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Abstract

Over the past 20 years, our collaborative research team at the Ottawa Hospital and the
University of Ottawa have extensively investigated molecular and metabolic differences between
individuals with obesity in the highest (DS) and lowest (DR) quintiles for rate of weight loss
following 6 weeks of caloric restriction. Research on these cohorts of individuals with extreme
phenotypes in diet-response has revealed that DS individuals have several skeletal muscle
metabolic advantages, including increased proportions of type I oxidative fibres, increased
mitochondrial proton leak, enhanced fatty acid metabolism, and a greater antioxidant capacity.
Regular physical exercise provides a vast array of beneficial effects to metabolic health, including
increases in skeletal muscle mitochondrial bioenergetic capacity and muscle cross-sectional area,
leading to the hypothesis that exercise may be particularly beneficial to women with diet-resistant
obesity. The overall aim of this thesis was to determine whether six weeks of exercise training
improves skeletal muscle mitochondrial function and attenuates chronic low-grade inflammation
in women with obesity previously identified as diet-sensitive (DS) and diet-resistant (DR). Here,
we demonstrate that exercise training improves body composition, enhances cellular maximal
respiration, and increases mitochondrial length preferentially in DR women. Contrary to our
hypothesis, exercise training increased skeletal muscle IKK-NFkB inflammatory signaling to a
greater extent in DR individuals, despite improvements in systemic cytokine concentrations. In
response to an inflammatory challenge, LPS-treated primary myotubes derived from DR and DS
skeletal muscle responded similarly and respiratory capacity was preserved. Taken together, these
findings suggest that exercise can be especially beneficial as part of a treatment plan for DR
individuals, and that DS and DR skeletal muscle have systemic and mechanistic differences in

inflammatory responses.
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Introduction
1.1 Obesity
1.1.1 Obesity and weight loss

The worldwide prevalence of obesity, and obesity-related diseases, has risen dramatically
in the past half-century. According to the World Health Organization, the majority of the world's
population live in countries where being overweight or obese leads to the death of more people
than being underweight, with over one-third of the global adult population currently classified as
overweight'. Within Canada, 63.1% of the population was defined as overweight or obese in 2018,
with 26.8% of Canadian adults classified as having obesity. The economic burden of obesity within
Canada was estimated to be $7 billion in 2011, which was expected to increase to $9 billion by
20212. Obesity is defined as having a body mass index (BMI) of 30 kg/m? or greater, where BMI
is defined as a person’s weight in kilograms divided by the square of the person’s height in meters
(kg/m?)'. Obesity is associated with increased risks of developing many chronic diseases
including, cardiovascular disease, type Il diabetes mellitus (T2DM), musculoskeletal disorders and
some cancers'.

The fundamental etiology of obesity is an imbalance between energy intake and energy
expenditure. Most frequently this is caused by an increase in caloric intake (i.e., an energy-dense
diet) and a decrease in physical activity. It is a complex, multifactorial disease involving the
buildup of excess body fat and the expansion of adipose tissue which leads to increases in body
mass and BMI. Although the excess body fat is predominantly stored in adipose tissues, it is also
deposited ectopically in tissues such as liver and skeletal muscle. Another indicator of obesity is a

modified profile of circulating plasma cytokine concentrations. Individuals with obesity tend to



have higher levels of pro-inflammatory cytokines (e.g., TNFa, IL-6, leptin)*# and lower levels of
gut hormones associated with appetite control (e.g., PYY, GLP-1, ghrelin)®>©.

Treatments for obesity aim to induce negative energy balance, and options are currently
limited to behaviour modifications (including diet and exercise), interdisciplinary behaviour
interventions which frequently include cognitive behavioral therapy and dietary counselling,
medications that suppress appetite or macronutrient absorption, and bariatric surgery. Lifestyle
modification-based weight loss programs are the most commonly used methods, however, there is
high interindividual variability in response to these treatments’. Behavioural programs often use
very low-calorie total meal replacements in combination with behavioural counselling. Such
programs can be successful at achieving and maintaining ~5-8% weight loss®’. Genome-wide
association studies (GWAS) have identified numerous genetic factors that contribute to individual

10-12

responses to weight loss and weight gain'® ', In addition, differences in metabolic efficiency are

an important contributor to weight loss response’!3.

1.1.2 Obesity and skeletal muscle

Skeletal muscle accounts for about 40% of the average adult human body mass and
contributes significantly to the determinant of whole-body energy expenditure. Even at rest,
skeletal muscle accounts for approximately 20% of resting metabolic rate'*. Skeletal muscle
energy expenditure is also highly variable and changes dramatically from resting to maximal
physical activity, during which muscle O> consumption can account for up to 90% of the whole-
body oxygen uptake'4. Skeletal muscle is strongly dependent on mitochondria for cellular energy

transduction to produce ATP'>. To successfully produce ATP, the muscle needs oxygen and a



source of carbon, predominantly fatty acids (FA), or postprandially, glucose, when it is abundant
in the blood. Indeed, skeletal muscle accounts for 70-80% of postprandial glucose uptake'¢.

The efficiency of skeletal muscle mitochondrial energy transduction is linked to adaptive
thermogenesis, obesity susceptibility, and rate of weight loss in obesity!”. Patients with obesity
have lower proportions of oxidative type I fibres in skeletal muscle compared to proportions in the
muscle tissue of lean controls'®22. Type I fibres are highly oxidative and dense in mitochondria,
and the percentage of type I fibres inversely correlates with body fat percentage and insulin
sensitivity?>~2°, Additionally, there is a positive association between type 11X (glycolytic) muscle
fibres and BMI?®. These findings support the conclusion that variation in skeletal muscle fibre size
and composition are associated with weight loss variability and propensity for weight gain.

The metabolic consequences of obesity in skeletal muscle?’ ¢ include increased fatty acid
uptake?’, increased oxidative stress®®, impaired insulin signaling®, reduced and incomplete fatty
acid oxidation***, reduced mitochondrial content*!, and chronic activation of inflammatory

424 Together these metabolic consequences of obesity hinder skeletal muscle

pathways
regenerative capacity**. Due to the effects of obesity on lipid metabolism, it results in elevated
levels of lipid deposition in skeletal muscle and increased circulating lipid metabolites, which can
reach toxic levels and have a negative impact on skeletal muscle repair and maintenance®.

The balance between skeletal muscle hypertrophy and atrophy is dysregulated in obesity.
It is hypothesized that this is largely due to decreased activity of Akt and mTOR signaling
pathways. Several factors of obesity may be leading to these observed disruptions including lipid

toxicity and low-grade systemic inflammation*. Such imbalances can lead to the functional

limitations observed in individuals with obesity. Despite consistent observations that individuals



with obesity have greater absolute maximum muscle strength compared to lean counterparts, when

normalized to body mass, individuals with obesity appear weaker*S.

1.2 Mitochondria
1.2.1 Oxidative phosphorylation

Mitochondria are intracellular organelles with a biologically critical function; they are an
important site of cellular energy transduction for the formation of adenosine triphosphate (ATP).
Mitochondria have two membranes, inner and outer, separated by an intermembrane space. They
receive reducing equivalents from a series of oxidative processes including glycolysis, fatty acid
oxidation, and the tricarboxylic acid (TCA) cycle, which feed into the electron transport chain
(ETC) to produce a protonmotive force (PMF) across the inner membrane. The PMF is then used
to drive ATP synthesis through a process referred to as oxidative phosphorylation (OXPHOS)*’.

The TCA cycle produces the reducing equivalents in the forms of nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH>), which carry electrons to the ETC.
The ETC is composed of four multiprotein complexes, that catalyze a series of redox reactions,
which ultimately drive ATP production. Electrons are transferred through complexes I-IV,
facilitated by electron carriers, coenzyme Q (CoQ), and cytochrome C (cyt C); protons are pumped
by complexes I, III and IV from the matrix to the intermembrane space. The proton gradient that
forms is used by ATP-synthase (complex V) to allow protons to leak back into the matrix and, in
the process, synthesize ATP from inorganic phosphate (Pi) and adenosine diphosphate (ADP)*’.

The system is referred to as “coupled” when protons come back into the matrix almost
exclusively through ATP-synthase to form ATP. However, protons also come in through the

phosphate carrier and nicotinamide nucleotide transhydrogenase (NNT) during coupled OXPHOS.



Alternative pathways dissipate the proton gradient through the return of protons to the
mitochondrial matrix, which does not result in ATP formation. These proton leak reactions are
also referred to as “uncoupled” respiration*®®. The mechanisms of uncoupled respiration are not
fully understood, although inner mitochondrial membrane proteins, including uncoupling proteins
(UCPs)* and adenine nucleotide translocase (ANT)>’, have been shown to facilitate proton leak.

UCPs belong to the five-member mitochondrial anion carrier protein family>!. UCPI is
widely studied in the context of cold-induced thermogenesis and is expressed exclusively in brown
adipocytes. UCP3 is the only UCP expressed in skeletal muscle at the protein level and is also
expressed in brown adipocytes and cardiac muscle cells’2. ANT is responsible for the exchange of
cytosolic ADP for mitochondrial ATP>°. Up to 50% of proton leak that occurs in skeletal muscle
is attributed to ANT, up to two-thirds of which is independent of its ADP/ATP exchange
function>. After endurance exercise training, ANT protein expression in skeletal muscle increases,
whereas UCP3 protein expression remains unchanged>.

In tissues beyond brown adipose, proton leak is reciprocally related to ATP demand. It has
been estimated that mitochondrial proton leak accounts for about 50% of the resting respiration
rate in skeletal muscle of rats and approximately 20% of their standard metabolic rate*®. There is
considerable evidence to suggest that UCPs are activated in the presence of reactive oxygen species
(ROS), presumably in a negative feedback mechanism to prevent further ROS production by the
mitochondrial electron transport chain®>3¢. Overall UCP3 activity is thought to be significant, as
research has demonstrated that in addition to increasing proton leak, it is associated with lower

ROS production’” and improved fatty acid oxidation-°,



1.2.2 Reactive oxygen species

ROS are a natural, but not proportional, by-product of mitochondrial respiration®. During
the reduction of O> to H>O, reactive intermediates, superoxide (O2’), hydrogen peroxide (H20»),
and hydroxyl radical (OH"), are generated®'. At low concentrations, ROS act as an important
signaling molecule, but when they are being produced in larger quantities ROS contribute to
cellular oxidative stress®?. The gradual accumulation of oxidative damage leads to declines in
cellular and tissue functions associated with aging®. Therefore, cells employ a variety of
mechanisms to keep ROS within a tolerable range. Specifically, O>", produced by the ETC, is
rapidly dismutated into H>O» by superoxide dismutase (SOD). H>O> is substantially more stable
than superoxide — it can traverse membranes and be further detoxified to H>O with the help of
catalase and glutathione peroxidases (GPx). GPxes performs a reduction reaction using glutathione
(GSH) as an electron donor and producing GSSG (its oxidized form) as an end product®*.
Importantly, in addition to its role in maintaining redox homeostasis, glutathione is also thought
to play a key role in the regulation of mitochondrial morphology®. The ratio of reduced to oxidized
glutathione within cells is often used as a marker of cellular redox status®®. In a resting cell, the
GSH:GSSG ratio is approximately 100:1, however, in a state of oxidative stress, this ratio is often
decreased to 10:1, or even 1:1%. Depletion of the GSH:GSSG ratio results in hyperfusion of the

mitochondrial reticulum®, which may contribute to altered mitochondrial function.
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Figure 1. Mitochondrial oxidative phosphorylation, proton leak, and ROS production.
Reducing equivalents enter the ETC at either CI or CII, and electrons systematically pass through
the respiratory complexes (CIII and CIV) to the final electron acceptor, O2. Protons are released
into the intermembrane space as electrons move through CI, CIII and CIV, which establishes a
PMF then used to drive ATP synthesis through CV (ATP synthetase). Mitochondrial proton leak
is facilitated by proteins located on the inner mitochondrial membrane including UCPs and ANT.
O can be reduced to O>" by liberated electrons from CI and CIII. Oy can be rapidly dismutated
into H>O» by SOD. Direction of electron flow is indicated by the grey-dotted line. Proton extrusion
or import is indicated by blue arrows. Figure created with BioRender.com.

1.2.3 Mitochondrial dynamics and mitophagy

Mitochondria are highly dynamic organelles that are continuously undergoing
ultrastructural re-organization. In skeletal muscle, it is normal to see mitochondria form a
branched reticulum network close to the endoplasmic reticulum (ER) and nucleus® .
Mitochondrial fission, fusion, and mitophagy play critical roles in maintaining functional
mitochondria when cells experience metabolic or environmental stressors. Fusion merges
opposing mitochondrial membranes together, whereas fission disrupts a parent mitochondrion and

allows fragments of the mitochondria to disassociate. Fusion uses a process of complementation



by mixing the contents of partially damaged mitochondria, which can be used to help mitigate
stress’’. Fission is needed to create new mitochondria, but it is also necessary to eliminate damaged
mitochondria from the network during high levels of cellular stress’.

Mitochondrial ultrastructure is governed by large guanosine triphosphatase (GTPase)
proteins that control fusion and fission events. Outer mitochondrial membrane fusion is controlled
by mitofusins 1 and 2 (MFN1/2) and inner mitochondrial membrane fusion is controlled by optic
atrophy protein 1 (OPA1)’°. MFNI1 facilitates membrane docking and fusion by irreversibly
tethering opposing outer membranes of adjacent mitochondria and inducing conformational

changes mediated by GTP hydrolysis’'~73

. MFN2 also helps with outer membrane tethering, but
additionally, plays an important role in connecting mitochondria to the endoplasmic reticulum to
regulate Ca?" uptake’. To complete the fusion process, OPA1 tethers the inner mitochondrial
membranes’®.

Fission is promoted by the cytosolic GTPase protein, dynamin-related protein 1 (Drpl).
This protein forms ring-like spiral structures that constrict around the budding membrane at sites
of mitochondrial ER contact’>’%. Fission terminates when the budding mitochondria are
completely severed by the full constriction of the Drpl ring. This occurs when GTPase domains
connect, resulting in GTP hydrolysis and a conformational change that causes the constriction of
Drp17°.

Autophagy is a catabolic process to sequester and recycle damaged cellular components by
lysosomal degradation. Autophagy of mitochondria, referred to as mitophagy, is a protective
mechanism that clears the cell of damaged mitochondria to prevent cellular apoptosis®®. PTEN-

induced putative kinase 1 (PINK1) is a serine/threonine kinase, that accumulates on the outer

mitochondrial membrane (OMM) of damaged mitochondria. The accumulation of PINK1 on the



OMM recruits and phosphorylates parkin (PRKN), an E3 ubiquitin ligase. Active PRKN mediates
the ubiquitination of OMM proteins, including MFN1/28!82, The accumulation of ubiquitinated
proteins leads to the recruitment of autophagy machinery and the degradation of damaged
mitochondria®*#. The contribution of the PINK 1/PRKN pathway to mitophagy in skeletal muscle
is not well understood. PINK1 has not been shown to accumulate during exercise-induced
mitophagy, suggesting that mitophagy in skeletal muscle may be upregulated through a different
pathway®’. PRKN has been shown to alter mitophagic flux in skeletal muscle, but again it is unclear

whether this occurs through the PINK 1/PRKN pathway®®.

1.3 Immunity and Inflammation

1.3.1 The immune response

The immune response is broken down into innate immunity, which an organism is born
with, and adaptive immunity, which an organism acquires following disease exposure. Innate
immunity, also known as genetic or natural immunity, is encoded in the genes and offers lifelong
protection. The innate immune response is fast-acting and non-specific, meaning that the response
is the same no matter the specific virus or bacteria that it detects. It includes physical barriers,
chemical barriers, and cellular defences®’.

Adaptive immunity is an organism’s acquired immunity to a specific pathogen. Adaptive
immunity is a slow-acting, specific response — through memory cells, it can last an organism’s
entire lifespan, but does not always. The adaptive immune response is characterised by the release
of T and B lymphocytes, which leads to many copies of specific antibodies to neutralize or destroy

their target antigen®®.



Inflammation is an essential response of innate immunity which can be induced by
microbial infection or tissue damage. Inflammatory responses are elicited to provide broad-
spectrum protection against infections and induce the adaptive immune response for long-term
protection against specific pathogens®. However, chronic and uncontrolled inflammation can
cause severe tissue damage resulting in major pathogenicity from an overactive immune
system*>*3, Because of this, there are many regulatory mechanisms in place to control the
initiation, progression and resolution of inflammation induced by an immune response.

Nuclear factor kB (NFxB) is considered a master regulator of inflammation. NFkB
comprises a family of five inducible transcription factors including NFxB1 (p50), NFkB2 (p52),
RelA (p65), RelB, and c-Rel®°. Activation of the canonical NFkB pathway is responsible for the
transcriptional induction of proinflammatory cytokines, chemokines, and additional inflammatory
mediators in different types of innate immune cells®’. The canonical pathway is activated through
surface receptors, TLRs, which then initiate an intracellular signaling cascade. When inflammation
1s not being activated, IkB proteins are bound to NF«B and inhibit translocation of NFkB into the
nucleus. The cascade begins with activation of [kB kinase (IKK). Active IKK phosphorylates IxB
which results in its degradation by the proteasome and the subsequent release of NFkB®!2, NFxB
can now translocate into the nucleus and complete its function as a transcription factor. Preliminary
evidence also suggests that NFxB activation stimulates mitochondrial fusion®?, promotes

mitochondrial dysfunction® and the degradation of mitochondria by mitophagy®>.
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Figure 2. Canonical IKK-NFkB signaling pathway. IKK-NF«xB signaling is activated through
binding of a ligand to TLR surface receptors. This initiates an intracellular signaling cascade
beginning with activation of the kB kinase complex (IKK complex). Active IKK phosphorylates
IkB which results in its degradation by the proteasome and the subsequent release of the NFxB
complex. NF«B then translocates into the nucleus and initiates the transcription of several immune
response genes. Figure created with BioRender.com.

The MAPK pathway is another commonly activated inflammatory response. MAPKs are
a family of serine/threonine protein kinases and, in humans, include ERK1/2, JNK and p38
MAPK?. Their activation involves a series of at least three kinases, referred to simply as MAPK
kinases (MAPKK), which in turn phosphorylate and activate the next kinase in the pathway until
the terminal kinases are activated which phosphorylate and activate their respective transcription
factors”’. Like NF«B, the transcription factors translocate to the nucleus where they initiate
transcription of genes to further promote the inflammatory response.

The final commonly activated pathway in an inflammatory response is the JAK/STAT

pathway. JAKs are receptor-associated proteins that are activated by ligands and phosphorylate
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one another. Their phosphorylation initiates the binding of STATSs, which, once bound to JAKs
are then also phosphorylated. STATs are cytoplasmic transcription factors that remain inactive
until their phosphorylation and subsequent dimerization. Once in their active form, STATSs also

translocate to the nucleus and initiate inflammatory gene transcription®®,

1.3.2 Inflammatory nature of obesity

Obesity is associated with chronic low-grade inflammation in skeletal muscle and adipose
tissue. There is evidence that chronic activation of pro-inflammatory signaling contributes to the
development and progression of metabolic disorders such as insulin resistance, and T2DM. This
inflammatory response is triggered by circulating pro-inflammatory cytokines such as interleukin-
6 (IL-6), tumour necrosis factor-a (TNFa) and high concentrations of free fatty acids (FAs), such
as palmitate®®'%°. All these proinflammatory cytokines go on to activate inflammatory signaling
pathways which may lead to disturbances in mitochondrial morphology.

The metabolic consequences of obesity include increased fatty acid uptake®’, increased
oxidative stress®®, and reduced or incomplete fatty acid oxidation®**. As such, ferroptosis may
also be induced in skeletal muscle tissue in individuals with obesity. Ferroptosis is a specific type
of regulated cell death, which is iron- and ROS-dependent. The morphology of ferroptosis is
distinct from other types of regulated cell death and can be characterised by the presence of smaller
than normal mitochondria with condensed mitochondrial membrane densities, reduction or

101-103 Tnduction of

vanishing of mitochondria cristae, and outer mitochondrial membrane rupture
ferroptosis can be recognized by the accumulation of lipid peroxidation products and lethal

ROS!92194 Simply put, lipid peroxidation is the oxidative modification of lipids. Because of the

pathways involved in the induction of ferroptosis, it can be inhibited by iron chelators, and lipid
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peroxidation inhibitors, as well as, several other proteins that limit ROS production and reduce
cellular iron uptake, including GPxes as previously discussed. On the other hand, ferroptosis can

be induced through enzymes that promote ROS production, such as NADPH oxidase and p53.

1.3.3 Immunometabolism in skeletal muscle

Immunometabolism is an emerging field which investigates the interplay between the
immune system and metabolism. Such investigations are especially important within the context
of whole-body disorders, such as obesity. Nutrient overload and excess adipose tissue lead to
increases in immune responses and overall inflammation. Moreover, tissues in the body, including
adipose and skeletal muscle, are populated with immune cells, which can affect cellular
metabolism within those tissues*?. Additionally, skeletal muscle is recognized as a secretory organ
which can release cytokines and myokines that communication with the immune system, or exert
their effects within the muscle itself'%3-107,

Within the context of mitochondria, chronic inflammatory conditions can alter a lot of
important dynamic processes and promote mitochondrial dysfunction. In general, it leads to
decreased biogenesis'®, decreased fusion, and increased fission events®, as well as increased
mitophagy, which correspond with a buildup of ROS and a reduction of PCGla in the muscle
cells®»1%° However, the effects of inflammation on mitochondria are not unidirectional, as recent
literature suggests that mitochondria also play a critical role as regulators of the inflammatory
response.

Because of mitochondria’s role in ROS production, they have been implicated in redox-
sensitive inflammatory responses, including the activation of inflammasomes''®!!!, NOD-like

receptors (NLR) are a family of cytosolic receptor proteins that, under certain conditions, are

13



capable of forming multiprotein complexes, termed inflammasomes''?. Like other inflammatory
signaling pathways, activation of inflammasomes leads to the processing and secretion of other
proinflammatory cytokines, notably IL-1. Inflammasomes can be activated through a number of
mechanisms, not all of which are well understood, regardless, inflammasome activation is
impaired by the inhibition of complex I or III of the mitochondrial respiratory chain!'!®!!!, In
addition to their roles in inflammation, inflammasomes can regulate glucose and lipid metabolism,

making them key players in the development of obesity, insulin resistance, and T2DM!'!2-114,

1.4 Molecular Basis of Diet-Resistant Obesity
1.4.1 Variability in weight loss

Researchers at the Ottawa Hospital Weight Management Program (OHWMP) observed a
10-fold variability in the rate of weight loss (ROWL) in the first 6 weeks of an intensively
supervised 900 kcal/day meal replacement program in a cohort of 832 patients with obesity'!>.
Once the data were corrected for factors known to affect weight loss (initial weight, age, sex,
medical conditions including thyroid status and medications), a 2-fold variability remained,
suggesting that there may be a biological basis for the observations (Figure 3)>’.

To further characterise factors potentially causing differences in weight loss response,
otherwise healthy and highly compliant female participants of the OHWMP were grouped into
quintiles based on rate of weight loss after 6 weeks on the Optifast (Nestl¢) 900 kcal/day caloric-
restricted diet. The women in the top 20% for rate of weight loss were classified as Diet-Sensitive
(DS), and the women in the bottom 20% were classified as Diet-Resistant (DR) (Figure 3)°7. Over

the past 20 years, researchers have continued to identify key differences in skeletal muscle

composition and metabolism between DS and DR individuals!>*7!!6, Importantly, ROWL in
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response to caloric restriction is also predictive of weight loss success in patients who proceed

117

with bariatric surgery''’, highlighting the importance of understanding the mechanisms that

determine this response.
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Figure 3. Weight loss in response to a 900 kcal/day diet varies by 2-fold in adherent patients
matched for biological sex, age, and BMI. Women in the highest quintile for rate of weight loss
[diet-sensitive (DS)] are compared with those in the lowest quintile for rate of weight loss [diet-
resistant (DR)]. Data are corrected for factors known to affect weight loss (initial weight, age, sex,
medical conditions including thyroid status and medications). Figure modified from Harper et al®’.

Differences in energy expenditure and resting metabolic rate (RMR) can also contribute to
the risk for obesity development'3. Energy expenditure is the sum of basal metabolic rate (~60%
of total energy expenditure), the thermic effect of feeding (~10% of total energy expenditure), and
non-resting energy expenditure (~30% of energy expenditure). Non-resting energy expenditure
can be further divided into energy expenditure from voluntary physical activity (i.e., exercise) and
non-exercise activity thermogenesis (NEAT) which encompasses non-volitional movements, such
as fidgeting!'®!1°, As such, non-resting energy expenditure is the most affected by changes in body

weight, and therefore also the most variable and controllable component of total energy
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expenditure!?*!2!, Energy expenditure from physical activity is important in defining both skeletal
muscle mass and metabolism. Specifically, physical activity activates ATP hydrolysis for muscle
contraction and increases energy expenditure.

Energy expenditure demonstrates high interindividual variation'??, which evidence
suggests has a strong genetic component — highly similar RMRs have been observed between

123" and siblings within the same family'3. Moreover, one’s

monozygotic versus dizygotic twins
own energy expenditure is ever-changing and will naturally fluctuate throughout one’s lifetime.
Low 24-hour energy expenditure has been associated with weight gain over the course of two
years'?. Additionally, low RMR in late childhood has been associated with greater weight gain in
adolescence'?*. Increases in body weight are generally accompanied by increases in fat-free mass

(FFM) 125. As such, when obesity develops, there can be increases in both total energy expenditure

and RMR!25-128,

1.4.2 Mitochondrial dysfunction in diet-resistant obesity

Over the past 20 years, the Harper Laboratory has extensively studied the contribution of
mitochondrial metabolism and energy transduction efficiency in the context of the diet-resistant
phenotype. Specifically, they found that mitochondrial proton leak and mRNA expression of
UCP3 are decreased in mitochondria isolated from skeletal muscle of DR versus DS individuals®’.
Further studies on primary myotubes isolated from DS and DR muscle biopsies demonstrate an
almost 50% increase in leak respiration in DS women compared with DR, similar to the results
from isolated mitochondria. However, the primary myotubes from these individuals have no
apparent differences in protein expression of UCP3, ANT, or mitochondrial content'?’. Regardless,

other studies have shown when the human form of UCP3 is overexpressed in mouse skeletal
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muscle, mice are protected from diet-induced obesity, have higher energy expenditure, and display

metabolic characteristics of enhanced fatty acid oxidation®®!30-132

. These data support the
conclusion that differences in mitochondrial uncoupling in muscle impact the propensity for
obesity and weight loss.

Declines in skeletal muscle mitochondrial content have repeatedly been associated with

obesity‘” ,133-136

, which leads us to hypothesize that there may be a link between skeletal muscle
mitochondrial content and DR obesity. Substantial evidence supports the conclusion that
mitochondrial oxidative capacity may drive weight loss success. When examining skeletal muscle
fibre architecture, researchers observe an increase in the highly oxidative type I muscle fibres in
DS versus DR individuals; this occurs largely at the expense of the proportion of type IIA fibres'!©.
Interestingly, expression of genes involved in glucose and fatty acid metabolism is increased in
blood collected from DS individuals during caloric restriction!'®!*’, Higher enrichment of
mitochondrial ETC transcripts is also observed in circulation prior to weight loss, suggesting that
oxidative capacity could predict weight loss success'3”-138,

The differences in ETC transcripts between DS and DR individuals translate into functional
differences in skeletal muscle, where maximal mitochondrial respiration and complex I and II
activities are lower in muscle tissue from DR versus DS participants'*®. Moreover, when
challenged with a high-fat meal (~35% of daily kcal requirements based on indirect calorimetry;
>60% calories from fat), skeletal muscle fatty acid clearance and maximal oxidative
phosphorylation are lower in DR individuals'*. This supports additional observations where high
resting RER (VCO2/VO; [i.e., carbohydrate vs fat oxidation]) has been linked to weight gain'40.

Moreover, women with a high rate of weight loss have been identified as having a low resting

RER!*!, Ex vivo studies at the level of skeletal muscle have shown that fatty acid oxidation is lower
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in DR muscle'*®, which has been attributed to decreased fatty acid availability and reduced fatty

acid mobilization from adipose tissue!#?!43,

1.5 Research Aims

1.5.1 Rationale for using exercise to target diet-resistant obesity

Exercise training has repeatedly been shown to improve muscle strength, body
composition, immunity, bone mineral density, specific physical functions, and general quality of
life'*, Strenuous physical exercise can increase ROS production causing various forms of

145

oxidative stress in skeletal muscle'® and increase release of proinflammatory myokines'4.

However, regular moderate exercise involves a greatly increased endurance capacity and results

147

in significantly increased numbers of muscle mitochondria'*’. Moderate exercise training can also

lead to an increase in the activities of the mitochondrial OXPHOS complexes, even in muscles at

rest, which decreases oxidative damage parameters!*®

. Regular exercise has also been shown to
reduce overall release of proinflammatory myokines'*’.

Although a single bout of acute exercise initiates the activation of several pro-inflammatory
pathways, these are necessary responses to mitigate the exercise-induced stress response. Exercise
induces the activation of MAPK-ERK and IKK-NF«B signaling pathways in skeletal muscle'°.
Several proteins, including kB, MAPK, and ERK, work in conjunction with NFkB to control
downstream inflammation and immune responses. Evidence suggests that activation of these
inflammatory pathways may be necessary to see the positive hypertrophic effects of exercise'!.
Moreover, evidence shows that regular moderate exercise ultimately leads to a decrease in

152

inflammatory markers'>*. Roberts et a/ showed decreases in all serum lipids in humans after 3

weeks of diet and daily aerobic exercise'>?. Sriwijitkamol et al showed a 50% increase in IkB
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proteins, suggesting a decrease in IKK-NFxB pathway activity, after 8 weeks of aerobic
exercise!>. It should be noted, however, that results in individuals with obesity have been less
consistent — Polak ef al saw a decrease in only plasma leptin (whereas all other plasma cytokines

155 and Christiansen et al found that it was

remained unaltered) after 12 weeks of aerobic exercise
diet-induced weight loss more so than exercise that leads to a decrease in inflammatory markers'36.

One cytokine, in particular, may play an especially important role in obesity and exercise
response: IL-6. IL-6 has effects both as a pro- and anti-inflammatory cytokine and is well

documented as being increased after exercise!>”!%8

. It has been shown to enhance glucose
transport'>® and lipid oxidation in muscle tissue!®>!%°, It may also play a role in induction of
mitochondrial fission!®!, and stimulation of lipolysis'é?, Wedell-Neergaard et al showed
specifically that exercise in the presence of an IL-6 blockade reversed the effect of reduced visceral

adipose tissue mass in individuals with obesity'®?

. Therefore, regular moderate exercise may
mitigate many of the detrimental effects seen due to the pro-inflammatory nature of obesity.

In rodent models, acute exercise has been shown to increase UCP3 mRNA expression in
skeletal muscle!®*1%5, As previously discussed, UCP3 activation can lead to increased energy
expenditure and decreased oxidative stress’®. Li et al were able to show that transgenic mice
expressing the mitochondrial UCP in skeletal muscle were able to resist many of the negative
effects of obesity and T2DM!%6. These finds are consistent with previously published data from
the Harper lab where we showed that overexpression of UCP3 in transgenic mice prevents the

130 and decreases levels of

accumulation of triglyceride in both adipose tissue and skeletal muscle
circulating acylcarnitines which can be used as markers of incomplete muscle FAOS,

Exercise also plays an important role in the mitigation of insulin and glucose regulatory

pathways. Glucose transport in skeletal muscle is largely facilitated by GLUT4. Through either
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insulin stimulation or muscle contraction stimulation, GLUT4 translocates from intracellular
storage vesicles to the muscle cell surface where it facilitates glucose uptake into the cell'®”. Insulin
resistance linked to obesity impairs insulin-stimulated glucose uptake!6®!%° but the pathway can
still be activated through muscle contraction stimulation'”’. The development of insulin resistance
in skeletal muscle also precedes and predicts the development of T2DM!71172. Additionally,
exercise training confers numerous other benefits related to glucose homeostasis including
increased GLUT4 expression!’>!7*, increased Akt'7>!'7®, increased AMPK!”’, and decreased
HbA1c!8,

Within the context of obesity, physical exercise can be a challenge. Moreover, dietary
restriction has been shown to lead to more weight loss than exclusively increasing energy
expenditure through exercise. Exercise tends to have superior effects in reducing visceral adiposity
than diet-induced weight loss'7>'®, however, changes in visceral adiposity do not necessarily
reflect total body weight loss'”®. Regardless, the combination of caloric restriction with aerobic
and resistance exercise (rather than either alone) has been shown to enhance the capacity for
maintained weight loss and can improve the functional status of adults with obesity. Exercise
training can induce muscle fibre protein synthesis and hypertrophy, leading to increases in
mitochondrial respiration'®' and muscle cross-sectional area, and therefore overall lean body mass.
Moreover, aerobic exercise can induce the fibre type switching of glycolytic type IIX and IIB to
oxidative type 1'82!83 which would be particularly useful to diet-resistant patients with obesity due
to the lower proportion of type I fibres observed in vastus lateralis muscle. Thus, when considering

116 and mitochondrial

the previous findings in DR individuals of decreased muscle hypertrophy
function’”1?°, exercise training may induce beneficial molecular adaptions that increase

mitochondrial bioenergetics and reduce inflammation of skeletal muscle in DR individuals.
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1.5.2 Research questions
The proposed research is intended to answer the following questions:
e Are there differences in systemic and/or muscle inflammation between DR and DS
individuals?
e Does exercise training improve inflammation and mitochondrial bioenergetics in women
with obesity?
e Do primary myotubes isolated from DR and DS individuals exhibit differences in

inflammation and/or bioenergetics in response to an inflammatory challenge?

1.5.3 Hypotheses

The overall aim of this study is to determine whether six weeks of exercise training
improves skeletal muscle mitochondrial function and reduces inflammatory response in muscle
tissue and primary myotubes obtained from women with obesity defined as diet-sensitive (DS) and
diet-resistant (DR). Based on previous research, we hypothesize that exercise training will increase
mitochondrial function and reduce inflammatory responses to a greater extent in DR versus DS
women.

Preliminary mining of previously published DS and DR rectus femoris skeletal muscle
transcriptomes (GEO accession no. GSE17371)!!'6 using eVITTA'** suggests that DS and DR
women exhibit several differences in mRNA expression levels within the IKK-NF«kB signaling
pathway (Figure 4). Specifically, TLR4 is higher in DS individuals, IL-1B is higher in DS
individuals, IxBa is higher in DS individuals, IKKoa/p are higher in DR individuals, and NF«kB is
higher in DR individuals. These findings lead us to hypothesize that IKK-NF«kB signaling in DS

individuals is more heavily regulated through the canonical pathway with TLR4.
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The proposed mechanistic studies will allow the first-ever investigations into the role of
inflammation in the control of muscle metabolism in individuals with obesity who have markedly
different capacities for diet-induced weight loss. Conclusions from these studies may contribute to

the development of personalized treatments, especially for those who have great difficulties losing

weight and maintaining weight loss.
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Figure 4. Differences in the NFkB signaling pathway from DS and DR transcriptomics data.
The IKK-NF«xB pathway with proteins and cytokines highlighted based on relative abundance in
transcriptomics data from DS and DR individuals. The brighter the shade of blue, the higher the
expression in DS individuals and the brighter the shade of red, the higher the expression in DR
individuals. (Brighter colours do not necessarily indicate statistical significance). Of note, TLR4
appears higher in DS individuals, IL-1 appears higher in DS individuals, [kBa appears higher in
DS individuals, IKKa/p appear higher in DR individuals, and NFkB appears higher in DR
individuals. Figure created with eVITTA'®*.
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Materials and Methods

2.1 Participant selection and matching

All participants provided informed oral and written consent. This study was approved by
the Ottawa Health Science Network Research Ethics Board (Protocol #2011658) and the
University of Ottawa Council of Research Ethics Board (Protocol #H01-12-06).

Participants were previously classified into quintiles based on rate of weight loss (ROWL)
during the first 6 weeks of a 26-week program, in which a 900 kcal/day meal replacement was
consumed (Optifast 900; Nestlé Health Sciences). Comprehensive compliance to the Ottawa
Hospital Weight Management Program (OHWMP) was determined as previously described®”!'',
where only diet-adherent women who had previously completed the OHWMP were strictly
classified into quintiles based on ROWL by computer software developed by the clinic!®’. Rate of
weight loss calculations were corrected for age, initial body weight and BMI calculated based on

serial measures in the first 6 weeks!!'>.

In brief, patients were excluded from quintile
characterization in the OHWMP and further metabolic studies if: they did not meet the adherence
criteria; they were absent for <2 visits during the initial 6 weeks on meal replacement; physician
notes expressed reservations about self-reported compliance; and/or there was inadequate
completion of the laboratory testing protocol. Compliant weight-stable women were invited to
participate in the present study if they were in the top 20% in ROWL (DS) or bottom 20% in
ROWL (DR).

Patients invited to participate were excluded from the present study if they had prior
bariatric surgery or were taking any medications known to affect rate of weight loss including:

medications that affect glucose homeostasis, appetite suppressants, steroids, and/or

medications/supplements which may affect muscle biology. Moreover, participants were non-
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smokers, free from metabolic conditions such as diabetes, cardiovascular disease, cancer, and
musculoskeletal conditions that result in impaired movement. Diet-sensitive and diet-resistant
women were matched for age (+£5 years), initial body weight (+20 kg), and BMI (+£3 kg/m?) at the

time of participation.

2.2 Experimental design

The study consisted of a 6-week graded exercise intervention, during which participants
were instructed to maintain their normal lifestyle and eating habits. Before commencing the
exercise training intervention, participants were provided with an electronic food diary and
accelerometer (Fitbit Charge, San Francisco, CA) to track levels of activity.
Meeting 1. Muscle Biopsy

At baseline, participants reported to the University of Ottawa Heart Institute for blood
sampling, a vastus lateralis muscle biopsy, and collection of anthropometric measures including
waist circumference, blood pressure, weight, and body composition assessed by bioimpedance
(Tanita Corporation, Arlington Heights, IL).
Meeting 2. Metabolic Testing

Participants reported to the University of Ottawa's Behavioural and Metabolic Research
Unit and underwent a dual-energy X-ray absorptiometry (DEXA) scan (GE Lunar, Prodigy
Model), muscle function testing, indirect resting calorimetry, and a VOa2submaximum test.
Intervention (6 consecutive weeks)

The exercise intervention consisted of 18-supervised exercise sessions performed on non-
consecutive days for six weeks. Each exercise session consisted of 30 minutes of treadmill

walking, starting at six metabolic equivalents (METs) calculated using VOzsubmaximum and

25



increasing by 10% weekly. Following the treadmill walk, participants completed four sets of
resistance-based exercises at 60%-80% of their predicted one repetition maximum.
Post-Intervention Meeting 1. Metabolic Testing

48-hours after the final exercise training session, participants reported to the University of
Ottawa's Behavioural and Metabolic Research Unit again for a DEXA scan (GE Lunar, Prodigy
Model), muscle function testing, indirect resting calorimetry, and a VOasubmaximum test.
Post-Intervention Meeting 2. Muscle Biopsy

72 hours following the final metabolic testing visit, participants reported to the University
of Ottawa Heart Institute for blood sampling, a second vastus lateralis muscle biopsy, and
collection of anthropometric measures including waist circumference, blood pressure, weight, and

body composition assessed by bioimpedance (Tanita Corporation, Arlington Heights, IL).

2.3 Vastus lateralis muscle sampling, tissue collection and preparation

Muscle biopsies were collected from participants after an overnight fast prior to the
immobilization period (baseline [BL]) and following the six weeks of supervised exercise training
(post-exercise training [PET]). Local anaesthetic (1% xylocaine) was injected subcutaneously
overlying the vastus lateralis (VL), and a small incision was made into the skin and underlying
fascia. A 5 mm Bergstrom needle, modified for manual suction, was used to extract ~100 mg of
vastus lateralis muscle, which was immediately divided for different analyses. One aliquot was
placed into ice-cold culture media for subsequent isolation of primary myoblasts. The remaining
tissue was snap-frozen in liquid nitrogen and stored at -80°C for later analyses of protein

expression and enzymatic activities.
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2.4 Fasting plasma biochemical analysis

Fasted blood samples were analysed by the Ottawa Hospital Laboratory Services.

2.5 Cell culture

A 25 mg sample of muscle tissue was cultured, and satellite cells were grown to 80%
confluency in growth media (Ham’s F10 media with 12.5% BGS, 1% antibiotic-antimycotic, 826
nM dexamethasone, 8.3 ng/mL human epidermal growth factor, 25 pmol insulin, and 2.5 pL/mL
gentamycin). Cells were lifted using trypsin digestion, and then satellite cells were isolated via
immune-sorting using a magnetic column and anti-CD56 MicroBeads (Miltenyi Biotec). Labeled
myoblasts were then eluted and grown in growth media. At ~80% confluence, primary myoblasts
were differentiated into myotubes for 7+1 days in differentiation media (Dulbecco’s modified
Eagle’s medium [DMEM] with 2% horse serum, 1% antibiotic-antimycotic, and 2.5 pg/mL
gentamycin). Myotubes were lifted using trypsin digestion and then harvested and pelleted in cold

1X PBS. Pellets were stored at -80°C to be used for enzymatic assays, HPLC, and western blots.

2.6 Mitochondrial stress test on primary myotubes

Primary myoblasts were lifted using trypsin digestion, and cell counts were recorded using
the Countess Automated Cell Counter (Invitrogen) according to manufacturer’s instructions for
myoblasts. 15,000 cells were plated in each well of a 96-well Seahorse plate. Upon reaching ~80%
confluency (~24 hours after plating), the myoblasts were differentiated into myotubes for 7+1 days
in differentiation media.

The day before the assay, the Agilent Seahorse XFe96 Sensor Cartridge was hydrated with

200 pL of sterile water in each well and incubated in a non-CO? incubator at 37°C overnight. On
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the day of the assay, the water was replaced with non-CO; incubated Agilent Seahorse XF
Calibrant and the cartridge was incubated for an additional hour (non-CO; incubator, 37°C). The
Seahorse plate was washed three times with Seahorse media (pH 7.4) (HCO3-free DMEM powder
with 5.5 mM D-glucose, 1 mM sodium pyruvate, 4 mM L-glutamine), and subsequently incubated
in a non-COz incubator at 37°C for 30 minutes.

Oxygen consumption rate (OCR) was measured following consecutive additions of 2.5 uM
oligomycin (resting state 4), 2 uM carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP)
(maximally uncoupled), 5 uM/10 uM antimycin-A/rotenone (non-mitochondrial), and 20 pM
monensin (maximal glycolysis). Drugs were prepared in Seahorse media and loaded in ports A
through D, respectively. After the assay, the cells were washed twice with 200 pL. of 1X PBS and
then placed in 40 uL. of RIPA buffer. A bicinchoninic acid (BCA) assay (Bio-Rad) was performed
to determine protein concentration in each well and Seahorse assay measurements were

normalized to protein content.

2.7 Citrate synthase enzymatic assay of primary myotubes

Pellets set aside for enzymatic assays were resuspended in RIPA buffer with 0.1% protease
inhibitor cocktail (PIC) (Sigma) and lysed with a 28-gauge needle. The homogenate was cleared
by centrifugation at 14,000 g for 10 minutes at 4°C. The supernatant was extracted, and the pellet
was disposed of. CS activity was determined by measuring absorbance at 412 nm in 50 mM Tris-
HCI (pH 8.0) with 0.2 mM DTNB, 0.1 mM acetyl-coA and 0.25 mM oxaloacetate, using a 96-well
microplate reading spectrophotometer (BioTek Synergy) at room temperature. Rate of absorbance
change and path length of each well was determined using BioGen 5.0. The enzyme activities were

calculated using the extinction factor 13.6 mM-'cm™. A BCA assay (Bio-Rad) was performed to
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determine protein concentration for each sample and enzymatic assay measurements were

normalized to protein content.

2.8 Western blot analysis of skeletal muscle homogenate

Frozen muscle was homogenized using a bead mill homogeniser (Fisherbrand Bead Mill
24 Homogenizer) in ice-cold RIPA buffer (Millipore) supplemented with 0.5mM Na3;VO4 and
0.1% PIC (Sigma). Samples were cleared by centrifugation at 14,000 g for 10 minutes at 4°C. A
BCA assay (Bio-Rad) was performed to determine protein concentration. Samples were prepared
with a final protein concentration of 2 pg/puL in 1X Laemmli buffer (0.2 M Tris-HCl [pH 6.8], 8%
w/v sodium dodecyl sulfate [SDS], 40% v/v glycerol, 0.5 M dithiothreitol [DTT], 0.01%
bromophenol blue), and boiled at 95°C for 5 minutes.

Acrylamide gels (30% acrylamide mix, 1.5 M Tris [pH 8.8], 10% SDS, 10% ammonium
persulfate [APS], tetramethylethylenediamine [TEMED]) were cast with 5% stacking gels (30%
acrylamide mix, 0.5 M Tris [pH 6.8], 10% SDS, 10% APS, TEMED). Proteins were separated by
SDS-PAGE under reducing conditions at 150 V in running buffer (25 mM Tris base, 192 mM
glycine, 0.1% SDS) for approximately 1 hour. Proteins were then transferred to PVDF membranes
using TurboBlot (Bio-Rad) according to the manufacturer’s protocol. Membranes were incubated
with blocking buffer (5% BSA in Tris-buffered saline, 0.1% Tween 20 [TBS-T]) for 1 hour at
room temperature. Membranes were then incubated overnight at 4°C with gentle rocking with
primary antibodies against: Total Human OXPHOS antibody cocktail (Abcam #ab110411
1:1000), MFN1/2 (Abcam #ab57602, 1:1000), OPA1 (Abcam #ab42364, 1:1000), Drpl (BD
Biosciences #611113, 1:1000), MAPK (Cell Signaling #9212, 1:2000), p-MAPK (Cell Signaling

#9211, 1:1000), ERK (Cell Signaling #9102, 1:2000), p-ERK (Cell Signaling #9106, 1:1000),
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NF«kB (Cell Signaling #8242, 1:1000), p-NF«xB (Cell Signaling #3033, 1:1000), kB (Cell
Signaling #4814, 1:1000), p-IxB (Cell Signaling #2859, 1:1000), TLR4 (Abcam #ab13867,
1:1000), GAPDH (Santa Cruz #sc47724, 1:10,000) and vinculin (Abcam #ab129002, 1:5000). The
next day, membranes were incubated with the appropriate secondary antibody in 5% skim milk in
TBS-T for 1 hour with gentle rocking. Protein bands were visualized using the Immobilon ®
Classico Western HRP substrate (Millipore). Signals were captured using a ChemiDoc™ MP
Imaging System (Bio-Rad). Densitometry band analysis was performed using Image J software.

Abundances of target proteins are presented normalized to vinculin or GAPDH, as indicated.

2.9 TOM20 staining of primary myoblasts and microscopy

Primary myoblasts were lifted using trypsin digestion, and then a cell count was taken
using the Countess Automated Cell Counter (Invitrogen) according to manufacturer’s instructions
for myoblasts. 50,000 cells were plated on coverslips in each well of a 24-well plate. Upon
reaching ~50% confluency (~24 hours after plating), the myoblasts were fixed with 4%
paraformaldehyde. Mitochondrial length was determined by staining with TOM20 (Santa Cruz
Biotechnology, sc11415) in 1X PBS buffer containing 0.1% Triton X-100 and 1% BSA. Oregon
green 488 goat anti-rabbit (Life Technologies, O-6381; 1:100) was diluted in 1X PBS containing
1% BSA and 0.1% Hoechst counterstain. Images were obtained using a Zeiss Axiolimager Z1
fluorescent microscope. Blinded analysis was conducted by quantifying 50 mitochondrial lengths

from 3-5 fields of view for each cell line.
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2.10 High-performance liquid chromatography of primary myotubes

Pellets set aside for HPLC were resuspended in 1:1 buffer (1-part 0.25 M sucrose, 3 mM
EDTA, 10 mM Tris buffer; 1-part mobile phase [90% ddH>O, 10% HPLC-grade methanol, 0.1%
trifluoroacetic acid (TFA) and 0.1% w/v meta-phosphoric acid (MPA)]). Samples were incubated
on ice for 20 minutes and then pelleted by centrifugation at 14,000 g at 4°C for 20 minutes. The
supernatant was used in the HPLC determination. 100 mM stocks of GSH and GSSH were diluted
to 1 mM, 0.1 mM, 0.01 mM and 0.001 mM in 1:1 buffer and used to prepare a standard curve.
Samples were loaded after the standards, and the area under the curve was measured for the peaks
corresponding to the GSH and GSSG retention times. A BCA assay (Bio-Rad) was performed to
determine protein concentration in each sample and GSH and GSSG measurements were

normalized to protein content.

2.11 Radiolabeled glucose uptake analysis of primary myotubes

Primary myoblasts were lifted using trypsin digestion, and then a cell count was taken
using the Countess Automated Cell Counter (Invitrogen) according to manufacturer’s instructions
for myoblasts. 180,000 cells were plated in each well of a collagen-coated 12-well plate. Upon
reaching ~80% confluency (~24 hours after plating), the myoblasts were differentiated into
myotubes for 71 days in differentiation media. Differentiated myotubes were serum-deprived for
3 hours before being incubated in KRH buffer (pH 7.4) (150 mM NaCl, 5 mM KCI, 1.2 mM
MgSOs4, 1.2 mM NaH>POs4, 10 mM HEPES, 0.1% BSA) with or without 100 nM insulin for 1 hour
at 37°C. 0.1 pCi/mL of radiolabeled ['*C] 2-deoxy-D-glucose (['*C]2DG) and 10 uM D-glucose
with or without 20 uM cytochalasin B was added to the cells and incubated for an additional 15

minutes at 37°C. Cells were washed twice with 1X PBS and then lysed in 0.1 M NaOH. Samples
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were prepared in Ultima Gold™ MYV scintillation fluid, and then read using the Tri-Carb 4910 TR
Liquid Scintillation Analyzer (PerkinElmer). A BCA assay (Bio-Rad) was performed to determine
protein concentration in each sample and glucose uptake data were normalized to protein content

minus the protein content of collagen alone.

2.12 U-PLEX and R-PLEX assays of EDTA fasted plasma

U-PLEX Metabolic Group 1 (Human) assay was performed on EDTA fasted plasma
according to the manufacturer’s protocol (Meso Scale Discovery [MSD]). U-PLEX Biomarker
Group 1 (Human) assay was performed on EDTA fasted plasma according to the manufacturer’s
protocol (MSD). U-PLEX Custom Metabolic Group 1 (Human) assay was performed on EDTA
fasted plasma according to the manufacturer’s protocol (MSD), with selections for FGF-21,
Glucagon, PYY, BDNF, B-NGF, FSH, LH, C-peptide, and Ghrelin. U-PLEX Custom Biomarker
(Human) assay was performed on EDTA fasted plasma according to the manufacturer’s protocol
(MSD), with selections for G-CSF, I[FN-a2a, IL-1a, IL-15, IL-18, TNF-B, CTACK, SDF-1a, EPO,
and MIP-5. R-PLEX Antibody Sets assay was performed on EDTA fasted plasma according to the

manufacturer’s protocol (MSD), with selections for Osteonectin, SHBG, and IGF-1.

2.13 Western blot analysis of treated primary myotubes

Myoblasts were differentiated as previously described. Differentiated myotubes were
treated with 500 uM palmitate conjugated to 18 uM BSA, 18 uM BSA, or 100 pg/mL of LPS for
24 hours before being lifted using trypsin digestion and then pelleted in cold 1X PBS. Pellets were

stored at -80°C until sample preparation for western blots.
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Samples were prepared on ice. Pellets set aside for western blot were resuspended in lysis
buffer (10 mM Tris-HCI [pH 7.4], 150 mM NaCl, 0.5% v/v Triton X-100, and 1 mM EDTA) with
0.1% PIC (Sigma) and 0.5mM Na3VO4 and lysed with a 28-gauge needle. Samples were cleared
by centrifugation at 14,000 g for 10 minutes at 4°C. A BCA assay (Bio-Rad) was performed to
determine protein concentration. Samples were prepared with a final protein concentration of 2
pg/ul in 1X Laemmli buffer (0.2 M Tris-HCI [pH 6.8], 8% w/v SDS, 40% v/v glycerol, 0.5 M
DTT, 0.01% bromophenol blue), and boiled at 95°C for 5 minutes.

Proteins were separated by SDS-PAGE under reducing conditions as previously described
and transferred to nitrocellulose membranes using wet transfer at 100 V in transfer buffer (25 mM
Tris Base, 192 mM glycine, 20% methanol) for 1 hour. Membranes were blocked and then
incubated overnight at 4°C with gentle rocking with primary antibodies against: NFkB (Cell
Signaling #8242, 1:1000), p-NFxB (Cell Signaling #3033, 1:1000), IkB (Cell Signaling #4814,
1:1000), p-IkB (Cell Signaling #2859, 1:1000), TLR4 (Abcam #ab13867, 1:1000), PRKN (Santa
Cruz #sc32282, 1:1000), LC3II//T (Cell Signaling #12741, 1:1000), GPx4 (Abcam # ab16800,
1:1000), Nrf2 (Abcam #ab31163, 1:1000), SLC7A11 (Abcam #ab175186, 1:1000), SOD1 (Santa
Cruz #sc11407, 1:1000), SOD2 (Santa Cruz #sc30080, 1:1000), and HIF 1 a (Cell Signaling #3716,
1:1000). The next day, membranes were incubated with the appropriate secondary antibody in 5%
skim milk in TBS-T for 1 hour with gentle rocking. Protein bands were visualized using the
Immobilon ® Classico Western HRP substrate (Millipore). Signals were captured using a
ChemiDoc™ MP Imaging System (Bio-Rad). Densitometry band analysis was performed using
Image J software. To control for gel-to-gel variation, bands of interest were normalized by re-

probing the membranes with loading control GAPDH (Santa Cruz #sc47724, 1:10,000).
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2.14 High-resolution respirometry of treated permeabilized myotubes

High-resolution respirometry on digitonin-permeabilized LPS treated myotubes was
conducted using an Oxygraph-2k system (OROBOROS Instruments, Innsbruck, Austria). Two
sets of myoblasts were differentiated into myotubes for 71 days in differentiation media. 24 hours
before the experiment 100 pg/mL of LPS was added to one of the sets of cells. Cells were lifted
by trypsin digestion and pellets were resuspended in mitochondrial respiration media (MiR05) (pH
7.1, 37°C) (110 mM sucrose, 60 mM K-lactobionate, 20 mM HEPES, 20 mM taurine, 10 mM
KH2PO4, 3 mM MgCly, 0.5 mM EGTA, and 1 mg/ml fraction V BSA). Experiments were
performed in duplicate at 37°C in 2 mL of MiRO05. Following the addition of cells to the chamber,
they were permeabilized with 4.05 uM digitonin.

The standard assay protocol consisted of consecutive additions of: 2 mM malate, 5 mM
pyruvate, S mM glutamate (CI substrates), 5 mM ADP with 5 mM MgCl, (CI OXPHOS), 10 mM
succinate (CI+II OXPHOS), 1 uM carboxyatractyloside (CAT) (ANT-inhibited), 2.5 uM
oligomycin (CI+II leak), 0.5 uM titrations of FCCP (maximal respiration, ETC) and 2.5 uM
antimycin A.

The fatty acid oxidation assay protocol consisted of consecutive additions of: 2 mM malate,
125 puM palmitoylcarnitine, 5 mM ADP with 5 mM MgCl, (CI OXPHOS), 125 uM
octanoylcarnitine (CPT1-independent respiration using lipid-based substrates), 5 mM pyruvate, 5
mM glutamate (CI substrates), 10 mM succinate (CI+II OXPHOS), 1 uM CAT (ANT-inhibited),
2.5 uM oligomycin (CI+II leak), 0.5 uM titrations of FCCP (maximal respiration, ETC) and 2.5
uM antimycin A. A BCA (Bio-Rad) assay was performed to determine protein concentration in

each sample and high-resolution respirometry data was normalized to protein content.
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2.15 Statistics

Statistical analysis was performed using Prism 9 for macOS (GraphPad Software Inc., La
Jolla, CA). Statistical significance of DS versus DR was determined using a two-tailed paired
Student’s t-test. To assess the effect of the exercise intervention between DS and DR, a 2-way
repeated-measures ANOVA was used with quintile and exercise as independent variables,
followed by post hoc Holm-Sidak multiple comparison tests. To assess the effect of
the inflammatory challenge and the exercise intervention between DS and DR, a 3-way repeated-
measures ANOVA was used with quintile, exercise, and treatment as independent variables,
followed by post hoc Holm-Siddk multiple comparison tests. Statistical differences were
considered significant when the p-value was <0.05 (*p<0.05, **p<0.01, **p<0.001 DS vs DR;
#p<0.05, ##p<0.01, ###p<0.001 BL vs PET). Prism software (GraphPad Software Inc.) was used

to generate graphs. Data are presented as means+SD unless otherwise specified.
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Results

3.1 Objective #1: Inflammation and mitochondrial function in muscle tissue and primary
myotubes from diet-sensitive and diet-resistant women following exercise training.

Our recently published findings indicate that DR individuals have lower total body muscle
mass and greater fat mass, as determined by DEXA, compared to DS individuals'3®. However, DS
women have increased central adiposity, waist circumference, and higher fasting insulin levels.
Together, these data suggest that DS women may be more predisposed to metabolic disease.
Previous unpublished Somalogics plasma proteomics data revealed that DR women have elevated
expression of inflammatory cytokines such as IL-12, erythropoietin, IL-23, MCP-1, and TARC'?°,
whereas there was a trend for higher TLR4 expression in DS women (p=0.12). Chronic low-grade
inflammation is associated with obesity and loss of muscle mass through the activation of the
ubiquitin proteome system and autophagy. Specifically, activation of the IKK-NF«kB signaling
pathway results in increased production of pro-inflammatory markers and the degradation of
skeletal muscle proteins via increased MuRF1 expression. Preliminary evidence also suggests that
NFkB activation stimulates mitochondrial fusion®?, promotes mitochondrial dysfunction®, and
promotes the degradation of mitochondria by mitophagy®. Therefore, this objective aims to
determine molecular inflammatory signaling pathways that contribute to differences in body
composition and mitochondrial function between DS and DR individuals before and after exercise

training.

3.1.1 Body composition and blood biochemistry of DS and DR women

Ten women with obesity defined as DS and ten women with obesity defined as DR were

matched based on age, weight, and BMI for our analysis. DEXA analysis revealed that aspects of
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initial body composition differed between the DR and DS women. At BL, DR women had
significantly less lean body mass than DS women (p=0.0003; Figure 5B), and although fat mass
did not differ between groups, there is a strong trend for DR women to have higher percent body
fat (p=0.057; Figure 5C). The exercise intervention did not change lean mass or body weight in
either group but decreased percent body fat and fat mass preferentially in DR women compared to
DS women (p=0.014 and p=0.015; Figure 6A, B). Additionally, as a first indication that there are
differences in immune response, DR versus DS women had higher white blood cell count (WBC)
at baseline (p=0.009; Table 1) and WBC was reduced post-exercise training only in DR women

(p=0.037; Table 1).
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Figure 5. Body composition differs between DS and DR women. Participants underwent a Dual
Energy X-ray Absorptiometry (DEXA) scan to measure their baseline total body composition. (A)
Total body fat (kg). (B) Total lean body mass (kg). (C) Total body fat percentage. Data are
expressed as mean£SD (n=10). *p<0.05 DS vs DR
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Table 1. Baseline and post-exercise training anthropometric characteristics of DS and DR
women. Anthropometric measurements were conducted on individuals at the time of pre- and post-
intervention vastus lateralis muscle biopsies. *p<0.05 DS vs DR, #p<0.05 BL vs PET

Variable
n
Age (years)
Height (cm)
Bodyweight (kg)
BMI (kg/m?)

Waist circumference (cm)

Fat mass (kg)
Lean mass (kg)
% Body fat

Fasting glucose (mmol/L)
HbA1lc (%)

Fasting insulin (pmol/L)
HOMA-IR

Fasting triglycerides
(mmol/L)

Total cholesterol
(mmol/L)

HDL cholesterol
(mmol/L)

LDL cholesterol
(mmol/L)

White blood cell count
(x10°/L)

Creatine kinase (U/L)

DS
10
53.9+7.7
165.85+7.34
110.67 = 28.86
39.92 £ 8.00
124.11 £ 19.54

Body composition by DEXA
53.53 +£18.98 50.49 + 13.56*
52.88 +6.47 43.75 + 4.04*
49.23 £5.40 52.97 + 4.66*

Fasting blood biochemistry

5.20+£0.49

5.79 £0.41
91.20 + 50.37

3.06+1.78

1.38 £0.49

5.30 £ 0.87

1.54 +£0.26

3.13£0.78

6.14+1.05

127.80 = 81.13

DR
10
532+£93
158.55 + 4.99*
96.87 +17.55
38.66 = 7.56
116.05+11.45

5.02+0.49

5.59 £0.28
61.40 £24.31*

2.00 +0.89

1.54 £0.52

5.09 £0.89

1.47 +£0.36

2.95+0.72

7.25+1.32%

68.67 £21.97*

38

DS

111.07 +£29.30
40.03 + 8.20
121.67£16.06

53.56 £ 19.30
52.57 £ 6.47
49.32 £5.57

5.50+£0.72

5.63 + 0.40"
101.50 + 58.52

3.65 +£2.40

1.25+0.42

5.33+£0.83

1.54 +£0.09

3.36+0.74

6.20 +1.38

110.5 +37.34

PET

DR

96.27 £17.68
38.38 +7.66
112.69+10.46

49.55 £ 14.11**
44.20 + 4.87*
52.00 £ 5.20*"

524 +£0.53
5.49 £0.31
60.4 £25.15%
2.08+1.01*

1.35+0.58

526 +0.93

1.50+0.39

3.22+0.86

6.44 + 1.48"

72.90 + 30.68*
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Figure 6. Exercise training preferentially lowers % body fat and fat mass in DR women.
Participants underwent Dual Energy X-ray Absorptiometry (DEXA) scans pre- and post-exercise
to measure changes in total body composition. (A) Change in percent body fat (%). (B) Change in
total body fat mass (%). (C) Change in total lean body mass (%). (D) Change in total body weight
(%). Data are expressed as mean+SD (n=10). Means were compared using a two-way paired
Student’s t-test. *p<0.05 DS vs DR

3.1.2 Myotube oxygen consumption and metabolic flexibility

Next, we determined the metabolic characteristics of the differentiated myotubes isolated
from DS and DR women by quantifying oxygen consumption rate (OCR) using a modified
approach to the Agilent Seahorse XF Cell Mitochondrial Stress Test assay!8”!88. At BL, basal
respiration tended to be higher in primary myotubes from DS versus DR women (p=0.070).
Interestingly, exercise training increased basal, maximal and non-mitochondrial respiration in DR
myotubes only (p=0.002 [basal], p=0.007 [FCCP], p=0.004 [AMA/Rot]; Figure 7A). These results

translate to the extrapolated data where basal (as defined as resting respiration minus non-
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mitochondrial respiration), ATP-coupled, and maximal (as defined as maximal respiration minus
non-mitochondrial respiration) respiration, as well as spare respiratory capacity, are all higher in
DR women post-exercise training (p=0.003, p=0.006, p=0.011, p=0.039, respectively; Figure 7B,

C,E,F).
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Figure 7. Exercise training preferentially increases respiration in DR primary myotubes.
Differentiated primary myotubes underwent a modified mitochondrial stress test (Agilent Seahorse
XFe96) to measure Oxygen Consumption Rate (OCR). (A) OCR trace, injections marked with
dotted lines. (B-G) Quantification of (B) basal respiration, (C) ATP-coupled respiration, (D)
uncoupled (leak) respiration, (E) maximal respiration, (F) spare respiratory capacity (defined as
the difference between maximal and basal respiration) and (G) non-mitochondrial respiration.
Data are expressed as mean+SD relative to ug of protein per well (n=9). Means were compared
using a 2-way repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET
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The Agilent Seahorse assay also measures extracellular acidification rate (ECAR), which
quantifies changes in extracellular pH and is thus an indirect measurement of anaerobic glycolysis.
A monensin injection was included to evaluate maximal ECAR. Basal glycolysis was higher in
DS versus DR women (main effect quintile p=0.022; Figure 8A, B); and this continues as a trend
with varying degrees after injections with oligo, FCCP, AMA/Rot and monensin (main effect
quintile p=0.070, p=0.123, p=0.109, p=0.132; respectively). Inhibition of oxidative
phosphorylation by oligomycin increased anaerobic glycolysis — this shift is known as
compensatory glycolysis; a parameter which is indicative of cellular ability to manage energy
demand under stress. Oligomycin-induced compensatory glycolysis has a strong trend towards
increasing post-exercise training (main effect exercise p=0.053; Figure 8C), which, as indicated
by post hoc tests, is seen to a greater degree in DR versus DS women (p=0.184 vs p=0.754,

respectively).
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Figure 8. Glycolysis is higher in primary myotubes from DS vs DR women regardless of
exercise training. Differentiated primary myotubes underwent a modified mitochondrial stress
test (Agilent Seahorse XFe96) to measure Oxygen Consumption Rate (OCR) and Extracellular
Acidification Rate (ECAR). (A) ECAR trace, injections marked with dotted lines. (B-D)
Quantification of (B) basal glycolysis, (C) compensatory glycolysis, and (D) maximal glycolysis.
Data are expressed as mean+=SD relative to ug of protein per well (n=9). Means were compared
using a 2-way repeated-measures ANOVA.
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We next applied a publicly available algorithm'®”'® to evaluate ATP production by
glycolysis and ATP production by oxidative phosphorylation. ATP production by OXPHOS was
increased post-exercise in DR women during both basal and maximal respiration (p=0.006 and
p=0.011, respectively; Figure 9B, C). Additionally, myotubes from DS women used more ATP
production by glycolysis than their DR counterparts during basal respiration (main effect quintile

p=0.022; Figure 9D).
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Figure 9. ATP production by OXPHOS is increased preferentially in DR myotubes post-
exercise training. Differentiated primary myotubes underwent a modified mitochondrial stress
test (Agilent Seahorse XFe96) and results were used to calculate ATP production by oxidative
phosphorylation and glycolysis. (A) Bioenergetic scope. (B-G) Quantification of (B) ATP
production by OXPHOS during basal respiration, (C) ATP production by OXPHOS during
maximal respiration, (D) ATP production by glycolysis during basal respiration, (E) ATP
production by glycolysis during maximal respiration, (F) bioenergetic capacity during basal
respiration, and (G) bioenergetic capacity during maximal respiration. Data are expressed as
mean+SD relative to pug of protein per well (n=9). Means were compared using a 2-way repeated-
measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET

45



3.1.3 Myotube mitochondrial content

Next, we assessed citrate synthase activity, a marker of mitochondrial content'® to confirm
previous findings that regular moderate exercise increases mitochondrial content. Exercise-
induced mitochondrial biogenesis has repeatedly been demonstrated in skeletal muscle'#”-!%,
however, research on myotubes is limited and changes in CS activity have only been observed
during in vitro experimentation (i.e., electrical pulse stimulation)'*!'%2, No significant differences

in enzymatic activity were observed between any of the groups in primary myotubes (Figure 10).
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Figure 10. Total enzymatic activity of citrate synthase in myotube preparations does not
differ between quintiles. Specific activities (nmol/min/pg protein) of citrate synthase (CS) were

measured in differentiated primary myotubes. Data are expressed as mean+SD (n=6). Means were
compared using a 2-way repeated-measures ANOVA.

3.1.4 Expression of mitochondrial OXPHOS complexes in muscle tissue

Western blotting was used to examine differences in the levels of expression of key
subunits for each of the multiprotein complexes of the OXPHOS pathway. Exercise training
increased the expression of complexes III, IV and V in homogenized skeletal muscle tissue from

both DS and DR women (main effect exercise p=0.036, p=0.045, and p=0.046 respectively; Figure
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11C, D, E). Similarly, there is a trend for increased CII expression post-exercise training (main
effect exercise p=0.075 Figure 11B). Post hoc analyses revealed that exercise training increased

CIV expression only in DS skeletal muscle (p=0.029; Figure 11D).
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Figure 11. Exercise training increases expression of OXPHOS complexes in muscle tissue.
Western blots were performed on muscle homogenate and used to quantify the protein expression
of: (A) CI (NDUFBS), (B) CII (SDHB), (C) CIII (UQCRC2), (D) CIV (COXII), (E) CV (ATP5A).
(F) Representative western blot of the indicated OXPHOS complexes. Data are expressed as
mean£SD relative to GAPDH protein expression (n=6). Means were compared using a 2-way
repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET

3.1.5 Mitochondrial dynamics and length
Exercise training promotes elongation of the mitochondrial network. To examine if
enhanced mitochondrial fusion contributed to the observed increases in mitochondrial function,

we quantified protein expression of key fusion and fission proteins.
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There were no effects of ROWL quintile or exercise training on the expression of MFN1/2
or Drpl. However, exercise training tended to increase OPAT1 expression in DS myotubes (quintile

x exercise p=0.079; Figure 12A).
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Figure 12. Markers of muscle mitochondrial dynamics remain unaltered between quintiles
and pre- and post-exercise training. Western blots were performed on muscle homogenate and
used to quantify protein levels of (A) OPA1, (B) MFN1/2, (C) Drpl. (D) Representative western

blot of the indicated proteins. Data are expressed as Mean +SD (n=9). Means were compared using
a 2-way repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET

As the mitochondrial network is defined by the balance of dynamic fission and fusion
processes, we next examined the effects of exercise training on mitochondrial length in primary
myoblasts with quantitative morphometric analyses of TOM20-stained primary myoblasts.

TOM20 is one of seven proteins that make up the translocase of the outer membrane of
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mitochondria complex'??. Exercise training resulted in a more fused mitochondrial reticulum, as
indicated by an increase in mitochondrial length (main effect exercise p=0.0015). Post hoc
analyses showed that this was driven by increased mitochondrial length in myoblasts isolated from

DR women, (p=0.008; Figure 13A).
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Figure 13. Mitochondrial length is preferentially increased in DR myoblasts post-exercise
training. Primary myoblasts were stained with TOM20 and mitochondrial length was measured.
(A) Mitochondrial lengths (um). (B) Representative images with TOM20 (green) and DAPI (blue);
scale bars: 20 um. Data are expressed as mean+SD (n=8). Means were compared using a 2-way
repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET

3.1.6 Glutathione redox and ROS emissions

We have previously observed differences in glutathione redox in DS versus DR cohorts of
women. Additionally, because of the coupled nature of changes in OXPHOS and ROS emissions,
we also wanted to examine possible differences in ROS production. In the presence of ROS, two
GSH molecules are rapidly oxidized to GSSG. A decrease in the glutathione redox ratio
(GSH:GSSQG) is indicative of oxidative stress®*. HPLC was used to determine whether there is any

change in glutathione redox in primary myotubes pre- and post-exercise training.
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In contrast to our previous findings, at BL there were no differences in glutathione redox
between quintiles. However, exercise training increased total glutathione, GSH, and GSSG in
primary myotubes from both DR and DS women (main effect p=0.0007 and p=0.047, respectively;
Figure 14A, B). Post hoc analyses revealed that the post-exercise training increase in GSSG is
primarily driven by DS women rather than DR women (exercise within DS p=0.062; exercise
within DR p=0.886). These differences are also reflected in the amount of total glutathione and

the GSH:GSSG ratio (p=0.020 and p=0.040, respectively; Figure 14C, D).
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Figure 14. GSH:GSSG ratio is increased post-exercise training in both DS and DR primary
myotubes. HPLC was performed on differentiated primary myotubes and used to quantify: (A)
absolute concentration of GSH levels, (B) absolute concentration of GSSG levels, (C) total
glutathione, and (D) GSH:GSSG ratio. Data are expressed as mean+SD relative to pug of protein
per sample (n=9). Means were compared using a 2-way repeated-measures ANOVA.
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3.1.7 Glucose uptake measurement and response to insulin stimulation

Skeletal muscle is strongly dependent on mitochondria for cellular energy transduction to
produce ATP'S. To successfully produce ATP, the muscle needs oxygen and a source of carbon,
often fatty acids (FA) or glucose when it is abundant in the blood, as is the case after meals.
Generally, muscle cells respond to insulin stimulation by increasing glucose uptake into the cells.
However, exercise training enhances skeletal muscle glucose uptake through insulin-independent
mechanisms and can begin to counteract the negative effects on glucose metabolism seen in
insulin-resistant muscle!®?,

Characterization of skeletal muscle glucose metabolism was performed by quantifying
14C-glucose uptake in primary myotubes from DS and DR women. There is a main effect of
insulin stimulation (p=0.001; Figure 16A). This is primarily driven by significance between
glucose uptake with and without insulin stimulation in the DS myotubes at baseline (p=0.02). This
suggests that our primary myotubes isolated from individuals with obesity are insulin sensitive.
Unspecific uptake was measured by adding cytochalasin B to the incubation mix; values are

significantly lower in the presence of the glucose uptake inhibitor. There were no statistical

differences between any of the groups for unspecific uptake.
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Figure 15. Primary myotubes are sensitive to insulin-stimulated glucose uptake.
Differentiated myotubes were serum-deprived for 3 hours before being incubated in KRH buffer
with or without 100 nM insulin for 1 hour. 0.1 pCi/mL of radiolabeled [14C]2DG and 10 uM D-
glucose was added to the cells and incubated for an additional 15 minutes. Cells were lysed in 0.1
M NaOH and then scintillation reads were performed to measure: (A) Basal and insulin-stimulated

glucose uptake. (B) Unspecific glucose uptake. Data are expressed as mean+SD relative to mg of
protein per well (n=7). Means were compared using a 3-way repeated-measures ANOVA.

3.1.8 Plasma cytokine levels

Thirty cytokines were selected to examine the effects of exercise training on inflammation.
The cytokines were analysed by U-PLEX assay (MSD; Rockville, MD) in fasted EDTA plasma
samples from DS and DR women pre- and post-exercise. Specific cytokines were selected to
confirm previous differences observed in unpublished Somalogics plasma proteomics data or
because of their involvement in inflammatory pathways and pathways known to be affected by

exercise.
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At BL, DR women had higher concentrations of the chemokines CTACK and SDF1a, IL-
18, total ghrelin, and the anorexigenic appetite hormone Peptide YY (PYY) (p<0.0001, p=0.005,
p=0.046, p=0.0003, and p=0.024, respectively; Figure 17D, M, K, E, L). Post-exercise training,
DR women continued to have higher concentrations of the chemokine CTACK, IL-18, and total
ghrelin (p=0.002, p=0.046, and p=0.0004, respectively; Figure 17D, K, E), as well as now having
higher concentrations of the neurotrophic factor BDNF (p=0.019; Figure 17A). Whereas DS
women had higher plasma concentrations of C-peptide and IL-1a both at BL (p=0.027 and
p=0.002, respectively) and PET (p=0.039 and p=0.016, respectively; Figure 17C, H). Additionally,
DS women had higher concentrations of TARC and GLP1 (trending) regardless of exercise
training (main effect quintile p=0.041 and p=0.110; Figure 17N, F), and a strong trend for having
higher TNFa concentrations PET (p=0.053; Figure 170). Exercise training increased plasma
concentrations of B-NGF, [FNa2a, and GLP1 (trending) in both DS and DR women (main effect
exercise p<0.0001, p=0.004, and p=0.102, respectively; Figure 17B, G, F). Moreover, exercise
training increased CTACK, SDF1a and IL-15 to a greater extent in DS women (p=0.015, p=0.004,
and p=0.048, respectively; Figure 17D, M, J). In contrast, exercise decreased plasma TNFa
concentrations (main effect exercise p=0.025; Figure 170). There were no differences between
quintiles or with exercise training in inflammatory markers traditionally thought to be related to

inflammation including those affected by exercise (Figure S1).
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Figure 16. Effect of exercise training on the levels of various plasma cytokines. Expression of
selected cytokines in fasted EDTA plasma samples from DS and DR women were analysed using
U-PLEX assay including: (A) BDNF, (B) B-NGF, (C) C-peptide, (D) CTACK, (E) Total Ghrelin,
(F) GLP1, (G) IFNa2a, (H) IL-1a, (I) IL-15, (J) IL-18, (K) PYY, (L) SDF1a, (M) TARC, (N)
and TNFa. Data are expressed as meantSEM (n=10). Means were compared using a 2-way
repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET

3.1.9 Expression of inflammatory marker proteins in muscle tissue

Acute physical exercise initiates several beneficial effects in skeletal muscle, including
improvements in glucose uptake!”, lipid metabolism'®®, and insulin sensitivity'>*. However,
exercise also induces the activation of MAPK-ERK and IKK-NF«B signaling pathways in skeletal
muscle. Several proteins including IkB, MAPK, and ERK work in conjunction with NF«xB to
control downstream inflammation and immune responses. The magnitude of MAPK/ERK
phosphorylation during exercise directly correlates with the intensity of the exercise being
performed'®®. Despite the negative connotations with pro-inflammatory molecules, increases in
MAPK and NF«B signaling are necessary responses to chronic and intermittent stressors'’.
Skeletal muscle myocytes release cytokines (termed myokines) during contractions which play
important roles in regulating skeletal muscle repair and metabolism. As such, we next sought to
determine the activation of key inflammatory signaling pathways by quantifying the expression of
inflammatory mediators (NFxB, IkBa, MAPK, ERK, TLR4) in muscle homogenate from DS and

DR women. The phosphorylated over total ratio of these key inflammatory proteins is used as an
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index of inflammatory response since it is often the phosphorylation of proteins that induces
downstream immune responses, although total protein expression may be altered as well.

Exercise training increased the expression of phospho-NF«B in both groups (main effect
p=0.039); this was seen to a greater extent in DR versus DS women (p=0.0029 and p=0.11,
respectively; Figure S2). The increase in phosphorylated NFxB was reflected by an increase in the
phospho:total ratio post-exercise training in DR women only (exercise within DR p=0.0023,
quintile within PET p=0.0069; Figure 18A). Additionally, post-exercise, DR versus DS women
had higher expression of p-NF«B, which is reflected in the phospho:total ratio post-exercise (main
effect quintile p=0.023 and p=0.0069, respectively; Figure S2, 18A).

Expression of total [kB was higher in DR versus DS women (main effect quintile p=0.029).
Post hoc analyses revealed that total IkB was higher in DR women at baseline only (p=0.017;
Figure S3). Exercise training decreased total IkB post-exercise in DR women (p=0.04; Figure S3).
While there was no difference in the ratio of phosphorylated kB to total kB between any of the
groups, exercise tended to decrease the expression of phosphorylated IxB post-exercise in DR
women (p=0.121; Figure S3). Similarly, there is a trend for decreased expression of
phosphorylated ERK in DR skeletal muscle following exercise training (p=0.052, Figure S5), but
the ratio of phosphorylated to total ERK was not different between groups (Figure 18D). In contrast
to the differences in NFkB signaling, no differences were observed in MAPK, or TLR4 expression

(Figures 18C and 18E).
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Figure 17. Phospho:total NFkB ratio is increased post-exercise training in DR muscle tissue.
Western blots were performed on muscle homogenate and used to quantify: (A) the phospho:total
NF«kB ratio, (B) the phospho:total IxB ratio, (C) the phospho:total MAPK ratio, (D) the
phospho:total ERK ratio, (E) the protein expression of TLR4 relative to vinculin. (F)
Representative western blot of the indicated proteins. Data are expressed as mean+SD (n=9).
Means were compared using a 2-way repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05
BL vs PET
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3.2 Objective #2: Immunometabolic response in primary myotubes derived from diet-
sensitive and diet-resistant women following an in vitro inflammatory challenge.

Activation of inflammatory mediators by nutrient overload (i.e., fatty acids) impairs
mitochondrial homeostasis and contributes to insulin resistance’®. Cultured primary myotubes
retain many of the characteristics of skeletal muscle studied in vivo'®” and exposure of primary
myotubes to inflammatory stimuli can help elucidate the molecular mechanisms that are altered in
specific disease states. For example, myotubes isolated from individuals with T2D that are exposed
to fatty acids or lipopolysaccharide (LPS) demonstrate impaired fatty acid oxidation’®!*® and

altered myokine secretion'”’

compared to myotubes isolated from non-diabetic controls.
Palmitate fatty acid treatment can be used as a nutrient overload challenge in vitro, and

thus induce an inflammatory response. LPS is a component of the outer membrane of Gram-

negative bacteria that induces an inflammatory response in skeletal muscle and is also considered

to be a causative factor for the development of insulin resistance??%-20!

. Emerging evidence
suggests that high fat-containing diets can alter gut flora growth and intestinal wall permeability,
elevating enterobacterial production and translocation of LPS into systemic circulation?’?.
Therefore, to explore the differences in immunometabolic responses between the ROWL quintiles

following exercise training, we employed palmitate and LPS as inflammatory challenges on

primary myotubes isolated from DR and DS individuals.

3.2.1 Expression of inflammatory marker proteins in palmitate treated myotubes
Primary myoblasts isolated from DR and DS individuals were differentiated into myotubes
and then treated with 500 uM palmitate to induce an inflammatory response. Western blot analysis

was used to quantify the expression of inflammatory mediators (NFkB, IkBa, HIF1a, Nrf2, TLR4),
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autophagic flux proteins (LC3II/I, PRKN), and proteins related to ROS, glutathione, and
ferroptosis (GPx4, SLC7A11, SOD1, SOD2) in the treated primary myotubes®3-200:203,

Palmitate had little effect on inducing inflammatory protein expression, presumably
because obesity is already a state of nutrient-load-induced chronic inflammation and the addition
of 500 uM palmitate to the myotubes may not be enough to further induce an inflammatory
response. Similar to the ex vivo skeletal muscle expression of NF«xB, primary myotubes from DR
women tended to have higher expression of p-NF«xB than myotubes isolated from DS women
regardless of treatment with palmitate (main effect quintile p=0.064; Figure S6). This observation
was also reflected in the ratio, where DR myotubes tended to have a higher ratio of phosphorylated
to total NFxB expression (main effect quintile p=0.055, respectively; Figure 19A). Consistent with
the expression of IkB in skeletal muscle homogenate, the expression of phosphorylated and total

IxB did not differ between groups after palmitate exposure (Figure 19B, S7).
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Figure 18. Phospho:total NFkB ratio is increased in DR vs DS primary myotubes.
Differentiated myotubes were treated with 500 uM palmitate for 24 hours. Western blots were
performed on treated cells and used to quantify: (A) the phospho:total NF«xB ratio, (B) the
phospho:total IkB ratio. (C) Representative western blot of the indicated proteins. Data are
expressed as mean+SD relative to GAPDH protein expression (n=4 [NFxB], n=6 [IxB]). Means
were compared using a 3-way repeated-measures ANOVA.
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There is a strong trend for the LC3II/I ratio to increase post-exercise training regardless of
quintile (p=0.063; Figure 20A). There is a strong trend for DR women to express increased

quantities of PRKN (main effect quintile p=0.084; Figure 20C).
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Figure 19. LC3II/I ratio is trending increased post-exercise training. Differentiated myotubes
were treated with 500 uM palmitate for 24 hours. Western blots were performed on treated cells
and used to quantify: (A) the LC31I/I ratio, (B) the protein expression of PRKN. (C) Representative
western blot of the indicated proteins. Data are expressed as mean+SD relative to GAPDH protein
expression (n=4). Means were compared using a 3-way repeated-measures ANOVA.
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Markers of ferroptosis were not significantly altered in myotubes exposed to palmitate,
apart from Nrf2, which increased following treatment with palmitate (main effect treatment
p=0.035; Figure 21A). In addition, exercise training tended to enhance the expression of SLC7A11

in myotubes regardless of exposure to palmitate (p=0.099; Figure 21B).
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Figure 20. Expression of Nrf2 is increased after a palmitate inflammatory challenge.
Differentiated myotubes were treated with 500 uM palmitate for 24 hours. Western blots were
performed on treated cells and used to quantify: (A) the protein expression of Nrf2, (B) the protein
expression of SLC7A11 (37kDa), (C) the protein expression of SOD1, (D) the protein expression
of SOD2, (E) the protein expression of GPx4. (F) Representative western blot of the indicated
proteins. Data are expressed as mean+SD relative to GAPDH protein expression (n=4
[Nrf2/SLC7A11/GPx4], n=2 [SOD1/2]). Means were compared using a 3-way repeated-measures

ANOVA.
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3.2.2 Expression of inflammatory marker proteins in LPS treated myotubes

As palmitate had little effect on inducing inflammatory responses, we next treated the
primary myotubes with LPS to induce an inflammatory response. LPS activates inflammation
through a canonical pathway using TLR4 surface receptors?’!. Primary myotubes were treated with
100 pg/mL LPS for 24 hours, and western blot analysis was used to quantify the expression of the
key proteins involved in inflammatory responses.

Myotubes from DR women had higher expression of total NFxB regardless of LPS
treatment (main effect quintile p=0.022; Figure S9). The LPS inflammatory challenge induced
phosphorylation of NF«xB (main effect treatment p=0.043; Figure S9), which was also reflected in
the phospho:total ratio, where the ratio increased with treatment with LPS (p=0.039; Figure 22A).
Similarly, exposure to LPS tended to increase the phosphorylation of IkB (main effect treatment
p=0.067; Figure S10). Interestingly, myotubes isolated from both DR and DS women after exercise
training exhibited an increase in the ratio of phosphorylated to total IkB (p=0.033), which also
tended to be further amplified with LPS treatment (main effect treatment p=0.062; Figure 22B).

The increase in the ratio of phosphorylated to total IkB with exercise and LPS treatment
could be due to the trend for decreased total IxB expression following both exercise and LPS
treatment (p=0.146 and p=0.115, respectively; Figure S10). Consistent with the mechanism of
action of LPS, TLR4 expression increased with LPS treatment (main effect p=0.041; Figure 22C).
Moreover, myotubes isolated from DS women following exercise training exhibited increased

TLR4 expression (quintile x exercise p=0.018).
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Figure 21. Inflammatory markers in primary myotubes are increased after an LPS
inflammatory challenge. Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours.
Western blots were performed on treated cells and used to quantify: (A) the phospho:total NFxB
ratio, (B) the phospho:total IkB ratio, (C) the protein expression of TLR4 relative to GAPDH. (D)
Representative western blot of the indicated proteins. Data are expressed as mean+SD (n=6
[NFkB/TLR4], n=7 [IxB]). Means were compared using a 3-way repeated-measures ANOVA.
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LC3I was preferentially expressed in DR versus DS women (main effect quintile p=0.046;
Figure S11); however, there were no significant differences between any of the groups when
examining the LC3II/I ratio. There is a trending interaction effect between exercise and quintile
such that DS individuals tended to have an increased LC3II/I ratio post-exercise training and the
reverse was seen in DR individuals (quintile x exercise p=0.082; Figure 23A). There is a trend for

preferential expression of PRKN in DR versus DS myotubes (p=0.121; Figure 23B).
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Figure 22. Marker of autophagic flux, LC3I, is preferentially expressed in DR vs DS women.
Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours. Western blots were
performed on treated cells and used to quantify: (A) the LC3II/I ratio, (B) the protein expression
of PRKN. (C) Representative western blot of the indicated proteins. Data are expressed as
mean£SD relative to GAPDH protein expression (n=6 [LC3II/I], n=5 [PRKN]). Means were
compared using a 3-way repeated-measures ANOVA.
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Similar to the effects of palmitate, LPS did not alter the expression of key proteins involved
in ferroptosis and the detoxification of ROS. However, exercise training tended to increase GPx4
expression in both DR and DS myotubes (main effect p=0.054; Figure 24C). Moreover, there is
also a strong trend for DR myotubes to have higher expression of SLC7A11 than myotubes isolated

from DS women (main effect p=0.055; Figure 24D).
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Figure 23. Exercise training increases the expression of GPx4. Differentiated myotubes were
treated with 100 pg/mL LPS for 24 hours. Western blots were performed on treated cells and used
to quantify: (A) the protein expression of SODI, (B) the protein expression of SOD2, (C) the
protein expression of GPx4, (D) the protein expression of SLC7A11. (E) Representative western
blot of the indicated proteins. Data are expressed as mean+SD relative to GAPDH protein
expression (n=7 [SODI1], n=5 [SOD2], n=5 [GPx4], n=4 [SLC7A11]). Means were compared
using a 3-way repeated-measures ANOVA.
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3.2.3 Mitochondrial bioenergetics in response to an inflammatory challenge

In DR and DS primary myotubes treated with 100 pg/mL LPS, mitochondrial respiration
was quantified using high-resolution respirometry (Oroboros Oxygraph-2k). Various respiratory
conditions were analysed with the addition of several different drugs including oligomycin-
induced state 4, maximally uncoupled (FCCP induced), and ANT inhibited (CAT induced).
Furthermore, non-mitochondrial respiration was measured following the addition of antimycin A.

Interestingly, respiratory capacity was enhanced in primary myotubes at BL when treated
with LPS. Other studies hypothesize that the proinflammatory response induced by the IKK-NF«B
signaling pathway may be critical for muscle regeneration post-exercise, and it has been
demonstrated to increase the transcription of antioxidant genes'> %4, We hypothesize that these
pathways may be playing a role in the recovery of respiration post-LPS-induced inflammatory
response.

Basal respiration tended to be higher in DS myotubes (p=0.156). Similarly, respiration
from CI and CII OXPHOS (following the addition of ADP and succinate respectively) tended to
be higher in DS versus DR myotubes (p=0.141 and p=0.138, respectively). ANT inhibited
respiration (CAT induced) also tended to be higher post-exercise training (main effect p=0.144).
Most notably, there is a strong trend for maximal respiration (FCCP-induced) to be increased post-

LPS treatment (p=0.096; Figure 25).
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Figure 24. Maximal respiration of permeabilized myotubes is trending increased after an
LPS inflammatory challenge. Differentiated myotubes were treated with 100 pg/mL LPS for 24
hours. High-resolution respirometry was performed using Oxygraph-2k to quantify: (A)
mitochondrial respiration under various drug-induced conditions at baseline, (B) mitochondrial
respiration under various drug-induced conditions post-exercise training. Data are expressed as
mean£SD relative to protein per sample (mg) (n=7 [BL], n=5 [PET]). Means were compared using
a 3-way repeated-measures ANOVA.

70



Mitochondrial respiration supported by fatty acid substrates was subsequently analysed to
determine quintile differences in fatty acid oxidation in response to the LPS-induced inflammatory
challenge. Both DR and DS myotubes demonstrated decreased CI OXPHOS + FAO respiration
(following the addition of ADP) when treated with LPS (main effect treatment p=0.009; Figure
26). This is consistent with previously published findings that glycolysis is increased in skeletal
muscle in an inflammatory state?’>2%, Exercise training tended to enhance fatty acid-supported
respiration (main effect of exercise, ADP p=0.116, succinate p=0.144). Succinate also has a
trending interaction effect where PET, myotubes tended to respond less to the LPS treatment
(exercise x treatment p=0.123). Oligo has a significant interaction effect, whereby respiration of
DS myotubes decreased after treatment with LPS (quintile x treatment p=0.049). Maximal
respiration (FCCP-induced) is trending increased post-exercise (main effect p=0.181) and the
recovery of respiratory capacity previously seen in the LPS treated cells in the standard protocol
is no longer observed. Moreover, maximal respiration also has a significant interaction effect,
where, once again, respiration of DS myotubes decreased after treatment with LPS (quintile x

treatment (p=0.040).
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Figure 25. Fatty acid oxidation respiration is trending higher post-exercise training.
Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours. High-resolution
respirometry was performed using Oxygraph-2k to quantify: (A) mitochondrial respiration under
various drug-induced conditions at baseline, (B) mitochondrial respiration under various drug-
induced conditions post-exercise training. Data are expressed as mean+SD relative to protein per
sample (mg) (n=6 [BL], n=5 [PET]). Means were compared using a 3-way repeated-measures

ANOVA.
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Discussion

Research on this unique population of individuals with obesity in the highest (DS) and
lowest (DR) quintiles for rate of weight loss has revealed that DS individuals have several skeletal
muscle metabolic advantages, including increased mitochondrial proton leak®’, enhanced fatty acid

metabolism!3°

, and a greater antioxidant capacity'?’. In these experiments, we have demonstrated
the vast array of beneficial effects that regular physical exercise preferentially provides to DR
women, including increased mitochondrial length and function. We also demonstrated that the
IKK-NF«B pathway tends to be more active in DR women, despite lower concentrations of
circulating plasma cytokines compared to DS women. Furthermore, exercise training enhanced the
antioxidant capacity in both DS and DR women with obesity.

Obesity is associated with a high body fat percentage and increased visceral adipose tissue,
which is a large risk factor in the development of metabolic disease!®’. Nevertheless, research has
continuously demonstrated that regular physical exercise provides beneficial physiological effects
and decreases the risk of cardiometabolic diseases®”’. Numerous studies have demonstrated that

exercise training alone can improve body composition!80-208

. In the context of our population, at
baseline, we observed altered body composition between DS and DR individuals, which was
attributable to DR women having decreased lean body mass, suggesting they may be at greater
risk of developing sarcopenia®”. Interestingly, while exercise training did not significantly alter
body weight in our populations, the exercise intervention improved body composition to a greater
extent in DR women compared to DS. This suggests that exercise training is inducing beneficial

metabolic adaptations that could enhance weight loss capacity in DR individuals. Indeed, the

combination of caloric restriction with aerobic and resistance exercise has been shown to enhance
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the capacity for maintained weight loss and can improve the functional status of adults with
obesity?!0.
The observation of exercise-induced improvements in body composition of DR
individuals, along with previously characterized differences between DS and DR skeletal muscle,
led us to hypothesize that cellular mitochondrial function would also be improved preferentially
in DR women. Both skeletal muscle tissue and cultured primary myotubes were used to verify
these hypotheses. Primary myotubes tend to retain the same metabolic characteristics as the donor
tissue, including fat oxidation and metabolic flexibility'®”-?!12!2, Therefore, they are recognized as
a good model for studying metabolic mechanisms of disease states such as diabetes and obesity.
In contrast to previous findings'?’, we observed no difference in cellular leak respiration
between DR and DS myotubes. The difference between our findings and those of Thrush et al'?
could be related to minor differences in the protocol followed, including different concentrations
of oligomycin (which were independently optimized) and the Agilent Seahorse XF machine used
(€24 vs €96). Regardless, we did observe an increase in myotube respiration in DR but not DS
women post-exercise training, indicative of increased mitochondrial function, which supports our
hypothesis that exercise would induce beneficial metabolic adaptions preferentially in DR
individuals.

148

Research has shown that regular exercise can increase mitochondrial function'*® and induce

mitochondrial biogenesis'¥’”. However, citrate synthase activity, a marker of mitochondrial

density'®?

, was not increased following exercise training in primary myotubes from DR or DS
individuals. While this is not consistent with previous observations of exercise-induced increases

in mitochondrial content in skeletal muscle tissue, it may be because exercise trials that reported

this effect were longer in duration and lasted several months'#’. Therefore, the increase in cellular
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respiration in DR individuals could be reflective of enhanced mitochondrial function, rather than
an increase in mitochondrial density. Additionally, despite evidence that primary myotube
metabolic characteristics tend to mirror those in vivo, it is not without its limitations, including the

lack of communication with surrounding cell types'®’

. As such, gross mitochondrial content may
be impacted if mitochondrial turnover is different between myotubes and muscle fibres. Because
myotubes tend to be less differentiated than muscle cells, fusion events are less frequent but more
stable in muscle fibers?!® — higher CS activity may be detected in muscle cells versus myotubes
because of the promotion of healthier and more robust mitochondria’?!'3. Moreover, comparative
profiling of in vitro skeletal muscle models has suggested that isolated primary muscle cells are
more representative of type I oxidative fibres and may have lower mitochondrial content and/or
dysfunctional mitochondria compared to ex vivo muscle?'4. Thus, citrate synthase may not be an
appropriate marker of mitochondrial density in vitro.

Most cells can effectively switch between oxidative phosphorylation and glycolysis to meet
energy demands. Moreover, cellular conditions can, not only push cells more towards one or the
other for energy production, but can alter the overall bioenergetic capacity?!>. This flexibility in
skeletal muscle metabolism is diminished in patients with obesity and T2DM?!2216, In the present
study, we evaluated metabolic flexibility using a publicly available analysis tool'®” and observed
that DS women use more ATP production from glycolysis during basal respiration compared to
DR women. Moreover, there is an observable increase in ATP production by OXPHOS in DR
women post-exercise training, which suggests that exercise may be able to preferentially increase
the cells’ intrinsic ability to utilize the OXPHOS pathway in DR women. Consistent with our
findings, myotubes isolated from healthy men following a 12-week exercise intervention showed

improved glucose and lipid metabolism compared to myotubes isolated at baseline?!’. Taken
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together, these findings suggest that exercise training may be able to reverse some of the
detrimental effects that obesity has on the metabolic flexibility of myotubes.
Regular exercise training can lessen damage from reactive oxygen species'*®, resulting

218 and enhanced antioxidant capacity?!®. Improved cellular

from both decreased ROS production
ability to detoxify ROS is often reflected in the GSH:GSSG ratio®. The Harper Lab has previously
observed that glutathione redox was lower in primary myotubes isolated from DR individuals
compared to DS individuals with obesity!?°. Therefore, GSH:GSSG ratio was measured to see if
exercise training could lessen oxidative stress in primary myotubes from DR individuals. The ratio
at baseline was found to be less than 10:1, which is indicative of a state of high oxidative stress.
Exercise training increased the GSH:GSSG ratio in both DR and DS women, suggesting there may
be enhanced capacity of glutathione-containing antioxidant enzymes (i.e., GPx), and/or increased
glutathione synthesis. Indeed, exercise training has been shown to enhance GPx activity in skeletal

220

muscle, as well as y-glutamyl-transpeptidase mediated uptake*=”, and increased glutathione

synthesis via y-glutamyl-cysteine synthase??!?2,

The Harper Lab has previously demonstrated that expression of genes involved in glucose
and fatty acid metabolism is increased in skeletal muscle tissue from DS versus DR individuals''®
and blood RNA transcriptomics prior to caloric restriction revealed upregulation of OXPHOS gene
transcripts in DS individuals as well'*8. Thus, analysis of the mitochondrial OXPHOS subunits
was performed to assess the impact of exercise training on protein expression in DS and DR muscle
tissue. There was no difference in the expression of OXPHOS proteins between DS and DR
individuals, which is consistent with our previous observations of protein expression in myotubes
129,139

and skeletal muscle homogenate from separate cohorts of DR and DS patients

Complementing our functional data, however, we observed an increase in the expression of
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mitochondrial complexes II, III, IV and V in muscle homogenate from both DS and DR women
post-exercise training, which is consistent with previously published research showing that
exercise upregulates expression of genes and proteins involved in OXPHOS'#,

Exercise training resulted in a more fused mitochondrial reticulum in DR myotubes, as
indicated by an increase in mitochondrial length. Since this same change was not observed in DS
myotubes post-exercise training, and elongated mitochondria are more efficient at ATP
production, we hypothesize the increase in bioenergetic capacity in DR myotubes following
exercise training may be attributable to enhanced mitochondrial fusion. Although a balance of
fission and fusion is necessary for healthy mitochondria, generally, a more fused mitochondrial
reticulum is indicative of protected and more efficient mitochondria®’??3. In contrast to our
hypothesis, we did not observe any exercise-induced increases in mitochondrial fusion proteins
(MFN1, MFN2, OPA-1), which may be due to transient changes in the expression of these
proteins®?,

Obesity is associated with chronic low-grade inflammation which can contribute to the
development of insulin resistance??’. Observational studies have elucidated that exercise training

226 Based on our

may have anti-inflammatory effects by modulating circulating cytokine levels
previous unpublished transcriptomic and plasma proteomic datasets, we hypothesized that patients
with DR obesity may have higher systemic inflammation than individuals with DS obesity, which
may contribute to the loss of muscle mass through the activation of the ubiquitin proteome system.
In contrast to our hypothesis, very few inflammatory markers differed between DS and DR women
at baseline. Notably, however, PYY and total ghrelin were increased in DS women at baseline.

These are two hormones that have been implicated in appetite control and weight regulation®>9,

which is consistent with the increased ROWL seen in DS individuals. Exercise training did alter
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the concentration of several plasma cytokines, including increasing B-NGF and IFNa2a, and
decreasing TNFa. CTACK and SDF-1a were also increased PET in DS women only. CTACK and
SDF-1a are chemokines with protective functions during an inflammatory response??’-?2%, SDF-
la, in particular, has previous been shown to increase with physical exercise and be inversely
correlated with blood glucose and insulin resistance??%-23°,

Upon examination of expression of inflammatory markers in muscle homogenate, it can be
concluded that the IKK-NF«B pathway tends to be more active in DR individuals. However, there
were no differences in the MAPK-ERK pathway regardless of quintile or exercise status, despite

previous observations that activation of the MAPK-ERK pathway tends to be induced by

exercise'>’. However, changes in the expression of MAPK-ERK proteins tend to require longer

231,232 156

exercise interventions and are often less consistent in individuals with obesity

In general, our data from both skeletal muscle homogenate and primary myotubes are
consistent with an increase in inflammatory markers post-exercise training. In lean individuals, it
has been shown many times that regular moderate exercise reduces inflammation'32-'>*, However,
as previously discussed, studies on individuals with obesity have been less consistent. Even after
12 weeks of regular endurance exercise, studies have shown only moderate decreases in a limited
number of inflammatory markers'>®. In general, it is hypothesized that the beneficial effects of
reduced inflammation as seen in lean individuals, may eventually be seen in individuals with
obesity but only after weight loss and a longer period of regular exercise training. Additionally, a
single bout of exercise does induce inflammation both during and immediately post-exercise,
regardless of chronic exercise status. This increase in inflammation is important for many of the

beneficial effects of exercise (e.g., induction of antioxidants, muscle hypertrophy, et cetera)'>!. We

hypothesize that the combination of increased inflammation following acute exercise and the
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reduced cytokine clearance capacity of individuals with obesity may lead to the increase in
expression of inflammatory markers that we observed.

To elucidate differences in skeletal muscle inflammation between DS and DR obesity,
primary myotubes were treated with palmitate to induce an inflammatory response. However, we
observed few differences following this inflammatory challenge. We hypothesize that because
obesity is already a state of nutrient-load chronic inflammation, the addition of palmitate was not
sufficient to induce any further inflammation. In healthy L6 myotubes, the threshold concentration
at which palmitate induced a significant change in IxkB and IL-6 gene expression was 400 uM®*.
The concentration of plasma-free fatty acids in obesity has been shown to be as high as 800
uM233:234 - quggesting that the threshold may have already been surpassed in the untreated
myotubes. Moreover, gene expression evidence suggests that inflammatory responses to stress can
be adaptive — demonstrating a strong initial response but habituating to repeated, similar stress®*>.
As such, it is likely that in individuals with obesity, their muscle cells would have already begun
to habituate to the chronic induction of stress. Together these findings are consistent with evidence
that obesity induces a chronic state of inflammation*>236,

When treated with LPS to induce inflammation, we observed an increase in NFxB and
TLR4, suggesting that our aim to induce an inflammatory response in the primary myotubes was
successful. LPS is a well-documented mediator of the IKK-NFxB pathway through canonical
signaling using TLR4 surface receptors?®!. Activation of the IKK-NF«kB pathway in response to
LPS treatment did not differ between DS and DR myotubes. Additional experiments are needed to
validate our hypothesis that DS individuals may regulate inflammation through the canonical

pathway, using TLR4, more so than their DR counterparts.
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High-resolution respirometry demonstrated that an LPS inflammatory challenge induced a
recovery of OXPHOS respiratory capacity. We hypothesize that the activation of the IKK-NF«B
pathway is inducing an acute protective mechanism which includes upregulating mitochondrial
biogenesis, mitophagy, and the transcription of antioxidants?*’. This is consistent with previous
findings that inflammation is a necessary mechanism to aid in the clearance of ROS as well as
dead and dying cells!**?*8, NF«kB increases the transcription of antioxidant genes, including
MnSOD, NOX, and y-GCS?*. Several studies hypothesize that the proinflammatory response
induced by the IKK-NF«kB signaling pathway may be critical for muscle regeneration post-
exercise!’!, however chronic activation of the NFkB pathway still has many deleterious effects?*°.
Moreover, primary myotubes isolated from DS individuals tend to exhibit higher respiratory rates
than their DR counterparts, consistent with the observed trends in OCR measurements in our
seahorse assays, where DS women also tended to exhibit greater OCR at baseline.

In high-resolution respirometry experiments, when myotubes were provided with FAs as
an alternative fuel source, the aforementioned increase in respiration due to inflammation is no
longer seen. This suggests that the combined stress of both LPS and FAs hinders cellular
respiration. However, exercise training tended to increase maximal respiration in both DS and DR
myotubes. This is consistent with the literature that exercise can promote FA clearance and
F A058,240.

In conclusion, we demonstrate that six weeks of exercise training can improve skeletal
muscle mitochondrial function, improve cellular glutathione redox, and increase certain
inflammatory markers in individuals with obesity. Specifically, we demonstrate that exercise
training lowers percent body fat and fat mass in DR women and enhances cellular maximal

respiration in primary myotubes isolated from DR women. We also show that exercise training
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enhances IKK-NF«B signaling in skeletal muscle; and that this was increased to a greater extent
in DR versus DS women. Finally, there appears to be a recovery of respiratory capacity in

myotubes treated with LPS which we hypothesize is due to activation of protective mechanisms.
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Limitations and Alternatives

We acknowledge that there are limitations to the study that are worth noting. First, the
small sample size and relatively short duration of the exercise intervention are limitations. Small
sample sizes are a common limitation among human studies and no real alternative exists beyond
complementing our results with additional experiments in animal models. Longer exercise
interventions can elicit myofiber hypertrophy'®!?4!; despite our observations in relation to muscle
bioenergetics, our exercise intervention did not induce hypertrophy as per measurements of muscle
fibre cross-sectional area'®,

Secondly, isolated primary myoblasts may not be completely reflective of in vivo
metabolism. When examining isolated cell populations, there is a lack of communication with
surrounding cell types'®’, which may affect cellular protein composition and function.
Comparative transcriptome profiling of human tissue and isolated myotubes suggests that the
isolated cells may be more representative of type I oxidative fibres and thus may not reflect the
heterogeneity in metabolism of human skeletal muscle?'4. Additionally, the isolation and culturing
of primary cells may be selective for the healthiest and most robust myoblasts, and thus
experiments performed on these cells may have been skewed towards representing healthier
muscle. We also observed differences in growth rates between myoblasts isolated from different
individuals. Although efforts were made to ensure experiments were conducted pairwise to limit
variability, certain experiments were more susceptible to the differences in growth rates — notably
the glucose uptake assays. Alternatives to in vitro glucose uptake assays include in vivo glucose
tolerance testing and other blood chemistry markers, including HbA1lc and HOMA-IR, which were

recorded for our participants. Where possible, we also performed complementary experiments on
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ex vivo muscle tissue as an alternative to account for the limitations in using primary
myoblasts/tubes.

Furthermore, there are limitations with all experimental approaches; for example,
cardiolipin may be a more appropriate marker for mitochondrial content rather than citrate
synthase activity'®®. Lastly, several cytokines of interest were below the limit of detection for U-
PLEX assays. It would be of value to repeat these experiments, as well as complement them with
analysis of cytokine transcript levels from skeletal muscle biopsies.

Further experimentation is needed to validate some of our hypotheses. For example, protein
markers of ferroptosis as measured by western blotting did not differ between groups, however,
future experiments could analyse lipid peroxidation or iron metabolism. Additionally, our
conclusions regarding differences in inflammation between quintiles tended to be variable; as a
next step, I propose functional experiments, such as measuring NFkB translocation to the nucleus
or knock in/down/out experiments, such as inhibiting TLR4 to examine mechanistic differences in

inflammation between quintiles.
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Conclusions and Future Directions

Research on individuals with obesity in the highest (DS) and lowest (DR) quintiles for rate
of weight loss has revealed that DS individuals have several skeletal muscle metabolic advantages,
including increased proportions of type I oxidative fibres, increased mitochondrial proton leak,
enhanced fatty acid metabolism, and a greater antioxidant capacity. The findings from this thesis
support using exercise to improve skeletal muscle mitochondrial metabolism in diet-resistant
obesity. Our conclusions regarding inflammatory responses were more variable. Although, we
were able to demonstrate that the IKK-NFxB pathway tends to be more active in DR individuals,
further elucidation of mechanistic differences between DS and DR cohorts is needed.

To further characterize the inflammatory profiles of DS and DR individuals, cytokine
transcript levels could be examined from skeletal muscle biopsies. A special focus on levels
MuRF1 and Atrogin-1, as well as markers of protein synthesis, could be used to examine if the
ubiquitin-proteasome pathway is contributing to the observed differences in lean body mass
between DS and DR individuals with obesity. The proposed mechanistic studies will improve the
understanding of how inflammation modulates changes in metabolism in these individuals and
may identify novel pathways that can be targeted as viable options for treatments of obesity.

The focus of my study was skeletal muscle tissue. However, to have a more comprehensive
picture of immunometabolism within DS and DR obesity, future analysis should include immune
cells. Already some of our measurements of systemic inflammation indicate that there would be
differences between quintiles, as well as changes induced by exercise. Such experimentation
would provide novel insights into mechanisms of crosstalk between the immune system and

skeletal muscle tissue.
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In conclusion, exercise is often overlooked as a primary treatment for obesity, despite
continuous evidence of the vast array of advantages that regular physical exercise provide to
metabolic health, including increased mitochondrial density and function in skeletal muscle. Here,
we have demonstrated that exercise training improves body composition, enhances cellular
maximal respiration, and increases mitochondrial length preferentially in DR women. Taken
together, these data highlight the importance of including exercise in the treatment of obesity,

especially for those who have great difficulties losing weight, and maintaining weight loss.
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Appendix

Table S1. Baseline and post-exercise training anthropometric characteristics of DS and DR women with p-values. Anthropometric
measurements were conducted on individuals at the time of pre- and post-intervention vastus lateralis muscle biopsies. *p<0.05 DS vs
DR, #p<0.05 BL vs PET

BL PET Main Effect p-value
Variable DS DR DS DR Quintile Exercise
n 10 10
Age (years) 53977 532+93 - - 0.578 -
Height (cm) 165.85 £ 7.34 158.55 £ 4.99* - - 0.046 -
Bodyweight (kg) 110.67 + 28.86 96.87 £ 17.55 111.07 +£29.30 96.27 £17.68 0.033 0.831
BMI (kg/mz) 39.92 £ 8.00 38.66 £ 7.56 40.03 £+ 8.20 38.38 £7.66 0.334 0.638
?Zl:i)St circumference 124.11 + 19.54 116.05+11.45 121.67+16.06 112.69+10.46 0.042 0.052
Body composition by DEXA

Fat mass (kg) 53.53 £18.98 50.49 + 13.56* 53.56 +£19.30 49.55 + 14.11*" 0.404 0.220
Lean mass (kg) 52.88 £6.47 43.75 £4.04* 52.57 £6.47 4420 + 4.87* <0.001 0.871
% Body fat 49.23 +£5.40 52.97 £ 4.66* 49.32 +5.57 52.00 + 5.20%" 0.094 0.147

Fasting blood biochemistry

Fasting glucose

520+ 0.49 5.02 +0.49 550 +0.72 524+0.53 0.238 0.165
(mmol/L)

HbAlc (%) 579+ 0.41 559+ 0.8 5.63 + 0.40" 549+ 0231 0318 0.003
Fasting insulin 91.20 + 50.37 61.40 +24.31% 101.50 + 58.52 60.4 + 25.15% 0.029 0.526

(pmol/L)
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Fasting triglycerides 1.38 +0.49 1.54 +0.52 1.25+0.42 135+ 0.58 0511
(mmol/L)

HDL-cholesterol 1.54+0.26 147+ 036 154+ 0.09 1.50 + 0.39 0.800 0.998
(mmol/L)
glh(;}fL';l‘md cell count 6.14 + 1.05 7254+ 132% 6.20 + 1.38 6.44 + 1.48" 0.034 0219
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Figure S1. Effect of exercise training on the levels of various plasma cytokines. Expression of selected
cytokines in fasted EDTA plasma samples from DS and DR women were analysed using U-PLEX assay
including: (A) BDNF, (B) B-NGF, (C) C-peptide, (D) CTACK, (E) EPO, (F) FGF-21, (G) FSH, (H) G-
CSF, (I) Total Ghrelin, (J) GLP1, (K) Glucagon, (L) [IFNa2a, (M) IFNy, (N) IL-1«a, (O) IL-1p, (P) IL-4,
(Q) IL-6, (R) IL-10, (S) IL-15, (T) IL-18, (U) IL-23, (V) Leptin, (W) LH, (X) MCP1, (Y) MIP-1a, (Z)
MIP-1B, (AB) MIPS, (AC) Osteonectin, (AD) PYY, (AE) SDFla, (AF) SHBG, (AG) TARC, (AH)
TNFa, (AI) TNFp, and (AJ) VEGF-A. Some of the cytokines (notably, IL-1p and IL-6) were below the
limits of detection. Data are expressed as mean+SEM (n=10). Means were compared using a 2-way
repeated-measures ANOVA. *p<0.05 DS vs DR, #p<0.05 BL vs PET
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Figure S2. Phospho:total NFkB ratio is increased post-exercise training in DR muscle tissue. Western
blots were performed on muscle homogenate and used to quantify: (A) the protein expression of NF«B,
(B) the protein expression of p-NF«B, (C) the phospho:total NFkB ratio. (D) Representative western blot
of the indicated proteins. Data are expressed as mean+SD relative to vinculin protein expression (n=9).
*p<0.05 DS vs DR, #p<0.05 BL vs PET
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Figure S3. IkB is increased in muscle tissue from DR vs DS women. Western blots were performed on
muscle homogenate and used to quantify: (A) the protein expression of IkB, (B) the protein expression of
p-IxB, (C) the phospho:total kB ratio. (D) Representative western blot of the indicated proteins. Data are
expressed as mean+SD relative to vinculin or GAPDH protein expression as indicated (n=9). *p<0.05 DS
vs DR, #p<0.05 BL vs PET
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Figure S4. Phospho:total MAPK ratio is unaltered between groups in muscle tissue. Western blots
were performed on muscle homogenate and used to quantify: (A) the protein expression of MAPK, (B)
the protein expression of p-MAPK, (C) the phospho:total MAPK ratio. (D) Representative western blot
of the indicated proteins. Data are expressed as mean+SD relative to vinculin protein expression (n=9).
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Figure SS. Expression of p-ERK is affected by exercise, dependent on quintile, in muscle tissue.
Western blots were performed on muscle homogenate and used to quantify: (A) the protein expression of
ERK, (B) the protein expression of p-ERK, (C) the phospho:total ERK ratio. (D) Representative western
blot of the indicated proteins. Data are expressed as mean+SD relative to vinculin protein expression

(n=9).
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Figure S6. Phospho:total NFkB ratio is increased in DR vs DS primary myotubes. Differentiated
myotubes were treated with 500 uM palmitate for 24 hours. Western blots were performed on treated cells
and used to quantify: (A) the protein expression of NF«B, (B) the protein expression of p-NF«kB, (C) the
phospho:total NFkB ratio. (D) Representative western blot of the indicated proteins. Data are expressed
as mean+SD relative to GAPDH protein expression (n=6 [NFxB], n=4 [p-NF«B]).
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Figure S7. Phospho:total IxB ratio remains unaltered after a palmitate inflammatory challenge.
Differentiated myotubes were treated with 500 uM palmitate for 24 hours. Western blots were performed
on treated cells and used to quantify: (A) the protein expression of IkB, (B) the protein expression of p-
IkB, (C) the phospho:total IkB ratio. (D) Representative western blot of the indicated proteins. Data are
expressed as mean+SD relative to GAPDH protein expression (n=6).
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Figure S8. Expression of markers of autophagic flux after a palmitate inflammatory challenge.
Differentiated myotubes were treated with 500 uM palmitate for 24 hours. Western blots were performed
on treated cells and used to quantify: (A) the protein expression of LC31, (B) the protein expression of
LC3II, (C) the protein expression of HIFla, (D) the protein expression of SLC7A11 (55 kDa). (E)
Representative western blot of the indicated proteins. Data are expressed as mean£SD relative to GAPDH
protein expression (n=4).
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Figure S9. Phospho:total NFkB ratio is increased after an LPS inflammatory challenge.
Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours. Western blots were performed
on treated cells and used to quantify: (A) the protein expression of NFxB, (B) the protein expression of p-
NF«B, (C) the phospho:total NF«B ratio. (D) Representative western blot of the indicated proteins. Data
are expressed as mean+SD relative to GAPDH protein expression (n=6).
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Figure S10. Phospho:total IkB ratio is increased post-exercise in both DS and DR primary
myotubes. Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours. Western blots were
performed on treated cells and used to quantify: (A) the protein expression of kB, (B) the protein
expression of p-IkB, (C) the phospho:total IkB ratio. (D) Representative western blot of the indicated
proteins. Data are expressed as mean£SD relative to GAPDH protein expression (n=7).
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Figure S11. Marker of autophagic flux, LC3I, is preferentially expressed in DR vs DS primary
myotubes. Differentiated myotubes were treated with 100 pg/mL LPS for 24 hours. Western blots were
performed on treated cells and used to quantify: (A) the protein expression of LC3I, (B) the protein
expression of LC3II, (C) the protein expression of SLC7A11 (55 kDa). (D) Representative western blot
of the indicated proteins. Data are expressed as mean+SD relative to GAPDH protein expression (n=7

[LC3II/1], n=4 [SLC7A11]).
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