvik et al.,, 2004; Pundziute-Lycka et al., 2002; Weets et al., 2002). However, the
underlying physiological mechanisms driving sex-differences in T1D are not well known.
1.2 ETIOLOGY

The etiology of TID is currently described by a pathogenetic model in which
individuals with genetic predisposition are exposed to an environmental stimulus which
triggers B-cell autoimmunity, ultimately progressing towards clinical presentation of T1D
symptoms.
1.2.1 Genetic

Establishing which genes confer genetic susceptibility to T1D remains an active
area of study. Since its discovery several decades ago, the human leukocyte antigen (HLA)
region continues to be the strongest genetic contributor to TID susceptibility, with the
highest risk genotype having an odds ratio of 16 (Noble & Valdes, 2011). Additionally, a
variant of the insulin gene leads to a lower number of repeats in the promoter region of the
insulin-dependent diabetes mellitus 2 (IDDM2) locus, and is associated with increased
susceptibility to T1D (Van Belle et al., 2011). Novel genes continue to be hypothesized as
TI1D susceptibility genes, such as protein tyrosine phosphatase non-receptor type 22
(PTPN22), interleukin-2 receptor-alpha (IL2Ra), and encoding cytotoxic T lymphocyte-

associate protein 4 (CTLA-4). These genes have been found to mediate risk in other
3
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autoimmune disease susceptibility in additionto T1D. However, the mechanisms by which
these genes mediate T1D susceptibility are not currently well understood and/or have
contradictory explanations (for review, see (Van Belle et al., 2011)).
1.2.2 Environmental

Despite elevated susceptibility, less than 10% of individuals with HLA -conferred
genetic susceptibility to TID present with overt disease (Knip et al., 2005; Van Belle et al.,
2011). In the context of the pathogenetic model, this suggests that the exposure to T1D-
inducing exogenous factors must be appropriately timed in order to enhance risk of T1D
even in the presence of the other predispositions. Vitamin D deficiency has been posited
as one of the triggers for T1D, supported by the observation that autoimmunity is triggered
more commonly during colder seasons (Knip et al., 2005). Interestingly, northern Europe,
a region with one of the lowest daily exposures to sunlight, has the highest incidence of
TID in the world (Karvonen et al., 2000). Also, HbA . levels appear to display seasonal
variation with the highest values in the fall and winter (Kair et al., 1984; Nordfeldt &
Ludvigsson, 2000). A second hypothesized trigger to T1D is a viral exposure in childhood.
In particular, enterovirus exposure appears to be the most probable trigger of B-cell
autoimmunity, supported by the strong temporal relationship between enteroviral infection
and first appearance of autoantibodies in children (Hyoty et al., 1995; Lonnrot, Korpela, et
al., 2000; Lonnrot, Salminen, et al., 2000; Salminen et al., 2003). Additionally, enterovirus
infections are also more common in individuals who were newly diagnosed with TID (33%
of T1D patients vs. < 5% in control subjects) (Hy6ty et al., 1995). Despite efforts in the

area, there is still no direct evidence for any virus being causative to development of T1D.
4
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1.3 PATHOPHYSIOLOGY
1.3.1 Diagnosis & early progression

Autoimmune destruction of B-cells was initially described by Eisenbarth to occur
in a linear fashion over time (Eisenbarth, 1986). However, more recent and complex
hypotheses involve a “relapse and remission” model where fluctuations in beta cell mass
occur as waves of B-cell destruction over time (Atkinson et al., 2015; Bonifacio etal., 1999;
Van Belle et al., 2011). In either case, it is believed that people with TID do not present
clinical with T1D until over 80% of the B-cells have been destroyed (Atkinson, 2012). Loss
of normal insulin function progressively and severely dysregulates the glycemic
environment. Clinically, patients usually present initially with a classic trio of symptoms
(i.e., polydypsia, polyphagia, polyuria) alongside overt hyperglycemia (Atkinson, 2012).
Historically, acute glycemic complications have been a significant cause of mortality in
patients with TID (Goodkin, 1975). In older patients, T1D more typically presents as mild
fasting hyperglycemia with diminished glucose tolerance which can rapidly intensify to
severe hyperglycemia/ketoacidosis during times of physiological stress (American
Diabetes Association, 2014a).
1.3.2 Insulin therapy & current therapeutic challenges

The advent of life-saving recombinant insulin therapies in the 1980s (Quianzon &
Cheikh, 2012) transformed T1D from a fatal disease into a manageable, life-long condition
for the majority of patients. However, despite being able to live longer and healthier lives,
people with T1D experience repetitive fluctuations outside of normal glycemic ranges (i.e.

higher glycemic variability) (Soupal et al., 2014). Dysglycemic episodes over time can lead
5
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to the systemic perturbation of metabolism from TID in the form of dyslipidemia and
insulin resistance (Kaul et al., 2015), resulting in well-understood dysfunctions at insulin-
sensitive tissues such as retinopathy, neuropathy and nephropathy (DiMeglio et al., 2018).
However, our understanding of systemic complications resulting from TID remains
incomplete. Now, less understood complications of T1D such as myopathy are beginning
to garner attention of researchers (D. D’Souza et al., 2013). Indeed, as a tissue that is a
major contributor to glucose disposal in the post-prandial state (Meyer et al., 2002), it is
extremely important that skeletal muscle is understood both in the context of normal health
and during of T1D.
2 SKELETAL MUSCLE

Skeletal muscle is one of the most dynamic and plastic tissues in the body. It makes
up to 40% of human body weight (Janssen et al., 2000) and serves as a major storage pool
for up to 60% of total body protein in humans (Poortmans et al., 2012). The primary
purpose of skeletal muscle is the production of mechanical force from chemical energy via
the breakdown of ATP (Kuo & Ehrlich, 2015). The resultant force is used to maintain body
posture, produce movement (i.e. locomotion) that is required for physical activity, and
ultimately makes skeletal muscle a prime contributor to functional independence (Amigues
et al., 2013; Foldvari et al., 2000; Santos et al., 2017).
2.1 MUSCLE STRUCTURE

Skeletal muscle is made of multinucleated myofibers that originated from the fusion
of a large number of precursor cells called myoblasts (Bentzinger et al., 2012). Unique

components of myofibers include an interlaced network of contractile elements known as
6
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myofibrils and a large number of mitochondria between myofibrils required to support the
high energy demands of muscle contraction (Dahl et al., 2015). Peripheral to these
elements, there is another population of mitochondria located close to the sarcolemma (i.e.
muscle membrane) that are particularly useful for energy production during exercise due
to their proximity to the lattice-like network of capillaries and therefore the oxygen/nutrient
supply (Gan et al., 2018). Also adjacent to the sarcolemma are many myonuclei and a
unique population of resident stem cells known as satellite cells which are important for
supporting muscle repair and regeneration (Frontera & Ochala, 2015). Finally, skeletal
muscles are interfaced with the nervous system through neuromuscular junctions (NMJ)
which allow for the transmission of synaptic information into contractile activity via the
action potential (Tintignac et al., 2015).
2.2 MYOFILAMENTS & MUSCLE CONTRACTION

Myofibrils are comprised of two types of molecular contractile elements, known as
myofilaments, which are arranged along the longitudinal axis of the myofiber. The thicker
of the two filaments, myosin, was first described structurally in 1993 (Rayment et al., 1993)
as a hexameric protein which is able to bind the thinner actin filament to form the
actomyosin complex/crossbridge in the relaxed state (Frontera & Ochala, 2015). Briefly,
contraction results when the myosin heavy chain (MHC) ATPase hydrolyzes adenosine
triphosphate (ATP), into its constituent by-products adenosine diphosphate (ADP) and a
high-energy phosphate group. Energy from this reaction detaches the actomyosin
crossbridge, repriming the myofilaments for subsequent repeated crossbridge cycles

needed for tetanic contraction. Notably, there exist multiple MHC ATPase enzyme
7
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subtypes, which are categorized primarily by the speed at which they are able to catalyze
the hydrolysis of ATP and re-initiate the cross-bridge cycle. The muscle fiber-type
composition describes the distribution and abundance of different MHCs across a given
muscle and is often used to broadly categorize the characteristics of the muscle fiber, and
by extension categorize entire muscles.
2.3 MUSCLE FIBER-TYPE COMPOSITION

By determining the rate of ATP hydrolysis, the fiber-type of a muscle cell
determines its inherent contractile speed and results in muscle fibers that exhibit slower or
faster contraction, relatively. Together, these factors have given rise to the most common
categorization of muscle fibers based on their contractile speed (i.e. fast vs. slow).
However, the notion of muscle fiber-type diversity has rapidly progressed since the model
of two muscle types. Since an initial observation by Edstrom and Kugelberg (Edstrom &
Kugelberg, 1968) in 1968 of fibers with enhanced glycolytic or oxidative metabolism, it
has become increasingly well understood that muscle fibers also differ on a metabolic
continuum, and are often categorized in reference to their propensity for a certain type of
metabolism. As our understanding of skeletal muscles increases, muscle fiber-types have
been subcategorized using an expanding repertoire of methodologies (i.e. histochemical,
biochemical, morphological, or physiologic characteristics) (Herbison et al., 1982; van
Wessel et al., 2010). Importantly, these methods do not always agree. Thus, the need for
more advanced and specific quantifications of fiber-types is still an important need in the
field (for review, see (Schiaffino & Reggiani, 2011)).

2.3.1 Type 1 vs type 2 fibers
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Type 1 fibers are those that are dominated by type 1 MHC (MHC1) filaments.
These are often postural or tonically active muscles, including the soleus in the lower leg
or the diaphragm (Johnson & Polgar, n.d.). These slow-twitch muscles are more fatigue-
resistant and thus excel in repetitive or prolonged activities such as endurance exercise or
the maintenance of proper posture (Wilson et al., 2012). In contrast, type 2 fibers,
composed mostly of type2 MHC (MHC?2) filaments possess the ability to producea higher
maximal force at a quicker rate, but are less fatigue-resistant (Linssen et al., 1991) than
their MHC1 counterparts. Generally, type 2 fibers are dominant in muscles that produce
more powerful or explosive movements, including the gastrocnemius in the lower leg or
the triceps in the upper arm (Johnson & Polgar, n.d.). These muscles excel at activities such
as resistance training or plyometric activities (Wilson et al., 2012). Metabolically, type 1
fibers express a higher abundance of the insulin- and contraction-sensitive glucose
transporter GLUT4 (Richter & Hargreaves, 2013) and have been found to have an
enhanced glucose handling capability (Albers et al., 2015). The impact of fiber-type
proportion on human health is emphasized in the case of certain metabolic diseases such
as obesity and type 2 diabetes (T2D). In those with T2D, type 1 fiber proportions are
smaller than in their control counterparts (Oberbach et al., 2006; Tanner et al., 2002), which
has been associated with a reduction in oxidative enzyme activity in the muscle (Oberbach
et al., 2006). Accordingly, the proportion of the two major fiber types in skeletal muscle
often serves as an indicator of muscle function (i.e. oxidative vs. glycolytic capacity) and

muscle health in different physiologic conditions of health and disease.

2.3.2 Hybrid fibers
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As the quantification of muscle fiber-types has advanced, it has often been
recognized that myofibers may not exist strictly as one type or another, but instead as
hybrid fibers (i.e. expressing two or more MHC types). Hybrid fibers have been observed
in many situations in human muscle and have shown the potential to help infer whether a
muscle is in a transitionary state (Medler, 2019). For example, hybrid fibers tend to become
more prevalent during detrimental changes such as disuse and aging (J. L. Andersen et al.,
1999; Talmadge, 2000). Therefore, measuring hybrid fibers as a characteristic of myofiber
morphology may help indicate the health of skeletal muscle. To our knowledge, no study
to date has employed the measurement of hybrid fibers to elucidate the impact of metabolic
disease, such as type 1 diabetes, on skeletal muscle health.

2.3.3 Type 1 fiber grouping

In addition to the proportion of major MHC types expressed across a muscle, the
spatial relationship of different muscle fibers is an important yet less studied aspect of
muscle literature. The clustering of several contiguous type 1 fibers (i.e. fiber grouping) is
a characteristic that has been associated with neuromuscular aging. Specifically,
denervation/reinnervation cycles lead to the progressive loss of motor units over the
lifespan (Lexell & Downham, 1991). The surviving motor units that collaterally
reinnervate new fibers tend to have slower twitches (Campbell et al., 1973), observed
histologically as clustering or grouping of slow-twitch, type 1 myofibers in older adults
(Kelly et al., 2018). Others have postulated that slower type 1 motor units are more efficient
at reinnervation (Desypris & Parry, 1990) and thus show a greater propensity to reinnervate

during these cycles. Indeed, over time, aging muscles are composed of progressively larger
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groups of type 1 fibers (Campbell et al., 1973; Lexell et al., 1988; Lexell & Downham,
1991) and fewer type 2 fibers overall (Brunner et al., 2007). Functionally, age-related type
1 fiber grouping is associated with inefficient motor unit activation and greater physiologic
difficulty to complete motor tasks (Kelly et al., 2017). Thus, if we consider the
aforementioned negative aspects of advanced aging in skeletal muscle, the quantification
of type 1 fiber grouping would be pertinent to apply to novel populations, particularly those
that exhibit aspects of an aging phenotype (Monaco, Gingrich, et al., 2019).
2.4 NEUROMUSCULARJUNCTIONS

As the primary effectors of movement and locomotion, skeletal muscles possess a
unique interface with the nervous system, known as the neuromuscular junction (NMJ),
which permits electrochemical signals from the motor neuron to be transformed to muscle
contraction via the synapse. In addition to its integral role in muscle contraction, the NMJ
signals a number of other important characteristics to the muscle fiber from motor neurons
(called anterograde signaling) that indicate its 'role' in the muscular system. For example,
a motor neuron that exists as part of a fast-twitch or slow-twitch motor unit will in turn
encourage the propensity of the muscle fiber to exhibit a fast- or slow-twitch myofiber
program (for review, see (Tintignac et al., 2015)). Inaddition to anterograde signaling from
neuron to muscle, it is now increasingly understood that the health and stability of the post-
synaptic NMJ (i.e. sarcolemmal portion) can translate effects from the muscle to the motor
neuron as well. Evidence in this area comes from rodent muscles with transgenic
overexpression of the peroxisome proliferator-activated receptor y co-activator la (PGC-

la), often called the master regulator of mitochondrial biogenesis, and known to be a key
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factorin the formation and maintenance of slow muscle fibers (Schuler etal., 2006). Arnold
et al. (Armold et al., 2014) exhibited beneficial NMJ remodelling at both pre- and post-
synaptic surfaces, as well as improved electrophysiological function in these mice.
Meanwhile, others have found that PGC-1a overexpression in muscle was able to affect
the phenotype of the motor neuron (Chakkalakal et al., 2010). Furthermore, the stability of
the post-synaptic NMJ has been linked to the rate of age-related denervation in aging
skeletal muscle (Biitikofer et al., 2011) and metabolic disease states can also disturb NMJ
physiology (Garcia et al., 2012; Marques & Santo Neto, 2002).
2.5 SATELLITE CELLS

Adherent to the exterior of the sarcolemma are a population of progenitor cells
known as muscle satellite cells. These cells serve as major contributors the muscle repair,
regeneration and growth (Hawke & Garry, 2001; Kadiet al., 2004; Le Grand & Rudnicki,
2007), exemplified by muscles that have had satellite cells ablated and exhibit severely
compromised muscle regeneration (Relaix & Zammit, 2012). Satellite cell populations are
very plastic in response to external stimuli. For example, a single bout of high-intensity
exercise has been shown to increase satellite cell activation (Crameri et al., 2004), while
satellite cells have been found to decrease in type 2 fibers with age (Verdijk et al., 2007,
2014), and show less response to exercise in aged individuals (Dreyer et al., 2006).
Interestingly, a suboptimal metabolic state of skeletal muscle can affect the functionality
of these cells and their impact on muscle regeneration differentiation (Aguiari et al., 2008).

2.6 CAPILLARIES
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Capillaries serve to match blood supply to the changing metabolic demands of the
myofibers (Parise et al., 2020). Studies have long-suggested that a less dense network of
capillaries (i.e. lower capillary density) in skeletal muscle is detrimental to skeletal muscle
and whole-body metabolism, as seen in cases of T2D (Groen et al., 2014), obese (Gavin et
al., 2005), and insulin resistant individuals (Lillioja et al., 1987). Conversely, capillaries
per myofiber tend to increase during exercise training regimens, proportional to the growth
of fiber size during training (Hermansen & Wachtlova, 1971; McCall et al., 1996). More
recent work has also pointed to the close relationship between capillaries and satellite cell
function, as active satellite cells are located anatomically closer to capillaries than
quiescent satellite cells (Nederveen et al., 2016). Additionally, muscle fibers in young
adults with a higher perfusion capacity exhibited enhanced activation of satellite cells
following eccentric exercise (Nederveen et al., 2018).

3 SKELETAL MUSCLE WITHTYPE 1 DIABETES

Skeletal muscles represent the largest pool of insulin sensitive tissues in the human
body. They are is responsible for up to 40% of systemic (i.e. non-liver) glucose uptake in
the post-prandial state, representing 25% of total glucose uptake (Meyer et al., 2002).
Under hyperinsulinemic conditions, this has been shown to rise to 80% (Thiebaud et al.,
1982). Skeletal muscle is also able to uptake blood glucose in an insulin-independent
manner, such as during contraction/exercise (for review, see (Richter & Hargreaves,
2013)), emphasizing the importance of skeletal muscle in whole-body glucose metabolism.
Therefore, the optimization of skeletal muscle health is a necessary consideration in

promoting healthy glucose metabolism in people with type 1 diabetes. Despite its
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physiological importance for glucose handling in this disease, our understanding of
changes to skeletal muscle health during acute and long-term T1D remains in its infancy.
3.1 MUSCLE WEAKNESS & DIABETIC PERIPHERAL NEUROPATHY

While a number of studies have shown reductions in skeletal muscle strength, most
have not considered the effects of T1D independent from diabetic peripheral neuropathy
(DPN) (H. Andersen et al., 1996, 1997; H. Andersen, 1998; H. Andersen et al., 2005;
Andreassen et al., 2009; Orlando et al., 2017), a complication of T1D which can prevent
physical activity due to insensitivity and/or pain resulting from neuronal damage (Tesfaye
& Selvarajah, 2012). In long-standing T1D, impairments in force production have been
correlated to the severity of neuropathic symptoms (H. Andersen, 1998; H. Andersen et al.,
1996). These findings have led some to point to DPN as the root of TID-induced muscle
weakness. Understandably, the selection of study participants with longstanding T1D often
necessitates recruitment of individuals with comorbidities such as DPN. However, it
remains possible that people with TID and DPN possess a conflating factor that can mask
the effects of the disease on altered skeletal muscle in those with T1D. Therefore, there is
present need to study skeletal muscle health in T1D participants in the absence of and/or
preceding the observation of any neuropathic symptoms to truly uncover if muscle
weakness is independent of DPN.
3.2 DECREASED MUSCLE MASS

Muscle loss during T1D has been demonstrated several times in rodent models of
the disease. Rodents with experimental T1D exhibit significant decreases in myofiber area,

particularly in fast-glycolytic fibers (Armstrong et al., 1975; Cotteret al., 1993; Klueber &
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Feczko, 1994; Medina-Sanchez et al., 1991; Snow et al., 2005). Other studies reveal that
these fibers also show inhibited growth in response to a hypertrophic stimulus (Armstrong
& lanuzzo, 1977), suggesting that the capacity for muscle growth is hindered in muscles
with T1D. However, humans with TI1D in recent decades have benefitted from widespread
use of insulin therapies that are able to rescue T1D patients from the excessive atrophy that
was historically observed in unmanaged diabetes (Jakobsen & Reske-Nielsen, 1986b).
Despite this, studies in the era of insulin therapy continue to report a reduction in the
myofiber size of both those recently diagnosed with T1D (Jakobsen & Reske-Nielsen,
1986b) and in middle-aged persons with T1D compared with non-diabetic participants (H.
Andersen et al., 1997, 2004). Further, recently diagnosed people with T1D have also been
shown to exhibit atrophy in myofibers preceding any detectable signs of neuropathy
(Reske-Nielsen et al., 1977), suggesting that the muscle atrophy accompanies or perhaps
precedes neuropathy in TID people. However, the exact temporal relationship between
muscle atrophy and other complications remains unclear. Therefore, particular attention in
future studies should be dedicated to examining muscle mass in people with T1D before
the presence of diabetic complications.
3.3 FIBER-TYPE PLASTICITY DURING TYPE 1 DIABETES
3.3.1 Elevated proportion of type 2 fibers

To date, few studies have morphologically examined myofibers in persons with
T1D. Studies quantifying fiber-type proportions observed a greater proportion of type 2
fibers in distal leg muscles of people with TID when compared to people with T2D and

non-diabetic individuals (Andreassen et al., 2014). A similar shift towards type 2 fibers
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was observed in younger adults with T1D (Fritzsche, Bliiher, et al., 2008). A proposed
mechanism states that insulin resistance may disturb the ratio of glycolytic-to-oxidative
enzymes in skeletal muscle, as observed in other metabolic diseases like obesity and T2D
(Crowther et al., 2003; He et al., 2001). Future studies need to confirm this putative
mechanism in T1D, given that overt insulin resistance is not present in all patients.
3.3.2 Shift towards glycolytic profile

Adults with T1D also display higher levels of glycolytic enzymes observed
histochemically (Fritzsche, Bliiher, et al., 2008). Furthermore, the larger population of
‘fast-glycolytic fibers’ appeared to be expressed at the expense of primarily oxidative fibers
(Fritzsche, Bliiher, et al., 2008), suggesting a shift towards glycolytic metabolism that
accompanies the shift in the predominant fiber-type. Interestingly, Cree-Green et al. (Cree-
Green et al., 2015), also observed a lower rate of oxidative phosphorylation in adolescents
with T1D, which was correlated to insulin resistance. Another investigation by Roch-
Norlund et al. (Roch-Norlund et al., 1970) revealed that participants with diabetes (T1D
and T2D) expressed less glycogen than control participants, further suggesting metabolic
dysregulation of these muscles. However, the insulin-dependent (i.e. T1D) participants in
this study were all recently diagnosed, with none exhibiting symptoms for longer than six
months (Roch-Norlund et al., 1970). Accordingly, further studies are required to examine
skeletal muscle glycogen content during longstanding T1D with insulin therapy as is now
commonplace in management of the disease.

3.4 REDUCED REGENERATIVE AND SATELLITE CELL CAPACITY
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The majority of evidence for altered regenerative capacity in T1D has been
generated by rodent studies. Muscles from rodent models of TID are more susceptible to
damage (D. M. D’Souza et al., 2016a), exhibit delayed regeneration following damage
(Krause et al., 2013), and are unable to properly facilitate muscle repair (Jeong et al.,
2013a). Interestingly, D’Souza et al. observed that human (18-21 year old) TID muscles
also exhibit significant reductions in satellite cell content at rest (D. M. D’Souza et al.,
2016a). The mechanisms affecting satellite cells in T1D muscles are unclear. It has been
previously observed that hyperglycemia is able to induce changes to the muscle stem cell
niche, namely oxidative stress and chronic inflammation, which have been shown to reduce
satellite cell activity and subsequent muscle repair (Aragno et al., 2004; Gordin et al.,
2008). To date, there have been no investigations of the acute muscle repair process in
humans with TID following exercise. Furthermore, there has been no literature that has
measured the content or signalling of satellite cells in older adults with the disease.
Therefore, there is a particular need to elucidate satellite cell physiology underknown acute
and chronic muscle stressors, such as the contexts of exercise and aging, to further our
understanding of skeletal muscle alteration during T1D.

3.5 VASCULAR DYSFUNCTION

Perturbations to the skeletal muscle vasculature have been observed in pre-clinical
rodent models which exhibit alterations to the capillary bed, disrupted diffusion to skeletal
muscle (Kindig et al., 1998; Sexton et al., 1994), and have been correlated to the level of
dysglycemia in T1D humans (Raskin et al., 1983; Rosenstock et al., 1988; Sosenko et al.,

1984). Also, evidence from several T1D rodent models has demonstrated a decrease in
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capillary-to-fiber ratio (Kiveld et al., 2006; Krause et al., 2009) as well as dysregulated
angiogenesis that was unable to be rescued by exercise (Kiveld et al.,, 2006). Skeletal
muscles from humans with T1D possess more permeable capillaries, exhibit diminished
blood flow through the vessels, and a higher rate of diffusion into surrounding muscle
tissue, while exhibiting no difference in the capillary density (Leinonen et al., 1982). With
exercise, young patients with T1D were found to display blunted microvascular reactivity
along with a lower mitochondrial respiratory capacity in skeletal muscles (Heyman et al.,
2020). Fortunately, it appears that exercise can also elicit beneficial effects on vascular
function in TID individuals (Fuchsjiger-Mayrl et al., 2002). To date, however,
observations of vascular dysfunction during T1D have been made in participants up to the
fifth decade of life with age-matched control participants as comparators (Fuchsjiger-
Mayrl et al., 2002). As the average lifespan for patients with T1D continues to increase,
there is an evident need to examine the vascular content of T1D patients across a wide age
range. Comparisons of younger and older T1D patients may give insight into the effects of
long-term T1D on skeletal muscle vasculature.
3.6 DYSREGULATION OF MYOSTATIN & NEGATIVE GROWTH
REGULATORS

Myostatin is a potent negative regulator of muscle growth which has emerged as a
putative mediator of muscle mass during T1D. Primarily synthesized in skeletal muscle,
myostatin binds to its receptor complex activin IIB on the cell surface resulting in a cascade
of signaling from the cell surface to the nucleus (Elliott et al., 2012). Ultimately, myostatin

targets a number of transcription factors that promote muscle atrophy (Elkina et al., 2011).
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Elevations in myostatin expression have been observed repeatedly in humans with muscle
wasting conditions (Elliott et al., 2012), in metabolic disorders like T2D (Brandt et al.,
2012), and are associated with impaired insulin signaling/sensitivity (Brandt et al., 2012;
Chen et al., 2009; Wang et al., 2012). Evidence in rodent models suggests that myostatin
expression is elevated in T1ID (Chen et al., 2009; Jeong et al, 2013a; Wieteska-
Skrzeczynska et al., 2009). Satellite cells from STZ mice exhibit excessive levels of
myostatin, while administration of a myostatin antagonist is able to rescue impaired
skeletal muscle regeneration (Jeong et al., 2013a). Despite the accumulating evidence for
a role of myostatin in the maintenance of skeletal muscle function and metabolic health, its
expression in the blood and muscle of those with T1D has not previously been reported.
4 ADDRESSING LIMITATIONS OF T1D SKELETAL MUSCLE
LITERATURE

4.1 BRIDGING CLINICAL OBSERVATIONS WITH PRECLINICAL MODELS
OF T1D

To date, the majority of skeletal muscle research in those with T1D has delivered
evidence in one of two categories.
4.1.1 Human observational studies

Firstly, non-invasive studies of TID patients have provided insights into the
muscle-specific effects of TID, such as impaired glucose uptake (Nuutila et al., 1993;
Peltoniemi et al., 2001), or dysregulated blood flow (Leinonen et al., 1982; Vervoort et al.,
1999). However, these often lack any investigation of cellular characteristics which are

vital to muscle health and function, such as morphology and fiber-type composition. There
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are a few notable exceptions that make measurements at the myofiber-level, discussed in
previous sections (Andreassen et al., 2014; Fritzsche, Bliiher, et al., 2008).

Fritzsche et al. (Fritzsche, Bliiher, et al., 2008) provide evidence that changes in
fiber-type composition are associated with elevated levels of glycolytic enzymes in T1D
patients, suggesting that changes occur in both the contractile and metabolic qualities of
skeletal muscles in those with TID. However, the classification of fiber-type in this study
was done by combining metabolic and contractile enzyme activities. This technique relies
on serial-sectioning (i.e. several contiguous sections) of skeletal muscle, which is much
more difficult to perform and therefore to generalize the results of this study, as compared
to MHC-antigen immunostaining which allows for discrete labelling of all muscle fiber-
types including hybrid fibers in a single cross-section (Bloemberg & Quadrilatero, 2012).
Furthermore, this study provides an imbalanced mixed-sex sample of young T1D patients
(Controls, male/female = 4/6; T1D, male/female = 1/6) and presents myofiber data for the
cohort overall, thereby potentially masking effects of that may be sex-specific in males
with T1D. Given these factors, there remains the need to examine these characteristics in
adults with T1D, giving particular attention to specific fiber-type composition, and utilizing
a more balanced cohort of males and females to elucidate possible sex-differences.

Andreassen et al. (Andreassen etal., 2014) investigated myofiber size, composition,
and capillary density in relation to neuropathy and muscle strength. Despite there being
larger fibers and relatively more type 2 fibers in T1D patients, the authors concluded that
each of these characteristics bears no relationship to neuropathy. However, the data for

these measurements were provided in a mixed group of neuropathic and non-neuropathic
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patients, thereby making it difficult to discern the contribution of neuropathy to the changes
observed here. Interestingly, the authors state that the location of muscle biopsies (i.e.
gastrocnemius) utilized in this study is more likely to observe damage due to
macroangiopathy and more pronounced DPN. Therefore, it seems likely that the presence
of neuropathy in some of the patients is even more likely to present a confounding factor
in true differences to fiber size, composition, and capillary density. This presents the need
for future investigations to study these characteristics in the absence of confounders (i.e.
DPN), by observing more proximal muscles like the vastus lateralis which are less affected
by neuropathy, or in patients that are uniformly non-neuropathic.

Beyond the clinical studies mentioned above, there are still a number of important
myofiber characteristics that have not been adequately addressed in humans, such as
satellite cells and myofiber ultrastructure. Currently, only one investigation has noted a
decreased satellite cell content in T1D patients (D. M. D’Souza et al., 2016a), under resting
conditions only. Therefore, there is still a paucity of knowledge of what happens to muscles
during TID after a regeneration/recovery stimulus (i.e. exercise). Additionally we do not
know if muscle ultrastructure changes at rest or under any stimuli in those with TID.
Unfortunately, the ultrastructural investigations to date through transmission electron
microscopy (TEM) have only been undertaken in one study focused on the muscle
capillaries (Leinonen et al., 1982), providing little to no insight into the ultrastructure of
T1D skeletal muscle per se.

4.1.2 Preclinical models of TID
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The second and larger category of skeletal muscle research in TID involves a
growing collection of literature in preclinical rodent models that has begun to unravel the
perturbations to muscle physiology at a cellular/molecular level. These experimental
models provide several pieces of information that contribute to our understanding of
physiological changes to muscle during T1D, including altered regeneration/repair (D. M.
D’Souza et al., 2016a; Jeong et al., 2013a; Krause et al., 2013) and angiogenic deficiency
(Kiveld et al., 2006; Lehti et al., 2006). Unfortunately, the nature of experimental rodent
models precludes data from being readily extrapolated to the clinical context of T1D. For
example, one of the major rodent models of T1D historically has been in rats or mice
administered experimental levels of streptozotocin (STZ), a compound which causes DNA
damage followed by cell death of pancreatic B-cells, rendering the animal insulin deficient
(Klueber & Feczko, 1994; Krause et al., 2009). Although the chemotoxic effects of STZ
were initially thought to be specific to the B-cells, recent studies have shown this not to be
the case, particularly in the case of skeletal muscle (Johnston et al., 2007; Krause et al.,
2009). Therefore, off-target effects of STZ need to be considered when interpreting these
data. An alternative model, the Akita mouse, offers improvements over STZ rodents as the
loss of insulin is due to genetic modification of the insulin gene (Al-awar et al., 2016;
Yoshioka et al., 1997), and the animals are not subject to off-target effects of STZ. Despite
its improvements, these mice still do not exhibit any fluctuation in insulin levels but rather
a constant hypoinsulinemia, and therefore do not accurately reflect the typical conditions
of a patient with T1D who will treat with insulin therapy to offset dietary fluctuations in

glucose (Carlsen et al., 2011; Garcia-Garcia et al., 2015; Griggs et al., 2020). Importantly,
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skeletal muscle displays particular plasticity in terms of glucose tolerance and insulin
sensitivity (Goodyear & Kahn, 1998; Holloszy, 2005). Therefore, use of animal models
carries relevant weaknesses which necessitate veritable caution when generalizing to the
human experience of TID and its effects on skeletal muscle.

To overcome the constrained utility of preclinical T1D models, there is a particular
need to expand upon the earliest cellular observations in myofibers using techniques to
broaden our knowledge of disturbances in muscle function from humans with T1D. Studies
of this nature will involve more invasive techniques, but the information gained will propel
forward our understanding of human skeletal muscle directly, without being constrained
by the limitations of rodent models. Further, more invasive studies will allow for the
investigation of biochemical markers that could uncover potential biochemical mediators
of diabetic myopathy in T1D.

4.2 NARROW SCOPE OF HUMAN T1D STUDIES.

While human studies of T1D circumvent the limitations of preclinical models, the
majority of studies involving skeletal muscle during TID have been under primarily
baseline/resting conditions. Given the dramatic physiological changes that can occur under
acute stressors like eccentric exercise (i.e. damage, regeneration, repair), or chronic
stressors like age (i.e. muscle atrophy, strength loss, denervation/reinnervation), the dearth
of literature in these areas leaves blind spots in our knowledge of human TID muscle
physiology.

4.2.1 Aging studies
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Due to the scarcity of T1D research in aging adults, current treatment guidelines
are based on T2D (Bispham et al., 2020). The striking lack of studies in the area has led to
literature that is void of information regarding skeletal muscle health in older individuals
with TID. Recently it has been hypothesized that T1D skeletal muscle exhibits a form of
accelerated aging (Monaco, Gingrich, etal., 2019) — exhibiting signs of aged muscle sooner
than age-matched non-diabetic counterparts. Deleterious effects commonly observed in
aged muscles are all observed to a higher degree in T1D skeletal muscle, such as decreased
myofiber size (H. Andersen et al., 2004; Jakobsen & Reske-Nielsen, 1986b), increased
fatigability (Kaya Mutlu et al., 2018; Lukécs et al., 2012; Maratova et al., 2018; Mosher et
al., 1998), and dysregulated metabolism (Cree-Green et al., 2015; Crowther et al., 2003;
Monaco et al., 2018a; Saltin et al., 1979; Wallberg-Henriksson et al., 1984). These cross-
sectional studies offer a snapshot comparison with age-matched control participants.
However, to date, no studies have examined skeletal muscle in participants from multiple
age groups with age-matched controls. In the absence of longitudinal studies which take
considerable resources to undertake, there is a need for studies which use age as a
comparator to understand T1D over the lifespan. It should also be noted that advancements
in insulin therapies and their implications in skeletal muscle need to be appreciated or
addressed. Currently, this is an area understudied and ripe for future investigative research.

4.2.2 Exercise studies and the impact on skeletal muscle morphology

The focus of exercise studies in T1D patients in the recent decades have been with
regards to the effects of exercise on glycemia (Guelfi et al., 2005; Riddell & Perkins, 2006;

Yardley et al., 2012, 2013). While some studies have examined resistance exercise in
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individuals with TID (Ramalho et al., 2006; Toghi-Eshghi & Yardley, 2019; Turner et al.,
2015; Yardley et al., 2012, 2013), these were investigations of overall health and glycemic
modulation, rather than physiological changes of myofibers during T1D. Given the reduced
regenerative capacity of skeletal muscle in TID rodents (D. M. D’Souza et al., 2016a;
Krause et al., 2013), there is still the need to understand human muscle physiology in
response to a damaging or eccentric exercise stimulus.

OBJECTIVES & HYPOTHESES

The purpose of this body of work is to address the aforementioned gaps in the
literature. It is the aim of this work to expand understanding of the cellular skeletal muscle
environment during T1D under stressors of age and eccentric damage, and to attempt to
observe potential molecular mediators of diabetic myopathy in humans.

STUDY #1 (CHAPTER 2)

The objective of this study was to examine skeletal muscle function in those with
T1D across a wide age range while using supporting histological/immunofluorescent
measures to characterize myofiber morphological traits over a significant portion of the
adult lifespan.

It was hypothesized that compared to control participants: 1) strength would be
decreased in all age groups in individuals with T1D. 2) muscles would shift towards a
faster, more glycolytic fiber-type composition in people with T1D.

STUDY #2 (CHAPTER 3)
The objective of this study was to investigate the early timepoints of muscle

regeneration following an eccentric exercise stimulus in young adults with T1D for the first
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time in order to gain an understanding of satellite cell content/proliferation responses, as
well as the degree of ultrastructural and sarcolemmal damage in these participants.

It was hypothesized that compared to control participants: 1) satellite cell
content/proliferation would be lower across all timepoints of regeneration, and 2)
ultrastructural and membrane damage would be increased in T1D participants.

STUDY #3 (CHAPTER 4)

This study aimed to observe circulating and skeletal muscle myostatin levels in a
large, diverse cohort of T1D participants in order to expand findings in rodent models that
position myostatin as a potential mediator of muscle loss during T1D.

It was hypothesized that T1D participants would exhibit higher circulating and

skeletal muscle myostatin compared to control participants.
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Abstract

Context. Previous investigations on skeletal muscle health in type 1 diabetes (T1D)
have generally focused on later stages of disease progression where comorbidities are
present and are posited as a primary mechanism of muscle dysfunction.

Objective. To investigate skeletal muscle function and morphology across the adult
lifespan in those with and withoutT1D.

Design. Participants underwent maximal contraction (MVC) testing, resting muscle
biopsy, and venous blood sampling.

Setting. Procedures in this study were undertaken at the McMaster University Medical
Centre.

Participants. Sixty-five healthy adult (18-78 years old) men/males and women/females
(T1D = 34; control = 31) matched for age/biological sex/body mass index; self-reported
physical activity levels were included.

Main Outcome Measures. Our primary measure in this study was MVC, with supporting
histologicallimmunofluorescent measures.

Results. After 35 years of age (“older adults”), MVC declined quicker in T1D subjects
compared tocontrols. Loss of strength inT1D was accompanied by morphaological changes
associated with accelerated aging. Type 1 myofiber grouping was higher inT1D, and the
groups were larger and more numerous than in controls. Older T1D females exhibited
more myofibers expressing multiple myosin heavy chain isoforms (hybrid fibers) than
controls, another feature of accelerated aging. Conversely, T1D males exhibited a shift
toward type 2 fibers, with less evidence of myofiber grouping or hybrid fibers.
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Conclusions. These data suggest impairments to skeletal muscle function and
morphology exist in T1D. The decline in strength with T1D is accelerated after 35 years
of age and may bhe responsible for the earlier onset of frailty, which characterizes those

with diabetes.

Key Words: T1DM, T1D, muscle morphometrics, function, diabetic myopathy, skeletal muscle function

Type 1 diabetes (T1D) is a metabolic disease caused by
the autoimmune destruction of the insulin-producing beta
cells of the pancreas (1). Therapeutic regimens are being
continually improved, including more closely monitored
blood glucose and diet. Further, there have been recent
advancements in automated insulin delivery, such as the
hybrid closed loop system coupled with continuous inter-
stitial glucose monitoring (2-4). The advent of these and
other adjuvant therapies, while not a cure, have allowed
those with T1D to live longer than ever before, in large part
due to improvements in the modulation of modifiable risk
factors for mortality such as renal and cardiovascular im-
pairments (5). What this means clinically is that the risk of
geriatric conditions, particularly frailty, are becoming more
evident and need to be considered in addition to the trad-
itional complications that characterize T1D (neuropathy,
cardiovascular disease, nephropathy) (6). In fact, evidence
is accumulating that those with diabetes (T1D and T2D)
are much more likely to be frail in later life and are more
likely to suffer from fatigue and weakness, as well as loss
of muscle mass and quality than age-matched nondiabetic
controls (7).

Despite the primary role for skeletal muscle in both
whole body physical and metabolic capacity, the effects
of T1D on skeletal muscle are not well understood. There
is, however, accumulating evidence of metabolic abnor-
malities in the skeletal muscles of those with T1D, such
as delayed adenosine 5-triphosphate synthesis (8), altered
glycolysis (9), mitochondrial dysfunction (10), and ab-
normal mitochondrial ultrastructure (10,11). Based upon
the aforementioned evidence, it has been hypothesized
that the skeletal muscle of those with T1D may be exhib-
iting a phenotype of accelerated aging (12). This hypoth-
esis has yet to be tested and much of the current literature
investigating morphological changes to skeletal muscles in
those with T1D has investigated persons with known neur-
opathy (13,14), combined male and female data together
(13,14), or was investigated before the current standard of
care (eg, aggressive insulin therapy). Of note, though, an
electron micrograph examination of muscle biopsies from
newly diagnosed juvenile patients (among others) prior to
insulin therapy found evidence for myofiber atrophy and
morphological disruption of their sarcomeres and mito-
chondria (15). Taken together, these findings highlight the

important, but limited data currently available pointing to
potential deficits in skeletal muscle health even in the pres-
ence of current treatment standards.

In addition to changes in muscle mass, studies evaluating
skeletal muscle at the myofiber level have noted alterations
to the fiber-type composition of muscle with T1D in the
form of an increased proportion of fast-glycolytic (16) or
type 2 fibers (17) in middle-aged adults with T1D. However,
the existing data have yet to examine how muscle fiber
composition and morphology may be part of the afore-
mentioned advanced neuromuscular aging of those with
T1D. Interestingly, recent findings have highlighted the im-
portance of morphological indicators of muscle fibers that
may display the more understared changes that occur with
increasing age. For example, type 1 myofiber grouping (ie,
the clustering of several contiguous type 1 fibers) is a char-
acteristic associated with neuromuscular aging. Specifically,
age-related denervation/reinnervation events (18) gradually
see denervated type 2 fibers reinnervared with type 1 motor
units, ultimately changing the muscle composition toward
one with larger “groups” of type 1 fibers and fewer type 2
fibers overall. Type 1 fiber grouping becomes significantly
elevated with age (19) and is associated with inefficient
motor unit activation and greater physiologic difficulty
to complete motor tasks (20). Additionally, as methods to
identify fiber types have improved, it has often been recog-
nized that myofibers may not exist as one type or another
bur instead as hybrid fibers [ie, those expressing 2 or more
myosin heavy chain (MHC) types]. Hybrid fibers have been
observed in many situations in human muscle and have
shown the potential to help infer whether a muscle is in a
transitionary state (21). Often, hybrid fibers become more
prevalent during detrimental changes such as disuse and
aging (22,23). Therefore, measuring this characteristic of
muscle morphology may aid in the determination of aging
status in the skeletal muscle of different populations. To our
knowledge, no study to date has employed these techniques
to elucidate the impact of T1D on adult skeletal muscle.

Therefore, the purpose of this study was to investigate
skeletal muscle function and morphology across the adult life-
span in those with and without T1D. Herein, we investigated
maximal voluntary contractions (MVCs) and many aspects of
skeletal muscle morphology in male and female T1D subjects
across a wide age span (18-78 years old). Importantly, these
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subjects were free of significant diabetic complications (par-
ticularly neuropathy) to understand the changes to muscle
health in the absence of confounding comorbidities.

Methods
Participants

Adult men/women (hereafter referred to as males/females)
with type 1 diabetes (female n=21, male n=13) and
matched control (CON) participants without diabetes (fe-
male n = 18, male n = 13) between 18 and 78 years of age
were recruited for this study. Participants were matched
for age, sex, body mass index and self-reported physical
activity levels and were told to refrain from exercise 24 h
preceding the study visit. In some instances, multiple T1D
participants were matched to 1 CON subject. During
neurological examination, 20% of older adult subjects
exhibited evidence of a mild sensory neuropathy (ie, de-
creased vibration sensitivity and/or absent ankle reflexes)
but there were no cases of moderate/severe neuropathy,
nor was there any evidence of proximal limb motor deficit.
Detailed subject characteristics and exclusion criteria for
the overall cohort and per age group are available in Tables
1 and 2, respectively.

Ethics

Prior to giving written informed consent, all participants
were given oral and written information about the experi-
mental procedures. All procedures herein were approved
by the Hamilton Integrated Research Ethics Board (REB
#5344 and #5355) and conformed to all declarations on
the use of human participants as research subjects.

Table 1. Participant characteristics, overall

Study Protocol

Participants visited the laboratory for assessment of height,
weight, and a baseline maximal strength measurement
procedure (MVC) using a Biodex dynamometer (Biodex
System 3; Biodex Medical Systems, Shirley, NY, USA). All
participants older than 35 years of age (controls: 11 female,
7 male; T1D: 11 female, 7 male) underwent neurological
examination of their motor, reflex, and sensory function by
an experienced neuromuscular disorders clinician (MAT),
where scores were averaged between left and right legs.
Participants were instructed to refrain from caffeine and
alcohol 24 h prior to visiting the laboratory and were in-
structed to consume a standardized meal 1.5 to 2 h prior
to their visit. Participants with T1D were also instructed to
continue their habitual use of insulin.

Muscle and Blood Measurements

Participants underwent a resting biopsy of the wvastus
lateralis muscle and a venous blood sample. Biopsies
were obrained from the mid-portion of the vastus lateralis
under local anesthetic (2% lidocaine) using manual suc-
tion, as previously described (24). Immediately following
the muscle biopsy procedure, a venous blood sample was
obtained from the antecubital vein. Hemoglobin Alc levels
were determined by the Hamilton Health Sciences clinical
core lab facility at McMaster University.

Frozen Muscle Sections

Fresh muscle samples were mounted in optimal cut-
ting temperature (OCT) compound and frozen in liquid
nitrogen cooled 2-methylbutane. The OCT embedded

CON T1D

Female Male Female Male
n 18 13 21 13
Age (year) 42 =4 42 +5 37«3 43 =5
Body mass index (kg/m?) 26+ 0.85 25+ 0.69 27 +1.37 27 =0.94
MVC (n) 179+11.2 273 = 14.68" 175 +9.29 266 £21.27"
Hemoglobin Alc (%) 5.3 +0.06 53+0.14 7.6 +0.28°¢ 7.3 £0.25°
T1D duration (years) — — 19=+3 29+4

Adult men/women with type 1 diabetes and matched control participants without diabetes were recruited for this study. Participants were not eligible to partic-
ipate in the study if they matched any one of the following criteria: smoke or use any tobacco products, prediabetes, type 2 diabetes, statin-induced myopathy
or experience myalgia, use assistive walking devices, chronically medicate with any analgesic or ant-inflammatory drug(s), corticosteroids or non-steroidal anti-
inflammatories or prescription strength acne medications, use medications known to affect muscle metabolism (with the exception of insulin), heart disease, rheu-
matoid arthritis, poor lung function, uncontrolled hypertension, stage 3 neuropathy, severe retinopathy, or any health conditions that put the subject at risk during

this study. Data are expressed as mean = SEM.
“Significandy different vs same-sex control, P < 0.03.
"Significantly different s female of same group, P < 0.05.
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Table 2. Participant characteristics, split by age group

CON TID
Female Male Female Male
Younger Older Younger Older Younger Older Younger Older
n 7 11 6 7 10 11 6 7
Age (years) 25+2 §53+3° 262 56+ 4° 262 49 +2°¢ 272 57+3
Body mass index 25 £1.017 26+ 1.21 24+ 1.15 25+0.88 28+2.14 27 =1.84 26+1.37 27 +£1.31
(kg;'nﬂ
MVC (n) 187 =21.60 175=21.60 288=25.94" 262=17.53" 192=16.83 161=8.33 290 =18.49" 249 =33.79"

Hemoglobin Alc (%) §.2+0.08 54 +0.08 54+017

T1D duration (years) — — —

7-day average blood — — —
glucose (mM)

7-day time in target — — —
range (%)

7-day time in hyper- — — —
glycemia (%)

7-day time in hypo- — — —
glycemia (%)

51+022 79+053 73+022" 7.1+0.38 7.6 £0.32°
— 102 27 =4 16 =3 39+3
— — 8.4 +034 — 9.1:0.74
— — 58=5 — 546
— — 385 — 39+7
— — 4.+:1 — e

Study participants, as described in Table 1, split into younger (<33 years old) and older (>35 years old) groups. Data are expressed as mean = SEM.

“Significandy different s same-sex control, P < 0.05.
"Significantly different vs female of same group, P < 0.05.
“Significantly different vs younger group of same sex, P < 0.03.

samples were stored at -80°C prior to sectioning. All
muscles were cut in cross-section at a thickness of 6 pm
and allowed to air dry before histology/immunofluores-
cence was performed.

Double Antibody Immunofluorescence

Details pertaining to the primary and secondary antibodies
used for immunofluorescent staining described in the fol-
lowing discussion are detailed in the supplementary ma-
terial in (25). Sections were fixed in 4% paraformaldehyde
for 10 min. Sections were then rinsed and incubated in
blocking solution (5% normal goat serum, 5% fetal bo-
vine serum, 2% bovine serum albumin, 0.1% sodium
azide, and 0.2% Triton-X-100 in phosphate buffered sa-
line) for 90 min at room temperature (RT). Tissue sections
were then incubated in primary antibodies against Pax7
and CD31 at 4°C overnight. Following primary antibody
incubation, sections were incubated in secondary anti-
body cocktail. Tissue sections were then refixed for 5 min,
incubated for 2 h in the primary antibody against my-
osin heavy chain 1 (MHC1) and laminin, and then incu-
bated in the secondary antibodies 2 h at RT. All washes
between incubations were performed using Tris-buffered
saline. Nuclei were counterstained with 4/,6-diamidino-
2-phenylindole for 5 min at RT. Sections were mounted
with Fluoromount (Sigma-Aldrich, F4680) and coverslips
added.

Fiber-type Immunofluorescence

Details pertaining to primary and secondary antibodies
used for fiber-type immunofluorescent staining are detailed
in the supplementary material in (25). Sections were incu-
bated in blocking solution (5% normal goat serum) for
1 h at RT. Tissue sections were then incubated the primary
antibody cocktail against MHC1, MHC2A, and MHC2X
at 4°C overnight. Following primary antibody incubation,
sections were incubated in the secondary antibody cock-
tail for 1 h at RT. Washes between incubations were per-
formed using Tris-buffered saline. Sections were mounted
with Fluoromount and coverslips added.

Periodic Acid-Schiff Stain

Sections were initially rinsed with running rap warer and
then incubated with 0.5% periodic acid for 5 min, followed
immediately by 2 min in Schiff’s solution (Sigma-Aldrich,
3952016). Sections were then washed via warm running
tap water for 5 min. After which, sections were mounted
with Permount (Fisher Scientific, SP15500) and coverslips
added.

Microscopy and Image Analysis

All images were captured with a Nikon 90i Eclipse micro-
scope (Nikon Inc, Melville, NY, USA) and analyzed
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using Nikon Elements AR software v4.6. At least 100
muscle fibers per subject were analyzed for each histo-
logical/immunofluorescence analysis. Laminin was used
as a surrogate plasma membrane marker for quantifica-
tion of minimum feret diameter. Fiber type analysis was
performed by quantifying the total number of cells that
predominantly expressed MHC1/2A/2X. A subset of fi-
bers expressing high levels of MHC1 and MHC2A/X
were identified has type 1/2 hybrids (HYB12). Likewise,
fibers co-expressing MHC2A/X were identified has type
2AX hybrids (HYB2AX). Detailed definitions of hybrid
fibers are found in the supplementary material in (25).
Capillaries were identified as CD31-positive cells adja-
cent to myofibers. Thirty myofibers from each sample were
chosen to quantify capillary-to-fiber ratio (ie, the number
of adjacent capillaries surrounding a myofiber) and capil-
lary density (ie, number of capillaries per 30 fibers divided
by total fiber area), calculated based on previous work
by Hepple et al (26). Satellite cells were identified via
co-staining of Pax7 and 4,6-diamidino-2-phenylindole,
and localization beneath the basal lamina (laminin). Fiber-
type and satellite cells (SCs) were expressed as a percentage
of total muscle fibers analyzed. Analyses of grouped type
1 myofibers were performed as described previously by
Kelly et al (19). Briefly, the expected mean number of
like myofibers touching a given type 1 myofiber was cal-
culated as the product of the total number of myofibers
touching a given myofiber and type 1 myofiber propor-
tion. To qualify as a myofiber group, the number of like
myofibers touching a given type 1 myofiber must exceed
the mean plus 1 SD around the mean for at least 2 con-
tiguous myofibers in the core of a group. Subsequently,
the number of type 1 myofibers touching any other type
1 myofiber was counted until the edge of the group or a
border of the muscle section was reached. Although this
method partially controls for type 1 myofiber distribution,
the influence is not completely removed (19,27). Glycogen
content was quantified by measuring mean pixel satur-
ation values from NIS Elements software from periodic
acid-Schiff (PAS)-stained myofibers that were individually
circled. All immunofluorescence and histological analyses
were completed in a blinded fashion.

Continuous Glucose Monitoring

Seven-day glycemic status was measured in a subset of
older participants (>35 years old) with T1D via continuous
glucose monitoring. These participants were offered use of
the Dexcom GS Mobile CGM System (DexCom Inc., San
Diego, CA, USA) between their 2 study visits. Participants
who already utilized continuous glucose monitoring were
permitted to continue use of their continuous glucose

monitoring for the study period and provided their data
for our analysis following the study period.

Activity Tracking by Accelerometry

Older adults were provided with, and instructed to wear, a
Polar M430 watch for activity tracking via accelerometry.
Polar Flow® software was used to extract summary values
indicating total time spent in each of 5 activity intensity
ranges (eg, resting, sitting, low, medium, high). Total ac-
tivity time in minutes was divided by the total amount of
time each participant wore the activity tracker to represent
relative activity time in each zone.

Statistical Analysis

Bar graphs are presented as mean = standard error of the
mean (SEM) with datapoints overlaid. Participant charac-
teristics are expressed as mean = SEM. Younger and older
age groups were defined as those younger and older than
35 years of age, respectively, based on the time point when
the MVC of T1D participants began to decline quicker than
CON participants. Effect sizes between groups were as-
sessed by Hedge’s g (see following discussion). To compare
age groups (ie, younger vs older), CON and T1D were col-
lapsed into their respective age group and then compared
with Hedge’s g. Distributions of minimum feret diameter be-
tween groups were compared by a 2-sample Kolmogorov-
Smirnov test. Outliers were defined as datapoints outside of
the mean = 1.5 times the interquartile range. All effect sizes
(g) and P-values (for 2-sample Kolmogorov-Smirnov tests)
are displayed within graphical summaries. In the interest
of research transparency, we have noted g- and P-values
for all of the relevant comparisons and have commented in
the text on those that were deemed of particular interest or
importance. Correlations were assessed by Spearman’s rho
(herein denoted as r). All analyses were carried out in the
R environment for statistical computing (R Foundation for
Statistical Computing, Vienna, Austria).

Assessment of Effect Sizes

Despite this being one of the most comprehensive
muscle biopsy studies in participants with T1D, our
sample size is small in the scope relative to other less
invasive clinical studies. Therefore, we have utilized
Hedge’s g (ie, corrected effect sizes) to delineate the
magnitude of differences in our comparisons. Effect
sizes of 20.2, 20.5, and 20.8 are denoted as small,
moderate, and large effect sizes, respectively, whereas
those effect sizes <0.2 were deemed negligible based
on thresholds by Cohen (28). These represent the most
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commonly used thresholds in the literature and are
used commonly in clinical trials (29,30), preclinical
scientific studies (31-34), and meta-analyses (35,36) as
a means of interpreting magnitude of changes, particu-
larly in investigations where the results are extremely
novel and cannot be readily compared with findings
from other literature, such as in the current study (for
a review, see (37)). We aimed to make our results more
generalizable and interpretable for a wide audience.
However, these interpretations should not be viewed
rigidly, and more studies in the area are required to
determine the true clinical significance of the physio-
logical changes observed in each case.

Results

Accelerated Loss of Muscular Strength in Older
Adults With T1D

Analysis of MVC over the lifespan revealed that people
with T1D began to exhibit a loss of strength after 35 years
of age compared to CON participants (Fig. 1A). This sep-
aration in muscle function provided the basis to divide co-
horts into 2 age groups (ie, younger, defined as less than
35 years, and older, defined as greater than 35 years of
age) to determine differences in skeletal muscle health
between groups with and without a decline in function.
Indeed, while CON participants exhibited a small decline
in maximal strength between age groups (-10%, g = -0.4),
older adults with TI1D exhibited a moderate decline
(-17%, g =-0.6) in MVC force (Fig. 1B). Notably, the
loss of MVC force appears to be moderate in females with
T1D (-17%, g = -0.6), whereas the decline in their CON
counterparts (g =-0.2) was small (Fig. 1B). Conversely,
there was a moderate age-related decline in MVC that was
similar in males with/without T1D (CON: -9%, g = -0.7;
T1D: -18%,g=-0.7).

No Evidence for Changes in Capillary Density
and Satellite Cell Content inThose With T1D

We utilized immunofluorescence to identify capillary
density and SC content (Fig. 2A). Older females in this
study exhibited moderately elevated capillary density vs the
younger cohort (27%, g = 0.7) (Fig. 2B), while males did
not exhibit a change (g = -0.2) (Fig. 2B). Capillary-to-fiber
ratio was comparable between CON and T1D, although
older females again moderately increased capillary content
relative to younger females (14%, g = 0.6) (Fig. 2C). Older
males overall exhibited a small elevation in (SC) content
(+5%, g = 0.2) (Fig. 2D).

Lower Glycogen Content Is Correlated With
Increased Seated Time in OlderT1D Adults

In older adults, we assessed glycogen content at rest, quan-
tified as pixel saturation by PAS stain (Fig. 2E). Skeletal
muscle glycogen content was found to be lower in the skel-
etal muscle of older adults with T1D: moderately in fe-
males (g =-0.7) (Fig. 2F) and with a large effect size in
males (g =-1.2) (Fig. 2F). Next, we utilized accelerometry
to assess physical activity in the older adults in our co-
hort. Older adults with T1D exhibited a large increase in
the amount of time spent in the seated activity range, sug-
gesting more sedentary behavior from these individuals (fe-
male g = 1.10, male g = 1.04) (Fig. 2G). Also, older females
and males with T1D exhibited small and large reductions
in time spent resting, respectively (female g =-0.31, male
g =-1.03) (Fig. 2G), a finding that suggests a decreased
sleep duration as the majority of “resting” data was cap-
tured between the hours of 12 am and 8 am (for representa-
tive tracing, see supplemenrary material in (25)). There was
a particularly strong negative correlation between muscle
glycogen and time spent seated in this cohort (r =-0.63,
P <0.01) (Fig. 2H), suggesting that more sedentary time
may play a role in the reduction of muscle glycogen levels
in these adults. We next attempted to discern if any other
important covariates discussed in this study (ie, age, MVC,
hemoglobin Alc, 7-day average blood glucose) were asso-
ciated with glycogen status in these individuals. However,
we found no notable correlations between these variables
and glycogen content, as displayed in the supplementary
material in (25).

Fibertype Differences Between Males and
Females with Type 1 Diabetes

Muscle biopsies were analyzed for morphology via im-
munofluorescence, revealing altered distributions of fiber
sizes in skeletal muscle with T1D, as measured by minimum
feret diameter (Fig. 3A). On average, there was a moderate
minimum feret diameter reduction in older females rela-
tive to their younger counterparts (-8%, g=-0.5) (Fig.
3B), and older males exhibited a larger decline (-13%,
g =-0.9) (Fig. 3B). Interestingly, older females with T1D
showed a small decline in minimum feret diameter com-
pared to CON (-5%, g=-0.2) (Fig. 3B), whereas males
showed a moderate elevation of minimum feret diameter
relative to their same-sex controls (8%, g = 0.5) (Fig. 3B).
In the younger cohort, there were no noteworthy differ-
ences in minimum feret diameter between CON and T1D
participants (g < 0.2) (Fig. 3B). Quantification of type 1
and 2 fiber proportions revealed disparate effects of TID
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Figure 1. Accelerated loss of maximal muscle strength in type 1 diabetics. (A) Maximal voluntary contraction (MVC) strength in males and females
with type 1 diabetes (T1D) and their nondiabetic counterparts (CON), from 18 to 78 years of age. (B} MVC strength, compared between younger
(<35 years old) and older (>35 years old) groups. For individual datapoints, circles indicate CON participants and diamonds indicate T1D. Blue and
pink coloring indicate males and females, respectively. For trend lines (A}, solid lines indicate CON and dashed lines indicate T1D, vertical black line
indicates division betweenYounger and Older groups (ie, 35 years old). In bar plot (B), data are expressed as mean + SEM.

on male and female muscle composition. Type 2 fiber pro-
portions showed a small decrease with age in both females
(-5%, g =-0.4) (Fig. 3C) and males (-6%, g = -0.3) (Fig.
3C). Young females with T1D exhibited similar fiber pro-
portions relative to CON (g <0.2), while older females
with T1D displayed a large reduction in type 2 fibers com-
pared to their CON counterparts (-14%, g =-0.8) (Fig.
3C). Conversely, males with T1D exhibited a large rela-
tive increase in type 2 fibers in younger participants (25%,
g =1.5) (Fig. 3C), and older males with T1D also exhibited
a largely elevated proportion of type 2 fibers compared to
CON males (16%, g = 0.8) (Fig. 3C).

Increased Prevalence of Hybrid Muscle Fibers in
Older Adults With Type 1 Diabetes

Recently, the importance of hybrid myofibers has gained
attention in the literature as an important aspect of

muscle phenotype (21). Thus, given the observed changes
in muscle fiber-type composition (ie, type 1 vs type 2),
we attempted to delineate the fraction of each specific
MHC type (Fig. 4A) and subsequently the prevalence of
hybrid fibers in skeletal muscle in older T1D and CON
participants.

When considering MHC isoforms (ie, 1/2A/2X),
examination of minimum feret diameter revealed the
distribution of minimum feret diameter was different in
T1D participants for each fiber type, regardless of sex
(P < 0.05) (Fig. 4B). Most notably, 2X myofibers were
substantially larger in males with T1D (36 %) (Fig. 4B).
In females, there was a moderate gain in the proportion
of type 1 (g =0.5) (Fig. 4C) and type 2X (g =0.5) (Fig.
4C), with a large decrease in type 2A fibers (g = -0.8)
(Fig. 4C). Similarly, in males, there was a moderate loss
of type 2A fibers (g = -0.6; Fig. 4C) and concomitant
gain in type 2X fibers (g = 0.7) (Fig. 4C), while there
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Figure 2. Vascularity, satellite cell, and glycogen content of skeletal muscle in males and females across the adult lifespan. (A} Representative im-
munofluorescence images including (i) low magnification merge (ii) higher magnification merge depicting type 1 (MHC1) and type 2 (MHC2) fibers,
(iii) Pax7+ [ie, satellite cell (SC)] and Pax7— myonuclei (MN), and (iv) CD31 positive cells [ie, capillaries (CAP)]. (B) Representative images of periodic
acid-Schiff (PAS) stain. (C) Capillary density (ie, number of capillaries per square millimeter) between disease (CON vsT1D) and age (younger vs
older) groups. (D) Capillary-to-fiber ratio [ie, number of capillaries in contact with an individual myofiber (CF)] between disease and age groups.
(E) Satellite cell content (ie, number of satellite cells expressed per 100 fibers) between disease and age groups. (F) Glycogen content, as measured
by PAS stain. (G) Time spent in physical activity intensity zones, expressed as percentage of total time. (H) Scatter plot depicting the relationship
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were negligible changes to the proportion of type 1 fibers
(g < 0.2) (Fig. 4C). Further, the changes in fiber-type pro-
portions were accompanied by an increased abundance
of hybrid fibers in participants with T1D (Fig. 4D). This
increase was driven by a large increase in females with
T1D (26%, g = 0.9) (Fig. 4E). Analysis of specific hybrid
fiber-types in females with T1D revealed ~2 times more
HYB2AX (g = 0.8) (Fig. 4F) and ~3 times more HYB12
(g = 0.9) (Fig. 4F). On the other hand, males with T1D
appeared to express a small decrease in HYB12 fibers
(g =HYB2AX 0.4) (Fig. 4F) with no notable change in
HYB2AX fibers (g < 0.2).

Increased Grouping of Type 1 Myofibers in
T1D Muscle

Due to the observed perturbations in myofiber type pro-
portions, we next investigated the prevalence of type 1
myofiber grouping in our participants’ muscle. Similar to
previous observations in comparing younger and older
adults (19), the proportion of grouped fibers was ele-
vated in older individuals by over 3 times that of younger
participants in the study (females g = 1.23, males g = 1.5)
(Fig. 5A). Older females, in particular, exhibited a largely
elevated proportion of grouped type 1 myofibers rela-
tive to their CON counterparts (15%, g = 1.1) (Fig. SA).
Also, males with T1D exhibited an elevated proportion
of grouped myofibers, although the effect size was small
(25%, g = 0.3) (Fig. SA).

Additionally, older male participants displayed myofiber
groups that were much larger (ie, 17 times larger) on average
(ie, more fibers per cluster) than younger males (g=1.1)
(Fig. 5B), but there was a negligible effect of TID (g <0.2)
(Fig. 5B). Meanwhile, females did not exhibit larger fiber
groups with age (g < 0.2) (Fig. 5B). However, there was a
small elevation in myofiber group size in T1D women rela-
tive to their CON counterparts in younger (g =0.2) and
older (g = 0.3) cohorts.

Lastly, the quantity of type 1 myofiber groups was ele-
vated by ~4 times in older participants (large effect size
for females g=1.86 and males g=1.3) (Fig. 5C). The
age-related increase in grouped myofiber quantity was ex-
acerbated by T1D in older females (35%, g = 0.9) (Fig. 5C)
but not older males (g < 0.2) (Fig. 5C).

Figure 2: continued

Discussion

The current study presents skeletal muscle morphometrics
from 60 years of the adult T1D lifespan and is, to date,
the most expansive investigation of skeletal muscle morph-
ology and function in those with T1D. Our novel findings
highlight a greater decline in muscle strength, along with
concomitant changes in hybrid fiber proportions and type
1 myofiber grouping in older adults with T1D—character-
istics of accelerated aging, as has been previously specu-
lated (12). Furthermore, we have noted sexual dimorphism
between the morphology of skeletal muscle in males and
females with T1D—a particularly understudied component
of the T1D literature—where females with T1D exhibited
emphasized signs of aging phenotype compared to male
counterparts. Taken together, these findings highlight sig-
nificant changes to the muscles of older adults with T1D
even in the absence of overt diabetic complications, par-
ticularly neuropathy.

Age-related Loss of Muscle Strength in Adults
With T1D

Our assessment of MVC strength revealed a sharper de-
cline in maximal strength in the skeletal muscle of T1D
participants after 35 years of age. We separated our
sample into younger (ie, <335 years old) and older (ie,
>35 years old) cohorts based on this delineation in an
attempt to further determine the underlying factors that
may be contributing to accelerated decline in muscle
strength we observed in T1D adults. Older T1D parti-
cipants exhibited a decline almost twice that (~170%)
of CON participants that resulted in a greater effect size
when compared to their CON counterparts. While the
exact mechanism(s) underlying these changes are still
being examined, hyperglycemia has previously been
demonstrated to contribute to the diminished muscle
strength in older adults (38). Furthermore, previous
studies have made note of more substantial decrements
in maximal strength in knee extensors (39), and the distal
extensor/flexor muscles of the lower limb (39,40) cor-
related to the degree of neuropathy present in TID pa-
tients. Interestingly, while distal polyneuropathy patients
were the focus of previous investigations (39), it is pos-
sible that our participants did not exhibit knee extensor

between relative time spent seated and PAS expression. All values are expressed as mean + SEM. Younger cohort is defined as <35 years old. For

individual datapoints, circles i

CON participants and di

indicateT1D. Blue and pink coloring indicate males and females, respectively.

For scatter plot, black line indicates regression line and grey shaded area indicates SEM. Effect sizes (g) vs CON are displayed within bars. Effect sizes

vs younger cohort are displayed over square brackets.
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Figure 3. Altered fiber-types and myofiber size inT1D. (A) Distributions of type 1 and type 2 myofiber size, as measured by minimum feret diameter.
(B) Average minimum feret diameter per participant between disease (CON vsT1D) and age (younger vs older) groups. (C) Muscle fiber composition,
between disease and age groups. Light and dark shaded areas represent type 1 and type 2 fiber proportions, respectively, and are labeled within
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deficits to the same degree due to the exclusion of neuro-
pathic patients in the current study. Further, it should be
noted that previous studies have utilized electrophysio-
logical techniques to measure neurological dysfunction
in the distal limb (17), whereas here we interrogated
proximal limb muscles. Here, our clinical examination
of neuropathy revealed no significant motor dysfunction
between any of the groups. Therefore, it remains pos-
sible that neurological motor dysfunction of the prox-
imal limb is still progressing in these adults with T1D, yet
itis unlikely that the differences observed between adults
with/without T1D are neurogenic in nature. Still, these
findings highlight the need for future studies to interro-
gate proximal limb denervation with denervation-specific
biomarkers, such as embryonic myosin heavy chain or
the sodium channel Nav, , (41) to more fully elucidate
its presence in T1D skeletal muscle. Nevertheless, the
exacerbation in age-related strength loss observed here
seemingly precedes the development of neurogenic motor
deficits, suggesting that T1D elicits negative effects on
skeletal muscle function throughout adult life, perhaps
earlier than other key comorbidities.

The Role of Satellite Cell and Capillary Content in
Aging Muscle of Those With T1D

Some studies have suggested the age-related loss in type 2
fibers to occur concomitantly with a loss of SCs in skel-
etal muscle (42,43), and their importance in age-related
strength and muscle loss (ie, sarcopenia) is a topic of in-
tense study (for a review, see (44)). In the context of T1D,
D’Souza et al showed that young males (18-22 years of age)
with T1D had a lower SC content as a proportion of total
myonuclei compared to age-matched nondiabetic males
(45). Interestingly, in the current study, we observed only
small or negligible changes in SC content between those
with and without T1D. The discrepancy between these and
previous data may be the different methodology for quan-
tification used here (ie, SC per 100 myofibers) increased
age of our younger male participants (27 = 1.37 years) vs
the previous study (45) or that our current cohort is signifi-
cantly larger and more diverse than previously reported.
To our knowledge, there are no other observations of SC
in human muscle with T1D. Additionally, we interrogated
muscle capillary content, as its importance has been noted
for its contribution to muscle endurance capacity (46),

Figure 3: continued

which is reportedly lacking in muscle with T1D (47). We did
not detect decrements in capillary content in muscle with
T1D, similar to previous investigations (17). Furthermore,
older females in the present study tended toward higher
capillary content than their younger counterparts, which
is contrary to recent observations of angiogenic potential
in aged females (48). While the reason(s) underlying this
difference are currently unknown, we did observe that ca-
pillary density was negatively correlated with muscle fiber
size (minimum feret diameter) in older females (R = -0.62,
P < 0.01), which may suggest that elevated capillary density
may be due, in part, to the smaller minimum ferer diameter
of older females with T1D, who are therefore expressing
more capillaries per unit area in the muscle. Further, due
to the elevated proportion of type 1 fiber grouping in older
women with T1D, there may have been an increased pro-
pensity to measure capillaries surrounded by more type 1
fibers, which tend to be more highly vascularized. Indeed,
there was indications that capillary density was correlated
with the proportion of grouped type 1 myofibers in this co-
hort (r =0.69, P = 0.07).

Altered Glycogen ExpressioninT1D as a
Potential Outcome of Elevated Glycolysis

In older participants, we observed lower glycogen con-
tent at rest in T1D myofibers vs those of their CON
counterparts, regardless of sex. The current finding of di-
minished muscle glycogen in TID muscle complements
the literature, which suggests metabolism tends toward
increased glycolysis during exercise and at rest in T1D
skeletal muscle (8,9,16,49,50). Indeed, previous investi-
gations have shown that TID myofibers exhibit higher
levels of the glycolytic enzyme glycerol-3-phosphate de-
hydrogenase at rest (16), while others have observed ele-
vated anerobic glycolysis in muscle of T1D adolescents
during exercise through noninvasive measures (8,49,50).
Alternatively, it may be posited that T1D muscles are ex-
hibiting defects in glycogen synthesis. However, earlier in-
vestigations have observed normal protein/mRNA content
as well as toral activity of enzymes involved in glycogen
synthetic pathways (51). Diminished muscle glycogen
may in fact represent another metabolic perturbation that
resembles accelerated aging in T1D muscle, in addition
to previous observations of mitochondrial dysfunction
during T1D (10,52,53) (for reviews, see (54-56)), since

graphical summary. Minimum feret diameter distributions in (A) are expressed as a distribution of all fibers of each respective fiber type. Bar plots
in (B and C) are expressed as mean + SEM. For individual datapoints, circles indicate CON participants and diamonds indicate T1D. Blue and pink
coloring indicate males and females, respectively. For comparisons of distributions (A), P-values are displayed within graphical summary. Effect size
{g) vs CON are displayed within bars. Effect size vs younger cohort are displayed over square brackets.
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Figure 4. Prevalence of hybrid fibers in T1D skeletal muscle. (A) Representative immunofluorescent images of fiber type stain. Examples of type 1,
2A and 2X fibers labeled within image. (B) Muscle fiber size distributions, as measured by minimum feret diameter. (C) Muscle fiber compaosition,
as measured by immunofluorescence. Light, medium, and dark shaded bars represent type 1, 2A, and 2X fiber proportions, respectively, and are
labeled within graphical summary. (D) Three-dimensional scatter plot displaying MHC co-expression, as measured by average pixel intensity [arbi-
trary units (AU)]. Each point represents a myofiber, and each color represents a myofiber type (legend under graphical summaries). (E) Proportion of
hybrid fibers (ie, co-expressing 2 or more MHC types; for hybrid fiber criteria, see supplementary material in {25)). (F) Proportion of specific hybrid
fiber types in males and females with and without T1D. Minimum feret diameter distributions in (B) are expressed as a distribution of all counted
myofibers. Solid and dashed vertical lines indicate mean values for CON andT1D, respectively. Bar plots (C, E, and F) are expressed as mean + SEM.
Forindividual datapoints within dot/bar plots (E and F), circles indicate CON participants and diamonds indicate T1D. Blue and pink coloring indicate
males and females, respectively. For comparisons of distributions (B), P-values are displayed within graphical summary. Effect sizes (g) vs CON are
displayed within (A} or over bars (E and F).
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diminished muscle glycogen stores are found to be lower
in skeletal muscle in older adults (57-59). Although, con-
trasting findings have shown intramyocellular glycogen,
as measured by magnertic resonance spectroscopy, to be
similar in T1D patients and control individuals, in a co-
hort that was of similar age to our younger adults (60).

Our observations indicate there is a lower level of muscle
glycogen in muscle with T1D compared to CON, albeit
this observation was in older adults than previous studies
(current = 52 = 2 years vs Bally et al (60) = 26 = 2 years)
and were measured by different methods. Thus, the cur-
rent data suggest that greater glycolytic metabolism

59

| Z0Z Jequieldes g Uo Jasn Aleiqr] AIsIoalun 121SeNOIN AQ 201 /+29/50+2/8/90 L /a0 e/ waslwoo dnoolwapesey/ sdjjy Wol) papecjumoq



Ph.D. Thesis — A. Dial; McMaster University — Medical Sciences

2418 The Journal of Clinical Endocrinology & Metabolism, 2021, Vol. 106, No. 8

during T1D may contribute to a diminished level of
glycogen storage. Also, the relationship between glycogen
content and time spent seated in our cohort was evident
and suggests a potential link with sedentary status of in-
dividuals that warrants future study. Whether or not in-
sulin resistance experienced by some T1D adults plays a
role in diminished muscle glycogen remains an open ques-
tion. However, early investigations of those with TID and
T2D suggested that the lack of insulin sensitivity was an
important contributor to low muscle glycogen concentra-
tion (61). Others have found that diminished glycogen
synthase activity was secondary to a reduction in glucose
uptake in T1D muscle (62). Further, observations of in-
dividuals with T2D, which exhibit insulin resistance as
a primary pathology, have been observed to have dimin-
ished muscle glycogen—in a pattern that varies between
muscle fiber types (63). We aimed to discern if the altered
fiber-type characteristics in T1D participants (ie, grouped
and/or hybrid fibers) may be associated with glycogen
content on PAS stain intensity but were unable to find
any apparent relationship between PAS intensity and type
1 muscle fiber grouping proportion, number of grouped
type 1 fibers, hybrid 1/2 proportion, or hybrid 2A/X pro-
portion (data not shown). Whether or not the diminished
glycogen levels observed here warrant a health risk for
T1D parients remains to be determined.

Putative Effect of Sleep Loss in Older Adults
With T1D

Our accelerometry data suggests that older adults
with T1D spend less time sleeping (as noted by re-
duced time spent in a “resting zone” between 12 am
and 8 am). For an example of a 24-h physical activity
tracing, see supplementary material in (25). This phe-
nomenon has been previously observed in persons with
T1D who report that nonsevere hypoglycemic episodes
disrupt their sleep and impair their ability to fall back
asleep following treatment of these events (64,65).
Hyperglycemia can also exert negative effects on hor-
mones that regulate circadian rhythm (66). Previous in-
vestigations have demonstrated the detrimental effects
of sleep deprivation on muscle protein synthesis rates
(67) and glycogen content (68), which may contribute
to the loss of muscle function seen in older T1D parti-
cipants in this study. It should be noted as well that the
link between sleep loss and neurogenesis deficits have
been established in humans (69). While currently specu-
lative, it may be that altered sleep patterns in those with
T1D elicit degenerative effects on motor neuron func-
tion (ie, muscle strength) as well.

Accelerated Loss of Type 2 Fibers in Adults
With T1D

Our histological examination of muscle fibers in adults
with T1D aimed to determine whether there were changes
to muscle fiber composition that would affect muscle size
and strength in these muscles. The proportion and distri-
bution of slow-twitch (type 1) and fast-twirch (type 2) fi-
bers is dynamic during the aging process. With advancing
age, muscle size gradually decreases due to a reduction in
both number and size of type 2 fibers (70-73), suggesting
that the type 2 fiber proportion earlier in life may be im-
portant to determining age-related loss of muscle mass.
Interestingly, in our participants, only those with T1D ex-
hibited the expected decrease in type 2 fiber proportion
with age, suggesting that the rate of type 2 myofiber loss
is greater than that of nondiabetic individuals, who ap-
peared to maintain fiber composition over the same time
period. In this study, we found that these alterations to the
proportions of type 1 and 2 fibers occur in a sexually di-
morphic manner. On one hand, younger males with T1D
exhibited an elevated proportion of type 2 fibers relative
to younger CON males, similar to previous observations
(17). The exact reason for the shift toward type 2 fibers in
T1D remains unclear, although others have suggested it is
coordinated with the shift toward glycolytic metabolism in
these muscles (16,17). Importantly, our data suggest that
the aggregation of male and female fiber-type proportions
by Andreassen et al (17) may have resulted in a general-
ized finding that is sexually dimorphic. Indeed, here we did
not observe an elevation in type 2 fibers in females with
T1D. Instead, older females with T1D exhibited relatively
less type 2 fibers than their nondiabetic counterparts. Given
the importance of type 2 fibers in producing force/power, a
diminished fraction of type 2 fibers may have detrimental
effects on the ability of older women with T1D to perform
activities of daily living (72).

Increased Prevalence of Hybrid Fibers in Older
Females With T1D

Observation of the altered fast/slow fiber-type propor-
tions (ie, type 1/2) warranted deeper examination of the
specific MHC isoforms (ie, 1/2A/2X) in these participants.
Generally, trends in the data indicated that T1D partici-
pants gained type 2X fibers, seemingly at the expense of
type 2A fibers in males and females with T1D. Additionally,
itwas observed that there was a larger proportion of hybrid
fibers (ie, those co-expressing 2 or more MHC types) only
in females with T1D. An increased prevalence of hybrid fi-
bers is often associated with states in skeletal muscle such
as disuse or aging (22,23). During aging, in particular, the
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expression of hybrid fibers becomes increasingly prevalent
(22). Andersen et al (22) proposed a mechanism by which
age-related denervation/reinnervation events cause affected
fibers to receive neural inputs that contradict their ori-
ginal myogenic lineage, thus providing conflicting signals
and eventually giving rise to a mixed expression of MHC
isoforms. In conjunction with our data, it again insinuates
that females with T1D display a phenotype that resembles

«

a transition toward increasingly “aged” muscle.

Elevated Myofiber Grouping in Aging Females
With T1D

In addition to higher relative amounts of type 1 fibers
(ie, diminished type 2 fiber proportion) and elevated hy-
brid fibers, we observed an elevated amount of type 1
myofiber grouping in older women with T1D wvs their
CON counterparts. The grouping of type 1 myofibers is
a phenotype that has been associated with age-related
denervation/reinnervation events (18,19) as well as inef-
ficient motor unit activation and greater physiologic dif-
ficulty to complete motor tasks (20). Interestingly, type
1 myofiber grouping may be initiated by neuromuscular
remodeling in the form of denervation of type 2 myofibers
either centrally (ie, death of type 2 a-motor neuron) or
peripherally (ie, loss of neuromuscular junction integrity)
(74-76). A small handful of preclinical studies have shown
the postsynaptic environment (ie, skeletal muscle) heavily
affects the neuromuscular junction and is even able to
modulate the motor unit type (77-79). Thus, the possibility
remains that neuromuscular dysfunction in T1D may be
driven by muscular alterations that elicit retrograde effects
on the neuromuscular junction and, ultimately, motor
neurons. Indeed, this may be the case here, as we did not
observe any obvious cases of angulated fibers or grouped
myofiber atrophy, which would have been more indicative
of neurogenic denervation (74,80) as opposed to dysfunc-
tion originating in skeletal muscles. Our observations of
elevated type 1 myofiber grouping in TID women sup-
port the ongoing hypothesis that T1D muscle, apparently
more so in females, may be susceptible to a form of ac-
celerated neuromuscular aging (12). Interestingly, it ap-
pears that similar mechanisms of age-related denervation/
reinnervation may impact the prevalence of hybrid and
grouped type 1 myofibers, at least in our study cohort.
To date, this study represents the first effort to interro-
gate myofiber grouping as a component of neuromuscular
health in adults with T1D. The exact mechanism by which
myofibers in females respond differentially to T1D is un-
known and warrants future study.

Limitations

The current study has a smaller sample size of males rela-
tive to females. Therefore, our ability to make conclusions
based on statistical hypothesis tests may be limited in the
comparisons involving only males. Further, some measure-
ments such as continuous glucose and activity monitoring
were only performed on the older adult cohort of the study.
Given these limitations, we are not able to fully ascertain
whether differences in activity/blood glucose control were
underlying mechanisms to the ditferences between young
and older cohorts herein. For the sake of transparency,
we have attempted to display every comparison between
males, females, or all participants combined. Second, al-
though the method for quantifying myofiber grouping
partially controls for type 1 myofiber distribution, the
influence is not completely removed (R = 0.46; data not
shown). Therefore, type 1 fiber proportion may partially
account for measurements of myofiber grouping, as previ-
ously noted (19,27). Nevertheless, to our knowledge, the
methodology used here represents the most comprehen-
sive and statistically stringent method for histologically
quantifying type 1 fiber grouping. Finally, the storage of
our muscle biopsies in OCT medium was chosen as it al-
lowed us the most breadth in analyses between histological
and immunofluorescent techniques but limited other bio-
chemical analyses. To maximize validity of our analyses, we
analyzed the maximum available surface of each muscle bi-
opsy. Nevertheless, the possibility for differences in muscle
architecture remains, which may, in theory, affect some of
the measurements of staining intensity (ie, PAS staining)
Thus, there remains opportunity for future studies to in-
vestigate muscle glycogen by other biochemical means that
are less reliant on internal cellular structure between com-
parator groups and/or in other experimental conditions
(ie, before and after muscle function tests). Muscle insulin
sensitivity/resistance was beyond the scope of the measure-
ments planned for this study. Nevertheless, there are several
open questions with regards to insulin sensitivity and the
modulation of muscle metabolism during T1D. Thus, the
study of insulin sensitivity in T1D and its link to altered
fuel metabolism in skeletal muscle remains a promising
area for future study.

Conclusions

The current work has demonstrated that, during the pro-
gression of T1D, decrements in skeletal muscle strength
appear before that of other comorbidities (such as clin-
ically diagnosed neuropathy), and it diminishes at a
quicker rate than nondiabetic counterparts. Interestingly,
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changes in skeletal muscle fiber composition appear to be
sexually dimorphic. On one hand, males exhibit a shift
towards fast-twitch type 2 muscle fibers, similar to pre-
vious findings (16,17). Meanwhile, compared to their
CON counterparts, females with T1D exhibit more type
1 fibers, with higher proportions of them being grouped
and co-expressing multiple MHC isoforms (ie, hybrid fi-
bers). In all, older T1D women in this study exhibited
multiple signs associated with accelerated neuromuscular
aging (18-20,22,27). Our data suggest future investiga-
tions are warranted to determine the underlying cause(s)
of these effects that are exacerbated in the muscle of fe-
males with T1D. Finally, the diminished glycogen content
observed here appears to complement other observations
of glycolysis abnormalities in T1D muscle (8,16,49,50).
Further, diminished glycogen content may signal an age-
associated metabolic perturbation in skeletal muscle that
is not present in persons without TI1D. Future studies
investigating the convergence of pathways regulating
muscle fiber composition and metabolite networks are
warranted.
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ABSTRACT

Though preclinical models of type 1 diabetes (T1D) exhibit impaired muscle
regeneration, this has yet to be investigated in humans with T1D. Here we investigated the
impact of damaging exercise (eccentric quadriceps contractions) in eighteen physically-
active young adults with and without T1D. Pre- and post-exercise (48h and 96h),
participants provided blood samples, vastus lateralis biopsies and performed maximal
voluntary quadriceps contractions (MVC). Skeletal muscle sarcolemmal integrity,
extracellular matrix content (ECM), and satellite cell (SC) content/proliferation were
assessed by immunofluorescence. Transmission electron microscopy was used to quantify
ultrastructural damage.

MV C was comparable between TID and controls before exercise. Post-exercise,
MV C was decreased in both groups, but T1D subjects exhibited moderately lower strength
recovery at both 48h and 96h. Serum creatine kinase, an indicator of muscle damage, was
moderately higher in T1D participants at rest, and exhibited a small elevation 96h post-
exercise. T1D participants showed lower SC content at all timepoints and demonstrated a
moderate delay in SC proliferation after exercise. A greater number of myofibers exhibited
sarcolemmal damage (disrupted dystrophin) and increased ECM (laminin) content in
participants with T1D despite no differences between groups in ultrastructural damage as
assessed by electron microscopy. Finally, transcriptomic analyses revealed dysregulated
gene networks involving RNA translation and mitochondrial respiration, providing
potential explanations for previous observations of mitochondrial dysfunction in similar

T1D cohorts. Our findings indicate that skeletal muscle in young adults with moderately-
68
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controlled TID is altered after damaging exercise; suggesting that longer recovery times
following intense exercise may be necessary.

TWEET

Evidence for delays in #muscle repair in those with #T1D #Myotwitter #Exercise
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- GSEA, gene set enrichment analysis
- MET, metabolic equivalent of task
- NSAID, nonsteroidal anti-inflammatory drug
- SC, satellite cell
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INTRODUCTION

Dysregulation of glucose metabolism in Type 1 Diabetes (T1D) leads to
dysfunction in various body tissues (D. D’Souza et al., 2013; Harding et al., 2019) and,
thus, regular physical activity is recommended for those with TID to mitigate
complications progression (Chimen et al., 2012). While increased physical activity is
beneficial, muscle damage following intense exercise is common and repair from this
damage is critical for effective muscle growth and adaptation (Chargé & Rudnicki, 2004).
Unfortunately, murine models report that the TID environment creates an unfavourable
situation for muscle repair, with prolonged fibrosis (Krause et al., 2011), altered satellite
cell behaviour (Jeong et al., 2013b), and delayed myofiber maturation (Krause et al., 2013,
p. 201). However, due to continually evolving insulin therapies (Lal et al., 2019; Thabit &
Hovorka, 2012, p.; Zaharieva et al., 2020) leading to longer, healthier lives of those with
TID, the phenotype of animal T1D models are increasingly divergent from the human
condition. Still, in humans, T1D also confers alterations to skeletal muscle morphology,
metabolism and function (Dial et al., 2021; Monaco et al., 2018b). However, the capacity
of muscle to repair following damaging exercise has never been studied. Thus, the purpose
of this study was to evaluate the initial stages of skeletal muscle repair in otherwise healthy
young adults with T1D after eccentric exercise. We hypothesized that T1D participants
would exhibit more muscle damage, delayed strength recovery and attenuated muscle

repair.

METHODS
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Participants

Participants were young, physically-active adults with (N, male/female=4/5) and
without T1D (&, male/female=4/5) were matched for sex, age and BMI (+30%) and self-
reported physical activity levels (Table 1). Exclusion criteria included other chronic health
conditions, smoking, use of anti-inflammatory medication(s), and/or orthopedic disability
preventing performance of the exercise intervention. All participants gave informed written
consent. Experimental procedures were approved by the Hamilton Health Sciences

Integrated Research Ethics Board (ID no. 5505) and conformed to the guidelines outlined

in the Declaration of Helsinki.

Control Type 1 diabetes
Characteristic Male Female Male Female
n 4 5 4 5
Age, years 22.0 (1.08) 21.6 (1.75) 24.0 (2.31) 21.0 (1.76)
BMI, kg/m? 22.90 (0.40) 23.07 (0.42) 25.17 (1.69) 25.01 (1.54)
HbA 1¢, mmol/mol 36.50 (1.65) 33.40 (1.21) 53.75 (4.87)* | 61.40

(10.28)*

HbAlc, % 5.50 (0.58) 5.24 (0.12) 7.05 (0.46)* 7.74 (0.95)*
Diabetes duration, — — 12.75 (1.79) 6.60 (2.98)
years
Physical Activity, 3669 (550) 2995 (725) 3928 (680) 2786 (612)
MET minutes/week
Maximal Isometric 3.50 (0.27)F 2.66 (0.23) 3.87 (0.24)7 2.72 (0.25)
Strength, Nm/kg

Table 3.1. Participant characteristics.

Dataare presented as means (SEM). Physical activity was computed using the International
Physical Activity Questionnaire. Significant difference from same-sex control group,
*p<0.05. Significant difference from females, $p<0.05. MET, metabolic equivalent of task.
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Study design

Participants were instructed to consume a standardized meal 1.5-2h prior to each
visit, and those with T1D continued their habitual blood glucose management. Participants
were instructed to refrain from exercising 48h prior to their initial visit and throughout the
duration of the study.

One leg per participant was randomly selected to complete the protocols described
below. Participants performed a knee extensor MV C and a pre-exercise muscle biopsy and
venous blood sample were collected. Approximately ten days later, participants completed
the eccentric exercise protocol followed immediately by another MVC. At 48h and 96h
post-eccentric exercise, participants completed a MVC, and a muscle biopsy and venous
blood sample were collected. No adverse events were reported.

Muscle biopsy

Vastus lateralis biopsies were collected using a Smm Bergstrom needle as
previously described (Tarnopolsky et al., 2011). Muscle samples were divided and stored
as described below.

Blood collection

Blood samples were collected from the antecubital vein for HbAic and serum
creatine kinase analyses (performed by the McMaster Medical Centre Core Laboratory).
MVC and eccentric exercise protocol

MV Cs of the knee extensors were performed on the Biodex Dynamometer (Biodex-
System 3, Biodex Medical Systems, Shirley, USA) at a knee joint angle of 90°. Movements

at the shoulders, hips, and thigh were restrained. Each MVC test consisted of three 5-
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second stationary maximal knee extensions, with 30s of rest between attempts. Peak torque
for the set was taken as the participant’s MVC. The MVC was performed before biopsy
and blood draw procedures to minimize the influence of systemic factors on strength.
Eccentric quadriceps contractions were performed on a Biodex Dynamometer with
contractions performed at a rate of 90°/s over a range of 60° of movement. Thirty sets of
10 contractions (1-minute of rest between sets) were performed for a total of 300
contractions, as previously described (MacIntyre et al., 1996).
Immunohistochemistry
Pax7/Laminin/Ki67. Flash-frozen muscle samples were fixed in 4%

paraformaldehyde overnight, embedded in paraffin wax, and cut into 6 um thick cross-

sections. Primary antibodies for Pax7 (1:1, Pax7-s, RRID:AB 2299243, Developmental
Studies Hybridoma Bank, Iowa City, USA), laminin (1:500, ab11575, Abcam, Cambridge,
UK), and Ki67 (1:300, CRM 325, RRID:AB 298179, Biocare Medical, Pacheco, USA)
were diluted in 5% bovine serum albumin in TRIS-buffered saline (TBS). Secondary
antibodies included biotinylated goat anti-mouse IgG1 antibody (1:300, 115-065-205,
RRID:AB 2338571, Jackson ImmunoResearch Laboratories, West Grove, USA),
horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:300, ab7171,
RRID:AB 955396, Abcam, Cambridge, UK) and TSA Plus Cyanine 3 system
(NEL744001KT, Akoya Biosciences). Sections were counterstained with DAPI and then

incubated in Sudan Black B to remove autofluorescence.
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Dystrophin. Muscle samples were mounted in optimal cutting temperature (OCT)
compound and frozen in liquid nitrogen-cooled 2-methylbutane. The OCT-embedded
samples were stored at -80°C prior to being cut into 6pum thick cross-sections and allowed
to air dry. Dystrophin antibody (1:250, ab15277, RRID:AB 301813, Abcam, Cambridge,
UK) was diluted in 5% (wt/vol) normal goat serum in TBS. A secondary antibody was
applied (1:500, A-11008, RRID:AB 143165, Thermo Fisher Scientific, Waltham, USA)
before being counterstained with DAPI.

Microscopy & Image Analysis

Fluorescent images were captured with a Nikon 90 Eclipse microscope (Nikon
Instruments, Inc., Melville, USA) and analysed using Nikon Elements AR software v4.6.
Greater than 100 myofibers/subject/timepoint were included in the analyses. Laminin area,
sarcolemmal disruption, and ultrastructural damage were examined before and 48h post-
exercise, while satellite cell content/proliferation were examined pre-exercise, at 48h and
96h post exercise.

Laminin content. Regions of interest (ROI) were drawn around the areas of each
muscle biopsy cross-section that were free of experimental artefact. Each image was
similarly thresholded to highlight areas stained with laminin antibody. Dataare represented
as the area of laminin staining as a percentage of total ROI area.

Sarcolemmal disruption. Data are shown as the quantity of myofibers exhibiting
portion(s), of disrupted dystrophin staining, expressed as a percentage of total fibers

(Lovering & De Deyne, 2004).
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Total/proliferating satellite cells. Pax7+ nuclei and Ki67+/Pax7+ nuclei were
identified as total and proliferating satellite cells, respectively. Data are presented as a
percentage of total myofibers. Missing observations were replaced with the group median
with analyses completed in a blinded fashion.

Transmission electron microscopy (TEM). Biopsies were processed as previously
described (Nilsson et al., 2015). Fibers were imaged and categorized based on the greatest
level of disruption observed (focal, moderate, extreme). 10-30 fibers per participant were
analyzed in a blinded fashion, excluding hypercontracted fibers. Data are presented as the
percentage of myofibers in each category of damage (Gibala et al., 1995).

RNA Preparation & Microarray

For a subset of participants (N, CON/T1D = 4F/4F) pre- and 48h post-exercise,
RNA was extracted from ~10-25 mg frozen muscle using the AllPrep DNA/RNA/miRNA
Universal Kit including homogenization with the TissueRuptor II according to
manufacturer’s protocol (Qiagen GmbH, Hilden, Germany). RNA samples were
quantified using the Qubit RNA HS Kit (Thermo Fisher Scientific, Waltham, USA) and
quality was assessed using the Bioanalyzer Total RNA Pico Kit (Agilent Technologies,
Santa Clara, USA). RNA samples were normalized and processed according to the
Clariom™ S Pico Assay protocol which includes poly-A reverse-transcription, cRNA
amplification and conversion to biotinylated cDNA and hybridization to the Clariom™ S
human GeneChip and detection using the GeneChip Scanner 3000 system (Thermo Fisher

Scientific, Waltham, USA). CEL files were generated using the GeneChip Instrument
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Control Software and analyzed using Transcriptome Analysis Control software (Thermo
Fisher Scientific, Waltham, USA). Expression data can be found in GEO (GSE182494).
Transcriptomic Analyses

Gene set enrichment analysis (GSEA) (Subramanian et al., 2005) was performed
on a pre-ranked gene list from the differential expression results between participants with
and without TID at each timepoint, with duplicated gene sets removed

(http:/baderlab.org/genesets). The group-by-timepoint interaction term was used to

examine if there were differential effects of eccentric exercise on the muscle transcriptome
across groups, as provided by Transcriptome Analysis Control software. The
EnrichmentMap plug-in of Cytoscape (Shannon et al., 2003) was used to create a
visualization of the GSEA results. Enriched gene sets (¢<0.1) were used as input, and a
conservative overlap coefficient (0.5) was used to build the EnrichmentMap. AutoAnnotate
identified and annotated clusters with >3 connected gene sets.
Statistical analysis

Statistical analyses were performed using R (R Foundation for Statistical
Computing, Vienna, Austria). Quantitative data was compared via Hedge’s g to compute
group differences using the effsize package (see below), and 95% confidence intervals are
noted in-text. Qualitative/count data were evaluated using chi-square tests, where p<0.05
was accepted as statistically significant. Data are presented as means * standard error of
the mean (SEM), unless otherwise stated. Individual data points are depicted for continuous

data, and chi-square tests are visualized by group means only.
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Assessment of effect sizes

Given the invasive nature of the study protocol, our sample size was limited. Thus,
we utilized a Hedge’s g (i.e. corrected effect sizes) statistical approach to delineate the
magnitude of differences in our comparisons. Effect sizes of >0.2, >0.5, and >0.8 are
denoted as small, moderate, and large effect sizes, whereas those effect sizes <0.2 were
deemed negligible based on thresholds by Cohen (Cohen, 1988). These represent the most
commonly used thresholds in the literature and are typically used in clinical trials, pre-
clinical studies, and meta-analyses to interpret magnitude of changes when results are
extremely novel and cannot be readily compared with other literature, such as in the current
study (Lakens, 2013). We aimed to make our results generalizable and interpretable for a
wide audience. However, these interpretations should not be viewed rigidly, and more
studies in the area are required to determine the true clinical significance of the
physiological changes observed in each case. Our sample size was statistically powered to
detect differences amongst the whole cohort. Unfortunately, we were not powered to detect

sex differences or bivariate relationships.
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RESULTS
Maximal strength and serum CK changes

Pre-exercise, MVC was comparable between T1D and matched-controls (Table 1).
MVC decreased substantially immediately post-exercise for both groups (~55% decrease).
T1D subjects exhibited moderately attenuated force recovery at 48h (g=-0.52, CI=-1.49-
0.45; Fig.1a) and 96h post-exercise (g=-0.55, CI=-1.51-0.42; Fig.1a).

Serum CK was moderately higher pre-exercise in T1D (g=0.72, CI=-0.25to 1.71;
Fig.1b). CK levels were ~75-times higher than resting levels when measured at 96h post-
exercise. T1D subjects exhibited a small degree of increase at 96h (g=0.42, C1=-0.43-1.39;
Fig.1b).

Sarcolemmal integrity, ECM and ultrastructure alterations

T1D participants displayed higher laminin content pre-exercise (g=2.11, CI=0.67-
3.55; Fig.1c,d) and 48h post-exercise (g=0.81, CI=-1.83-0.20; Fig.2b). T1D participants
exhibited 71% higher incidence of dystrophin disruption pre-exercise (¥2=3.61, p=0.06;
Fig.1e,f) and 87% higher 48h post-exercise (}2=15.44, p<0.05; Fig.le,f).

Both groups exhibited myofibrillar disruption after exercise (Fig.1g,h). Incidence
of T1D myofibers that exhibited some degree of ultrastructural damage increased by 18-
times (¥2=39.99, p<0.05; Fig.2g,h) versus 9-times (¥2=59.03, p<0.05; Fig.2g,h) in
controls. However, there were no significant group differences within specific damage

categories.
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Figure 3.1 Systemic & skeletal muscle characteristics following eccentric exercise. (a)
Characterization of strength recovery from pre-exercise (Pre, 100%), immediately
following the intervention (Post), and at 48-hours and 96-hours after eccentric exercise in
CON (n, male/female=4/5) and T1D(n, male/female=4/5). Effectsizes are displayed below
each comparison. (c,d) Representative images(c) and graphical summary(d) of ECM
content (assessed by laminin area/total area) at rest (CON, n=8[4M/4F]; TID,
n=5[3M/2F]), and 48h post-exercise (CON, n=9[4M/5F]; T1D, n=8[4M/4F]). Circles,
males; triangles, females. Effect sizes are displayed above each comparison. (e,f)
Representative images(e) and graphical summary(f) of damaged sarcolemma (assessed by
incidence of myofibers with discontinuous dystrophin) at rest and 48h post-exercise (CON,
n=3[2 male/1 female]; T1D, n=3[1 male/2 female]). (g,h) Representative images(g) and
graphical summary(h) of post-exercise ultrastructural disruption based on the severity and
number of disrupted myofibers in CON and T1D participants (CON, n=8; T1D, n=8). For
chi-squared analyses (f,h), data are displayed as disrupted dystrophin or myofibrillar

disruption per hundred myofibers. p-values are displayed within graphical summary. *,
p<0.05. CON, blue; T1D, red.

Satellite cell content and proliferation

Pre-exercise SC quantity was -17% lower in T1D (¥2=4.07, p<0.05; Fig.2a,b), 48h
post-exercise (-12%, y2=4.45, p<0.05; Fig.2b), and 96h post-exercise (-17%, ¥2=5.77,
p<0.05; Fig.2a,b) versus CON.

TI1D displayed slower induction of SC proliferation, with highest levels 96h post-

exercise versus 48h in CON (Fig.2a,c) with maximal proliferation 33% lower in T1D

versus CON.
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Figure 3.2 Satellite cell content and proliferation after eccentric contractions.

(a) Representative image of a Ki67/Pax7/DAPI stained muscle cross-section. (a’) Higher
magnification image (from white box). Channel views of Ki67; Ki67/Pax7; Ki67/DAPIL
Arrow indicates proliferating SC co-expressing Ki67/Pax7/DAPI. (b,c) Change in post-
exercise SC content and proliferation in CON and TID(CON, n=9[4M/5F]; TI1D,
n=9[4M/5F]). Data are expressed as the number of Pax7+ (b), or Pax7+/Ki67+ nuclei (c)
per hundred myofibers. *, p<0.05. CON, blue bars; T1D, red bars.
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Gene Set Enrichment Analysis

Pre-exercise, T1D participants exhibited 65 positively enriched gene sets (q<0.1)
arranged into functionally themed subnetworks of translation, electron transport chain
(ETC) and mitochondrial protein-targeting (Fig.3a). Post-exercise, many of these gene sets
(53/65, 82%) became negatively enriched versus control, organized into similar
subnetworks as the pre-exercise comparison (Fig.3a). In T1D, approximately 32% of gene
sets became attenuated (vs. pre-exercise), while ~68% of the significantly upregulated gene
sets pre-exercise became downregulated relative to controls (Fig.3b-d). Genes with the
most divergent exercise-responses included mitochondrial ribosomal proteins
(MRPL13/22), ribosomal proteins (RPL39L), ETC subunits (SDHD), and mitochondrial

membrane transport proteins (TIMMSA; Fig.3e).
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Figure 3.4. Skeletal muscle transcriptomics pre- and post-exercise. (a) EnrichmentMap
summarizing the result of GSEA at rest (top panel) and differential response to eccentric
exercise between groups (bottom panel; CON, n=4F; T1D, n=4F). Red nodes indicate
positive enrichment (i.e. upregulation) and blue nodes indicate negative enrichment (i.e.
downregulation) in T1D group. The size of each node indicates the size (i.e. number of
genes) of each gene set. Edges betweennodes indicate gene sets with overlapping/common
genes. Colored boxes indicate subnetworks of genes with similar functional themes. (b-d)
Characterization of gene sets from GSEA pre- and post-exercise in T1D, divided into
subnetworks observed in (a). Colors reflect the subnetworks denoted in (a). Colored
squares and black triangles indicate pre- and post-exercise enrichment levels for T1D
versus CON. Subnetworks with >3 nodes and <0.1 are shown. (e) Expression of 25
transcripts with most divergent responses to exercise between groups.

DISCUSSION

Following damaging resistance exercise, persons with TID exhibited decreased
strength recovery, greater ECM content, a higher incidence of damaged sarcolemma, and
altered SC content/proliferation. GSEA revealed a network of translational and
mitochondrial genes that were dysregulated post-exercise in persons with T1D compared
to matched controls. Taken together, these novel findings suggest that young adults with
TID may exhibit an altered response to damaging exercise and delayed reparative
response.

Preserving muscle mass and quality is key to maintaining mobility and mitigating
comorbidities in TI1D, similar to other chronic diseases (Srikanthan et al., 2010). While
decreased baseline strength has been observed in uncontrolled TID (Jakobsen & Reske-
Nielsen, 1986a), we found baseline strength comparable. However, post-exercise strength
recovery was lower for T1D compared to controls. Previous studies suggest muscles of
T1D subjects exhibit higher proportions of type 2X myofibers than non-diabetic muscles
(Fritzsche, Bluher, et al., 2008), which are preferentially damaged by eccentric exercise
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(Macaluso et al., 2012). Thus, adults with T1D may be more susceptible to muscle damage
and prolonged reductions in strength during the recovery process. While we did not observe
evidence of exaggerated ultrastructural damage, methodological limitations (e.g. no fiber
typing) may have masked group differences. Clearly, more investigation into the
association of fiber-type distribution and muscle damage in persons with T1D is needed.
We did however see greater evidence of sarcolemmal disruption and laminin content in
T1D participants. Similarly, its possible that higher laminin content could stiffen myofiber-
ECM interactions making muscles of those with TID more prone to damage, as seen in
dystrophic muscles (Huebner et al., 2008).

Elevated resting serum CK in T1D, as observed here, has been previously observed
and proposed to be an early sign of myopathy in adults with TID (Jevric-Causevic et al.,
2006). The substantial rise in post-exercise serum CK is both groups was strong evidence
that the eccentric protocol elicited muscle damage. What is clinically concerning, and
requires further study however, is the degree of muscle damage elicited and how the rise
in muscle cytoplasmic contents in the serum (e.g. myoglobin) could affect kidney function
of'those with T1D, particularly given the prevalence of diabetic nephropathy (Dabla, 2010).

Laminin and dystrophin are both integral contributors to skeletal muscle integrity,
at rest and during contractions (Holmberg & Durbeej, 2013; Petrof et al., 1993). TID
participants exhibited higher resting and post-exercise laminin content and more
observations of damaged sarcolemma. While no studies have previously measured laminin

content in human muscle, rodent models of TID display elevated expression of ECM genes
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(Kiveld et al., 2006) as well as worsened membrane repair after damage(Howard et al.,
2011).

It has been shown that mice with untreated hyperglycemia not only have fewer
satellite cells, but are unable to properly facilitate muscle repair (D. M. D’Souza et al.,
2016b; Krause et al., 2011). Previously, we observed less SC content in young males with
poorly controlled T1D (HbA1:=8.4% or 68+2.2mmol/mol) (D. M. D’Souza et al., 2016b).
Here, we observed less SC content/proliferation in T1D versus CON even with moderate-
to-well controlled glycemia (HbA1=7.5% or 58+5.9mmol/mol). While the governing
mechanism is unclear, earlier work from our lab found that TID individuals expressed
higher myostatin levels, a known inhibitor of satellite cell proliferation (Thomas et al.,
2000). A similar mechanism may underpin in vitro findings where high-glucose
environments impede SC proliferation. Nevertheless, delays in SC proliferation may
ultimately lead to inability for muscles to repair from exercise, similar to injured mouse
muscle (Pavlidou et al., 2019).

Our transcriptomic interrogation is the first, to our knowledge, in human muscle of
persons with T1D. We observed a suite of dysregulated genes in T1D related to muscle
mitochondrial translation, respiration, and protein-targeting that may contribute to our
understanding of previously observed mitochondrial abnormalities in similar T1D cohorts
(Monaco et al., 2018b). Mitochondrial translational dysregulation may suggest that muscle
is adapting to a stressor, like oxidative stress (Monaco et al., 2018b), at this early stage of
T1D. Accordingly, a rise in the production of mitochondrial proteins has been observed

during periods of oxidative stress in human cells (Lee et al., 2000), suggesting that similar
86



Ph.D. Thesis — A. Dial; McMaster University — Medical Sciences

mechanisms may play out in vivo. However, similar mitochondrial protein content in young
adults with/without T1D (Monaco et al., 2018b) suggests that current observations reflect
a compensatory adaptation in T1D muscle, rather than overt dysfunction. Previously,
elevated protein turnover has been observed in those with poorly-controlled T1D (Nair et
al., 1983). Here, the upregulation of mitochondrial translational pathways at rest may be
affected by insulin therapy in our T1D cohort, a known stimulator of mitochondrial protein
synthesis (Boirie et al., 2001). However, absence of mitochondrial protein content changes
in similar cohorts suggest that worsened translational efficiency in T1D muscle may also
be at play (McGlory et al., 2017) ultimately contributing to the diminished strength
recovery post-exercise. Though we did not measure protein synthesis, the current
transcriptomic data offers novel insight regarding muscle health in T1D, supporting the
need for such measures in future investigations.

In conclusion, we provide the first evidence for differences in response to exercise-
induced damage in persons with T1D. Notably, the alterations here were observed in
individuals who self-report exceeding current national physical activity recommendations
and were practicing glycemic control regimens. More work is clearly needed to fully
appreciate the full spectrum of changes, particularly: (i) a more intensive assessment of
specific reparative outcomes and (ii) a time-course study to full recovery — resulting in
more practical recommendations of time to recovery after damaging/intense exercise.
Nevertheless, these results provide foundational evidence to suggest that a longer recovery
time may be warranted to ensure adequate recovery for persons with TID when

undertaking vigorous exercise programs.
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Abstract

Type 1 diabetes (T1D) has been reported to negatively affect the health of skel-
etal muscle, though the underlying mechanisms are unknown. Myostatin, a myokine
whose increased expression is associated with muscle-wasting diseases, has not been
reported in humans with T1D but has been demonstrated to be elevated in preclini-
cal diabetes models. Thus, the purpose of this study was to determine if there is an
elevated expression of myostatin in the serum and skeletal muscle of persons with
T1D compared to controls. Secondarily, we aimed to explore relationships between
myostatin expression and clinically important metrics (e.g., HbA ., strength, lean
mass) in women and men with (N = 31)/without T1D (N = 24) between 18 and
72 years old. Body composition, baseline strength, blood sample and vastus lateralis
muscle biopsy were evaluated. Serum, but not muscle, myostatin expression was
significantly elevated in those with TID versus controls, and to a greater degree in
T1D women than T1D men. Serum myostatin levels were not significantly associ-
ated with HbA . nor disease duration. A significant correlation between serum my-
ostatin expression and maximal voluntary contraction (MVC) and body fat mass was
demonstrated in control subjects, but these correlations did not reach significance in
those with TID (MVC: R = 0.64 controls vs. R = 0.37 T1D; Body fat: R = —0.52
controls/R = —0.02 T1D). Collectively, serum myostatin was correlated with lean
mass (R = 0.45), and while this trend was noted in both groups separately, neither
reached statistical significance (R = 0.47 controls/R = 0.33 T1D). Overall, while
those with T1D exhibited elevated serum myostatin levels (particularly females) my-
ostatin expression was not correlated with clinically relevant metrics despite some
of these relationships existing in controls (e.g., lean/fat mass). Future studies will be
needed to fully understand the mechanisms underlying increased myostatin in T1D,

with relationships to insulin dosing being particularly important to elucidate.
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1 | INTRODUCTION

Skeletal muscle, by virtue of its mass, is the largest metabolic
organ in the body. Nearly 80% of insulin-stimulated glucose
uptake after a meal occurs in muscle (DeFronzo, 2009;
Honkaetal., 2018). As such, alterations to the health of skel-
etal muscle would have profound effects on glycemic control.
Despite the major role of skeletal muscle in both our phys-
ical capacity for exercise and activities of daily living, our
knowledge of changes to muscle health during type 1 diabe-
tes (T1D) is currently limited. T1D has been associated with
decreased muscle mass and strength (Maratova et al., 2018;
Mori et al., 2017; Orlando, Balducci, Bazzucchi, Pugliese, &
Sacchetti, 2017), as well as impaired muscle ultrastructure
and energy production even in the absence of other co-mor-
bidities (Cree-Green et al., 2015; Monaco et al., 2019).
However, the underlying mechanism(s) behind these alter-
ations to skeletal muscle health remain to be elucidated.

Myostatin is a potent negative regulator of muscle
growth. Primarily synthesized in skeletal muscle, myostatin
binds to its receptor complex activin IIB on the cell surface
resulting in a cascade of signaling from the cell surface to
the nucleus (Elliott et al., 2012). Ultimately, myostatin tar-
gets a number of transcription factors that promote muscle
atrophy (Elkina, von Haehling, Anker, & Springer, 2011).
Elevations in myostatin expression have been observed re-
peatedly in humans with muscle wasting conditions (Elliott
et al., 2012) and in metabolic disorders like type 2 diabetes
(T2D) (Brandt et al., 2012). Evidence in rodent models sug-
gests that myostatin expression is elevated in T1D (Chen,
Cao, Ye, & Zhu, 2009) and elevated myostatin expression is
associated with impaired insulin signaling/sensitivity (Brandt
et al., 2012; Chen et al., 2009; Wang et al., 2012).

Despite accumulating evidence for a role of myostatin in
the maintenance of skeletal muscle function and metabolic
health, its expression in the blood and muscle of those with
T1D has not previously been reported. Thus, the purpose of
the current study was to investigate the expression of myo-
statin in men and women with T1D and, secondarily, explore
relationships between myostatin expression and clinically
important health metrics.

2 | MATERIALS AND METHODS

2.1 | Participants

Adult men/women with T1D (r = 31 21 female, 10 male) and
matched control participants without diabetes (n = 24; 15 fe-
male, 9 male) 18-72 years of age were recruited for this study.
Participants were matched for age, sex, and self-reported phys-
ical activity levels, and were told to refrain from exercise 24 hr
preceding either study visit. Detailed subject characteristics
and exclusion criteria are available in Table 1.

2.2 | Ethics
Prior to giving written informed consent, all participants
were given oral and written information about the experi-
mental procedures. All procedures herein were approved
by the Research Ethics Board at York University (REB
#e2013-032) and Hamilton Integrated Research Ethics
Board (REB #5344 and #5355) and conformed to all dec-
larations on the use of human participants as research
participants.

TABLE 1  Subject characteristics.

CON T1D
Adult men/women with type 1 diabetes
Characteristic Female Male Female Male and matched control participants without
= 15 9 21 10 diabetes were recruited for this study.
o e p—— E— E—— Participants were not eligible to participate
£e yes) =i iy . S =2 . in the study if they matched any one of the
Height (m) 1.64 £ 0.02 177 £0.01° 1.64 £ 0.01 L77 +£0.02° following criteria: smoke or use any tobacco
Weight (kg) 62.55 +2.95 77.45 +2.01' 7045 + 348 84.06 + 3.94° products, prediabetes, type 2 diabetes,
BMI (kg/m?) 23.2 £ 0.79 24.64 + 0.68 26.04 + 1.17 26.66 + 1.04 statin-induced myopathy or experience
HbAle (%) 521£008 5422016 7944031 718028 myplela, e asistiveiwalldtg deyices,
chronically medicate with any analgesic or
T1DM Duration — — 16.13 £ 2.49 2118 £ 471 .. . )
anti-inflammatory drug(s), corticosteroids
(years) or non-steroidal anti-inflammatories or
Diabetes Onset — — 1652 + 2.15 11.00 £ 1.94

(years of age)

Data are expressed as mean + SEM.

*Significantly different versus same-sex control, p < 0.05.

+Significantly different versus female of same group, p < 0.05.
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metabolism, heart disease, rheumatoid
arthritis, poor lung function, uncontrolled
hypertension, stage 3 neuropathy, severe
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2.3 | Study protocol

Participants visited the laboratory for baseline strength
measurement procedure (maximal voluntary contrac-
tions, MVCs) using a Biodex dynamometer (Biodex
System 3; Biodex Medical Systems) and a subset of par-
ticipants (Controls: 11 female, 6 male; T1D: 12 female, 5
male) underwent body composition assessment via dual-
energy X-ray absorptiometry (DEXA; GE Healthcare).
Participants were instructed to refrain from caffeine and
alcohol 24 hr prior to visiting the laboratory and were in-
structed to consume a standardized meal 1.5 to 2 hr prior
to their visit. Participants with TID were also instructed to
continue their habitual use of insulin.

24 | Muscle and blood measurements
Participants underwent a biopsy of the vastus lateralis muscle
and a venous blood sample. Biopsies were obtained from the
mid-portion of the vastus lateralis under local anesthetic (1%
lidocaine) using manual suction. A resting blood sample was
obtained from the antecubital vein immediately following the
muscle biopsy. HbA | levels were determined by the local
core lab facility at McMaster University.

2.5 | Myostatin measurements

Serum myostatin was measured using a commercially avail-
able ELISA kit (R&D Systems, DGDF80). Muscle myostatin
was measured by Western blot from skeletal muscle lysates
using a custom-derived myostatin antibody (gifted by Dr.
Jeremy Simpson), and a 15 kDa band representing myostatin
inits monomeric form was quantified, as described previously
(Dasarathy, Dodig, Muc, Kalhan, & McCullough, 2004).
More detailed information including a representative blot
with control is shown in ESM Figure 1.

2.6 | Microarray data mining and analysis

Microarray datasets were accessed through the Gene
Expression Omnibus (GEO) online database according to the
following accession codes and were given shorthand names
based on the author of original publications: GSE22309
(Wu), GSE18732 (Gallagher), GSE121 (Yang), GSE19420
(vanTienen), GSE25462 (Patti). GSE121 was preprocessed
as described in its source publication. All other datasets
were preprocessed using Affy package in an R environ-
ment with RMA background correction, quantile normali-
zation and log, transformation (Gautier, Cope, Bolstad, &
Irizarry, 2004). GSE25462 contains multiple experimental

groups of which only two were used for contrasts—T2D par-
ticipants versus control participants with no family history
of T2D. For each dataset, gene symbols were obtained using
the AnnotationDBI package in R. Differential expression
analysis was performed using limma package in R (Ritchie
etal., 2015).

2.7 | Statistical analysis

Bar graphs are presented as mean + SEM with data points over-
laid. Data points are presented as circles (controls) and triangles
(T1D) with purple (female) and blue (male) colors to define sex.
Participant characteristics are expressed as mean + SEM. Not all
samples were available for all analyses and the specific number
of participants for each group are highlighted in the overlain dot
plots and expressly written out in the figure legend. Due to mul-
tiple non-normally distributed variables, nonparametric statis-
tics were utilized in this study. Wilcoxon-Mann-Whitney tests
were performed to compare myostatin measurements between
groups (i.e., CON and TID). Kruskal-Wallis was used for
comparisons of multiple groups (i.e., group and sex), followed
by post hoc Wilcoxon—Mann—Whitney tests with Bonferroni—
Holm correction for multiple comparisons. Correlational analy-
ses were performed with Spearman's rho (herein denoted as R).
Statistical significance was established at p <0 .05. All analyses
were carried out in the R environment for statistical computing
(R Foundation for Statistical Computing).

3 | RESULTS
3.1 | Circulating myostatin expression is
elevated in adults with type 1 diabetes

Serum myostatin was significantly elevated in adults
with TID compared to matched persons without diabetes
(Figure la). When separated by sex, women had 30%—40%
less myostatin in circulation than men, independent of dis-
case (Figure 1b), consistent with previous observations
(Nishikawa et al., 2017). In women with TID, serum my-
ostatin was significantly higher relative to control women.
There was also a notably elevated serum myostatin expres-
sion in men with TID versus controls (~33%) though this
difference did not meet statistical significance (p = 0.08).
We then investigated the ratio of serum myostatin to lean
mass to determine if the absolute muscle mass of participants
influenced circulating myostatin concentrations and could be
contributing to the sex differences observed. Interestingly,
when normalized to muscle mass, expression remained 33%
higher in those with T1D (p = 0.09; Figure Ic). When sepa-
rated by sex, a ~20%—40% elevated expression was observed
between T1D and the same-sex control counterparts, but
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these differences were not statistically significant (p = 0.09
females, p =0 .66 males; Figure 1d).

3.2 Elevated serum myostatin levels are
associated with increased lean mass, and
maximal strength

When all participants were combined, serum myostatin
showed a significant positive correlation with lean mass

and MVC (Figure le,f). There were no observable differ-
ences in MVC between groups (p = 0.54; ESM Figure 2),
yet, when separated by group, controls displayed a signifi-
cant positive correlation with MVC while the weaker as-
sociation in T1D participants fell short of the threshold for
significance (Figure 1f). In line with this, serum myostatin
was significantly, and negatively, associated with body fat
mass, again only in control participants (R = —0.52; p
0.03; Figure 1g). Interestingly, we observed that circulat-
ing myostatin expression was not associated with HbA,
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FIGURE 2 Correlates of muscle myostatin protein expression with and without T1D. (a) Skeletal muscle myostatin expression as measured

by Western blot (CON, n = 20: T1D, n = 20), with inlaid representative blot displaying 15 kDa band representing monomeric myostatin, and
Coomassie Blue loading control. (b) Skeletal muscle myostatin expression, men and women analyzed separately (CON, n = 20; T1D, n = 20).

Scatter plots summarizing the relationship between myostatin and various metrics are shown in (c—f). (¢) Skeletal muscle myostatin versus lean
mass in kilograms (CON, n = 14; T1D, n = 12). (d) Skeletal muscle myostatin versus MVC (CON, r = 10; T1D, n = 10). (e) Skeletal muscle
myostatin versus body fat in kilograms (CON. n = 14: T1D. n = 12). (f) Skeletal muscle myostatin versus HbA,_ in percent (T1D, n = 19).
Analysis of publicly available microarray datasets are shown in (h, i). (h) Bar plot of muscle myostatin mRNA log, fold change values relative

to healthy control group from each respective study. White bars indicate insulin-resistant (IR) groups, while black bars indicate T2D groups. p-

values are displayed outside of each bar. (i) Scatter plot depicting the correlation between muscle myostatin log, mRNA expression and HbA | in

percent. Data obtained from GSE18732. For individual data points, circles indicate control participants, triangles indicate T1D, blue fill indicates

men, purple fill indicates women. For regression lines, dashed lines indicate control participants, solid thin lines indicate T1D, solid thick lines

indicate overall regression line, gray shading indicates standard error. Spearman's rho (displayed as R) and p-values are displayed within graphical

summary. *p < 0.05

(R = —0.18; Figure 1h) nor duration of disease in those with
T1D (R = 0.04; ESM Figure 3).

3.3 | TI1D and non-diabetic muscle express
comparable myostatin protein

In contrast to circulating myostatin, skeletal muscle my-
ostatin levels were not differentially affected by disease or
sex (Figure 2a,b). Muscle myostatin was significantly and
negatively associated with lean mass in control participants
(R = —0.6; p = 0.03; Figure 2c¢) but not in TID (R = —-0.17;

Figure 2¢). In line with this, elevated myostatin expression
was also associated with decreased MVC in all participants
(R = —0.46; p = 0.04; Figure 2d). Contrary to serum my-
ostatin expression, muscle myostatin levels were not sig-
nificantly associated with body fat or HbA | (Figure 2e.f).

34 | Myostatin expression in diabetic
muscle — context from microarray studies

The question arose of whether there was a relationship be-
tween insulin sensitivity and myostatin expression, in part
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because the current data differed from previous studies in T2D
where muscle myostatin mRNA and/or protein is elevated
in the diabetic state (Brandt et al., 2012; Hittel, Berggren,
Shearer, Boyle, & Houmard, 2009). Unfortunately, we did
not have direct results of insulin sensitivity in the present
study. However, to further contextualize our results to the
broader literature, we surveyed GEO for microarray experi-
ments involving skeletal muscle biopsies from diabetic par-
ticipants. While we were unable to find any such datasets
with muscle biopsies from those with T1D, we were able to
examine a cohort of microarray datasets involving muscle
biopsies from participants with insulin-resistance (IR) and/
or T2D. Interestingly, muscle myostatin mRNA was ex-
pressed to similar levels in insulin-resistant/T2D muscle in 4
out of 5 of the experiments analyzed (Figure 2h). Gallagher
and colleagues (Gallagher et al., 2010) have included an ex-
cellent set of participant data as part of GSE18732 that al-
lowed for correlational analyses between myostatin mRNA
expression and variables related to IR/diabetes and overall
metabolic health. The data from GSE18732, as well as the
data from the current study suggest there is not a significant
association between HbA |, and muscle myostatin in human
participants overall (Figure 2fi). nor when divided into
experimental groups (ESM Figure 4). However, myostatin
expression from GSE18732 was positively correlated with
metrics of insulin resistance such as the Homeostasis Model
Assessment (HOMA) 1/2 (Table 2). An expanded table

summarizing a selection of correlates of myostatin mRNA
expression from this GSE18732 can be found in Table 2.

A heat map summarizing the correlative data analyzed in
the current study can be found in Figure 3.

4 | DISCUSSION

Here, we report for the first time, the myostatin expression
levels in the blood and muscle of persons with T1D. Our data
reveal that people with TID exhibited elevated circulating
myostatin levels, with the relative increase in females greater
than that in males. In contrast, protein expression of myosta-
tin in the skeletal muscle was similar between cohorts and not
different between sexes. Furthermore, we show that glycemic
control (as measured by HbA ) was not associated with my-
ostatin expression in the serum, nor the skeletal muscle.

In this study, we observed, collectively, that elevated
serum myostatin was associated with leaner and stron-
ger participants (Figure le-g). This is in line with a recent
observation in which elevated myostatin levels were ob-
served in elderly men who were more active and less frail
(Arrieta et al., 2019), but is contrary to other findings (Chew
et al., 2019). Furthermore, a positive correlation between
myostatin expression and adiposity has previously been ob-
served in obese participants (Hittel et al., 2009). The rea-
son(s) underlying why conditions such as obesity exhibit
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TABLE 2 Clinically relevant correlates of myostatin mRNA
expression. A selection of subject characteristics recorded in
GSE18732 is shown, summarized by Spearman's tho. Experimental
groups analyzed separately (normal glucose tolerance, CON; impaired
glucose tolerance IR: type 2 diabetic. T2D), as well as the entire cohort
(ALL)

Variable ALL CON IR T2D

Age -0.17 -031° —-0.16 —0.03
BMI 0.29" 030" 0.50° 0.12
Glucose, baseline 0.11 0.17 0.13 0.05
HbAlc 0.02 —0.05 0.00 —0.08
HOMAI1 IR 0.35 033 0.71° 033
HOMA2 IR 0.41° 033 0.74° 039
Insulin, baseline 0.397 032" 0.72 034
Total Fat Mass 0.22° 030" 0.38 -0.02
Total Lean Mass 0.25° 0.22 0.49 0.09
Weight 0.29" 032" 0.55 0.06

#p < 0.05.

an increase in muscle myostatin expression versus the rela-
tionship observed here are unknown, but may pertain to the
role of myostatin in insulin sensitivity previously reported
(Hittel et al., 2009) and supported by some, but not all of
our correlative analysis of myostatin expression (such as in
GSE18732; Figure 2i; Table 2). Likely, insulin-resistance is
a less severe trait in the current cohort of participants, who
were otherwise healthy, active individuals without other
co-morbidities. Interestingly, neither serum nor muscle
myostatin expression was related to HbA . (Figures 1h and
2f.i) lending support for a potential role of myostatin in the
development of insulin resistance, as previously suggested
(Amor et al., 2018; Brandt et al., 2012; Hittel et al., 2009),
that is distinct from its effects on systemic glycemic control
as measured by HbA,_. Thus, these current protein expres-
sion data in skeletal muscle adds an important piece of evi-
dence to the T1D literature. The lack of association between
myostatin protein expression and HbA . in TID suggests
that (a) the involvement of myostatin in the development
insulin resistance does not necessarily extend to an associa-
tion with HbA |, and/or (b) obesogenic factors that are often
associated with T2D participants may be a key feature of
the pathology that is driving a higher myostatin expression,
as suggested by previous work in obese individuals (Amor
et al., 2018; Hittel et al., 2009). Indeed, the average BMI
of T1D patients in the current study was ~26 as opposed to
~30 in previous work where elevated muscle myostatin was
observed in T2D (Brandt et al., 2012).

Taken together, the data suggest that myostatin expres-
sion covaries with muscle mass. In fact, in a stable disease
condition, such as the current study cohort, it appears that
serum myostatin expression reflects the amount of muscle

Physiological Report&—Jﬂ

mass producing myostatin in the body. Therefore, differ-
ences in muscle mass between cohorts may be important
to consider whenever interpreting circulating myostatin
expression levels in humans with or without a pathology.
For example, situations where atrophy is a prevalent symp-
tom may display higher (Barreiro & Jaitovich, 2018; Man
etal., 2010; Plant et al., 2010), lower (Loumaye et al., 2015)
or comparable expression of myostatin (Brandt et al., 2012)
in circulation. Equivocal findings in this area suggest that
serum expression of myostatin may have disease-specific
responses that are secondary to each pathology. Caution is
warranted when interpreting circulating expression levels as
a singular diagnostic signal of poor muscle health.

Historically, it has often been posited that elevated
myostatin expression elicits negative effects on metrics
of muscle health and metabolism. However, the analyses
here along with the growing number of studies observ-
ing myostatin as a biomarker in the context of chronic
and metabolic diseases reveals the complex and some-
what unpredictable behavior of the myokine (Arrieta
et al., 2019; Brandt et al., 2012; Elliott et al., 2012; Hittel
et al., 2009). Our interrogation of available microarray
data suggest a relationship between muscle myostatin
mRNA and measures of insulin resistance are present
in T2D, and though not investigated here, future studies
defining the relationship between myostatin expression
and the development of insulin resistance in persons with
TI1D would be of significant interest to help combat the
comorbidities associated with insulin resistance in this
population.

The N «\ )
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5 | CONCLUSIONS

In conclusion, this is the first observation of myostatin ex-
pression in persons with T1D and reveals that the myokine
is expressed to a higher degree in the serum of persons with
TID, with leaner individuals displaying the highest levels
of expression. Furthermore, we also observed a sexual di-
morphic response with T1D women exhibiting a larger rel-
ative increase in serum myostatin (versus control females)
compared to the same comparison in men. Overall, data
here and elsewhere (Arrieta et al., 2019) suggest that, in
our otherwise healthy cohort of persons with TID, myosta-
tin may be operating as a homeostatic, rather than patho-
logical, regulator of muscle mass and may be associated
with a leaner, more muscular phenotype in these men and
women.
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CHAPTER 5- OVERALL CONCLUSIONS
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5.1 SIGNIFICANCE OF STUDIES AND CONCLUSIONS

Despite the advancing efficacy of glucose management, the lifelong management
of glycemia during T1D remains challenging for patients and requires adjuvant modalities
to assist in the mitigation of life-limiting comorbidities. Exercise has long been shown to
systemically benefit the body in ways which mirror the negative impacts of T1D such as
improved insulin sensitivity, glucose homeostasis, functional independence in older age,
and longevity (Garber et al., 2011). Skeletal muscle is a primary effector for modulating
glycemia at rest and during exercise, therefore making it a promising candidate to enhance
the health of people with T1D. Despite our knowledge of its importance and the emerging
role of diabetic myopathy in T1D, our understanding of cellular muscle physiology during
T1D remains in its infancy.

Exercise studies have examined the different durations, intensities, and modalities
of exercise primarily with respect to their associated effect on glycemia (Galassetti &
Riddell, 2013; Kennedy et al., 2013; Lu & Zhao, 2020; Moser et al., 2020; Riddell &
Perkins, 2006). Skeletal muscle has not been ignored in these studies. Skeletal muscle is
responsible for a large portion of glucose uptake and disposal following a meal (Meyer et
al., 2002), and this portion becomes even greater following an insulinemic or contractile
stimulus such as exercise (Richter & Hargreaves, 2013), as previously noted.
Unfortunately, skeletal muscle structure and physiology have seldom been the primary
outcome measures of human T1D literature. Consequently, cellular muscle abnormalities
in TID patients — to the extent which they have been observed to date — are apparently

considered a secondary attribute of other systemic dysfunctions like neuropathy (H.
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Andersen, 1998; Andreassen et al., 2009, 2014; Fritzsche, Bliiher, et al., 2008). Clearly the
need still exists to interrogate tissue-specific dysfunctions involved in diabetic myopathy,
in order to properly understand its contribution to whole-body physiology during T1D.

Therefore, the purpose of this dissertation was to examine myofiber physiology
under acute and chronic muscle stressors such as eccentric exercise and aging. Further, we
aimed to extend our preclinical knowledge of myostatin as a potential mediator of muscle
dysfunction into the clinical context of humans with T1D.

Broadly, the work presented here displayed that maximal strength declines more
quickly in adults with T1D and was associated with altered myofiber morphology, fiber-
type composition, and glycogen expression over a wide age range in adults with T1D.
Further, we observed that strength recovery is hindered, and muscle regenerative capacity
is disturbed in young adults with T1D after an acute eccentric damage stimulus. Finally,
we observed that adults with T1D exhibit higher circulating levels of myostatin than control
participants in young adulthood.

Study 1

In study 1, we observed accelerated strength decline in adults with T1D during 6
decades of life (18-78 years old). In older participants with T1D (>35 years old), loss of
strength was accompanied by more/larger clusters of type 1 myofibers and expressed less
muscle glycogen in T1D participants than controls. Older T1D females exhibited more
hybrid fibers (i.e. expressing multiple MHC isoforms) than age-matched controls.
Conversely, T1D males exhibited a shift towards type 2 fibers, with less evidence of

myofiber grouping or hybrid fibers.
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Our results suggested that we may have observed a previously posited accelerated
muscular aging phenotype (Monaco, Gingrich, et al., 2019) in the form of elevated
proportions of hybrid myofibers and type 1 myofiber grouping in older T1D versus control
participants; since both of these phenomena become increasingly prevalent during aging
(J. L. Andersen et al., 1999; Kelly et al., 2017, 2018; Lexell & Downham, 1991). With
regards to hybrid fibers, others have proposed that age-related denervation/reinnervation
events cause affected fibers to receive contradictory neural inputs upon reinnervation, thus
providing conflicting signals and eventually giving rise to a mixed expression of MHC
isoforms (e.g. hybrid fibers) (J. L. Andersen et al., 1999). Similarly, the grouping of type
1 myofibers has also been associated with age-related denervation/reinnervation events
(Kelly et al., 2018; Lexell & Downham, 1991) that result in inefficient motor unit activation
and greater physiologic difficulty to complete motor tasks (Kelly et al., 2017).
Additionally, diminished muscle glycogen may in fact represent another metabolic
perturbation that resembles accelerated aging in T1D muscle since diminished muscle
glycogen stores are found to be lower in skeletal muscle in older adults (Cartee, 1994a,
1994b; Meredith et al., 1989).

In addition to this study being the most expansive investigation of skeletal muscle
morphology and function in adults with TID of a wide age range, we also observed sex
differences in which females with T1D exhibited emphasized signs of the aforementioned
aging phenotype. To our knowledge, this is the first study observing myofiber-specific
measurements from multiple age groups of T1D adults. Therefore, it is difficult to readily

compare our results to other TID human muscle studies. However, sexually dimorphic
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changes to mitochondrial bioenergetics, another key component of muscle health, have
been observed previously by our laboratory (Monaco, Bellissimo, et al., 2019a). Therefore,
it stands to reason that sex may be an important consideration in forthcoming studies about
T1D muscle physiology. Altogether, these findings highlight significant changes to the
muscles of older adults with TID even in the absence of overt diabetic complications and
provides novel evidence of accelerated muscular aging in human muscles from adults with
TID.

Study 2

In study 2, we observed diminished strength recovery, lower SC content, delayed
SC proliferation, greater ECM content, and a higher incidence of damaged sarcolemma in
young adults with TID (mean = 22, SEM = 0.9 years). Transcriptomic analyses revealed a
network of translational and mitochondrial genes that were dysregulated post-exercise in
persons with T1D compared to matched controls. Taken together, these novel findings
suggest that young adults with TID may exhibit an altered response to damaging exercise
and delayed reparative response.

In T1D participants, we observed diminished strength recovery in the absence of a
resting strength deficit, which suggests that the delayed strength recovery may be due to
intrinsic alterations to the muscle. Previous studies have observed a greater proportion of
type 2X muscle fibers (Fritzsche, Bluher, et al., 2008) which are preferentially damaged by
eccentric exercise (Macaluso et al.,, 2012). Thus, persons with TID may be more
susceptible to muscle fiber damage leading to prolonged reductions in strength. Indeed, we

did observe markers of damage at the sarcolemma (i.e. disrupted dystrophin) and laminin
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content, indicating that T1D participants exhibited more myofiber damage and more
abundant ECM. Accompanied by elevated serum creatine kinase activity, our observations
here may be indicative of an early underlying metabolic myopathy, as previously suggested
(Jevric-Causevic et al., 2006). Additionally, we observed less satellite cell content and
delayed satellite cell proliferation in those with T1D. Decreased content of SCs has been
observed previously in our laboratory in young males with poorly controlled T1D
(HbA1c=68 £ 2.2 mmol/mol) (D. M. D’Souza et al., 2016b). However, to our knowledge,
this is the first observation of delayed SC proliferations in T1D individuals following an
exercise stimulus. Dysglycemia has previously been shown to contribute to a
disadvantageous environment for SC activity (i.e. perturbed satellite cell niche) (Aragno et
al., 2004; Gordin et al., 2008). Given participants in the present study had more well-
managed T1D (HbAic= 7.5 + 2.7%) than previous observations (D. M. D’Souza et al.,
2016Db), it is noteworthy that we were still able to observe significant changes to SC activity
in these adults.

Our gene set enrichment analysis (GSEA) of T1D skeletal muscle is, to our
knowledge, the first in skeletal muscles from humans with T1D. We hypothesized we
would observe dysregulated molecular pathways that underpinned the observations in this
study (i.e. diminished SC content/proliferation, damaged sarcolemma, etc.). Interestingly,
we instead observed networks of gene sets involving translation and mitochondrial
oxidative phosphorylation in muscles from T1D participants. These findings were notable,
given recent findings from our laboratory and others which noted alterations in

mitochondrial bioenergetics in similar cohorts with TID (Cree-Green et al., 2015, p.;
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Monaco, Bellissimo, et al., 2019b; Monaco et al., 2018b), which suggests that the current
observation of upregulated mitochondrial translational genes at rest may represent
compensatory adaptation to some form of mitochondrial dysfunction or stress in the early
decades of living with T1D. To date, no studies have revealed dysregulated expression of
translational genes in humans with TID. However, previous investigations have shown
dysregulation of protein synthesis/breakdown in those with poorly managed type 1 diabetes
(i.e. without insulin therapy) (Nair et al., 1983). Unfortunately, we did not measure in vivo
protein synthesis in this or previous cohorts of young adults with diabetes (Dial etal., 2020;
Monaco, Bellissimo, et al., 2019b; Monaco et al., 2018b), so any mechanistic connection
between protein synthesis/breakdown and dysregulated gene expression in T1D muscle
remains speculative at this point. However, the current transcriptomic data offers novel
insight regarding potential pathways mediating changes to muscle health in TID and
suggests the need for such measures in future investigations.

Overall, this study was the first to provide evidence of dysfunctional skeletal
muscle repair in young adults with T1D. The prolonged loss of strength in these individuals
warrants caution for those engaging in intense exercise muscle-lengthening exercises and
suggests that a particular focus on muscle recovery in exercise regimens may benefit the
lifelong muscle health of these individuals.

Study 3

Study 3 was the first study to reveal that circulating myostatin is expressed to a

higher degree in T1D participants than non-diabetic participants. Myostatin expression was

correlated to body composition such that leaner individuals exhibited the highest levels of
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expression. Also, we observed a sexually dimorphic effect of T1D, where women displayed
a larger relative increase in serum myostatin versus control females than did T1D males
compared their control counterparts. Other investigations have suggested that insulin
resistance is associated with higher myostatin expression in populations enduring other
metabolic diseases, such as T2D and obesity (Amor et al., 2018; Brandt et al., 2012; Hittel
et al., 2009). However, this association does not extrapolate similarly to glycated
hemoglobin (HbA1c) levels, as evidenced by lack of correlative relationships between
myostatin and HbA ¢ in our T1D participants or in T2D participants from the work of
Gallagher et al. (Gallagher et al., 2010). While these data are correlative only, they suggest
that insulin sensitivity may be a better indicator of dysregulations in myokine expression
than HbA .. Overall, data from this study provided evidence for irregular circulating
myostatin expression in adults with T1D, and suggests the need to measure insulin
sensitivity in participants with T1D to corroborate or dispute if it is a potential driver of
enhanced myostatin expression in conditions of metabolic disturbance (Amor et al., 2018;
Brandt et al., 2012; Hittel et al., 2009).

Conclusion. In conclusion, this is the first body of work to comprehensively profile
muscle physiology and morphology at the level of the myofiber in those with TID under
different physiological stressors of age and eccentric damage. The observations of
dysfunctional muscle repair from an acute eccentric damage stimulus and/or dysregulated
myokine expression at rest in otherwise healthy young adults with TID alerts patients,
researchers and clinicians that muscle health may be compromised before the observations

of any clinical signs of dysfunction. The compounding effect of these dysfunctions over
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the lifespan may indeed lead to fundamental alterations in muscle health that resemble an
accelerated form of muscular deterioration as suggested by the higher risk of disability and
institutionalization in older adults with diabetes (Kalyani et al., 2010; Morley, 2008; Wong

et al., 2013).
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5.2 FUTURE RESEARCH

This research advanced our knowledge of cellular physiology of muscles with TID.
This was the first body of work to investigate myofiber physiology at rest, after exercise,
and with increasing age. Naturally, the work here has prompted potential research
directions, given the data presented herein.
5.2.1 Examining insulin sensitivity as a driver of muscle dysfunction in T1D

Being the first in-depth observations of myofiber physiology in T1D muscles,
interpretations from our data were often viewed through the lens of other metabolic
diseases, such as obesity and T2D, as they occupy a much larger footprint in the literature
and thus have had more in-depth studies associating muscle physiology with factors such
as insulin sensitivity. Studies from these areas seem to converge upon a theory that altered
insulin sensitivity drives physiological dysfunction in muscles enduring either metabolic
disease (Brandt etal., 2012; DeFronzo & Tripathy, 2009; He etal., 2001; Hittel etal., 2009;
Petersen & Shulman, 2002; Sayer et al., 2005). Ultimately, the loss of insulin sensitivity
has been attributed to (1) increased glycolytic enzyme activity (Goodpaster et al., 1997; J.-
A. Simoneau & Kelley, 1997), (2) higher proportions of fast-twitch type 2 fibers (Hickey
etal., 1995; Kelley et al., 1999; J. A. Simoneau et al., 1999), impaired muscle regeneration
(Akhmedov & Berdeaux, 2013; Sinha et al., 2017), and (3) elevated myostatin expression
(Brandt et al., 2012; Hittel et al., 2009) — all major findings observed in the present studies
of adults with T1D. While insulin resistance is not the primary pathophysiological factor

of T1D, it is becoming increasingly recognized as an important complication of TID (Cree-
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Green et al., 2018; Donga et al., 2015; Greenbaum, 2002) (e.g. “double diabetes”), and has
since been recognized as a risk factor for progression of T1D (Fourlanos et al., 2004).
Unfortunately, the lengthy and/or invasive nature of the protocols involved in these
human studies limited the quantity of protocols these participants underwent.
Consequently, we did not prioritize measurement of insulin sensitivity in these cohorts.
Instead we chose to rely on HbA 1. as the standard clinical measure of moderate-term
glycemic regulation in T1D patients (American Diabetes Association, 2014b; Cheng, 2013;
Rewers et al., 2014), in order to readily generalize our findings to clinical outcomes and/or
recommendations. However, given the apparent parallels between our findings and that of
T2D/obesity muscle physiology, it seems that the hypothesized link between insulin
resistance and muscle dysfunction should be confirmed by: (1) euglycemic-
hyperinsulinemic clamp (DeFronzo et al., 1979), and/or (2) insulin sensitivity surrogate
indices — such as the Homeostatic Model Assessment (HOMA) (Singh & Saxena, 2010).
Glucose clamp  techniques, while considered the gold standard for
pharmacokinetic/pharmacodynamic studies in diabetes, requires constant supervised
attention by a trained physician, and entails requisite vigilance when being performed on
TID patients. On the other hand, surrogate measures of insulin sensitivity employ an
approximation described by an equation, resulting in a surrogate index of insulin resistance.
Popular indices for insulin resistance require measurement of fasting insulin and fasting
glucose in circulation, which is problematic in a T1D population that would have no fasting
insulin. In light of this, other formulas have been used, despite their limitations. One

example is estimated glucose disposal rate (eGDR) which uses the inputs which are
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inversely related to insulin resistance: waist-to-hip ratio, history of systemic arterial
hypertension, and the Hbaic (Williams et al., 2000). Another formula evaluates insulin
sensitivity score (ISS) based on: waist size, Hba1c and triglycerides (Dabelea et al., 2011).
In cases where fasting is required of T1D participants, caution and supervision are
warranted given that challenged glycemic regulation is a hallmark of the disease.
Nevertheless, under expert supervision, it is possible to measure one or more of these
outcomes in TID patients. These outcomes, accompanied by in-depth profiling of the
muscle alterations observed herein would provide valuable insight to further advance our
knowledge of the impact of insulin metabolism on muscle in patients with T1D.
5.2.2 Larger, longer, and more specific muscle regeneration studies

Study 2 provided the first insight into cellular muscle physiology following an
eccentric exercise stimulus. Given the invasive nature of this study protocol in particular,
it was designed with a sample size that was statistically powered to detect differences
amongst the whole cohort (Nederveen et al., 2018). Thus, our study was not powered to
detect the presence of