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Popular science summary of the thesis

The muscles in our body serve a purpose far beyond movement. They are integral to our
overall health, playing a critical role in managing blood sugar levels through their response to
the insulin hormone. However, in type 2 diabetes, this system becomes dysfunctional.
Muscles become less responsive to insulin, a condition known as insulin resistance, leading to
elevated blood sugar levels and possibly failure of vital organs such as the heart, the kidney

and the blood vessels.

Exercise, a powerful tool in the prevention and management of type 2 diabetes, prompts an
adaptive response in our muscles, improving their sensitivity to insulin. This enhancement is
vital for controlling blood sugar levels and mitigating the risks associated with type 2 diabetes.
Understanding how exercise induces these beneficial changes can unlock new strategies to

combat insulin resistance.

In this thesis, we want to zoom in on how the muscle responds to circulating factors that are
either altered in the context of type 2 diabetes or in response to exercise training. In study |,
we focus on deciphering the role of glutamine in the modulation of insulin sensitivity. Our
findings suggest that higher levels of circulating glutamine might make the muscles more
insulin sensitive, likely through different mechanisms. So far, we have identified two key
pathways: one involves modulating the muscle's inflammatory response to the disease, and
the other involves reducing levels of a protein called GRB10, which is known to inhibit the
muscle response to insulin. Other studies have pointed to higher levels of circulating
glutamine as protective against the development of type 2 diabetes, so we cannot exclude a
future where glutamine is supplemented to help in the prevention or treatment of type 2
diabetes. In study I, we focus on a different class of circulating molecules that have been
proposed to act as molecular messengers between the cells and the tissues in our body:
microRNAs. microRNAs are tiny molecules that act as ‘molecular switches’ in our cells, turning
on and off specific pathways to elicit specific cellular responses. Specifically, we investigated
a class of microRNAs that are packed in vesicles. These vesicles protect microRNAs from
degradation and are thought to act as vehicles, carrying around microRNAs in the circulation
and allowing them to reach their tissue or cell of destination and deliver their message. We
found that after three weeks of regular exercise, the levels of certain microRNAs, particularly
miR-136-3p, increase in the bloodstream. This specific microRNA has shown a remarkable
ability to enhance glucose uptake and improve mitochondrial function in muscle cells,
independent of insulin. By studying the pathways regulated by this microRNA, we hope to

uncover new mechanisms through which exercise promotes muscle health.



Abstract

The overall aim of this doctoral thesis was to study the role of circulating factors in modulating
skeletal muscle metabolism. To this end, we investigated two different scenarios: Type 2
diabetes, which is characterised by impaired skeletal muscle metabolism and reduced insulin
sensitivity, and exercise training, which induces various adaptations in skeletal muscle that

ultimately improve insulin sensitivity and substrate handling.

Specifically, the aims of the studies presented in the thesis were to determine whether an
increase in the circulating levels of the amino acid glutamine improves whole-body and
skeletal muscle metabolism and insulin sensitivity (Study 1), and whether three weeks of
endurance exercise training alters the microRNA cargo of circulating extracellular vesicles
(Study I1).

Study | revealed that increasing circulating levels of the amino acid glutamine improves
whole-body glucose homeostasis and skeletal muscle insulin action. This effect was attributed
to the modulation of inflammatory gene expression and the downregulation of Growth factor
receptor-bound protein (GRB10), an inhibitor of insulin signalling. Study Il found that three
weeks of supervised endurance exercise training changes the microRNA content of serum-
derived extracellular vesicles, specifically increasing the content of microRNA miR-136-3p.
microRNA miR-136-3p increases glucose uptake, oxygen consumption rate and extracellular
acidification rate in human skeletal muscle cells. In skeletal muscle, miR-136-3p directly
targets NRDC, an exercise- and inactivity-responsive gene, although the metabolic effects

induced by mir-136-3p are not solely mediated through the silencing of NRDC.
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1 Literature review

1.1 Skeletal muscle plays a central role in glucose homeostasis

In healthy individuals, blood glucose concentrations are rigorously maintained within a
narrow range of 4-6 mmol/L. This tight regulation is mainly mediated by the counter-
regulatory actions of the hormones glucagon, which elevates plasma glucose levels during
periods of fasting, and insulin, which facilitates glucose uptake and storage postprandially
(1,2).

Skeletal muscle is a primary site of insulin-stimulated glucose disposal. Under
hyperinsulinaemic euglycaemic clamp conditions, skeletal muscle accounts for approximately
70-80% of insulin-stimulated glucose uptake in healthy individuals (3). In response to an
increase in plasma glucose concentrations, pancreatic B-cells release insulin (4). Insulin action
is dependent on the insulin receptor, and although all cells express insulin receptors, in
response to increased glycaemia, insulin specifically targets liver to reduce hepatic glucose
output, and adipose and skeletal muscle tissue to increase glucose uptake and storage (5-7).
This process involves specific signalling events within the muscle fibres (7-11). Specifically,
insulin binds to its receptor, a heterotetrameric tyrosine kinase, thereby triggering auto-
phosphorylation of its intracellular domain and subsequent phosphorylation of insulin
receptor substrates (IRS) proteins, of which the most studied in the context of skeletal muscle
metabolism are IRS1 and IRS2 (12,13). Growth factor receptor-binding protein 10 (GRB10)
interacts with the phosphorylated insulin receptor, inhibiting the association of downstream
effectors, including IRSs, in what appears to serve as a negative feedback regulatory

mechanism within the insulin signalling pathway (14,15).

Phosphorylated IRSs act as docking proteins for phosphatidylinositol 3-kinase (PI3K). PI3K is a
heterodimeric enzyme composed of a regulatory subunit (p85) and a catalytic subunit (p110).
The regulatory subunit of PI3K has Src homology 2 domains that recognise and bind to the
phosphorylated tyrosine residues on IRS proteins. When associated with IRS, PI3K undergoes
a conformational change that allows the catalytic subunit to convert phosphatidylinositol 4,5-
bisphosphate into phosphatidylinositol 3,4,5-trisphosphate (PIP3) in the plasma membrane.
PIP3 serves as a second messenger that recruits and activates proteins having PH domains,
including phosphoinositide-dependent kinase-1 (PDK1), the mechanistic target of rapamycin
complex 2 (mTORC2), and the serine/threonine kinase Akt. Akt, also known as protein kinase
B (PKB), is then activated through phosphorylation by PDK1 and mTORC2, on Thr308 and
Serd73, respectively. Once activated, Akt - particularly Akt2 - can phosphorylate a wide array
of substrates, including TBC1 domain family member 4 (TBC1D4), also known as the Akt
substrate of 160 kDa (AS160) (12,16,17). TBC1D4/AS160 is a Rab GTPase-activating protein

that, when unphosphorylated, constitutively deactivates a select group of Rab GTPases



involved in GLUT4 vesicle trafficking, by converting them from their active GTP-bound state
to their inactive GDP-bound state (18,19). The inhibitory phosphorylation (Thr642) of TBCD14
by Akt removes this inhibitory effect on its target Rab GTPases, allowing their action in
facilitating GLUTA4 vesicle trafficking to the plasma membrane (20-22). Thus, a key metabolic
outcome of insulin signalling within the muscle fibre is the translocation and fusion of
intracellular GLUT4 vesicles into the plasma membrane and transverse tubules. Furthermore,
AKT-dependent inactivation of glycogen synthase kinase 3 (GSK3) removes the inhibitory
phosphorylation of glycogen synthase, increasing the rate at which glucose is stored as
glycogen (23).

1.2 Decreased skeletal muscle insulin sensitivity is a hallmark of type 2 diabetes

Diabetes is a chronic disease that leads to disabling and life-threatening complications,
ultimately reducing life expectancy and quality of life (24—26). According to the last edition of
the IDF diabetes atlas, 536.6 million adults worldwide were affected by diabetes in 2021. This
was calculated as 10.5% of the global adult population, with numbers expected to rise to
783.2 million (global prevalence of 12.2%) in 2045 (27). Notably, around 90% of these cases
are type 2 diabetes (27).

Diabetes is diagnosed when fasting plasma glucose concentrations are higher than 125 mg/dL
(7.0 mmol/L) on two distinct occasions or if glucose levels exceed 200 mg/dL (11.1 mmol/L)
following a two-hour oral glucose tolerance test. The pathogenesis of the disease is highly
heterogeneous, encompassing various subtypes (28), but typically involves defects in both

insulin secretion and insulin action for clinical manifestation to occur (29-32).

Impaired insulin sensitivity, termed insulin resistance, is a hallmark of type 2 diabetes, and is
often present before the onset of overt hyperglycaemia (29-32). The molecular basis of
skeletal muscle insulin resistance appears to be a post receptor defect and involves
alterations in the insulin signalling pathway leading to GLUT4 translocation, although where
the primary defect occurs within the insulin signalling pathway remains an open question (32—
34). Both defects in proximal insulin signalling, namely at the level of IRS, PI3K and AKT, and
in more distal components of the insulin signalling pathway, including AS160 and GSK3, have
been described and proposed as the underlying cause of skeletal muscle insulin resistance
(7,33).

Obesity and overweight (35), and particularly an accumulation of visceral body fat (36), are
well-established risk factors for the development of type 2 diabetes, and often coexist with
type 2 diabetes, exacerbating the disease's progression towards its complications (37-39).
Defined broadly as a body mass index of 30 Kg/m? or greater (40), obesity is characterised by
adipose tissue remodelling and expansion, leading to increases in both fat cell size

(hypertrophy) and number (hyperplasia) (41). As obesity progresses, adipose depots expand



beyond tissue’s capacity and undergo several pathologic programs that include chronic
hypoxia, fibrosis, and chronic low-grade inflammation (42). A paradigm shift in the
understanding of metabolic diseases occurred in the 1990s when it was observed that
conditioned medium from endotoxin-stimulated macrophages induced insulin resistance in
adipocytes (43), suggesting the involvement of immune-derived mediators in modulating
insulin action. Tumor necrosis factor alpha (TNFa) was subsequently identified and found to
be highly expressed in the adipose tissue of several mouse models of obesity, as well as in
people with obesity (44,45). These observations laid the foundations for a field called
immunometabolism, which investigates the intersection between immune responses and
metabolic processes (46,47). Insights into the signalling events linking obesity, inflammation,
and impaired insulin action were provided by the identification of two key molecules
downstream of the TNF receptors: the inhibitor of kappa B kinase (IKK) and c-Jun NH2-
terminal kinase (JNK) (48,49). These kinases directly phosphorylate key inhibitory residues
within insulin receptor substrates (IRS), inhibiting insulin signalling (48,49). Further research
demonstrated that macrophage infiltration of adipose tissue in obesity is crucial for inducing
whole-body insulin resistance (50), and that inflammation occurs at all metabolically relevant
sites (51), including skeletal muscle, contributing to the development and progression of
insulin resistance (51).

1.3 Increased skeletal muscle insulin sensitivity is a hallmark of exercise training

Current public health guidelines adopt exercise as a fundamental tool in the prevention,
management, and treatment of type 2 diabetes. In part, this is because a single exercise
session (acute exercise) increases the utilisation of internal skeletal muscle energy depots and
triggers a coordinated response among various tissues to accommodate the increased energy

demands of working muscle (52-54).

Skeletal muscle glucose uptake is =50 times greater than baseline upon cessation of a single
exhaustive bout of endurance exercise at 100% of VO2max (55). This upregulation of glucose
transport is primarily attributed to the insulin-independent translocation of GLUT4-containing
vesicles to the sarcolemmal membrane and transverse tubules (56), governed by a complex
interplay of various factors, including Ca?* transients, metabolic stimuli, and mechano-

transduction (57), with a degree of redundancy between pathways (58).

Exercise also increases skeletal muscle insulin sensitivity through a combination of greater
insulin-stimulated perfusion of muscle capillaries (59) and the redistribution of intramuscular
GLUT4 into insulin-responsive storage vesicles (60). Such refined vesicular trafficking and
subsequent sarcolemmal enrichment of GLUT4 in the post exercise period increases skeletal
muscle membrane permeability to glucose upon insulin stimulation (61). These mechanisms

combine to sensitise skeletal muscle to insulin for up to 48 hours after exercise cessation,



enhancing glucose delivery while augmenting the capacity for glucose uptake and disposal
within the muscle fibre (59).

When the cellular and molecular events initiated by acute exercise are repeated over time,
through regular sessions of exercise (exercise training), this lays the foundation for long-term
adaptations in skeletal muscle (53). Such adaptations establish a new functional threshold for
muscle, enhancing metabolism, exercise capacity and performance, while conferring health
benefits such as increased peripheral insulin sensitivity and overall metabolic flexibility (52—
54,62).

Training-induced improvements in muscle oxidative capacity often corresponds to the
expansion and modification of the mitochondrial proteome (63—-65) in type | and type Il fibres
(66). Resistance training can increase mitochondrial respiratory capacity (67), but the overall
impact of this training modality on mitochondrial phenotype is frequently less potent than
observed after high-intensity interval (63,65,67) and endurance (66) training. The greater
effect of cardiorespiratory-type exercise on mitochondrial biogenesis could be related to the
additive effects of these exercise bouts on the nuclear localisation of regulators of
mitochondrial transcription (such as, PGClal and transcription factor EB (TFEB)) (68) and the

upregulation of mitochondrial ribosomes (63,65,66) and mitochondrial protein synthesis (65).

Consistent exercise training further augments the protein content of sarcoplasmic and
mitochondrial enzymes involved in fatty acid, malate/aspartate shuttle, and glucose
metabolic pathways in both type I and type Il fibres (66). For example, lactate dehydrogenase
B (LDHB) is increased after periods of either endurance (69) or resistance (70) training. LDHB
has greater affinity for the lactate to pyruvate reaction and, alongside improved
mitochondrial density, LDH tetramers with a higher abundance of the LDHB isoform could
enhance lactate clearance in trained muscle via more efficient conversion to pyruvate for
subsequent oxidation (69) . Further suggestion of metabolic refinement in skeletal muscle
with regular exercise can be seen through the increased expression of key proteins involved
in glycogen synthesis (71), NAD+ biosynthesis and branched-chain amino acid degradation, as

well as ubiquinone biosynthesis (5-demethoxyubiquinone hydroxylase) (64).

Acute exercise typically results in the enrichment of various metabolites, proteins, and nucleic
acids within the circulation. These molecules, collectively termed ‘exercise factors” or
‘exerkines’, are at the forefront of current scientific inquiry due to their presumed roles in
coordinating the adaptive responses of individual tissues with whole-body physiology (72).
Beyond the immediate changes induced by exercise, the baseline profile of these circulating

exercise factors may be modified by regular exercise training.



1.4 Skeletal muscle metabolic adaptations to circulating factors

Skeletal muscle displays remarkable plasticity, defined as the ability to adapt and remodel in
response to a variety of internal and external stimuli. This characteristic is essential for muscle
function and overall health, enabling the muscle to respond to environmental cues such as
changes in nutrient availability, physical activity levels, and energy demands. The adaptive
response of skeletal muscle is often coordinated by a diverse array of circulating factors.
Skeletal muscle responds to circulating hormones such as insulin and insulin-like growth
factors, as well as to cytokines, metabolites, and nucleic acids. Notably, the levels of these
circulating factors can vary in response to physiological stimuli like exercise or due to
pathological states, such as type 2 diabetes, triggering adaptive and maladaptive processes

within the muscle fibre.

1.4.1 Circulating amino acids and metabolism

Recent advances in metabolomics have significantly contributed to understanding type 2
diabetes by identifying biomarkers and revealing the metabolic pathways involved in disease
development and progression (73,74). Particularly, obesity and type 2 diabetes are associated
with altered levels of certain amino acids in the blood (73,75-79). The circulating levels of
branched-chain amino acids, namely leucin, isoleucine and valine, have been shown elevated
ahead of clinical manifestation (78,80,81), as well as in overt type 2 diabetes, suggesting a
role of these amino acids in the pathogenesis of the disease. Later research has shown a
dysregulation in the catabolism of branched-chain amino acids in various metabolic tissues,
including skeletal muscle (77,82), linking it to the pathogenesis of insulin resistance
(77,83,84). Conversely, modifying the circulating levels of these amino acid appears to
improve metabolic health. For example, lowering circulating branched-chain amino acids
levels by inhibiting the branched-chain ketoacid dehydrogenase kinase (BDK) or by
overexpression of the protein phosphatase, Mg?/Mn?* dependent 1K (PPM1K) in the liver
has been shown to improve glucose tolerance in rats (85). Similarly, an increase in the uptake
and oxidation of mitochondrial branched-chain amino acids in brown adipose tissue enhances
their clearance from the circulation in mice. Conversely, when branched-chain amino acids
catabolism in brown adipose tissue is defective, it results in impaired clearance of these amino
acids, which leads to the development of diet-induced obesity and glucose intolerance (86).
Elevated circulating levels of the aromatic amino acids phenylalanine and tyrosine, and lower
levels of glycine, have also been linked to type 2 diabetes (78,87,88); whether they have a
causal role in the pathogenesis of the disease has yet to be fully elucidated, but changes in
their circulating concentrations are thought to be indirect markers of insulin sensitivity (89).
Glutamine and glutamate, important in various cellular processes like the TCA cycle and
epigenetic regulation, show changed levels in type 2 diabetes. High plasma glutamate levels
were associated with increased risk of type 2 diabetes, while higher glutamine levels and a



better glutamine-to-glutamate ratio were protective against the disease (87,88,90,91). White
adipose tissue plays a crucial role in maintaining this ratio by releasing glutamine and
absorbing glutamate, suggesting that disruptions in this process in obesity might lead to
metabolic diseases. In an untargeted analysis of polar metabolites released from white
adipose tissue of obese female individuals, glutamine was one of the most significantly
altered metabolites in obesity (92). In the same study, glutamine was found to modulate the
expression of proinflammatory pathways in white adipocytes (92). In macrophages, alpha-
ketoglutarate was shown to promote the anti-inflammatory M2 activation via epigenetic
reprogramming of genes, while also suppressing pro-inflammatory responses in M1

macrophages by inhibiting the NF-KB pathway (93).
1.4.2 Circulating miRNAs and metabolism

1.4.2.1 miRNAs are post-transcriptional regulators of gene expression

MicroRNAs (miRNAs) are small, non-coding RNA molecules that mainly act intracellularly as
post-transcriptional regulators of gene expression (94—96). miRNAs are initially transcribed
from DNA by RNA polymerase Il as part of a longer primary transcript known as pri-miRNA,
which is then processed into a shorter precursor miRNA (pre-miRNA) by the RNase lll-type
endonuclease Drosha (97,98). This pre-miRNA is exported to the cytoplasm by exportin 5 (99),
and it is further processed by RNase llI-type endonuclease Dicer into a short double-stranded
RNA molecule known as the miRNA duplex, typically around 22 nucleotides long (94-96). This
duplex consists of two strands: the mature miRNA strand (guide strand) and the passenger
strand (miRNA* or star strand). The miRNA duplex is then unwound by RNA helicases, and the
individual miRNA strands are separated and incorporated into the RNA-induced silencing
complex (RISC) (94,96). The miRNA within RISC pairs with complementary sequences on
target messenger RNA (mRNA) molecules. This pairing typically occurs at the 3' untranslated
region (3' UTR) of the mRNA, although miRNA binding can also occur at other regions (100).
The binding of miRNA to mRNA does not usually result in perfect base pairing. Imperfect
pairing allows a single miRNA to bind to multiple different mRNA targets, not limited to
perfectly complementary sequences. This versatility means that miRNAs can regulate a broad
network of genes and participate in multiple cellular processes or pathways simultaneously.
At the same time, this provides redundancy in gene regulation. Several miRNAs can target the
same mRNA, and a single miRNA can target multiple mRNAs involved in similar pathways. This
redundancy helps ensure robust gene expression, even if one pathway component is altered.
Lastly, the degree of complementarity between a miRNA and its target can affect the
mechanism of gene silencing; whether it leads to mRNA degradation or translational
repression (101). While both mechanisms ultimately lead to lower protein levels of miRNA
targets, this versatility permits a single miRNA to exert variable effects across different cellular
contexts. Such adaptability enhances the precision of gene expression regulation, allowing



cells to dynamically adjust to fluctuating environmental and physiological conditions in key

tissues such as muscle.

1.4.2.2 miRNAs play regulatory roles in several aspects of muscle physiology

Muscle cells are enriched in the so-called myomiRs miR-1, -133a, -133b, -206, -208a, -208b, -
486, and -499, which have a well-established role in skeletal muscle development (102,103).
Indeed, skeletal muscle-specific Dicer knockout mice die perinatally and are characterised by
skeletal muscle hypoplasia (104,105). Several studies have also highlighted the roles of a
number of miRNAs in the regulation of metabolic pathways in skeletal muscle (106,107). For
example, miRNA let-7 inhibits multiple components of the insulin signal transduction
pathway, including the insulin receptor and IRS2 in mouse muscle (108,109). Members of the
miR-29 members, specifically miR-29a and miR-29c¢, are increased in skeletal muscle of people
with type 2 diabetes, and negatively regulate insulin-stimulated glucose uptake, glycogen
synthesis and hexokinase activity, as well as lipid oxidation (110). miR-126 regulates
angiogenesis, at least in part, by repressing the PI3K regulatory subunit (111). miR-486, -21, -
26a, -216a, and -217 appear to positively influence PI3K/Akt signalling by targeting PTEN for
inhibition (112-114). miR-20b regulates insulin-stimulated glycogen synthesis via AKT
signalling (115).

The emerging roles of miRNAs in the regulation of skeletal muscle metabolism and
remodelling have prompted several research groups to study these molecules in the context
of exercise metabolism, the main hypothesis being that exercise alters the expression of
miRNAs as a means to regulate pathways involved in exercise adaptations. An acute bout of
endurance exercise increases the expression of Drosha, Dicer and Exportin-5 in vastus lateralis
biopsies of healthy male individuals (116), suggesting that miRNA-mediated post-
transcriptional regulation is needed for post-exercise adaptations in skeletal muscle. Similarly,
the expression of various miRNAs in skeletal muscle is altered by acute exercise or exercise
training (116—121). Some of the exercise-responsive miRNAs have been validated to regulate
substrate metabolism in skeletal muscle and mediate the adaptive response to acute exercise
or training. For example, miR-19b-3p was increased after two weeks of endurance training in
healthy males and regulates glucose metabolism in mouse and human skeletal muscle (122).
miR-29c expression is decreased in the skeletal muscle of endurance-trained rats and also in
human skeletal muscle after 14 days of endurance exercise training. This miRNA negatively
regulates insulin-stimulated glucose metabolism and lipid oxidation in healthy male
individuals (110). Acute endurance exercise has been reported to influence the expression of
miRNA species, such as miR-23 and miR-696, which are involved in regulating the expression
of PGC-1a (123). Targeting of the PGC-1 family of transcriptional co-activators has wide
implications in the context of exercise metabolism considering their roles in mitochondrial

biogenesis, insulin sensitivity and glucose homeostasis. In general, these examples highlight



the function of miRNAs in the regulation of skeletal muscle metabolism and exercise

adaptations.

1.4.2.3 miRNAs as bioactive cargoes of extracellular vesicles

Besides acting intracellularly, miRNAs can be secreted into the circulation as the cargo of small
bilipid membrane vesicles named extracellular vesicles (EVs) (124). The release of EVs from
cells is being increasingly appreciated as an important mechanism of intercellular
communication (125-128). The term “extracellular vesicle” is used to address diverse
subpopulations that can differ in size, morphology, composition and biogenesis. Classically,
these subpopulations consist of exosomes and ectosomes, also known as microvesicles.
Exosomes are typically 50—150 nm in size and originate from the endosomal pathway within
the cell. They are formed as intraluminal vesicles within multivesicular bodies and are
released into the extracellular space when the multivesicular bodies fuse with the plasma
membrane. Ectosomes are typically 50-1000 nm in size and are generated through external
budding of the plasma membrane (125,126,128).

EVs carry proteins, lipids, and nucleic acids, and have been found in different body fluids,
including blood/serum/plasma, as well as in the interstitial space of different tissues,
suggesting a role in both endocrine and autocrine/paracrine signalling. For miRNAs especially,
these vesicles protect the EV-miRNA in the circulation when en-route to the target cells. There
is a growing amount of evidence supporting the ability of EVs to transfer their miRNA cargoes
to recipient cells in a way that significantly affects their functionality (124). For example,
exosomes derived from adipose tissue macrophages of obese mice induce glucose
intolerance and insulin resistance when transplanted into lean mice (129). Conversely,
exosomes derived from adipose tissue macrophages of lean mice improve glucose tolerance
and insulin sensitivity when administered to obese recipients. This appears to be mediated by
their miRNA cargo, specifically miR-155, which is overexpressed in the exosomes derived from
the adipose tissue macrophages of obese mice (129). Similarly, adipose tissue secretes
exosomes containing microRNAs capable of regulating gene expression in the liver (130). EV
trafficking, therefore, represents an important biological process, which has been shown to

mediate metabolic effects.

Some studies found that EVs become enriched in number in the circulation in response to
acute exercise or exercise training (131-136), although other studies could not recapitulate
these findings (137-139). EV profiling studies also found changes in the EV cargoes in
response to acute exercise and training. Specifically, EV-associated miRNA profiling revealed
a transient increase in several miRNAs after acute exercise (131,134,135,138,140).
Collectively, these observations in the field have led to speculation about potential roles of

EV-associated miRNAs as ‘exerkines’ in mediating exercise-induced metabolic adaptations.



In conclusion, skeletal muscle responds to a variety of circulating factors, including amino
acids and EV-associated miRNAs, which can elicit profound metabolic effects. The levels of
these circulating factors can be altered under conditions of disease such type 2 diabetes,
possibly contributing to the progression of the disease, as well as in response to exercise,

possibly contributing to exercise-induced metabolic adaptations.
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2 Research aims

The overall aim of this thesis was to study the role of circulating factors in the context of
skeletal muscle metabolism. To this end, we investigated two different scenarios; Type 2
diabetes, which is characterised by impaired skeletal muscle metabolism and reduced insulin
sensitivity, and exercise training, which is associated with various metabolic adaptations that

ultimately improve skeletal muscle insulin sensitivity and substrate handling.
Specifically, the aims of the two studies presented in the thesis were to determine:

1. Will an increase in the circulating levels of the amino acid glutamine improve whole body

and skeletal muscle metabolism/insulin action?

2. Will three weeks of exercise training alter the miRNA cargo of circulating extracellular

vesicles?

3. Does exercise-induced circulating miRNA miR-136-3p play a role in the metabolic

adaptations of skeletal muscle to exercise?

11



12



3 Materials and methods

3.1 Ethical considerations

Study | was conducted with the approval of the Regional Ethics Committee of Stockholm,
Sweden. This study involved obtaining blood samples and muscle biopsies from human
participants. All participants were fully informed of the risks associated with the sample
collection, and written consent forms were obtained in accordance with the Declaration of
Helsinki. The cohort included participants with type 2 diabetes, who stood to benefit first-

hand from the research conducted.

Study | also involved animal experiments, which were approved by the Stockholm North
Animal Ethical Committee (Stockholm, Sweden). The animals were housed in groups of up to
four, had access to food and water ad libitum, and were provided with nesting and basic

enrichment materials.

Some of the animals were placed on a high-fat diet, which resulted in significant weight gain
and the development of insulin resistance. This is an established model commonly used in
diabetes research. The increased body weight typically leads to reduced locomotive activity
and could lower the quality of life for the animals. The mice were monitored regularly to
ensure that they showed no signs of severe pain and that their suffering remained below the
humane endpoints, beyond which we would need to euthanise them. The potential to
uncover new knowledge that could benefit individuals with type 2 diabetes was considered

sufficient justification for the potential suffering of the mice.

Study Il was conducted with the approval of the Regional Ethics Committee of Stockholm,
Sweden. Informed consent was obtained from all participants in accordance with the
Declaration of Helsinki. We recruited both male and female participants, an inclusive
approach that ensures the research outcomes are applicable to a broader segment of the
population. However, the limited sample size restricted our ability to discern sex-specific

differences, which is a limitation of our research.

Studies | and Il also included work on satellite cells obtained from muscle biopsies from
human volunteers. These cells were obtained with the approval of the regional ethics
committee of Stockholm, Sweden. All the participants were informed of the risks involved
with the procedure of obtaining skeletal muscle biopsies and written informed consents were
obtained from all the participants according to the declaration of Helsinki. The use of skeletal
muscle satellite cells allows us to study the molecular mechanisms of skeletal muscle
metabolism and reduces our dependence on animal models, which is consistent with the 3Rs

principles.
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3.2 Human cohorts

Study | is a part of a larger cross-sectional observational study designed for assessing the
influence of type 2 diabetes on the plasma and skeletal muscle metabolome of study
participants (82). Specifically, the subset used in study | consists of 14 males with normal
glucose tolerance and 19 males with type 2 diabetes. Clinical characteristics of the study
participants are presented in Table 1. Plasma and vastus lateralis skeletal muscle biopsies
were collected after an overnight fast. Participants with type 2 diabetes, who were treated
daily with metformin and/or sulfonylurea, were instructed to delay taking their medications
until all the sampling procedures were concluded. This delay, along with the requirement for
an overnight fast, aimed to avoid the immediate effects of both medications and recent
dietary intake on metabolite levels. This approach ensures that the study measures the

chronic, rather than acute, metabolic state associated with T2D.
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Clinical Lean Lean Overweight Overweight OWE effect  T2D effect

parameters NGT T2D NGT T2D
n size 7 6 7 13 = =
Age (years) 573+9.5 653%27 61.4+10.2 63.6+6.1 p=0.721 p=0.097
BMIl [kg/m?] 2414058 246+036 272+165 27.6+1.2  p<0.001***  p=0.321
W/H ratio 091+0.04 098+0.06 0.94+0.05 0.99+0.06 p=0.296 p=0.007**

fP-glucose [mmol/L] | 527+0.4 8.42+228 536+0.32 8.77+1.76 P=0.679 p<0.001***

S-insulin [pmol/L] 40.1+154 44.2+17 64.8+17.8 859+375 p=0.002** p=0.193

HbA1c [mmol/mol] 34+5.32 51+6.13 38.1+2.54 51.9+6.42 0.241 p<0.001***

HOMA-IR 1.61+05 3.03+148 227+0.73 5.51+2.92 p=0.033* p=0.002**

S-C-peptide [nmol/L] | 0.59+0.12 0.69+0.15 0.72+0.131  0.99 +0.40 p=0.035*% p=0.057

P-TG [mmol/L] 0.89+033 1.19+044 1.21+0.71 1.47+0.78 p=0.212 p=0.240

P-Chol [mmol/L] 494+0.53 435+085 5.56+0.67 4.65+0.76 p=0.099 p=0.005**

P-HDL[mmol/l] | 124+0.13 142+021 136+026 121+0312  p=0.523 p=0.869

P-LDL [mmol/L] 33+054 243+0.76 3.67+0.44 2.77 £0.83 p=0.174 p=0.001**

Table 1. Clinical characteristics of participants in Study I: Data are presented as mean = SEM.
Effects of BMI and type 2 diabetes (T2D) were measured by two-way ANOVA. *P < 0.05. **P
< 0.01. ***P < 0.001. FPG, fasting plasma glucose; TG, triglyceride; W/H, waist to hip.

Study Il used a pre-post experimental design to identify training-responsive, EV-associated
miRNAs. 12 healthy volunteers who had not been involved in any formal exercise training for
more than 2 hours per week for at least two years. This is a sub-cohort of a previous study
(141). Participants underwent three weeks of supervised endurance training consisting of two
sessions per day, six days a week. All participants were assessed with the same battery of
assessments at baseline and 24 hours after the completion of the intervention (Table 2). To
extract extracellular vesicles, serum samples collected at baseline and 24 hours post-

intervention were used.
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Baseline After training

n 12 12

Sex (M, F) (4,8) (4,8)

Age (y) 26+0.7 26+0.7
Body weight (kg) 66.4+3.3 66.1+3.2
BMI (kg/m?) 22606 225+06
Fat mass (kg) 16.2+1.8 15.7+1.8
Fat mass (%) 243+2.2 23.7+2.2
Lean mass (kg) 50.2+29 50.4+29
HbA1c (%) 43+0.1 42+0.1
VO2max (I/min) 2.96+0.28 3.33+0.26**
VO2max (ml/kg/min) 44.32 £3.08 50.39 £2.91**
VO2@RER1.0 (I/min) 2.16+0.16 2.47 £0.25*
RER10 (% VO2max) 73.99+2.16 73.36+2.08
CK-MB (ng/ml) 3.1+04 3.7+0.3**
Insulin 270.8 +50.48 285.9+0.23
Leptin 16587.9 +3717.77 294023

Table 2. Anthropometric and clinical characteristics of subjects in study Il: Data were analysed
using paired t-test and are represented as mean + SEM. *P < 0.05 and ** P < 0.01. BMI, Body
Mass Index; HbAlc, glycated haemoglobin; VO2max, oxygen uptake at peak exercise; RER1.0,
respiratory exchange ratio; VO2max@RER1.0, oxygen uptake at RER=1.0; CK-MB, creatine
kinase

3.3 Isolation of extracellular vesicles

EVs were isolated from serum using a precipitation-based commercial kit (miRCURY Exosome
Isolation Kit — Serum and Plasma, Exiqon, Vedbaek, Denmark). The process involves mixing
the samples with a polymer solution. The polymer, being hydrophilic, interacts with the water
molecules in the solution, reducing the solubility of EVs. As a result, EVs aggregate and
precipitate out of the solution, and can be collected by a simple low-speed centrifugation.
This results in a sample that contains a mixture of different types of EVs, including exosomes,
ectosomes and possibly other particles like protein aggregates. Because this method does not

selectively isolate exosomes based on their size, density, or specific surface markers, the
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resulting preparation is referred to as “EVs” or "exosome-enriched EVs" rather than purely

exosomal.

3.4 Nanoparticle tracking analysis (NTA)

EV sample preparations were then analysed using Nanoparticle Tracking Analysis (NTA). NTA
provides information about the size distribution of particles in the sample. As exosomes and
other small EVs typically range from 30 to 150 nm in diameter, NTA confirmed that a
significant portion of the particles in the preparation fell within this size range. Specifically,
samples were loaded into the sample chamber of an NS500 unit (NanoSight, Amesbury, U.K.),
and five 1-min videos of each sample were recorded. The size and concentration of particles

was calculated using NTA 2.3 software (NanoSight).

3.5 RNA extraction
Different RNA methods were used depending on sample and scope.

For extraction of RNA from EV sample preparations, miRCURY RNA Isolation Kit (Exiqon) was
used. This kit is specifically designed for the extraction of total RNA, including microRNA and
other small RNAs. An RNA Spike-in Template Kit (Exiqon) was used to monitor the efficiency
of the RNA extraction process and to provide a reference for quantitative assays. The use of
MS2 RNA (Roche, Basel, Switzerland) as carrier RNA helped by providing more material for
the extraction reagents to bind to, thereby reducing the loss of the small RNA molecules that

are the actual targets of the study.

For extraction of total RNA from skeletal muscle tissue samples, TRIzol extraction method was
used. Lastly, the E.Z.N.A. Total RNA Kit (Omega Bio-tek) was used to extract total RNA from
human skeletal muscle cells in study I, while miRNeasy mini kit (Qiagen) was used in study Il
to guarantee extraction of total RNA including miRNAs. RNA concentration was determined
by spectrophotometry. cDNA was synthesised from 0.5-1 pg RNA using the High-Capacity

cDNA Reverse Transcription kit according to manufacturer’s instructions.

3.6 Animal experiments

Study | employed a total of three mouse experiments, all using mice fed a high-fat diet as a
model of diet-induced obesity and insulin resistance. Beginning at 6 (Experiment | and ) or 8
(Experiment 1ll) weeks of age, mice were placed on either a standard chow diet (CD),
comprising 4% of calories from fat, or a high-fat diet (HFD) consisting of 60% calories from fat.
The diet was maintained until termination, for a total period of 15 weeks (Experiment | and
I) or 17 weeks (Experiment lll). Starting 14 days before termination, the HFD-fed mice were
randomized to receive daily intraperitoneal injections of either glutamine (1 g/kg body
weight) or PBS (20 mL/kg body weight). CD-fed mice were also injected with PBS (20 mL/kg
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body weight) to serve as a control for the HFD effects. Body composition was determined in
conscious mice using the EchoMRI-100 system (Echo Medical Systems). On day 15, glycaemia
was measured after 4 hours of fasting using a glucometer (One Touch Ultra 2 Glucose Meter;
LifeScan), and animals were then euthanized under general anesthaesia by avertin injection.
Plasma insulin levels were quantified using the Ultra-Sensitive Mouse Insulin ELISA Kit (Crystal
Chem). To assess insulin tolerance (experiment Il), mice were fasted for 4 hours and the rate
of glucose disappearance was measured between O and 15 minutes after intravenous
injection of insulin (0.75 Ul/Kg body weight). To assess glucose tolerance (experiment llI),
mice were fasted for 4 hours and glycaemia was monitored for 150 minutes after
intraperitoneal injection of glucose (1.5 g/kg body weight). Extensor digitorum longus, soleus
and quadriceps muscle were dissected and snap-frozen in liquid nitrogen for ex vivo insulin

signalling, RT-qPCR and microarray analyses.

3.7 Cell experiments

Primary cells were isolated from vastus lateralis skeletal muscle biopsies derived from healthy
volunteers. After biopsies were obtained using the open muscle biopsy method, satellite cells
were isolated and cultures were established based on protocols described elsewhere (142).
In brief, biopsies were cleaned from residual connective and fat tissues and digested in a
solution containing collagenase IV, trypsin, bovine serum albumin (BSA), and 1%
penicillin/streptomycin in Ham’s F-10 medium. Undigested tissue was allowed to settle, and
the supernatant containing liberated cells, including satellite cells, was collected and
centrifuged for 10 min at 350 g. The cell pellet was resuspended in media and incubated in a
non-coated (bacteriological) petri dish for 1 hour to selectively promote adherence of non-
myogenic cells. The supernatant was then transferred into culture flasks, and cells were
grown to confluence (80%) before the first trypsinisation and subculture step. This first flask
(after the first trypsinisation) was marked ‘passage 1. For cell experiments reported in Study
I and Il, vials at passage 3-5 were thawed and expanded in DMEM containing 20% FBS and 1%
anti-anti. Once the number of cells required for experiments was reached, myoblasts were
grown to 100% confluence before inducing differentiation by switching to media containing
2% FBS. Insulin and apotransferrin were supplemented in the differentiation media to aid the
fusion process. Myotube formation was monitored under the microscope and cells were
harvested or used for terminal experiments ten days after the initiation of differentiation. In
the high/low glutamine experiments in Study |, myotubes were exposed to media containing
either 0.5 or 10 mmol/L final concentration glutamine (Life Technologies) beginning at day 8
of differentiation for a total of 48 hours. In the glutaminase 1 inhibitor experiment in study I,
cells were treated with BPTES at 10 umol/L final concentration (Sigma-Aldrich, SML0601) for
24 hours prior to harvest. In the LPS experiments in Study |, LPS (Sigma-Aldrich, L2630) was
added to the cell medium at a concentration of 100 ng/mL for 24 h prior to harvest. For the
silencing experiments in Study I, myotubes were transfected on day 6 and 8 of differentiation
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with either a negative control siRNA (Ambion Silencer Select Negative Control #2, 4390847)
or an siRNA against GRB10 (Ambion Silencer Select siRNA, s6125), at 10 mmol/L final
concentration. For the miR-136-3p transfection and NRDC silencing experiments in Study II,
the same double transfection protocol on day 6 and day 8 of differentiation was chosen when

the readout was metabolism.

3.8 Metabolic profiling of cells

3.8.1 Glucose Uptake

Myotubes were starved for 4 hours in no-serum, low-glucose DMEM (5.5 mM glucose as
opposed to 25 mM; no. 21885; Gibco) prior to 60-minute incubation in the absence (basal) or
presence of insulin at a maximal concentration (120 nmol/L). Cells were washed with PBS and
incubated for 15 minutes in glucose- and serum-free DMEM (no. 11966; Gibco) containing
radiolabeled 2-[1,2-3H]deoxy-d-glucose (1 mCi/mL and 80.7 Ci/mmol; MT911; Moravek) and
unlabeled 2-deoxy-d-glucose (10 umol/L). Cell monolayers were washed three times with ice-
cold PBS and lysed in 0.03% SDS. The cell lysate was counted in a liquid scintillation counter,
and results were normalised to total protein content/well, as measured using BCA Protein
Assay Kit (no. 23225; Thermo Fisher Scientific, Rockford, IL).

3.8.2 Glycogen synthesis

After a 4 hour serum starvation in low-glucose DMEM, myotubes were pre-incubated in the
absence (basal) or presence of a maximal concentration of insulin (120 nM) for 30 minutes
before adding 1 uL/well of radiolabelled d-[U-14C] glucose (1 mCi/mL and 250 mCi/mmol;
no. NEC042B005MC; PerkinElmer, Waltham, MA) for 90 minutes. Cell monolayers were
washed three times with ice-cold PBS and lysed in 0.03% SDS. Carrier glycogen (no. GO885;
Merck) was added to the cell lysates (2 mg/sample) and samples were heated to 99°C for 1
hour. Addition of 95% ethanol and subsequent overnight incubation at -20C allowed the
precipitation of glycogen, which was then collected in the form of pellet through
centrifugation for 15 minutes at 10,000 g and resuspended in distilled water. Radioactivity
was counted in a liquid scintillation counter and normalized to total protein content per well.

3.8.3 Glucose oxidation

Myotubes were first serum-starved for 4 hours in low-glucose DMEM, followed by a 4-hour
incubation in fresh serum-free DMEM containing 5.5 mM unlabeled glucose and 2 mCi/mL d-
[U-14C] glucose. After incubation, a small cup containing 0.5 M NaOH was carefully placed in
each well. The plates were then sealed with a plastic seal, and 2 M HCl was injected into the
medium using a needle syringe to capture the CO2 released by the cells into the NaOH. The
[14C]-CO2 trapped in the NaOH was measured using a liquid scintillation counter. Cells were
washed with PBS and lysed in 0.5 M NaOH. The pH was neutralized by adding 2 M HCI, which
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facilitated protein quantification via the BCA assay. The results were later normalized based

on the protein content.

3.8.4 Fatty acid oxidation

Palmitate oxidation was determined by incubating cells with a mix of 25 uM non-labeled
palmitic acid and [9,10-3H]palmitic acid for 6 hours. The amount of 3H,0 released into culture
media was determined by scintillation counting, and results were reported relative to total

cellular protein content.

3.8.5 Protein synthesis

After a 4-hour serum starvation in low-glucose DMEM (1 g/L, cat.no #21885), myotubes were
incubated with puromycin (1 uM final concentration) for 30 minutes before collection. Cells
were then washed once in ice-cold PBS and harvested in protein lysis buffer (137 mM NaCl,
2.7 mM KCI, 1 mM MgCl,, 1% Triton X-100, 10% glycerol, 20 mM Tris pH 7.8, 10 mM NaF,
1 mM EDTA, 1 mM PMSF, 0.5 mM NasVOs and 1x PIC). Lysates were gently rotated for 30 min
at 4°C before being subjected to centrifugation (12,000 g for 15 min at 4°C). Supernatants
were then stored at -80°C until protein quantification via BCA assay and subsequent sample

preparation for immunoblot analysis.

3.8.6 Lactate assay

Lactate released by cells into culture medium was measured using a colourimetric assay. Cell
medium was filtered through 3 kDa using centrifugation (14000 g; 15 min at 4°C), and 50 uL
of sample was mixed with 150 pL of assay buffer (Tris (50 mM pH 8), NAD (7.5 mM), N-
methylphenazonium methyl sulfate (250 uM), p-iodonitrotetrazolium violet (500 uM), and
lactate dehydrogenase (4 U.mL-1)). Samples were incubated for 20 minutes, after which

absorbance was read at 490 nm.

3.9 Microarray analysis

Microarray analysis in Study | was performed using the Affymetrix GeneChip Human
Transcriptome Array 2.0 and the mouse Clariom D array, both from Thermo Fisher Scientific.

In Study II, the GeneChip Human Gene 2.0 ST arrays from Thermo Fisher Scientific were used.

3.10 Immunoblotting

Extensor digitorum longus (EDL) and soleus muscles were incubated for 20 minutes in Krebs-
Henseleit buffer solution under continuous gassing (95% oxygen/5% carbon dioxide) at 30°C
in the absence (basal) or presence of insulin (0.36 nmol/L, Actrapid; Novo Nordisk). Muscles
were then snap-frozen in liquid nitrogen and kept at -80C until further processing. To extract

protein, tissues and cells were lysed in ice-cold protein lysis buffer (137 mM NaCl, 2.7 mM KCl,
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1 mM MgCl2, 1% Triton X-100, 10% glycerol, 20 mM Tris pH 7.8, 10 mM NaF, 1 mM EDTA,
1 mM PMSF, 0.5 mM Na3V04 and 1x PIC) using a tissue lyser and a manual scraper,
respectively. The protein content of lysates was determined using BCA Protein Assay Kit
(Pierce Biotechnology, Rockford, IL). Equal amounts of protein were diluted in Laemmli buffer
(4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue and 0.125 M Tris
HCl) and separated on SDS-PAGE (#3450124, Criterion XT Precast gels, BioRad, Hercules, CA,
US). Protein was transferred to a polyvinyl fluoride (PVDF) membrane (IPVH00010,
Immobilon-P, Merck Millipore), and Ponceau S staining (#P7170, Sigma-Aldrich, St. Louis, MO,
USA) was utilised to verify the uniform loading of samples and to serve as a quality control
measure for the transfer process. Results were normalised to total protein per lane.
Membranes were blocked using 5% (w/v) nonfat dry milk in Tris-buffered saline (TBS) with
Tween 20 prior to incubation in primary antibody dilutions overnight (~16 h) at 4°C under
gentle agitation. Species-appropriate horseradish peroxidase-conjugated secondary
antibodies, diluted 1:25,000 (v/v) in 5% nonfat dried milk in TBS-Tween were used, and
protein amounts were visualized using chemiluminescence (#RPN2106 ECL and #RPN2235
ECL select, GE Healthcare, Chicago, IL, US).

3.11 Statistical analysis

Normality of the data was assessed using the Shapiro—Wilk test. When the data were
confirmed to be normally distributed, appropriate parametric tests were selected based on
the experimental design. For experiments involving two groups and one parameter, a t-test
was employed; a dependent t-test was used for paired data, and an independent t-test was
used for unpaired data. For designs that included more than two groups, a one-way ANOVA
was utilised to compare group means. When the experimental design included two variables,
a two-way ANOVA was used to explore both individual and interactive effects of the factors.
When the data did not follow a normal distribution, non-parametric equivalents of these tests
were used instead. The Spearman correlation test was applied to explore relationships

between metabolite levels and clinical parameters in Study .

21



22



4 Results

4.1 STUDY I: Glutamine regulates skeletal muscle immunometabolism

4.1.1 Plasma glutamine levels are associated with BMI and HOMA-IR

We analysed the plasma and skeletal muscle metabolome of 14 males with normal glucose
tolerance and 19 males with T2D. Plasma and skeletal muscle metabolites were correlated
with clinical parameters associated with adiposity or dysregulated glucose and lipid
metabolism. This analysis found that plasma glutamine levels were inversely associated with
BMI (Figure 1A and Supplemental figure 2A), HOMA-IR (Figure 1B and Supplemental figure
2A), serum insulin (Supplemental figure 2A), and serum C-peptide levels (Supplemental figure
2A). HOMA-IR and serum C-peptide also correlated negatively with skeletal muscle glutamine
levels (Supplemental figure 2A). Plasma glutamine level showed a trend to decrease in people
with T2D (p=0.06, Supplemental figure 1H), and stratification of study participants based on
BMI revealed that plasma glutamine levels were decreased specifically in individuals who are
overweight (BMI, 25.1 — 29.9 kg.m2) and have T2D, but not in individuals with a normal BMI
(18.5 — 25 kg.m2) and T2D diagnosis (Figure 1E). Subsequent stratification of participants
based on quartiles of plasma glutamine levels revealed that the individuals having the highest
glutamine levels had the lowest BMI and HOMA-IR, with a progressively higher BMI and
HOMA-IR observed in descending quartiles (Figure 1J-K). Based on these associations, we

hypothesised a role of glutamine in protecting against overweight-induced insulin resistance.

4.1.2 Glutamine treatment reverses the adverse effects of a high fat diet on glucose metabolism

in mice

To assess whether the modulation of circulating glutamine levels would affect whole-body
glucose homeostasis, we injected glutamine in mice fed a high-fat diet. The administration of
a high-fat diet for 15-17 weeks resulted in an increase of body weight (Figure 2B), adiposity
(Figure 2C), glycaemia (Figure 2D), plasma insulin levels (Figure 2E), and HOMA-IR (Figure 2F),
along with an impaired glucose tolerance (Figure 2G-H) and impaired insulin sensitivity (Figure
21-J). After 13-15 weeks, the high fat diet group was randomised into receiving PBS or
glutamine injections for two weeks prior to termination. Daily administration of glutamine
was able to reverse or prevent the high fat diet effects on glycaemia (Figure 2D), while also
ameliorating those on plasma insulin (Figure 2E), HOMA-IR (Figure 2F), glucose tolerance
(Figure 2G-H) and peripheral insulin sensitivity (Figure 2I-J). This was independent of any
effect on adiposity as body weight and fat mass were not altered by glutamine treatment
(Figure 2B-C). Possibly accounting for the improved glucose homeostasis, the levels of
phosphorylated, inactive AS160 upon insulin-stimulation were higher in the skeletal muscle

of glutamine-treated, high fat diet-fed mice (Figure 2M). Of note, this effect on skeletal
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muscle insulin signalling was seen in EDL muscle, but not in soleus muscle (Supplemental

figure 3C), possibly suggesting a fibre-type specificity in the response to glutamine.

4.1.3 Glutamine attenuates inflammatory gene expression in the skeletal muscle of mice fed a
high fat diet

To investigate the molecular changes that occur in skeletal muscle in response to glutamine
treatment, microarray analysis was conducted on quadriceps muscle from mice. 1272 genes
were differentially expressed in high fat diet-fed, PBS-treated mice as compared to chow-fed,
PBS-treated mice (Figure 3D). 1269 genes were differentially expressed in high fat diet-fed,
glutamine-treated mice as compared to chow-fed, PBS-treated mice (Figure 3D). Of note, only
625 of these genes were overlapping, suggesting that a 2-week glutamine treatment altered
the skeletal muscle transcriptome of mice fed a high fat diet (Figure 3D). Furthermore, the
fold change of the genes altered between the high fat diet-fed, glutamine-treated and high
fat diet-fed, PBS-treated conditions correlated inversely with the fold change of the genes
altered between high fat diet-fed PBS-treated and chow-fed PBS treated mice (r=0.7, p=1.2e-
08), suggesting the glutamine treatment could reverse some of the high fat diet-induced
changes on the skeletal muscle transcriptome (Figure 3F). Among the 51 differentially
expressed genes between the high fat diet-fed, glutamine-treated mice and the high fat diet-
fed, PBS-treated controls, the majority were downregulated (Figure 3C). Pathway enrichment
analysis identified a significant enrichment of these downregulated genes in inflammatory
pathways (Figure 3E). Subsequent gPCR for cytokines and markers of immune cell infiltration
showed that inflammation was attenuated in glutamine-treated, high fat diet-fed mice (Figure
3G).

4.1.4 GRB-10 expression is regulated by glutamine

We next correlated the fold changes of genes that were altered between the glutamine-
treated mice and their high fat diet-fed controls, with the fold changes of the genes that were
differentially expressed between the high and low quartile of glutamine in our human cohort
(Figure 4A). This analysis facilitated the identification of a subset of genes that were
responding similarly, in humans and mice, to higher circulating glutamine levels. Of these
genes that responded similarly, GRB10 transcript level was lower in the skeletal muscle of
high fat diet-fed, glutamine-treated mice (Figure 4D), and in the skeletal muscle of
participants belonging to the highest quartile of plasma glutamine concentration (Figure 4C).
GRB10 is an adaptor protein that interacts with the insulin tyrosine kinase receptor (143).
Silencing of GRB10 gene was shown to increase insulin-stimulated glucose uptake, as well as
insulin-stimulated AKT phosphorylation in cultured human skeletal muscle cells (144). To
understand whether these were just associations or whether glutamine levels could indeed
regulate GRB10 expression, we exposed human myotubes to culture media supplemented
with high or low glutamine levels, in the absence or presence of a glutaminase inhibitor
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(BPTES). GRB10 expression was decreased in cells exposed to high extracellular levels of
glutamine compared to low, and this was reversed when BPTES was added to the medium
(Figure 5G).

4.1.5 CCL2 and IL6 expression is regulated by extracellular glutamine levels in primary human

myotubes

In light of the microarray results pointing to inflammatory pathways being downregulated in
response to glutamine administration (Figure 3), and in light of the existing literature linking
glutamine to cytokine production in immune cells and adipocytes (92,93), we exposed human
primary skeletal muscle cells to high or low extracellular glutamine levels during 8 days
differentiation and assessed gene expression of CCL2 and IL6. Both CCL2 and IL6 transcripts
were lower when the cells were exposed to higher glutamine concentrations (Figure 5B-C).
CCL2 and IL6 release into cell culture media followed a similar then (p=0.06 for both) as
measured by ELISA (Supplemental figure 3F-G). Exposure to BPTES reversed the effect on IL6
but not CCL2 (Figure 5E-F).

4.1.6 The effects of glutamine on GRB10 and inflammatory gene expression are not interrelated

Skeletal muscle inflammation and insulin resistance are interconnected in the context of
obesity and type 2 diabetes (51), with chronic low-grade inflammation contributing at least
partly to the development of insulin resistance in skeletal muscle. We hypothesised that the
effect of glutamine on GRB10 expression might be secondary to its impact on inflammation.
To test our hypothesis, we exposed human skeletal muscle cells to a well-established
inflammatory stimulus, namely LPS. As expected, LPS-treatment markedly increased the
expression of CCL2 and IL6 (Figure 4G-H), but did not affect GRB10 expression (Figure 4l),
suggesting that changes in inflammatory pathways likely do not play a role in GRB10
transcriptional regulation. Furthermore, silencing of GRB10 in human skeletal muscle cells did
not affect the LPS-induced upregulation of IL6 and CCL2 (Figure 4J-K). These results suggest
that effects of glutamine on GRB10 expression and on the expression of inflammatory genes

CCL2 and IL6 are likely regulated independently.
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4.2 STUDY I

4.2.1 miR-136-3p is increased in serum extracellular vesicles after training

Figure 1 provides an outline of the study design used for Study Il

Figure 1: Outline of intervention and sample collection in study Il

To assess whether our training intervention resulted in changes in the circulating levels of EV-
associated miRNAs, we first used a pre-designed miRNA-focused qPCR panel on a select group
of four participants. This allowed us to screen for 179 miRNAs whose expression has
previously been reported in human serum or plasma. This initial screening identified miR-
136-3p, miR-28-5p, miR-208a-3p, miR-139-5p, miR-92b-3p, miR-375, miR-1, and miR-421 as
miRNAs that were differentially expressed following training (Table 3). We then proceeded to
determine the expression of these miRNAs in our whole cohort, using targeted miRNA assays.
This analysis confirmed that the expression of miR-136-3p, miR-139-5p, and miR-1 was
increased in serum EVs after training (Table 3). miR-136-3p was prioritised for more in-depth

downstream analyses.
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4.2.2 miR-136-3p in extracellular vesicles can enter cultured myotubes

We next incubated human myotubes with serum EVs loaded with Cy3-labelled miR-136-3p,
and fluorescence imaging confirmed the presence of Cy3-miR-136-3p throughout the
cytoplasm (Figure 2A). Notably, fluorescence was absent in cells exposed to unencapsulated
Cy3-miR-136-3p (data not shown), indicating that EVs are essential for the delivery of miR-
136-3p into human myotubes. However, similar effectiveness in delivery was observed for
EVs derived HEK293 culture medium (Figure 2B). To test whether the miRNA sequence itself
directed this targeting, we introduced EVs containing a TexasRed-labeled control RNA with a
sequence different from miR-136-3p (TexasRed-control RNA, Figure 2C), and observed uptake
comparable to that of miR-136-3p. This suggests that the delivery of miRNAs into myotubes
via EVs is efficient but does not depend on the origin of the EVs or the miRNA sequence.

4.2.3 miR-136-3p targets NRDC in human skeletal muscle cells

To identify potential targets of miR-136-3p in human skeletal muscle, human myotubes were
transfected with either a miR-136-3p mimic or a negative control miRNA mimic, followed by
microarray analysis. Since miRNAs primarily function by repressing gene expression, we
focused on the downregulated genes as potential direct targets of miR-136-3p. Ten candidate
genes were selected based on fold change (Table 4). Out of these, five had a predicted binding
site for miR-136-3p. Among these genes, NRDC was enriched in human skeletal muscle (Figure
3A), and was markedly downregulated at both transcript and protein levels upon transfection
with miR-136-3p in primary human myotubes (Figure 3D-E). To determine whether NRDC is a
direct target of miR-136-3p, we employed a luciferase reporter assay. We constructed a
luciferase reporter vector where the sequence of interest of NRDC mRNA, which contains the
predicted miR-136-3p binding sites, was cloned downstream of the luciferase gene. This
plasmid was then transfected into HEK293 cells, alongside either the miR-136-3p mimic or a
control miRNA mimic. The activity of the luciferase enzyme was measured as luminescence.
The decrease in luminescence observed upon transfection with miR-136-3p, coupled with a
dose-dependent restoration of luminescence when a miR-136-3p inhibitor is added, confirms
the direct targeting of NRDC by miR-136-3p (Figure 3C).

4.2.4 NRDC s altered in response to training and inactivity in human skeletal muscle

We then explored whether the interaction we observed in vitro, where miR-136-3p targets
NRDC, would be practically relevant in the context of the skeletal muscle response to exercise
training. We did not have access to skeletal muscle biopsies to directly test this hypothesis in
our cohort. However, we interrogated the MetaMEx database, a comprehensive resource for
meta-analysis of skeletal muscle transcriptomic responses to diverse modes of acute exercise
and exercise training, as well as inactivity (145). We selected datasets with study designs and

cohort characteristics that matched our study. We found that both six weeks of endurance
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training (Figure 4A) and two months of endurance training led to a reduction in NRDC
expression in human skeletal muscle (Figure 4B). Additionally, NRDC expression was increased
in human skeletal muscle following 14 days of limb immobilisation. These results suggest that
the regulation of NRDC by miR-136-3p observed in-vitro may indeed have physiological

implications for how skeletal muscle adapts to training.

4.2.5 miR-136-3p transfection, but not NRDC silencing, increases glucose uptake in human

myotubes

Next, we investigated the potential roles of miR-136-3p and NRDC in modulating the
metabolic response of skeletal muscle to exercise. Primary human myotubes were
transfected with either a miR-136-3p mimic or a siRNA against NRDC, along with their
respective controls. We then performed a battery of metabolic assays to evaluate substrate
metabolism. Specifically, we used radiolabelled substrate assays to assess glucose uptake,
glucose oxidation, glycogen synthesis, fatty acid oxidation. Notably, miR-136-3p transfection
resulted in increased glucose uptake in the absence of insulin stimulation (Figure 5A), whereas
no changes were observed in glucose oxidation (Figure 5B), glycogen synthesis (Figure 5C),
and fatty acid oxidation (Figure 5D). Lactate release was also not altered by miR-136-3p
transfection (Figure 5F), as measured using a colorimetric assay. To assess protein synthesis,
we utilised the SUNnSET assay, which involves the measurement of puromycin incorporation
into newly synthesised proteins. The results indicated that miR-136-3p transfection did not
alter protein synthesis (Figure 5E). Additionally, we included insulin-stimulated conditions to
determine the effect of miR-136-3p on the insulin responsiveness of these cells (data not

shown), and found that miR-136-3p did not alter insulin-stimulated substrate metabolism.

4.2.6 Both miR-136-3p transfection and NRDC silencing increase extracellular acidification rate

Endurance training increases mitochondrial content and capacity in human skeletal muscle.
To assess whether miR-136-3p and NRDC could play a role in mediating such adaptations, we
transfected human primary myotubes with either a miR-136-3p mimic or a siRNA against
NRDC, along with their respective controls. Transfection with miR-136-3p led to an increase
in basal and maximal oxygen consumption rate, whereas NRDC silencing had no effect (Figure
6A-C). Notably, both miR-136-3p transfection and NRDC increased extracellular acidification
rate (Figure B).
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5 DISCUSSION

In Study I, we explored the role of glutamine in the context of skeletal muscle insulin
resistance. We found that plasma glutamine levels correlated with BMI and HOMA-IR in a
cohort of male individuals with normal glucose tolerance or type 2 diabetes. Using an in-vivo
model of diet-induced obesity and insulin resistance, we show that a systemic increase in
circulating glutamine levels improves insulin sensitivity and restores glucose homeostasis. At
the skeletal muscle level, we found that glutamine regulates the expression of genes involved
in inflammatory pathways and the insulin response. Mechanistically, we determined that the
metabolism of glutamine by glutaminase is necessary for regulating IL6 and GRB10 gene

expression, but not for CCL2.

Our comparative analysis of plasma and skeletal muscle metabolic profiles aimed to uncover
potential contributors to the progression of skeletal muscle insulin resistance in type 2
diabetes and to identify novel metabolic pathways that may be disrupted in this context. We
analysed metabolomic datasets from males with either normal glucose tolerance or type 2
diabetes to identify metabolites that exhibit significant associations with clinical indicators of
metabolic dysregulation. Plasma glutamine and glutamate showed inverse associations with
BMI and HOMA-IR, in line with existing literature showing that a high glutamine-to-glutamate
ratio is associated with reduced risk of incident type 2 diabetes (146) and insulin sensitivity in
obese patients (92). This association, along with the observation that circulating glutamine
levels were selectively altered in participants with both overweight and T2D diagnosis,
prompted us to investigate glutamine in the context of obesity-induced insulin resistance.
Skeletal muscle is a primary site of insulin action and glutamine is primarily synthesised in
skeletal muscle (147). We observed a mild positive correlation between intramuscular and
plasma glutamine (r = 0.37, p < 0.01). However, the plasma differences between normal and
overweight individuals with T2D did not translate in the muscle, with intramuscular glutamine
levels correlated with HOMA-IR but not with BMI and showing no changes across groups after
stratification of participants based on BMI and only a trend to a decrease in the participants
with type 2 diabetes before stratification. This may be due, at least in part, to the narrow
range of BMI in our cohort, with a mean BMI of 24.6 and 27.6 kg/m? for the normal and
overweight individuals, respectively, with several participants within one point of the
normal/overweight cut-off. Muscle tissue might have more robust mechanisms to maintain
its glutamine levels, possibly due to its role in glutamine synthesis and storage (147), making
the detection of differences in muscle glutamine levels more challenging with the low n-size
after stratification. It is also possible that other tissues contribute to the more pronounced
differences in glutamine concentration in plasma. For example, glutamine metabolism has
been shown to be dysregulated in adipose tissue in obese female individuals (92,148).
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In this study, we observed that two weeks of glutamine treatment are sufficient to reverse
the deleterious effects of a high-fat diet on whole-body glucose homeostasis and insulin
sensitivity in mice. We did not directly measure insulin-stimulated glucose transport in
skeletal muscle, but the enhanced insulin signalling leading to GLUT4 translocation in EDL
muscle suggests that skeletal muscle contributes, at least partly, to the improvements we
measured in systemic glucose metabolism following glutamine treatment. Of note, insulin
signalling was not affected by glutamine treatment in soleus muscle. This may be due to a
fibretype specificity in glutamine uptake and accumulation (149). We further identified
GRB10, an inhibitor of insulin signalling (143), as a glutamine-responsive gene in skeletal
muscle. GRB10 expression is lower both in vastus lateralis muscle of participants with higher
circulating glutamine and in gastrocnemius muscle of glutamine-treated mice. In parallel,
exposure of primary human skeletal muscle cells to high glutamine levels led to a decrease in
GRB10 gene expression. This was reversed by the addition of a glutaminase inhibitor, BPTES,
indicating that the effect on GRB10 expression is indeed mediated by glutamine through its
metabolism. GRB10 is an adaptor protein that interacts with the insulin receptor through its
SH2 and PH domains (143). Global deletion of Grb1l0 in mice leads to a phenotype
characterised by improved glucose homeostasis and peripheral insulin sensitivity (15,150—
152). Muscle-specific Grb10-deficient mice exhibit enhanced insulin signalling at the level of
phospho-Akt and increased skeletal muscle glucose uptake (15). In human skeletal muscle
cells, knocking down Grb10 enhances insulin-induced PI3K/Akt signalling and glucose uptake
(144). Based on this literature, we concluded that the glutamine-induced downregulation of
GRB10 gene expression may have contributed, at least partly, to the enhanced insulin
signalling in the skeletal muscle of our glutamine-treated mice. Altogether, our findings
suggest a mechanistic link between glutamine metabolism and the modulation of insulin
signalling pathways, mediated by changes in GRB10 expression.

In study I, we explored the molecular adaptations induced by endurance training, focusing
on the role of extracellular vesicles and their miRNA cargo. While the diameter and serum
concentration of these vesicles remained unchanged, we found that their miRNA composition
was altered following aerobic exercise training. Specifically, we found increased levels of miR-
1-3p, miR-139-5p, and miR-136-3p. We hypothesized that skeletal muscle might be one of the
target tissues of EV-associated miR-136-3p, and determined that cultured primary human
myotubes can incorporate miR-136-3p packed in extracellular vesicles. We further identified
NRDC as a direct target of miR-136-3p in human skeletal muscle cells, which is likely of
practical relevance in the context of training adaptations as NRDC transcript is downregulated
in human skeletal muscle in response to aerobic training. We further investigated the
metabolic roles of miR-136-3p in primary human myotubes and found that miR-136-3p
increases glucose uptake independent of insulin, and increases mitochondrial oxygen

consumption rate. Overexpression of miR-136-3p and silencing of NRDC increase ECAR, which
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can be indicative of a change in cellular metabolism potentially through impacting

mitochondrial function.

Our training intervention resulted in no change in the size or concentration of circulating EVs.
The question of whether exercise leads to an increase in the release of EVs into the circulation
remains a subject of debate in the current literature (153). The initial observation that
exercise would lead to an increased number of circulating EVs led to speculations about their
role in facilitating cell-to-cell communication to orchestrate the body's integrated response
to exercise. Subsequent studies have provided mixed results; this variability could stem from
differences in exercise intensity, duration, and the fitness levels of participants. Additionally,
the methods used to isolate and characterise EVs vary widely, potentially affecting the
consistency of results across studies. The temporal sampling points post-exercise could
influence the observed levels of circulating EVs (137), as the release and clearance dynamics
of EVs may change rapidly and lead to substantial discrepancies in results. This is of particular
relevance in training studies, where the time between the last exercise bout and sampling can
complicate distinguishing between the acute responses to exercise and the new baseline
established by chronic training. Further, individual biological variability, such as age, sex, and
metabolic health status, might modulate the EV response to exercise (154), leading to
different results observed depending on the cohort examined. Of note, more research on
extracellular vesicles has shown that the number of extracellular vesicles, albeit indicative, is
not the main determinant for functional effects (128). A difference in their cargo alone has
proven sufficient to suggest that they may be released with specific functional roles within a
certain physiological or pathological context. Indeed, we found enrichment of extracellular
vesicle-associated miRNAs, namely miR-1-3p, miR-139-5p, and miR-136-3p. miR-139p-5p and
miR-136-3p have not previously been shown to be exercise-responsive, although have been
highlighted as a biomarker for major depressive disorder and cancer (155-157). This

highlights a potential functional subpopulation of extracellular vesicles in serum.

We hypothesised skeletal muscle could be a target tissue of miR-136-3p, and we showed that
myotubes can incorporate labelled miR-136-3p packed in extracellular vesicles. This is in line
with similar uptake studies that show that extracellular vesicles are readily uptaken by target
cells. However, this method simplifies the uptake in-vivo, because other cells might be more
prone to uptake the extracellular vesicle-associated miR-136-3p. Similar studies have used an
in-vitro approach by using a co-culture method (158,159).In general, in-vivo experiments have
demonstrated that the liver is the main target of extracellular vesicles (136,160-162),
however this may stem from the role of liver in the clearance of extracellular vesicles, rather
than from functional targeting of liver, and it is unknown if this is the case for the miR-136-3p
extracellular vesicles. Future experiments with in-vivo administered extracellular vesicles

could further elaborate.
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We also showed that miR-136-3p directly targets NRDC in skeletal muscle cells. NRDC is a zinc
peptidase that is involved in different cellular processes. In metabolic tissues, it has been
shown to be involved in the maintenance of body thermogenesis in brown adipose tissue
(163) and to regulate glucose-stimulated insulin secretion in the pancreas (164). In skeletal
muscle NRDC is enriched, however the function of NRDC is unknown. Following exercise, in
the MetaMex database, NRDC expression in skeletal muscle was decreased in response to
aerobic exercise training and increased in response to inactivity. Potentially, an explanation
of this phenotype could be due to miR-136-3p following exercise. However, previous research
has shown that miR-136-3p is not increased following exercise in skeletal muscle (122).
Therefore, it could be that external miR-136-3p is responsible for the change in NRDC,
however further studies are required.

Lastly, this study found that miR-136-3p may play a role in the regulation of energy
metabolism in human primary myotubes. Specifically, miR-136-3p transfection results in
increased glucose uptake independently of insulin, similar to what happens in-vivo in skeletal
muscle with exercise and training. miR-136-3p transfection also results in an increase in both
basal and maximal oxygen consumption rates, indicating enhanced mitochondrial respiration.
Neither the increase in glucose uptake nor the increase in oxygen consumption rate could be
recapitulated by NRDC silencing in the same model of primary human myotubes, suggesting
that the miR-136-3p mediates these processes independent from NRDC. Conversely, both
miR-136-3p transfection and NRDC silencing result in increased extracellular acidification
rates, possibly indicating increased glycolytic flux. However, lactate release into the cell
culture medium is not affected by either condition. Overall, our findings indicate that the
metabolic changes triggered by miR-136-3p are not solely due to its silencing effect on NRDC.
This suggests that additional pathways are involved in the metabolic adaptations driven by
miR-136-3p. In line with the biology of miRNAs, which typically target multiple mRNAs to
regulate various pathways, these results prompt further research into the metabolic roles of
miR-136-3p.

In conclusion, this thesis examines the molecular mechanisms regulating insulin sensitivity in
muscle and how these are influenced by circulating factors, integrating muscle tissue
physiology. In Study I, we highlight a role for the amino acid glutamine in improving whole
body insulin sensitivity. In Study Il, we explored the molecular adaptations induced by
endurance training, focusing on the role of exosome-enriched extracellular vesicles and their
miRNA cargo. In this context of increased insulin sensitivity, we found that miR-136-3p

enhances glucose uptake without altering the insulin response of skeletal muscle cells.
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6 Conclusions

Based on the data presented in this thesis we conclude:

1. Increasing circulating levels of the amino acid glutamine improves whole body glucose

homeostasis and skeletal muscle insulin action.

2. Three weeks of supervised endurance exercise training changes the abundance of
extracellular vesicle-associated miRNAs, specifically increasing the content of miRNA miR-
136-3p.

3. microRNA miR-136-3p increases skeletal muscle glucose uptake. miRNA miR-136-3p
directly targets expression of NRDC in human skeletal muscle, although this does not mediate

miR-136-3p effects on glucose uptake.
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7 Points of perspective

This thesis has explored the roles of circulating factors, particularly glutamine and miR-136-
3p, in modulating skeletal muscle metabolism in the contexts of type 2 diabetes and exercise
training. The findings provide evidence that these factors influence muscle physiology,
suggesting potential pathways that may be of clinical relevance. However, further research is

needed to fully understand and utilise these pathways for clinical benefit.

Further research could aim to understand whether glutamine levels are decreased in the
skeletal muscle of people with type 2 diabetes, which would enhance the physiological
relevance of our in-vitro and in-vivo findings. Given that both our results and others suggest
a role for BMI, measuring glutamine in muscle biopsies from a larger cohort of patients—
including individuals with a larger gap in BMI and with or without type 2 diabetes— could
definitively answer whether skeletal muscle fibres in-vivo are exposed to lower levels of
extracellular glutamine. Moreover, exploring the causes of lower circulating glutamine levels
might reveal whether skeletal muscle is a driver of these plasma differences. If glutamine
metabolism is dysregulated in skeletal muscle, the clinical implications of this study could
extend beyond glutamine supplementation to uncover pathways that can be targeted
pharmacologically to improve skeletal muscle insulin sensitivity. Our study was limited to
measuring mRNA levels of GLUL and GLS in muscle biopsies at baseline. Although the
transcriptome of skeletal muscle does not differ significantly between people with type 2
diabetes and those with normal glucose tolerance (82,165), the physiology of muscle and how
it handles metabolic challenges, such as a meal or exercise, does undergo pathologic changes
that are a hallmark of the disease (32). Including analyses that provide information on
glutamine metabolism in skeletal muscle in-vivo in patients with type 2 diabetes both at
baseline and after a metabolic challenge could unmask such dysregulations. For example,
integrating studies of metabolic flux could be highly informative. While our study provides
insights into the basal levels of glutamine in individuals with type 2 diabetes, which are
informative for understanding the metabolic milieu to which tissues are chronically exposed,
it is limited to static measurements of metabolites at a single point in time. Metabolic flux
analysis would allow us to observe the rates at which glutamine is produced and utilised
within skeletal muscle. This dynamic approach can uncover how glutamine metabolism
responds to physiological stresses such as exercise or a nutritional challenge. If human data
conclude that dysregulation of glutamine metabolism is indeed a hallmark of type 2 diabetes,
integrating these data with in-vitro and in-vivo studies—where key enzymes in glutamine
metabolism like GLUL or GLS are knocked out, silenced, or overexpressed specifically in
skeletal muscle cells or in mouse skeletal muscle—would help understand the consequences

of this metabolic dysregulation on insulin sensitivity and whole-body energy metabolism.
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In study Il, our findings indicate that while miR-136-3p facilitates an increase in insulin-
independent glucose uptake and increases oxygen consumption rate, these effects are largely
independent of NRDC. These effects are likely mediated through additional targets that have
not been explored. Furthermore, despite increased glucose uptake and oxygen consumption
rate, glucose oxidation remained unchanged, prompting questions about the metabolic fate
of the glucose. This disconnect suggests that miR-136-3p likely activates additional pathways
that we have not been fully explored yet. Further investigation into the pathways regulated
by miR-136-3p is needed to fully understand its role in the regulation of energy metabolism.
Moreover, studying miR-136-3p in other contexts, such as type 2 diabetes, could reveal

whether the pathways it regulates have implications in metabolic health.

The observed increase in extracellular acidification rate upon silencing NRDC in human
skeletal muscle cells highlights a potentially significant metabolic role for NRDC that merits
further exploration. Notably, NRDC is enriched in skeletal muscle and responds dynamically
to physiological stimuli such as exercise training and periods of inactivity. This responsiveness
suggests that NRDC could play a critical role in skeletal muscle homeostasis. The development
of animal models, specifically mice with a skeletal muscle-specific deletion of NRDC, could be

help understanding the functional roles on NRDC is skeletal muscle.

Studying the origin and the biodistribution of EV-associated miR-136-3p following training
could increase the relevance of our in-vitro findings and bridge them with in-vivo scenarios.
We show that skeletal muscle cells can incorporate EV-associated miR-136-3p, which in turn
induces phenotypic changes in these cells. Additionally, NRDC is downregulated in training
studies which suggests both that the targeting of NRDC by miR-136-3p and the targeting of
muscle by miR-136-3p could indeed be a physiologically relevant response to training.
However, investigating the mechanisms regulating the release of miR-136-3p in-vivo in
response to training, identifying the specific tissues involved, and understanding the factors
that govern miR-136-3p loading into EVs could deepen our understanding of training

adaptations, as well as their effects on skeletal muscle metabolism and insulin sensitivity.
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