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Summary

Skeletal muscle is an endocrine organ that secretes proteins (myokines) to communicate with
other organs in an autocrine, paracrine, and endocrine manner. Contraction-induced myokines
are released from skeletal muscle cells and are thought to mediate the health-promoting effects
of exercise. Electrical pulse stimulation (EPS) is a widely used method to stimulate contractile
activity in skeletal muscle cells in vitro. Recent studies have identified contraction-induced
myokines released in response to EPS, however, the knowledge about the composition of the

muscle secretome of contracting skeletal muscle cells is limited.

In the present thesis, the muscle secretomes of the two most commonly used cell culture
models, murine C2C12 cells and human skeletal muscle cells (HSKMCs), were investigated
after acute (6h) low-frequency EPS. In both cell culture models, EPS induced contractile
activity concurrent with activation of the AMPK signaling pathway. Analysis of muscle
secretomes by high-resolution mass spectrometry (MS) identified 1,440 and 385 novel
myokines secreted by murine and human myotubes, respectively. While EPS induced the
secretion of hundreds of proteins, the overlap of myokines in both murine and human
secretomes was moderate, suggesting that EPS induced a distinct myokine secretion profile
in both cell models.

Secondly, the effect of EPS on the muscle secretome of insulin sensitive and insulin resistant
HSkMCs was investigated. An in vitro protocol was established by exposing human myotubes
to high levels (800 uM) of palmitic acid. Insulin resistance was characterized by impaired insulin
signaling and reduced insulin-stimulated glycogen synthesis in HSkMCs. MS analysis revealed
differences in the secretomes of resting and contracting insulin sensitive and resistant
myotubes, indicating that the myokine secretion profile is altered in the insulin resistant state.
A comprehensive analysis of the secreted proteins revealed a distinct myokine pattern in
contracting human myotubes, comprising 70 myokines exclusively secreted in insulin sensitive
cells and 93 myokines exclusively secreted in insulin resistant cells. Lastly, bioinformatics
analysis suggests that several different secretory pathways are altered in insulin resistant cells,
leading to a different balance of classical and unconventional protein secretion (UPS). In
conclusion, insulin resistant HSKMCs exhibit distinct alterations in myokine secretion, which
may affect, at least in part, the metabolic response to exercise in type 2 diabetes. Moreover,
comparative analysis of the secretomes underscore the importance of studies using HSkMCs
to translate the knowledge gained to the human system. Further studies are needed to
investigate i) the underlying mechanisms that cause the changes in the myokine profile of
insulin resistant HSKMCs, and ii) the impact of differentially secreted myokines on human

metabolism.



Zusammenfassung

Der Skelettmuskel ist ein endokrines Organ, das Proteine (Myokine) sekretiert, um mit anderen
Organen auf auto-, para- und endokrine Weise zu kommunizieren. Durch die
Muskelkontraktion werden Myokine freigesetzt, von denen angenommen wird, dass sie an den
gesundheitsférdernden Effekten kdrperlicher Aktivitdt beteiligt sind. Die Elektrische Puls
Stimulation (EPS) ist eine weit verbreitete Methode, um die Kkontraktile Aktivitdt von
Skelettmuskelzellen in  vitro zu simulieren. Mehrere Studien haben bereits
kontraktionsinduzierte Myokine identifiziert, jedoch ist das bisherige Wissen Uber die
Zusammensetzung des Muskelsekretoms kontrahierender Skelettmuskelzellen begrenzt.

In der vorliegenden Arbeit wurden die Sekretomprofile der beiden am haufigsten verwendeten
Zellkulturmodelle, murine C2C12 Skelettmuskelzellen und humane Skelettmuskelzellen
(HSKMCs), nach akuter (6h) Niederfrequenz-EPS untersucht. In beiden Zellkulturmodellen
fOhrte die EPS zu einer kontraktilen Aktivitat, die mit der Aktivierung des AMPK-Signalweges
einherging. Die Analyse der Muskelsekretome mittels hochaufldsender Massenspekirometrie
(MS) identifizierte 1440 (C2C12) bzw. 385 (HSkMCs) bislang nicht beschriebene Myokine.
Obwohl die EPS die Sekretion von Hunderten von Proteinen induzierte, war die Uberlappung
der Myokine beider Sekretome moderat. Des Weiteren wurde die Wirkung von der EPS auf
das Muskelsekretom von insulinsensitiven und insulinresistenten HSKMCs untersucht.
Insulinresistenz wurde in vitro durch die Behandlung von humanen Myotuben mit
Palmitinsdure erzeugt, welche durch eine Beeintrachtigung der Insulinsignaltransduktion
sowie einer reduzierten insulin-stimulierten Glykogensynthese im  Skelettmuskel
charakterisiert wurde. Die MS-Analyse ergab Unterschiede in den Sekretomen von ruhenden
und kontrahierenden insulinsensitiven und resistenten Myotuben, was darauf hindeutet, dass
das Myokin-Sekretionsprofil im insulinresistenten Zustand veréandert ist. Insgesamt induzierte
die EPS die Sekretion von 70 Myokinen ausschlieBlich von insulinsensitiven und 93 Myokinen
ausschlieBlich von insulinresistenten Zellen. Des Weiteren zeigten bioinformatische Analysen
des insulinresistenten Sekretoms Veranderungen innerhalb der konventionellen und
unkonventionellen  Sekretionswege. Zusammenfassend lasst sich sagen, dass
insulinresistente HSKMCs deutliche Veranderungen in der Myokinsekretion aufweisen, die
zumindest teilweise die metabolische Reaktion auf kérperliche Betatigung bei Diabetes
mellitus Typ 2 beeinflussen kdnnen. DarlUber hinaus unterstreicht die vergleichende Analyse
der Sekretome beider Spezies die Bedeutung von Studien mit HSkMCs, um die gewonnenen
Erkenntnisse auf das menschliche System zu Ubertragen. Weitere Studien sind erforderlich,
um i) die zugrundeliegenden Mechanismen zu untersuchen, die die Veradnderungen im
Myokinprofil von insulinresistenten HSkKMCs verursachen, und ii) die Auswirkungen der
unterschiedlich sezernierten Myokine auf den menschlichen Stoffwechsel.
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1. Introduction

1 Introduction

1.1 Diabetes mellitus

Diabetes mellitus is a chronic metabolic disease with a steadily increasing prevalence
worldwide, posing a major challenge to the human population of today’s world. In 2021,
diabetes affected approximately 537 million adults aged 20-79 years worldwide and was
responsible for 6.7 million deaths, yet a large number of cases remain undiagnosed (1, 2).
Current numbers are projected to increase to 643 million affected adults by 2030 and to
783 million by 2045. In Germany, 6.2 million adults (20-79 years) are currently living with
diabetes, corresponding an age-adjusted prevalence of 6.9%, which is expected to rise
steadily to 7.9% by 2035 and 8.4% by 2045. In addition, 1.35 million people in Germany
remained undiagnosed with diabetes in 2021, which accounts for 21.7% (2).

Type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM) are the two main forms
of diabetes mellitus, which are both characterized by a decrease in functional beta cell mass,
but their pathogenesis is quite different (3). T1DM is considered an autoimmune disease that
leads to the destruction of the insulin-producing pancreatic beta cells. This results in absolute
insulin deficiency and hyperglycemia, requiring lifelong treatment with insulin substitution
medication. It is diagnosed by an elevated glycated hemoglobin (HbA1c) level (6.5% or higher),
often at an early age as it is one of the most prevalent chronic diseases in childhood, but it can
also be diagnosed in adulthood (4).

T2DM is a metabolic disease that affects the majority (90%) of patients with diabetes mellitus
and also has a significant impact on their quality of life (1). Glucose homeostasis is impaired
by defective insulin secretion and a poor response of insulin sensitive tissue to insulin (termed
insulin resistance), leading to a metabolic imbalance (5, 6). As a consequence, hyperglycemia
is responsible for causing micro- and macrovascular complications such as retinopathy,
nephropathy, neuropathy and cardiovascular comorbidities. In addition to genetic
predisposition, the pathogenesis of T2DM is mainly driven by environmental factors such as a
sedentary lifestyle and unhealthy diet, both of which promote obesity and insulin resistance
(5). Prevention and treatment of T2DM therefore include lifestyle interventions, such as a
healthy diet and regular exercise in conjunction with pharmacotherapy. While the benefits of
exercise have been extensively studied, there remains a subset of individuals who do not
experience the expected beneficial effects of exercise (e.g., lowering of blood glucose levels),
referred to as “non-responders” (7). The reasons why certain individuals do not respond to
exercise are not fully understood, underscoring the importance of understanding the
mechanisms that drive the beneficial health effects of exercise (8). Exploring molecular
predictors such as genetic, epigenetic and metabolic factors may shed light on why non-
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1. Introduction

responders fail to benefit from exercise (7). Moreover, it is probable that individuals will respond
differently to specific exercise intervention, as it was shown that aerobic exercise activates
different signaling pathways than resistance exercise (9). Therefore, understanding the
different mechanisms driving the health promoting effects of exercise could potentially lead to
tailored exercise interventions to ensure that these individuals receive appropriate therapies
(7, 10). Such personalized approaches could complement pharmacotherapy and a balanced

diet to maximize the overall effectiveness of treatment regimens (7).

In addition to the two main forms of diabetes, there are also other types of diabetes, such as
gestational diabetes, which can occur during pregnancy without a history of the disease, or
secondary diabetes, which is caused by other medical conditions (11).

1.2 Insulin resistance

Environmental factors such as a sedentary lifestyle, unhealthy diet and lack of physical activity
are the main factors contributing to the development of insulin resistance, which often results
as a consequence of obesity (excessive accumulation of adipose tissue, body mass index of
over 30 kg/m?) (12, 13). Insulin resistance is often diagnosed in late adulthood but is becoming
increasingly common in young people as more overweight children develop obesity (14).
Insulin resistance is defined by a decreased metabolic response to the hormone insulin, which
is produced and secreted by the beta cells of the pancreas to regulate circulating blood glucose
levels and promote the uptake of glucose into cells (15). In healthy individuals, the binding of
insulin to its receptors on the plasma membrane activates a signaling cascade in target cells
that promotes cellular glucose uptake and glycogen storage, particularly in muscle and adipose
tissue (16). In insulin resistance, insulin signaling is impaired, characterized by a diminished
response to insulin, which renders target tissues unable to properly remove blood glucose,
inhibit lipolysis, stimulate glycogen synthesis, and inhibit hepatic glucose production, resulting
in elevated blood glucose levels (called hyperglycemia). To compensate for the steadily rising
circulating blood glucose levels, pancreatic beta cells produce and secrete more insulin,
resulting in hyperinsulinemia (17). The resulting vicious cycle of hyperglycemia and
hyperinsulinemia eventually leads to decompensation of the insulin-producing beta cells in the
pancreas, leading to the development of T2DM (5, 15, 18).

In obesity, excess body fat, particularly visceral fat, promotes the release of large amounts of
free fatty acids from adipose tissue because insulin fails to inhibit lipolysis (the hydrolysis of
lipid triglycerides (TG) to glycerol and free fatty acids (FFA)), directly contributing to impaired
insulin signaling in skeletal muscle and liver (19, 20). In addition, the accumulation of excess
lipids and toxic lipid metabolites such as FFA, diacylglycerol (DAG) and ceramide in non-
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adipose tissues (ectopic fat disposition) leads to lipid-induced toxicity (lipotoxicity), which is
another major reason for the development of insulin resistance in liver and muscle tissue (16,
21). Under physiological conditions, insulin stimulates the uptake of circulating glucose and its
storage as glycogen in skeletal muscle and liver, but in insulin resistance, proximal insulin
signaling is disrupted, including by higher levels of DAG, leading to reduced glucose uptake,
which results in elevated circulating glucose levels (21). In addition, insulin-mediated
suppression of gluconeogenesis (de novo glucose production) in the liver is disrupted, leading
to further production of glucose, resulting in higher circulating glucose levels (17, 22).

1.3 The skeletal muscle

1.3.1 Skeletal muscle anatomy

Skeletal muscle is a highly dynamic and plastic tissue, accounting for about 40% of total body
weight in humans and representing 50-75% of all body proteins. It is a versatile organ involved
in many immunometabolic processes and is part of the locomotor system, responsible for the
movement of the joints by contraction (23). The structure of skeletal muscle is defined by a
specific arrangement of muscle fibers, also known as myofibers. Each myofiber represents a
muscle cell that develops during the differentiation of uninucleated myoblasts into
multinucleated myotubes (called myogenesis) (24, 25). To generate force during muscle
contraction, the basic cellular contractile unit, the sarcomere, is required, which develops
during myogenesis and is formed by differentiated, multinucleated myofibers (26). Sarcomeres
are arranged in visible rows in cylindrical bundles and form myofibrils, which is why skeletal
muscle is categorized as striated muscle (27). It is a molecular machinery that extends from
Z-disk to Z-disk, comprising an A-band (thick filaments with myosin) and half I-bands (thin
filaments with actin) (24, 27, 28). Myosin, the force-generating motor protein at the sarcomere
center, along with regulatory proteins such as the troponin complex and tropomyosin, drive
force generation and movement (23, 24, 27). The structure of a myofiber and its sarcomere is
simplified illustrated in Figure 1.

10
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Figure 1: The structure of skeletal muscle, simplified representation of a single myofiber and its contractile
unit, the sarcomere. The figure was created with BioRender.com

Skeletal muscle is characterized by its capacity for self-renewal and therefore responds to
injury by activating quiescent satellite cells that proliferate and differentiate into multinucleated
myofibers to allow skeletal muscle repair and regeneration (25, 29). Satellite cells are located
between the sarcolemma and the basal lamina and represent the adult stem cells of the
skeletal muscle (30). They are activated by transcription factors such as myogenic regulatory
factors (MRF), which regulate the expression of molecular markers representing different
stages of myogenesis (31, 32). Indeed, satellite cell biogenesis, survival and self-renewal
processes involve paired box (Pax) family transcription factors such as Pax3 and Pax7 (33),
while in the early stages of myogenesis the expression of myoblast determination protein 1
(MyoD) is crucial, as it activates the expression of other myogenesis-associated proteins such
as myogenin (MyoG), myogenic factor 5 (Myf5) and Mrf4 (34-36). The latter are representative
of later stages of differentiation, where MyoG is responsible for the fusion of myoblasts into
multinucleated myotubes (28). Furthermore, terminal differentiation is characterized by the
downregulation of Myf5, which is highly abundant in myoblasts, and later by MyoD (24, 25).
The process of myogenesis is simplified illustrated in Figure 2.
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Figure 2: Representative genes for different stages of myogenesis. After the initiation of differentiation,
mononuclear myoblasts begin to arrange themselves to myocytes and fuse to multinucleated myotubes, eventually.
Representative differentiation markers used in this thesis for myoblasts and myotubes are highlighted in bold. The
figure was created with BioRender.com

1.3.2 Skeletal muscle as an endocrine organ

In addition to muscle contraction, skeletal muscle has long been known to function as an
endocrine organ by producing and releasing proteins known as myokines (37, 38). The first
muscle-derived protein was described in 1997 by McPherron et al., who identified myostatin
as a member of the transforming growth factor beta (TGF-B) superfamiliy and a negative
autocrine regulator of skeletal muscle growth (39). In 2003, Pederson et al. first proposed to
define these muscle-specific secreted proteins as “myokines” (40). Since then, hundreds of
myokines have been identified and investigated in targeted and non-targeted studies
addressing their role and function in communication between skeletal muscle and other organs
during exercise and disease (41-43). Investigation of their auto-, para- and endocrine effects
on metabolic regulation is essential as it may contribute to address and understand the
consequences associated with insulin resistance and T2DM (44, 45). During muscle
contraction, skeletal muscle responds by releasing proteins that mediate the beneficial health
effects of exercise, but the underlying mechanisms remain unclear (46). Contraction-induced
secreted proteins have recently been described as “exerkines” (47) and represent potential
candidates to be used as biomarkers for the prevention and treatment of cardiovascular
diseases, T2DM or obesity (48, 49). Furthermore, it has been observed that myokine secretion
is altered and impaired during physical inactivity, which marks the onset of metabolic diseases
such as T2DM (46, 50). In addition to myokines, the skeletal muscle secretome contains other
valuable markers such as extracellular vesicles (EV) (e.g. exosomes), which contain coding
and non-coding RNAs, DNA and various metabolites that are also engaged in muscle-organ
crosstalk and metabolic regulation (51). Previous proteomic studies have analyzed the muscle
secretome (the myokinome) using non-targeted approaches and revealed a large number of
secreted proteins (52, 53), but the biological function of these myokines remains to be
elucidated and has only been described for about 5% of all known myokines (38, 49).
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1. Introduction

1.3.3 Myokines — skeletal muscle-derived secreted proteins

During metabolic disease, the signaling pathway of certain myokines was altered at the mRNA
and protein levels in skeletal muscle, suggesting that changes in the myokinome play a critical
role in the onset of insulin resistance and T2DM (43, 53). Using targeted approaches, the
concentration of selected circulating pro-inflammatory myokines was measured in T2DM
patients and non-diabetic subjects, revealing increased levels of the pro-inflammatory
cytokines TNF-a, interleukins such as IL-6, IL-8, IL-15, follistatin and MCP-1 in T2DM patients
compared to healthy subjects (50). In addition, the myokine secretion profile is also affected
and altered in response to exercise and as myokines play a central role in muscle-organ
crosstalk, they are thought to be involved in mediating the health-promoting effects of exercise
(38, 42, 54, 55). Therefore, previous studies have investigated the myokinome after exercise,
resulting in the identification of contraction-induced myokines such as IL-6, IL-8 and IL-15,
fibroblast growth factor 21 (FGF-21), leukemia inhibitory factor (LIF), irisin, myostatin,
angiopoietin-like 4 (ANGPTL4), brain-derived neurotrophic factor (BDNF), follistatin-like 1
(FSTL1), vascular endothelial growth factor (VEGF) and secreted protein acidic and rich in
cysteine (SPARC) (48, 56-58). The following sections present a selection of myokines that
have been described and investigated as exerkines and therefore may contribute to the health-
promoting effects of exercise, however, some are also secreted by other tissues, such as
adipose tissue, where they show pro-inflammatory properties.

1.3.3.1 IL-6

IL-6 and its dual role as an exerkine and mediator of systemic inflammation has been
intensively studied over the past decades and is undoubtedly the most thoroughly
characterized myokine at present (37, 58). During muscle contraction, increased levels of
circulating IL-6 are secreted in response to exercise, but the amount of IL-6 secreted depends
on the type of exercise (endurance vs resistance training, acute vs chronic exercise) (44, 46).
Muscle contraction-induced IL-6 exerts its health-promoting effects (e.g. increased glucose
uptake) in an endocrine and paracrine manner (56, 59, 60). Furthermore, previous studies
have shown that IL-6 stimulates the expression of other anti-inflammatory cytokines, while
suppressing the expression of the pro-inflammatory cytokine TNF-a (61). In contrast, chronic
secretion of IL-6 leads to negative regulation of metabolic homeostasis, resulting in insulin
resistance and T2DM (43, 59, 62, 63). IL-6 enters the cell via two receptors, either via the
membrane-bound receptor (IL-6R), which induces the classical signaling, or by binding to the
soluble form of the IL-6 receptor (sIL-6R), which induces trans signaling. While classical
signaling mediates the anti-inflammatory effects of IL-6, trans signaling is responsible for
promoting the pro-inflammatory effects of IL-6 (64), a process that causes the activation of
inflammatory cells (macrophages) that express glycoprotein (gp)130 but lack the IL-6 receptor

13



1. Introduction

(65). Pharmacological targeting of IL-6 trans signaling could control IL-6-mediated

inflammation.

1.3.3.2 IL-8 and IL-15

Shortly after IL-6 was classified as a myokine, IL-8 (also known as chemokine ligand 8
(CXCL8)) and IL-15 were also recognized as such. Both are generally considered pro-
inflammatory cytokines, but they also respond to exercise with increased mRNA and plasma
levels and have recently been categorized as exerkines (37, 66). Both resistance and
endurance training have been reported to stimulate IL-15 expression and secretion (46, 54,
56, 67), while IL-8 expression levels were increased by endurance training (68)and plasma
levels were increased by electrical pulse stimulation (EPS), an in vitro muscle contraction
method, after 24 hours (69) and 48 hours (70). IL-8 acts locally as an angiogenic factor in an
autocrine and paracrine manner (67), while IL-15 contributes to the regulation of glucose
metabolism and muscle development (37, 66). Cell culture studies using murine skeletal
muscle cells (C2C12 cell line) have shown increased glucose uptake in skeletal muscle after
treatment with IL-15 (71). Therefore, it may be a potential target for the prevention and
treatment of metabolic diseases such as T2DM and obesity.

1.3.3.3 ANGPTL4

ANGPTL4 is an exercise-induced myokine involved in various physiological processes such
as insulin sensitivity, lipid metabolism, and adipogenesis, and is also secreted by other organs
such as adipose tissue, liver, and intestine (46). In myotubes, increased gene expression of
ANGPTL4 was measured in response to four hours of EPS, and an increase in protein content
was measured in the supernatant after eight hours of stimulation (69). In contrast, elevated
circulating levels of ANGPTL4 were also observed in obese patients with or without T2DM
(72), suggesting that it plays a dual role that is not yet fully understood in the context of glucose
metabolism and obesity, so its potential role as a therapeutic target requires further

investigation.

1.3.3.4 MCP-1

Another well-studied secreted protein is the adipo-myokine MCP-1, which acts as an
inflammatory mediator when secreted by adipocytes and as an exerkine when secreted by
skeletal muscle (66), but its role and function is controversial in the literature and still not fully
understood (73). Cell culture studies with human myotubes from T2DM patients showed
increased gene expression (74) and protein levels in the cell culture supernatant (50) of MCP-
1. In addition, Sell et al. reported that incubation of human myotubes with MCP-1 resulted in
impaired insulin signaling and glucose uptake in skeletal muscle (75). In contrast, other studies
reported that MCP-1 was increased in response to different types of exercise (resistance
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training, treadmill training, or cycling). Resistance training led to a strong increase in MCP-1
mRNA expression in skeletal muscle (76) and protein levels (77). Similar results have been
reported after endurance training such as cycling (78) and treadmill exercise (79).

1.3.4 Protein secretion pathways

Classical protein secretion is defined by the trafficking of cargo proteins along the conventional
secretion pathway, the ER to Golgi complex. The cargo proteins carry a signal peptide
sequence (also known as a “leader sequence”, consisting of short amino acid sequences) at
the N-terminus or a transmembrane domain, which facilitates their recognition and selection
for the classical secretion pathway (80). Here, they travel from the ER via COPII-coated
vesicles to the Golgi apparatus before reaching the plasma membrane (81, 82). Recently,
studies have revealed alternative secretion pathways that secrete a large number of proteins
into the extracellular space through unconventional routes (82-84). Unconventional protein
secretion (UPS) pathways include cytosolic proteins that do not carry a signal peptide
sequence (“leaderless proteins”) and transmembrane proteins that contain a signal peptide
and are secreted bypassing the Golgi apparatus (85). There are four types of UPS: Type | and
Il include cytoplasmic leaderless non-vesicular proteins that are released directly into the
extracellular space either by pore-mediated translocation across the plasma membrane (86-
88) or via ATP-binding cassette (ABC) transporters (89). The formation of plasma membrane
pores (Type | secretion), which mediates the translocation of cargo proteins across the plasma
membrane, is either self-sustained or induced by inflammation. A prominent example of self-
sustained lipid pore formation is the constitutively secreted fibroblast growth factor 2 (FGF2).
It is recruited to the inner leaflet of the plasma membrane where it interacts with
phosphatidylinositol-4,5-bisphosphate (PI1(4,5)P2), triggering self-oligomerization leading to
membrane insertion and lipid pore formation, which mediates translocation of FGF2 across the
plasma membrane into the extracellular space (84, 90). Another important discovery was that
the membrane-bound heparan sulfates on the outer leaflet of the plasma membrane are
required for the release of FGF2 into the extracellular space (82, 84). Inflammation is another
key factor for lipid pore formation, which promotes the secretion of cytokines from the
macrophage cytoplasm. A prominent example is IL-18, which uses the Type | pathway when
secreted from macrophages during inflammation (82, 90). Type Il secretion remains poorly
understood, but ABC transporter-mediated secretion is mainly used for the secretion of
acylated peptides (82). The Type Ill secretion pathway is characterized by leaderless
cytoplasmic vesicular proteins that are enveloped in membrane-bound organelles such as
autophagosomes, lysosomes, endosomes, micovesicular bodies (MVB and is mainly triggered
by stress (82, 91). MVB are important components of the endolysosomal system that package
cytosolic proteins into vesicles and form intraluminal vesicles (ILV). This process is regulated

by endosomal sorting complexes required for transport O-Ill (ESCRT 0-11l) proteins, which are
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required for fusion of vesicles with the plasma membrane (90). Through exocytosis, small
extracellular vesicles such as exosomes are released into the extracellular space. Recently,
the study of extracellular vesicles such as exosomes has become of great interest, since their
contents (e.g. genetic material DNA, mRNA, miRNA, lipids, carbohydrates, even entire
organelles such as mitochondria) can be altered in disease (51, 92). Moreover, another double-
membrane organelle called autophagosomes is often used to secrete cargo proteins into the
extracellular space (90). In particular, autophagosomes are often used by cytokines and other
inflammatory mediators for UPS, such as the pro-inflammatory cytokine IL- (93, 94). Notably,
IL-1B secretion is induced by a variety of stimuli, with inflammation inducing secretion via the
Type | pathway and starvation (stress) inducing secretion via vesicular structures via the Type
lll pathway (82). Moreover, Golgi reassembly and stacking proteins (GRASP), such as
GRASP55 and GRASP65 play a role in the formation of secretory autophagosomes and IL-1f3
secretion (82, 90)

Proteins assigned to Type IV of the UPS pathway are recognized by the signal recognition
particle by carrying a signal peptide sequence. Similar to classically secreted proteins, they
are synthesized in the ER on the ribosome, but when secreted into the extracellular space,
they bypass the Golgi (82, 95). Type IV secretion is mostly triggered by various cellular
stresses, including ER stress, mechanical stress, and nutrient starvation (95). Prominent
examples of transmembrane proteins using Type IV UPS pathway are pendrin and cystic
fibrosis transmembrane conductance regulator (CFRT). Mutations in both proteins lead to
misfolding and ER retention. When ER-Golgi trafficking is blocked or under ER stress
conditions, immature core-glycosylated CFTR and pendrin are transported to the plasma
membrane by bypassing the Golgi. The underlying mechanisms facilitating this transport via
the Type IV UPS pathway seem comparable for both proteins, as both are promoted by
activation of the inositol-requiring enzyme 1 a (IRE1a) kinase pathway (85, 95). Taken
together, it should be considered that certain cargo proteins are secreted via different types of
UPS pathways, but some proteins undergo various UPS pathways to reach the extracellular
space, such as IL-1B, which uses both Type | and Il UPS pathways (91).

Another alternative secretion pathway is known as ectodomain shedding (96). Shedding is an
irreversible post-translational modification process in which a protease known as a sheddase
(e.g. ADAM proteases) cleaves a membrane protein substrate located either near or within its
transmembrane domain (97). Subsequently, the soluble extracellular domain, called the
ectodomain, of the membrane protein is released into the extracellular space. Regulated
shedding is an important cellular mechanism that controls processes like adhesion, migration
and proliferation ensuring proper functioning in both development and inflammation (98). It
controls the activation or inactivation of surface proteins, such as the release of growth factors
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or cytokines (e.g. TGF-a, IL-6-receptor) attached to the plasma membrane (97). However,
when dysregulated, shedding can be implicated in the development of several diseases,
including Alzheimer’s disease, cancer, infections and inflammatory diseases (96, 98). An
overview of the different secretion pathways is shown below in Figure 3.
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Figure 3: Classical protein secretion versus UPS pathways. Classical secretion pathway (ER-to-Golgi) involves
proteins that carry a SP sequence at the N-terminus. UPS pathways involves trafficking of leaderless proteins (Type
I-1ll) and trafficking of proteins containing a SP sequence but bypass the Golgi (Type IV). UPS: unconventional
protein secretion; ER: endoplasmic reticulum; SP: signal peptide, MVBs: multivesicular bodies. The figure was
created with BioRender.com

1.3.4.1 Bioinformatical analysis tools for the prediction of secretion pathways

The web-based tools SignalP 6.0, SecretomeP 2.0 and, more recently Outcyte 1.0 are
bioinformatics tools that enable computational prediction and classification of secreted proteins
in terms of their secretion pathways (99, 100). SignalP is a machine learning program that first
identifies proteins carrying a cleavable signal peptide (SP) sequence and then detects the
position of the SP cleavage site. It is used to predict classically secreted proteins, referred to
as “SP+ proteins” in this thesis (101, 102). Another sequence-based program is SecretomeP,
which allows the prediction of leaderless proteins secreted via UPS pathways. The program is
based on the hypothesis that extracellular proteins share common characteristics regardless
of their secretion pathway. A dataset consisting of classically secreted proteins is used as a
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positive reference for extracellular proteins with the signal peptide part of the sequence
removed, allowing the prediction of non-classically secreted proteins, referred to in this thesis
as “SP- proteins” (103, 104). The latest tool, Outcyte 1.0, is also applicable for the prediction
of proteins secreted via UPS pathways. It has an integrated tool (Outcyte-SP) that first
identifies proteins with a signal peptide or a transmembrane domain within the first 70 amino
acids. The remaining proteins are further filtered by comparing them to the Outcyte-UPS
database, which is based on in-house experimental secretome data from different cell lines
and uses physicochemical features derived directly from protein sequences to enable the
prediction of UPS proteins (100). USP proteins detected by Outcyte are referred to as
“Outcyte+” in this thesis. Bioinformatic classification and different secretion pathways are
shown above in Figure 3.

1.4 AKT/ PI3K and AMPK signaling in skeletal muscle

1.4.1 Insulin-induced signaling

The insulin receptor (IR) is expressed on the plasma membrane at the cell surface of insulin-
responsive tissues and is a tetrameric protein consisting of two extracellular insulin-binding
alpha subunits coupled to two transmembrane beta subunits. When the polypeptide hormone
insulin binds to the receptor, autophosphorylation activates an intracellular tyrosine kinase
domain located on the beta subunits (105, 106). The conformational change of the IR and
consequently its activation leads to the recruitment of new receptor substrates to the
membrane, such as those of the insulin receptor substrate (IRS) protein family (IRS1-6), which
are scaffold proteins responsible for mediating insulin signaling (107, 108). In skeletal muscle,
the two most important IRS proteins involved in metabolic regulation are IRS-1 and IRS-2.
While IRS-1 is crucial for myoblasts differentiation and glucose metabolism, IRS-2 plays an
important role in lipid metabolism and extracellular signal-regulated kinase (ERK) activation
(109, 110). The catalytic subunit of IRS1 is then activated, leading to the phosphorylation of
phosphatidylinositol-4,5-bisphosphate  (PIP2), which generates the lipid messenger
phosphatidylinositol (3,4,5)-trisphosphate (PIPs). Protein kinase B (PKB/AKT) is then recruited
to the plasma membrane by PIPs; and activated by phosphorylation (106, 111). The 3-
phosphoinositide-dependent protein kinase 1 (PDK-1), an upstream kinase of AKT, is activated
by binding its pleckstrin homology (PH) domain to membrane-bound PIP3; and subsequently
phosphorylating AKT at Thr-308 (112). However, full activation of AKT is only achieved by
phosphorylation at Ser-473, which is mediated by the mammalian target of rapamycin complex
2 (mTORC2) (113, 114). In total, there are three different isoforms of AKT, in particular AKT2
plays an important role in mediating insulin action as it is the most prominent isoform in insulin
sensitive tissues (106, 115). AKT mediates the activation and phosphorylation of many

downstream targets, such as mTORCH1, through its downstream target proline-rich AKT
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substrate 40 kDa (PRAS40), leading to the abrogation of mTOR1 inhibition. In addition,
mTOR1 activation can result from phosphorylation of tuberous sclerosis complex 2 (TCS-2) at
Thr-1642, which leads to degradation of a complex consisting of TCS-1 and TCS-2. Following
this, the 4E-binding protein 1 (4E-BP1) is phosphorylated and inhibited, while the ribosomal
protein S6 kinases S6K1 and S6K2 as well as SREBP1 are activated, which have an influence
on various genes involved in metabolism, protein synthesis and cell growth (116, 117).
Furthermore, AKT phosphorylates transcription factors of the forkhead box O (FOXO) family,
which are responsible for the regulation of lipogenic and gluconeogenic genes (118). For
insulin-stimulated glucose uptake, phosphorylation of RabGTPase-activating proteins
(RabGAPs), TBC1 domain family 4 (TBC1D4), also known as AKT substrate of 160 kDa
(AS160), and its homologue TBC1D1, by AKT is indispensable to promote the translocation of
glucose transporter type 4 (GLUT4) vesicles to the plasma membrane. GLUT4 storage vesicle
(GSV) trafficking is initiated by the activation of various serine and threonine phosphorylation
sites of TBC1D1 and TBC1D4, which promote the interaction between TBC1D1/TBC1D4 and
14-3-3 proteins (119). As a result, Rab is predominantly loaded with GTP rather than GDP,
which facilitates the translocation and fusion of GSV with the plasma membrane, thereby
promoting glucose uptake (119-122). Importantly, RabGAPs represent a major signaling node
between insulin and contraction-induced signaling, which will be discussed in more detail in
Section 1.4.2 and is illustrated below in Figure 4. In addition, activated AKT facilitates the
phosphorylation of glycogen synthase kinase 3 (GSK3) at Ser-21 (GSK3a) and Ser-9 (GSK3p)
to inactivate it, promoting the activation of glycogen synthase and the storage of glycogen in
muscle and liver (123, 124). The insulin-induced signaling pathway is shown in Figure 4.

1.4.2 Contraction-induced signaling

The discovery of the signaling molecule 5’-adenosine monophosphate-activated protein kinase
(AMPK), an intracellular energy sensor, elucidated another pathway involved in glucose
metabolism in skeletal muscle (60). The heterotrimer AMPK consists of the catalytic subunit
alpha (a) and two regulatory subunits beta and gamma (B, y). The alpha subunit carries the
kinase domain along with the major regulatory phosphorylation site Thr-172, which must be
phosphorylated for full activation. Two primary upstream kinases in skeletal muscle are thought
to be responsible for AMPK activation, with liver kinase B1 (LKB1) being the major upstream
kinase and Ca?*/ calmodulin-dependent protein kinase kinase (CaMKK), a sensor of
intracellular Ca?* concentration, being considered as an alternative kinase (125-129). AMPK
is activated when intracellular levels of adenosine monophosphate (AMP) increase during
energy stress. AMP sensitivity is mediated by the gamma subunit, which provides four
cystathionine 3-synthase (CBS) domains that can bind AMP, adenosine diphosphate (ADP) or
adenosine triphosphate (ATP). When ATP is dephosphorylated to ADP, AMP is generated

(130, 131). The LKB1 complex mediates phosphorylation of AMPK at Thr-172 by binding AMP
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to the gamma subunit, which enhances phosphorylation and inhibits dephosphorylation (132,
133).

Downstream of AMPK, the contracting muscle activates the two closely related RabGAPs
TBC1D1 and TBC1D4 through phosphorylation, leading to the translocation of GSV to the
plasma membrane and subsequently increasing glucose uptake into the muscle cell (116, 134,
135). Both TBC1D1 and TBC1D4 play an essential role in insulin- and contraction-induced
glucose uptake in skeletal muscle cells, but the regulatory mechanisms underlying the
activation of RabGAPs remain to be elucidated (129, 136-138). Insulin- and contraction-
induced signaling is illustrated in Figure 4.
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Figure 4: lllustration of insulin- and contraction-mediated signaling in skeletal muscle. Insulin and exercise-
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plasma membrane mediating glucose uptake. IR: insulin receptor; IRS-1: insulin receptor substrate-1; PI3K:
phosphoinositide 3-kinase: PIP2, phosphatidylinositol 4,5-bisphosphate; PIP3: phosphatidylinositol (3,4,5)-
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1.4.3 Skeletal muscle insulin resistance at the molecular level

The primary role of insulin in skeletal muscle is to facilitate cellular glucose uptake, which is
achieved by translocation of GSV to the plasma membrane. Insulin-mediated glucose uptake
in muscle is particularly vulnerable to insulin resistance, which is a central aspect of insulin
resistance associated with obesity and type 2 diabetes (T2D) (139, 140). Skeletal muscle
insulin resistance primarily results from impairments at proximal levels the of insulin signaling
pathway, including the IR, IRS1, PI3K, and AKT, ultimately leading to decreased glucose
uptake (17). Several intracellular mechanisms contribute to insulin resistance in skeletal
muscle at the molecular level, which are described in more detail in the following secretions
and are shown in Figure 5.

1.4.3.1 Lipotoxicity

The accumulation of fats in peripheral non-adipose tissues (e.g. skeletal muscle), known as
ectopic lipid accumulation, is a result of excessive dietary intake and is considered the primary
cause of lipid-induced insulin resistance (141, 142). In skeletal muscle insulin resistance,
intramyocellular lipids (IMCL) such as DAG and ceramides accumulate due to the impaired
inhibitory effect of insulin on lipolysis (143, 144). Thus, lipolysis of TG by lipoprotein lipase
(LPL) increases FFA, which are taken up by fatty acid transporters (FAT/CD36) in skeletal
muscle, increasing IMCL levels and ultimately disrupting insulin signaling (145, 146). Protein
kinase C isoform theta (PKC-0) is activated by elevated DAG levels and stimulates
phosphorylation of IRS-1 at its Ser-307 residue, thereby blocking insulin-mediated
phosphorylation of IRS-1 at its tyrosine residues, leading to impaired insulin signaling and
insulin resistance (111, 147).

1.4.3.2 Lipid-induced inflammation
One of the major lipid mediators of diet-induced inflammation is saturated FFA palmitate (C16)
(148), which constitutes 27% of the total FFA present in plasma (149). Chandra et al. reviewed
several studies on circulating FFA levels in T2DM patients and concluded that palmitate levels
were elevated in T2DM patients in all studies (150). Palmitate is mainly taken up by the cell
via the membrane-bound fatty acid transporter CD36, but it can also enter the cell by other
mechanisms (151). It promotes the accumulation of ceramides, another specific lipid
metabolite associated with obesity and insulin resistance, via de novo biosynthesis (Figure 5),
which takes place in the endoplasmic reticulum (ER). First, serine palmitoyl transferase (SPT)
catalyzes the reaction of palmitoyl-CoA with serine to form 3-ketodihydrosphingosine, which is
rapidly reduced to dihydrosphingosine by 3-ketodihydrosphingosine reductase (KDHR).
Different isoforms of ceramides synthases (CerS 1-6) then acylate dihydrosphingosine to form
dihydroceramides of different chain lengths. Next, dihydroceramide D4-desaturase (DES1)
desaturates dihydroceramides to ceramides. Bandet et al. reviewed multiple studies that
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confirmed that elevated ceramides levels lead to the onset of muscle insulin resistance (152).
Intracellularly, elevated ceramide concentrations activate protein phosphatase 2 A (PP2A),
which negatively regulates insulin signaling by blocking the PISK/AKT pathway. Cell culture
studies using murine C2C12 skeletal muscle cells showed that exposure to palmitate
increased PP2A activity and induced a reduction in insulin-stimulated phosphorylation of AKT
(21, 152). In addition, palmitate inhibits AMPK phosphorylation, resulting in phosphorylation of
ribosomal protein S6 kinase beta-1 (S6K1) and phosphorylation of IRS1, contributing to
impaired insulin signaling in skeletal muscle (153). Also, insulin-induced glycogen synthesis
and glucose oxidation were negatively affected by increased palmitate levels in skeletal muscle
(154). Moreover, chronic elevated levels of palmitate and ER stress cause protein unfolding or
misfolding. This imbalance in the ER triggers an adaptive mechanism known as “unfolded
protein response” that initiates the formation of the IREa-TRAF2-IKK complex, which leads to
the activation of nuclear factor-kB (NFkB) and promotes its translocation to the nucleus,
ultimately leading to the downregulation of GLUT4 gene expression (155-157). In addition,
NFkB promotes nuclear mRNA expression of pro-inflammatory chemokines and cytokines
such as TNF-a, IL-1B, IL-6 and many others in skeletal muscle (156, 158-160).

1.4.3.3 Reactive oxygen species

Furthermore, the primary mechanisms underlying palmitate-induced lipotoxicity involve the
excessive generation of reactive oxygen species (ROS) and the dysregulation of calcium
levels. Increased intracellular ceramide levels promote the activation of the mitochondrial
respiratory chain, which stimulates the overproduction of ROS (161). Fatty acid oxidation of
palmitoyl-CoA in mitochondria leads to ROS emission resulting in increased intracellular ROS
levels (162). In addition to ceramides, elevated DAG levels lead to PKC activation, which also
promotes ROS generation. As a result of increased ROS levels, the redox status of the ER is
impaired, leading to disruption of calcium homeostasis and dysregulation of calcium release
from the ER, inducing ER stress and overproduction of ROS (163).
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Figure 5: lllustration of palmitate-induced insulin resistance in skeletal muscle. Chronic exposure to palmitate
causes lipotoxicity, a process that leads to multiple intracellular dysfunctions promoting skeletal muscle insulin
resistance. FAT: fatty acid translocase; CD36: cluster of differentiation 36; ER, endoplasmatic reticulum; IRea:
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desaturase. The figure was created with BioRender.com

1.5 Skeletal muscle cell culture models

To study muscle-specific effects related to exercise or T2DM and insulin resistance, murine
skeletal muscle cells (immortalized C2C12 myoblast cell line) and primary HSKMCs serve as
in vitro cell culture models (49). Both C2C12 myoblasts and primary human myoblasts are
derived from muscle precursor satellite cells, express muscle specific regulatory markers (e.g.
Myf5, MyoD), and are easily cultured in appropriate media. Initially, myoblasts appear as
mononucleated spindle-shaped cells that differentiate into multinucleated myotubes as they
reach 90-95% confluence and transition from growth to differentiation medium. Within three to
six days, myoblasts fuse to form elongated fiber-shaped myotubes. These morphological
transformations, including the presence of multiple nuclei and changes in cytoskeletal actin,
have been validated by confocal microscopy and immunofluorescence staining analysis (164-
166). In cell culture studies, another advantage is the strict control of the extracellular
environment, and a notable advantage of HSKMCs is the ability to distinguish between genetic
and environmental factors (donor variability), since it is not an immortalized cell line, as is the

case with C2C12 cells (165). Moreover, fully differentiated myotubes show features of native
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muscle such as contractile activity, increased GLUT4 mRNA expression and intact insulin
signaling (165, 167). Furthermore, they provide a relevant in vitro system to study the myokine
secretion patterns under different physiological and pathological conditions (52).

1.5.1 An in vitro exercise model: EPS in skeletal muscle

The most commonly used cell culture models for exercise studies are primary HSKMCs,
obtained from the thigh muscle (e.g. vastus lateralis) of donors, and C2C12 cells, also obtained
from murine thigh muscle (49, 164, 168). EPS is an in vitro muscle contraction method to
investigate contraction-related changes in skeletal muscle signaling pathways (60, 169, 170),
metabolism (171, 172), myokine secretion (69, 70, 173), and morphology (174). Although the
application of EPS dates back to the 1970s (175), its specific use as an in vitro muscle
contraction model has only developed in the last two decades, when Nedachi et al. first
proposed EPS as an in vitro exercise model, observing exercise-induced effects such as
activation of AMPK and increased glucose uptake and insulin sensitivity in murine C2C12
myotubes (169). In addition, several studies have investigated the EPS-mediated cross talk
between skeletal muscle cells and other organs such as adipocytes and pancreatic beta islet
cells (176-178). Apparently, the skeletal muscle response to EPS depends on the selected
EPS parameters (168, 179). Several studies have suggested that a duration of less than
24 hours corresponds to an acute bout of exercise (172, 176, 177, 180-184), while chronic
exercise is mimicked either by continuous stimulation from 24 to 48 hours (172, 176, 185, 186)
or by administering an acute EPS protocol on consecutive days (182). Furthermore, some EPS
protocols using a wide frequency range from 1 Hz to 100 Hz defined their exercise type as
resistance training (69, 174, 177, 182, 187, 188), as others referred to similar EPS parameters
as endurance training (189). Therefore, there is a lack of consensus in the literature regarding
which EPS protocol represents which type of exercise (179). In fact, the terms “high-frequency”
and “low-frequency” are more commonly used to describe EPS-induced changes in the
skeletal muscle and seem to be decisive parameters, for example to determine which signaling
pathways are activated. While acute (183, 190) and chronic (169, 171, 177, 191) low-frequency
EPS (< 5 Hz) protocols promote the activation of AMPK signaling, high-frequency EPS
mediates the activation of p70S6K1, more simulating resistance training (69). To investigate
the effects of EPS on the myokine secretion pattern, recent studies have rather used acute
three to six hours (171, 176, 177) or chronic over 24 hours (70, 176, 192) low-frequency
(0.1 Hz - 1 Hz) EPS protocols. Lambernd et al. showed that IL-6 secretion was significantly
increased after both eight and 24 hours of EPS in primary HSKMCs (171). However, EPS did
not significantly increase IL-6 secretion after six hours, but only after 24 hours in murine C2C12
cells (192). Therefore, EPS protocols consisting of different parameters (duration, voltage,
pulse duration, frequency) make a direct comparison rather difficult. A common protocol used

in previous studies is the following: 1 Hz, 2 ms, 11.5 V for two to 24 hours (171, 173, 191-194).
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Taken together, EPS parameters are crucial and may be adjusted to the specific research
question.

1.5.2 An in vitro insulin resistant model: Palmitate treatment in skeletal muscle
Previous studies using murine C2C12 cells or primary HSKMCs were designed to investigate
palmitate-induced changes in cellular signaling and metabolism at the molecular level.
Exposure of C2C12 myotubes to higher palmitate concentrations (400 - 750 uM) over a
continuous stimulation period of 16 to 18 hours was shown to significantly impair insulin-
stimulated phosphorylation of AKT and its downstream target GSK3 (154, 195-198). As a
consequence, insulin-stimulated glycogen synthesis was also significantly decreased in
palmitate-treated C2C12 cells (750 puM palmitate, 16 - 18 hours) (195, 198) and HSKMCs (400
KM palmitate, 18 hours) (199). The same palmitate conditions also promoted the accumulation
of the lipid metabolites ceramide and DAG, higher levels of which were measured in C2C12
myotubes (195, 198) and primary human myotubes (199). As shown in Figure 5 (1.4.3), higher
PP2A levels resulted in inhibition of AKT activity. Cazzolli et al. showed that palmitate-treated
C2C12 myotubes (750 uM, 18 hours) resulted in increased PP2A activity compared to control
cells under basal and insulin conditions (197). Thus, previous studies characterizing the effects
of palmitate on skeletal muscle cells in vitro have shown that insulin signaling and glucose and
lipid metabolism are disrupted, making palmitate an excellent choice for generating insulin

resistance in cell culture models.

1.5.3 LC-MS/MS secretome studies using different cell culture models
Recent studies have focused on characterizing the secretome profile of skeletal muscle cells
under various physiological and pathological conditions using a non-targeted mass
spectrometry (liquid chromatography, LC-MS/MS) based approach. Deshmukh et al.
generated insulin-resistant skeletal muscle cells by exposing C2C12 myotubes to 500 pM
palmitate in serum-free medium for 16 hours, followed by a further 12-hour starvation period
in the absence of palmitate, before collecting the supernatant (“conditioned media”, CM) for
MS analysis (200). Palmitate is coupled to bovine serum albumin (BSA), so the final 12-hour
incubation step is critical to obtain serum-free CM for MS analysis. The in-depth secretome
analysis revealed that 4,491 proteins were identified in the CM, of which 1,073 proteins were
considered to be secretory proteins according to bioinformatic tools (SignalP, SecretomeP).
Furthermore, they were able to show that the secretomes of palmitate- and BSA-treated
(control) myotubes differed from each other, indicating that the secretion patterns of myokines
are significantly distinct (200). The first attempt to study the EPS-induced muscle secretome
by in-depth MS analysis was made in 2021 by Gonzalez-Franquesa et al. who subjected
C2C12 myotubes to a continuous low-frequency EPS protocol (24h, 1 Hz, 2 ms, 11.5 V). They
quantified 1,724 myokines in the CM, of which 67% were classified as secretory proteins. In
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addition, they confirmed that the secretomes of EPS-stimulated and non-stimulated cells
segregate from each other (192). Mengeste et al. sought to explore EPS-related effects on the
muscle secretome of healthy primary HSKMCs using another chronic low-frequency EPS
protocol (24h, 0.1 Hz, 2 ms, 10 V) and quantified 1,215 proteins, of which 137 were significantly
regulated by EPS (54 upregulated, 83 downregulated) (70). Proteomic profiling of the
secretome of contracting skeletal muscle cells may help to uncover and understand crucial
mechanisms driven by myokine secretion during exercise or in the pathogenesis of
T2DM/insulin resistance, thus further approaches to explore the muscle secretome are
needed.
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1.6 Objectives

Many previous studies have shown that EPS is a valid method to simulate exercise-like effects
in vitro (179). Recently, first attempts have been made to investigate the EPS-induced myokine
secretion profile of skeletal muscle cells using a non-targeted approach (MS) to expand the
knowledge on myokine-mediated health-promoting effects (70, 192). For this approach, both
studies used chronic (24h) low-frequency EPS protocols in which cells were continuously
stimulated for 24 hours (70, 192). In fact, C2C12 cells and HSKMCs are the most commonly
used cell models to study myokine secretion and contraction-induced changes in the muscle
secretome, but relatively little is known about the extent to which the secretomes of C2C12
cells and primary HSKMCs are similar or distinct. Therefore, the first aim of this thesis was to
investigate and compare the myokine secretion profile of both cell models under acute (6h)
low-frequency EPS conditions with the following hypothesis:

1. The myokine secretion profile of C2C12 myotubes and primary human myotubes
that were exposed to acute low-frequency EPS differs.

The FFA palmitate has been used for over two decades to artificially induce insulin resistance
in skeletal muscle cells in vitro (167). Deshmukh et al. performed the first MS-based secretome
analysis of palmitate-pretreated C2C12 myotubes, which provided a deep insight into the
secretome of potentially insulin resistant skeletal muscle cells (200). In contrast to C2C12 cells,
primary human skeletal muscle cells provide characteristics that are more similar to native
muscle (e.g. donor variability). Therefore, the second aim of this thesis was to establish an
insulin resistant cell culture model that would subsequently allow MS-based secretome
analysis. The following hypothesis was addressed:

2. The muscle secretome of insulin sensitive versus insulin resistant primary

human myotubes differs.

It is known that exercise can also increase the insulin sensitivity of insulin resistant skeletal
muscle. We hypothesized that the EPS-induced secretomes of insulin sensitive and resistant
myotubes differ. Therefore, the third aim of this thesis was to evaluate the effect of acute low-
frequency EPS (6h) on the myokine secretion profile of insulin resistant cells compared to
insulin sensitive cells using an MS-based approach.

3. The skeletal muscle secretome of insulin sensitive and insulin resistant primary
human myotubes differs after exposure to acute low-frequency EPS.
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2 Material and Methods

2.1 Material

2.1.1 Instruments and disposals

2. Material & Methods

Conventional instruments and disposals that are part of the standard laboratory equipment are

not listed in the following tables (Table 1 and 2).

Table 1: Instruments.

Instruments

Acclaim™ PepMap™ 100 - C18 HPLC
Columns (ID: 75 ym, 2 cm length)

Analytical balance

Bandelin Sonorex

Bio-Plex® 200 System, Luminex

C-Dish™ (carbon electrodes for EPS)

Centrifugal vacuum concentrator Savant™
SpeedVac™ SPD 1030

Centrifuge 5810 R

ChemiDoc XRS+

C-Pace EM Culture Stimulator

Gen2 Aurora Series column with
nanoZero® product details (25 cm, C18)

Heracell™ 240i CO2 Incubator
Heraeus® Multifuge 3S+
Herasafe 2030i Biosafety Cabinet

iMark™ Microplate Absorbance Reader

Infinite® 200 PRO

MicroBeta® Counter

Microliter Syringes

Manufacturer

Thermo Scientific™ (Waltham, MA, USA)

Sartorius AG (Géttingen, Germany)

GEO-Reinigungstechnik (Ahaus-Ottenstein,
Germany)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

lonOptix LLC (Westwood, MA, USA)

Thermo Scientific™ (Waltham, MA, USA)

Eppendorf GmbH (Hamburg, Germany)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

lonOptix LLC (Westwood, MA, USA)

lonOpticks (Fitzroy, Victoria, Australia)

Thermo Scientific™ (Waltham, MA, USA)
Thermo Scientific™ (Waltham, MA, USA)
Thermo Scientific™ (Waltham, MA, USA)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Tecan Trading AG (Mannedorf,
Switzerland)

PerkinElmer (Waltham, MA, USA)

Hamilton Company (Reno, NV, USA)
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Milli-Q® (MQ) Advantage A10 Water (H-0)
Purification System

Mini-PROTEAN Tetra Vertical
Electrophoresis Cell

MLS-50 Swinging-Bucket Rotor

NanoDrop™ 2000/2000c
Spectrophotometer

Nanospray Flex™ lon Sources
Optima-MAX-XP Ultracentrifuge
Orbitrap Exploris™ 480 mass spectrometer

Orbitrap Fusion™ Lumos™ mass
spectrometer

PowerPac™ Basic Power Supply

QuantStudio™ 7 Flex
Thermomixer comfort
UltiMate™ 3000 LC Systems

Uniprep gyrator-24

Table 2: Disposals.

Disposals

Amicon® Ultra 0.5 ml Centrifugal Filter P/N
UFC5030

Amicon® Ultra 4 ml Centrifugal Filter Unit
(3K)

Combitips® advanced

Criterion™ TGX Stain-Free™ Precast Gel

Cryo tubes 1.8 ml

EPS-plates Greiner CELLSTAR® multiwell
culture plates (6-well)

Greiner centrifuge tubes, 50 ml

2. Material & Methods

Millipore, Merck KGaA (Darmstadt,
Germany)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Beckman Coulter (Brea, CA, USA)

Thermo Scientific™ (Waltham, MA, USA)

Thermo Scientific™ (Waltham, MA, USA)
Beckman Coulter (Brea, CA, USA)
Thermo Scientific™ (Waltham, MA, USA)
Thermo Scientific™ (Waltham, MA, USA)
Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Thermo Scientific™ (Waltham, MA, USA)
Eppendorf GmbH (Hamburg, Germany)
Thermo Scientific™ (Waltham, MA, USA)

UniEquip (Martinsried, Germany)

Manufacturer

Millipore, Merck KGaA  (Darmstadt,
Germany)

Millipore, Merck KGaA  (Darmstadt,
Germany)

Eppendorf GmbH (Hamburg, Germany)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Thermo Scientific™ (Waltham, MA, USA)

Greiner Bio-One GmbH
Germany)

(Frickenhausen,

Greiner Bio-One GmbH
Germany)

(Frickenhausen,
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LDH-assay plates, Nunclon™ Delta Surface,
(96-well)

MicroAmp™ Optical Adhesive Film

Neubauer counting chambers

Nitrocellulose membrane

Open-Top Thinwall
6 mi

Polypropylene Tube,

PCR-Plates (FrameStar® 384-well)
Protein LoBind® Tubes 1.0 ml,1.5 ml, 15 ml
Safe-Lock tubes 1.0 ml,1.5 ml, 2.0 ml

SureSTART™ 1.5 ml Total Recovery Glass
Snap Top Microvials for <2 ml Samples

SureSTART™ 11 mm Snap Caps

Tissue Culture Flasks 75 cm?, 150 cm?

Tissue Culture Test Plates (6-well)

Whatman papers
Western Lightning® ECL Pro

Western Lightning® Ultra

2.1.2 Chemicals and reagents

2. Material & Methods

Thermo Scientific™ (Waltham, MA, USA)

Thermo Scientific™ (Waltham, MA, USA)
Assistant, glassware factory Karl Hecht
GmbH & Co. KG (Sondheim vor der Réhn,
Germany)

Cytiva Europe GmbH (Freiburg im Breisgau,
Germany)

Beckman Coulter (Brea, CA, USA)

4titude (Berlin, Germany)
Eppendorf GmbH (Hamburg, Germany)
Eppendorf GmbH (Hamburg, Germany)

Thermo Scientific™ (Waltham, MA, USA)

Thermo Scientific™ (Waltham, MA, USA)

TPP  Techno Plastic Products AG
(Trasadingen, Switzerland)
TPP Techno Plastic Products AG

(Trasadingen, Switzerland)
Whatman plc (Maidstone, UK)
PerkinElmer Inc. (Waltham, MA, USA)

PerkinElmer Inc. (Waltham, MA, USA)

Table 3 lists all chemicals and reagents used in this thesis.

Table 3: Chemicals.

Chemicals

4-(2-Hydroxyethyl)-piperazine-1-
ethanesulfonic acid (HEPES)

Acetic acid

Acetonitrile (MeCN)

Manufacturer

Sigma-Aldrich (St. Louis, MO, USA)

Merck KGaA (Darmstadt, Germany)

Sigma-Aldrich (St. Louis, MO, USA)
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Acrylamide 30%

Ammonium bicarbonate
Ammonium Peroxodisulfate
Ammonium persulfate (APS)
Bovine Serum Albumin (BSA)
Bromophenol blue

BSA Control for BSA-Fatty Acid Complexes
(5 mM)

BSA-Palmitate Saturated Fatty Acid
Complex (5 mM)

Calcium chloride dehydrate (CaCl, x 2H,0)
cOmplete™ Protease Inhibitor Cocktail
Coomassie® Brilliant Blue R-250

Dimethyl Sulfoxide (DMSO) for cell culture
Disodium hydrogen phosphate (NazHPO,)
Dithiothreitol (DTT)

Dulbecco’s Modified Eagle Medium
(DMEM), high glucose, no glutamine, no
phenol red, 31053028

DMEM, high glucose, pyruvate, 11995065
DMEM, low glucose, GlutaMAX™
Supplement, 10567014

Dulbecco’s Phosphate Buffered Saline
(DPBS), 14040091

DMEM, low glucose, pyruvate, no
glutamine, no phenol red, 11880028

Ethanol, absolute (EtOH)

Ethylenediaminetetraacetic acid (EDTA)

Ethyleneglycol-bis(aminoethyl ether)-
N,N,N’,N'-tetraacetic acid (EGTA)

2. Material & Methods

AppliChem GmbH (Darmstadt, Germany)
AppliChem GmbH (Darmstadt, Germany)
AppliChem GmbH (Darmstadt, Germany)
Serva (Heidelberg, Germany)

Merck KGaA (Darmstadt, Germany)
AppliChem GmbH (Darmstadt, Germany)

Cayman Chemical (Ann Arbor, Ml, USA)

Cayman Chemical (Ann Arbor, MI, USA)

Sigma-Aldrich (St. Louis, MO, USA)
Roche (Basel, Switzerland)

AppliChem GmbH (Darmstadt, Germany)
AppliChem GmbH (Darmstadt, Germany)
Merck KGaA (Darmstadt, Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Merck (Darmstadt, Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)
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GlutaMAX™ (L-Glutamine)

Glycerol
Glycine

Glycogen from bovine liver, G0O885

GoScript™ Reverse Transcriptase System

Hexanucleotide primers
Horse serum (HS)

Hydrochloric acid (HCI)

Insulin

lodoacetamide (IAA)

Isopropyl

LY294002 #9901

Magnesium sulphate heptahydrate
(MgSO4 x 7H20)

Methanol (MeOH)
N,N,N’,N"-Tetramethyl-ethylendiamin
(TEMED)

Ortho-phosphoric acid 85% (0-H3PO4)
Palmitate

Penicillin/ Streptomycin (P/S)
10.000 U/ml P, 10.000 pg/ml S

PhosSTOP™
Potassium chloride (KCI)
Potassium hydroxide (KOH)

Powdered milk

RLT Buffer

2. Material & Methods

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

MP Biomedicals (Solon, OH, USA)
AppliChem GmbH (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, MO, USA)
Promega Corporation (Madison, WI, USA)
Roche (Basel, Switzerland)

ATCC (Manassas, VA, USA)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Sigma-Aldrich (St. Louis, MO, USA)
AppliChem GmbH (Darmstadt, Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Cell Signaling (Danvers, MA, USA)
Merck KGaA (Darmstadt, Germany)
Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

AppliChem GmbH (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Roche (Basel, Switzerland)
Merck KGaA (Darmstadt, Germany)
Merck KGaA (Darmstadt, Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Qiagen GmbH (Hilden, Germany)
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Rotiszint®eco plus

SkGM™-2 Skeletal Muscle Cell Growth
Medium-2 BulletKit™

Sodium chloride (NaCl)

Sodium dodecyl sulfate (SDS)

Sodium hydrogen carbonate (NaHCOs3)

Sodium pyruvate (100 mM)

SYBR Green gPCR primer (gene specific)
Trifluoroacetic acid (TFA) (0.1%) in H20
TFA (0.1%) in MeCN

Tris ultrapure, A1086

Triton™ X-100

Trypan blue 0.4%

Trypsin/Lys-C Mix

Trypsin-EDTA solution

TWEEN® 20 (Polysorbat 20)

2.1.3 Radioactive Isotope

2. Material & Methods

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Lonza, (Basel, Switzerland)

Carl Roth GmbH & Co. KG (Karlsruhe, Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Carl Roth GmbH & Co. KG (Karlsruhe,
Germany)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Eurogentec (Seraing, Belgium)

Thermo Scientific™ (Waltham, MA, USA)
Thermo Scientific™ (Waltham, MA, USA)
AppliChem GmbH (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, MO, USA)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

Promega Corporation (Madison, WI, United
States)

Gibco®, Thermo Scientific™ (Waltham, MA,
USA)

MP Biomedicals (Solon, OH, United States)

As a radiochemical ['*C]-D-glucose was used to determine glycogen synthesis in insulin

sensitive and insulin resistant primary HSKMCs.

Table 4: Radioactive chemical.

Radiochemical

['“C]-D-glucose, NEC042X

Manufacturer

PerkinElmer (Waltham, MA, USA)
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2.1.4 Buffers and solutions

2. Material & Methods

Table 5 summarizes all buffers and solutions used in this thesis.

Table 5: Buffers and solutions.

Buffers and solutions
APS-solution 50%

Blocking buffer TBS-T

Cell lysis buffer (RT-qPCR)
cOmplete™ solution

Electrophoresis buffer (10x)
Fling-Gregerson-buffer

High Performance Liquid
Chromatography(HPLC)-buffer A

HPLC-buffer B

Insulin stock solution
Laemmli running buffer (1x)

Laemmli sample buffer (4x)

LDH-Storage Buffer

Palmitate, stock solution (5 mM)

Phosphate buffered saline (PBS) without
Mg?* and Ca?*

SDS lysis buffer (proteomics)

Ingredients
50 mg APS + 100 pl MQ-H20

TBS-T (1x) + 5% non-fat dry milk powder
(MP)

RLT Buffer
1 tablet dissolved in 2 ml H.O

25 mM Tris, 192 mM glycine, 0.1% SDS, 20
Vol % glycerol, 1% SDS, 10 mM EDTA

50 mM Tris, 192 mM Glycine, 0.1 % SDS

0.1% formic acid dissolved in water (Thermo
Scientific™, Waltham, MA, USA)

80% acetonitrile, 0.1% formic acid Dilution of
0.1% formic acid in acetonitrile with 0.1%
formic acid in water (Thermo Scientific™,
Waltham, MA, USA)

100 uM insulin in 5 mM HCI
25 mM Tris, 192 mM Glycine, 0.1% SDS

0.25 M Tris, 6% DTT, 0.2% bromophenol
blue (pH 6.8)

200 mM Tris-HCI, 10% glycerol, 1% BSA
(pH 7.3)

10% BSA solution: 10 g BSA + 100 ml PBS,
incubate overnight at 4°C; 20 mM palmitate
solution: add 7.7 mg palmitate to 1.5 ml 0.1
M NaOH; 5 mM palmitate stock solution: add
20 mM palmitate solution to 10% BSA
solution.

136.9 mM NaCl, 2.7 mM KCIl, 1.5 mM
KH2POs4, 8.06 mM Na:HPO4 x 2H-O (pH =
7.4)

4% SDS, 100 mM Tris (pH = 8.0), 100 mM

DTT, 1x phosphatase-inhibitor 2, 1x
phosphatase-inhibitor 3, 1x cOmplete™
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SDS sample buffer (1x)

SDS sample buffer (5x)

Separating gel buffer (western blot)
Separating gel buffer (proteomics)
Stacking gel buffer (western blot)
Stacking gel buffer (proteomics)
Transfer buffer

Trypan blue cell culture solution
Urea buffer

Western blot lysis buffer

2.1.5 Cell culture

2. Material & Methods

62.5 mM Tris/HCI (pH = 6.8), 10% glycerol,
2 mM EDTA, 2 % SDS, 100 mM DTT, 0.01%
bromophenol blue

312.5 mM Tris/HCI (pH = 6.8), 50% glycerol,
10 mM EDTA, 10% SDS, 500 mM DTT,
0.05% bromophenol blue

1.5 M Tris, 0.4% SDS (pH 8.8)

3 M Tris/HCI, 0.8% SDS (pH 8.8)

0.5 M Tris, 0.4% SDS (pH 6.8)

0.5 M Tris/HCI, 0.8% SDS; pH = 6.8

25 mM Tris, 192 mM glycine, 20% methanol
0.2% Trypan blue in PBS

8M urea, 100 mM Tris-HCI (pH 8.0)

20 mM Tris-HCI (pH = 7.5), 150 mM NaCl, 1
mM EDTA (pH = 8), 1 mM EGTA (pH = 8),
1% Triton.

40 pl/ 1 ml of cOmplete™ solution and 100
pl/ 1 ml of PhosSTOP™ solution were

added to the lysis buffer before usage each
time

In this thesis, primary human skeletal muscle myoblasts (HSMM) from five healthy, insulin

sensitive male donors between the ages of 16 to 35 years and a BMI between 19 to 26 kg/m?

were included (Supplemental Table 1). Moreover, further experiments were conducted with

the immortalized murine C2C12 myoblast cell line (Table 6).

2.1.5.1 Skeletal muscle cell models

Table 6: Cell culture models.

Cell model Muscle tissue

Primary HSMM, CC-2580

Murine C2C12 cell line

(CRL-1772™) mouse

Quadriceps femoris

Thigh muscle from C3H Myoblasts

Cell type Manufacturer

Myoblasts Lonza, (Basel,

Switzerland)

ATCC (Manassas, VA,
USA)
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2.1.5.2 Cell culture and assay media

2. Material & Methods

All cell culture media used for the cultivation and maintenance of cell cultures are listed below

as well as all assay media used in this thesis (Table 7).

Table 7: Cell culture media

Media

DMEM, high glucose, no glutamine, no
phenol red, 31053028,
starvation medium (C2C12)

DMEM, high glucose, pyruvate, 11995065,
differentiation medium (C2C12)

DMEM, high glucose, pyruvate, 11995065,
growth medium (C2C12)

DMEM, low glucose, 11880028,
starvation medium (HSKMCs)

DMEM, low glucose, 11880028,
differentiation medium (HSkMCs)

DMEM, low glucose, 21885025,
basal medium (HSKMCs)

DPBS, 14040091, (washing medium)

SkGM™.-2 Skeletal Muscle Cell Growth
Medium-2, growth medium (HSKMCs)

Supplements

1% P/S, 2% sodium

pyruvate

GlutaMAX™, 1%

1% sodium pyruvate, 1% P/S, 2% HS

1% sodium pyruvate, 1% P/S, 10% FBS

1% P/S, 2% GlutaMAX™

2% HS, 1% P/S, 2% GlutaMAX™

BulletKit™: Gentamicin Sulfate
Amphotericin-B (GA-)1000, 0.50 ml,
Epidermal Growth Factor Human,
recombinant (rhEGF), 0.50 ml,
Dexamethasone, 0.50 ml, L-Glutamine,

10.00 ml, fetal bovine serum (FBS), 50.00 m|

HS: Horse serum, P/S: Penicillin / Streptomycin, FBS: fetal bovine serum

Table 8: Assay media.

Assay media

[14C(U)]glucose basal

[14C(U)]glucose basal + insulin

BSA (control)

Supplements

Basal medium + [14C(U)]glucose
(100 pCi/ml), final conc.: 2 pCi/ml

Basal medium + [14C(U)]glucose
(100 pCi/ml), final conc.: 2 uCi/ml; + insulin
(100 puM), final conc.: 100 nM

Starvation medium + BSA Control for BSA-
Fatty Acid Complexes (5 mM) (formulation:
0.8 mM BSA in 150 mM NaCl, pH 7.4); final
conc.: 400 uM or 800 pM
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DMSO (control)

Insulin

LY294002

Palmitate 300 pM

Palmitate 800 pM

Final conc.: Final concentration

2.1.6 Commercial kits

2. Material & Methods

Starvation medium + DMSO, final conc:
0.08%

Starvation medium + insulin, final conc.:
10 uM or 100 uM

Starvation medium + LY294002 (formulation:
1.5 mg in 98 pM DMSO); final conc.: 40 uM

Differentiation medium + palmitate stock
solution (5 mM); final conc.: 300 uM

Starvation medium + BSA-Palmitate
Saturated Fatty Acid Complex (5mM),
(formulation: 5 mM Palmitate:0.8 mM BSA
(6:1 palmitate:BSA) in 150 mM NaCl, pH
7.4); final conc.: 800 uM

The following table shows all reaction kits used in this thesis (Table 9).

Table 9: Reaction kits.

Reaction kit
BCA Protein Assay Kit

Bio-Plex® Pro Human Cytokine Screening
Panel, 48-Plex, #12007283

GoScript™ Reverse Transcriptase
LDH-Glo™ Cytotoxicity Assay

MILLIPLEX® MAP Human Myokine
Magnetic Bead Panel, HMYOMAG-56K

miRNeasy Mini Kit

Pierce™ Quantitative Colorimetric Peptide
Assay

RNase-free DNase Set

Manufacturer
Pierce (Rockford, IL, USA)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Promega (Madison, WI, USA)
Promega (Madison, WI, USA)

Millipore, Merck KGaA (Darmstadt,
Germany)

Qiagen GmbH (Hilden, Germany)

Thermo Scientific™ (Waltham, MA, USA)

Qiagen GmbH (Hilden, Germany)
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2.1.7 Antibodies

All antibodies listed below were used for Western blot analysis (Table 10).

Table 10: Antibodies.

Antibodies

Primary

AKT

AMPKa

GAPDH

GSK3a/B

Phospho-
GSK3oa/B-
Ser21/9
Phospho-AKT-
Ser472

Phospho-AKT-
Thr308

Phospho-
AMPKa-Thr172

Phospho-
PRAS40-Thr246

PRAS40

a-Tubulin

Source

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Dilution’

1:1,000 (v/v)
5% MP
1:1,000 (v/v)
5% BSA
1:2,000 (v/v)
5% MP
1:1,000 (v/v)
5% BSA
1:1,000 (v/v)
5% BSA
1:1,000 (v/v)
5% MP
1:1,000 (v/v)
5% MP
1:1,000 (v/v)
5% BSA
1:1,000 (v/v)
5% BSA
1:1,000 (v/v)
5% BSA
1:2,000 (v/v)

5% MP

Product
Number

#9272

#2532

#2118

#5676

#9331

#9271

#9275

#2531

#2640

#2610

T6199

Manufacturer

Cell Signaling

2. Material & Methods

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Cell Signaling

(Danvers, MA, USA)

Sigma-Aldrich (St.
Louis, MO, USA)
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Secondary
Anti-mouse IgG, Goat 1:20,000
HRP-linked
Anti-rabbit IgG,  Goat 1:10,000
HRP-linked

1:20,000

2. Material & Methods

A6531 Sigma-Aldrich (St.

Louis, MO, USA)

111-035-003 Jackson
ImmunoResearch
(West Grove, PA,

USA)

' Both buffers, 5% nonfat dry milk powder (MP) and 5% BSA, were diluted in 1x TBS-T; HRP:

Horseradish peroxidase; IgG: Immunoglobulin G.

2.1.8 Primers

Table 11 lists all used primers in this thesis.
Table 11: SYBR gene qPCR Primers.

Primer/ target

HSKMCs

Beta-2-microglobulin (B2M)

Myoblast determination protein 1 (MYOD)

Myogenic factor 5 (MYFD5)

Myogenin (MYOQG)

Myosin heavy chain 2 (MYH2)
C2C12 cells

Myoblast determination protein 1 (MyoD)

Myogenic factor 5 (Myf5)

Myogenin (MyoG)

Myosin heavy chain 2 (Myh2)

Sequence 5> 3’

Fwd: CTATCCAGCGTACTCCAAAG
Rev: GAAAGACCAGTCCTTGCTGA

Fwd: CGGCATGATGGACTACAGCG
Rev: CAGGCAGTCTAGGCTCGAC

Fwd: CCACCTCCAACTGCTCTGAT
Rev: GCAATCCAAGCTGGATAAGG

Fwd: ACCCTACAGATGCCCACAAC
Rev: TGGTTTCATCTGGGAAGGCC

Fwd: GAAAGTCTGAAAGGGAACGCA
Rev: CGCCACAAAGACAGATGTTTTG

Fwd: CTTCTATCGCCGCCACTC
Rev: AAGTCGTCTGCTGTCTCAA

Fwd: CCACCTCCAACTGCTCTGAC
Rev: GCACATGCATTTGATACATCAGG

Fwd: GTGCCCAGTGAATGCAACTC
Rev: CGAGCAAATGATCTCCTGGGA

Fwd: GCCCTGGACAAGAAGCAGAGAA
Rev: TCGCTTCAGGGTTTCTAGCT
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TATA binding protein (Tbp)

2.1.9 Molecular weight size markers

2. Material & Methods

Fwd: GCGGCACTGCCCATTTATTT
Rev: GGCGGAATGTATCTGGCACA

The following molecular weight size markers were used in this thesis (Table 12).

Table 12: Molecular weight size markers.

Molecular weight size marker
PageRuler™ Prestained Protein Ladder
Precision Plus Protein™ All Blue Prestained
Protein Standards

Precision Plus Protein™ Unstained Protein
Standards

2.1.10 Softwares

Manufacturer

Thermo Scientific™ (Peqglab, Wilmington
MA, USA)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

The following softwares were used in this thesis (Table 13).

Table 13: Softwares.

Software

Bio-Plex Manager™ 6.0

GraphPad Prism 10.0.2

Image Lab™ 6.0.1

i-control™ 2.0

Microplate Manager® 6.0

NanoDrop™ 2000
Proteome Discover™ (PD™) 3.0

QuantStudio™ 7 Flex

Manufacturer

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

GraphPad Software Inc (San Diego, CA,
USA)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Tecan Trading AG (Mannedorf, Switzerland)

Bio-Rad Laboratories, Inc. (Hercules, CA,
USA)

Thermo Scientific™ (Waltham, MA, USA)
Thermo Scientific™ (Waltham, MA, USA)

Thermo Scientific™ (Waltham, MA, USA)
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2.2 Methods

2.2.1 Cell culture techniques

2.2.1.1 Cultivation of murine C2C12 cells

In this thesis, the immortalized murine C2C12 myoblast cell line from ATCC (Table 6) was
used. For the following experiments, myoblasts from passage four to ten were cultured and
expanded at a density of 2x10° cells in T75 flasks in a humidified atmosphere with 5% CO. at
37 °C. The growth medium (Table 7) was changed every two to three days. When sufficient
cells were generated for each experiment, myoblasts were seeded into 6-well plates at a
density of 2x10° cells per well. Cell culture experiments with C2C12 cells were kindly performed
by Moira PottgieBer.

2.2.1.2 Cultivation of primary HSKMCs

In this thesis, primary HSMM isolated from the quadriceps muscle of five healthy male donors
aged 16 to 35 years with a body mass index (BMI) between 19 to 26 kg/m? (Supplemental
Table 1) were purchased from Lonza (Table 6). Myoblasts were used from passage two to a
maximum of passage ten for all experiments and were grown at a density of either 2x10° to
4x105 in T75 flasks or 4x10° to 1x108 in T150 flasks (Table 2) in a humidified atmosphere with
5% CO2 at 37 °C. Growth medium (Table 7) was changed every two days at 2 ml/well, and
cells were passaged at 60-65% confluence.

2.2.1.3 Passage and determination of cell count

At 60-65% confluence, myoblasts (HSMM and C2C12) were passaged and either transferred
to new flasks or seeded into 6-well plates (Table 2) for the respective experiments. Cells were
washed 1x with PBS (Table 5), either 10 ml for T75 flasks or 20 ml for T150 flasks (Table 2).
Subsequently, the cells (HSMM and C2C12) were incubated with the respective trypsin/ EDTA
mixture (Table 3) for approximately 3 2 minutes in the incubator (5% CO3, 37 °C) (Table 1) to
detach the cells from the surface, either 2 ml (T75) or 4 ml (T150) of trypsin/ EDTA mixture
was applied for the HSMM and 1 ml of trypsin/ EDTA mixture was applied for the C2C12 cells.
The trypsin/EDTA reaction was stopped by adding 8 ml (T75) to 16 ml (T150) growth medium
(Table 7) to the cell suspension (depending on the volume of trypsin/ EDTA mixture), which
was then transferred to 50 ml tubes (Table 2). The cell suspension from HSMM was centrifuged
at 485 xg for 5 min, while the cell suspension from C2C12 cells was centrifuged at 216 xg for
5 minutes (Table 1). An aliquot of the cell suspension was mixed with trypan blue stain (1:2)
(Table 5) to exclude apoptotic cells from counting. Cell number was determined using
Neubauer chamber (Table 2) and calculated as follows:

cell count = number of cells : 8 x 2 x 10,000 = cells/ ml
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The number of cells was then multiplied by the volume of cell suspension media. For further
expansion, cells were seeded in T75 or in T150 flasks, for all experiments, cells were seeded
in 6-well plates at a density of 2x10° cells/ well (HSKMCs and C2C12 cells) and grown in the
incubator with 5% CO> at 37 °C. The growth media were changed every two days with 2 ml/
well (Table 7).

2.2.1.4 Differentiation to myotubes

After three to five days of proliferation (donor dependent) in 6-well plates (Table 2), HSMM
(Table 6) reached 90-95% confluence and differentiation was initiated by replacing growth
medium with differentiation medium (2 ml/well) (Table 7). Medium was changed every two days
and experiments were performed after five or six days of differentiation. Murine C2C12
myoblasts grew rapidly very dense and confluent (95%), so differentiation was initiated one
day after seeding into 6-well plates. Differentiation medium (2 ml/well) was changed every
three days (Table 7) and experiments were performed on day six of differentiation.

2.2.1.5 Induction of insulin resistance in primary HSKMCs
To artificially induce insulin resistance in insulin sensitive primary HSKMCs and thereby impair
the insulin signaling cascade, several approaches have been pursued.

2.2.1.5.1 Exposure of human myotubes to LY294002

On day six of differentiation, multinucleated myotubes were incubated in starvation medium for
four hours (Table7) and then incubated with 40 pM PI3K-inhibitor LY294002 (LY) for another
1 2 hours in starvation medium (Table 8). Since LY was reconstituted in DMSO, control
myotubes were also exposed to the same amount of DMSO (0.08%) as well (Table 8). After
1 2 hours of incubation, the cells were acutely stimulated with insulin as described in 2.2.1.6.

2.2.1.5.2 Exposure of human myotubes to 300 uM palmitate

Since higher levels of circulating FFA such as palmitic acid are associated with a higher risk
of T2DM resulting in insulin resistance, we established different protocols using palmitate to
impair insulin signaling. In the first protocol, myotubes were exposed to 300 uM palmitate in
differentiation medium (Table 8) for 18 hours on day five of differentiation. The next day, the
cells were incubated in starvation medium (Table 7) for six hours without the presence of
palmitate and either acutely stimulated with insulin (2.2.1.6) or stimulated with insulin for three
hours to measure glycogen synthesis (2.2.4.1).

2.2.1.5.3 Exposure of human myotubes to 800 uM palmitate

The second protocol consisted of stimulating the myotubes on the fifth day of differentiation
with 800 pM palmitate (6:1 palmitate:BSA complex) (Table 8) for 12 hours, only this time in
starvation medium (Table 8). Control cells were exposed to the same amount of BSA
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(Table 8) as palmitate-treated cells. The next day, the medium was replaced with fresh
starvation medium (Table 7) without palmitate and the myotubes were either starved for six
hours before acute stimulation with insulin (2.2.1.6) or exposure to EPS (2.2.1.7) for six hours.

2.2.1.6 Acute insulin stimulation

For acute insulin stimulation after the respective experiments, myotubes from control and
treatment groups were exposed to either 10 nM or 100 nM insulin-containing starvation
medium (Table 8) or insulin-free starvation medium (Table 7) (basal cells) for 15 minutes in
the incubator (5% COg, 37 °C).

2.2.1.7 Electrical Pulse Stimulation

To mimic physical exercise in vitro, myotubes were exposed to an acute low-frequency EPS
protocol on day six of differentiation. Before starting the EPS treatment, C-Dish™ carbon
electrodes (Table 1) were briefly pre-soaked in the respective starvation medium (for HSKMCs
or C2C12 cells) (Table 7) and the cells were washed three times with DPBS (Table 7) to
remove any kind of serum residues (FBS, HS, BSA) in the supernatant. Subsequently, the
media were changed to the respective starvation medium (1 ml/well) (Table 7), C-Dish™ was
placed on 6-well plates (Table 2) and all together were placed in the incubator (Table 1). Under
similar conditions, the control group was also exposed to C-Dish™ carbon electrodes, but not
connected to the power supply. EPS parameters were adjusted for HSKMCs (40 V, 2 ms, 1
Hz) and murine C2C12 cells (11.5V, 2 ms, 1 Hz), respectively followed by an acute stimulation
period of six hours for both cell models. After stimulation, each cell supernatant (conditioned
media, CM) was collected in 15 ml LoBind® tubes (Table 2) for mass spectrometry analysis
and centrifuged at 1,000 xg for 10 minutes at 4 °C (Table 1) to remove any cell debris. Next,
supernatant was then transferred into new LoBind® tubes, yielding approximately 5 to 5.5 ml
of CM per condition, and stored at -80 °C until further analysis. An aliquot of 120 ul of the
centrifuged CM was taken for Multiplex immunoassay (MIA) (2.2.4.3) and was stored in
LoBind® tubes at -80°C. Cells were placed on ice and washed 1x with cold DPBS. For cellular
proteomic analyses, HSkMCs were lysed at 50 pl/ well and C2C12 cells at 200 pl/well in SDS
lysis buffer (Table 5), shock frozen in liquid nitrogen and stored at — 80°C until further analysis.
For Western blot analyses cell lysates were generated as described in section 2.2.3.1. In this
experiment, each EPS-stimulated or unstimulated plate represents one technical replicate (n).

43



2. Material & Methods

2.2.2 Molecular biological methods

2.2.2.1 RNA isolation and cDNA synthesis

For RNA isolation, myoblasts (HSMM and C2C12) were grown to 90-95% confluence in 6-well
plates (Table 2), washed once with PBS (Table 5) at day zero of differentiation, and harvested
in 120 pl/well RLT-buffer (Table 5). Samples were shock frozen in liquid nitrogen and stored
at -20 °C until further analysis. Myoblasts were differentiated into multinucleated myotubes by
switching from starvation medium to differentiation medium (Table 7) and were harvested on
day six of differentiation using the same procedure as previously described for the myoblasts.
RNA from human and murine myoblasts and myotubes was isolated using the RNeasy-Mini
Kit (Table 9) according to the manufacturer’s instructions. RNA concentration and purity were
determined using the NanoDrop™ spectrophotometer (Table 1) by measuring optical density
at a wavelength of 260 nm. For cDNA synthesis, 1 ug of RNA was transferred into a reaction
tube together with 1 pl of deoxynucleotide triphosphates (ANTPs) and 2 ul of pre-diluted (1:10)
hexanucleotide primers (Table 11). Samples were incubated for 5 minutes at 65 °C in the
thermomixer comfort (Table 1), then cooled down on ice for one minute and briefly centrifuged
for 10 seconds (Table 1). A total of 7 ul of master mix containing 4 ul of GoScript™ 5x buffer,
2 ul of magnesium chloride (MgClz) and 1 pl of reverse transcriptase (Table 3) was added to
each sample, briefly spun down, and reaction tubes were loaded into the thermomixer
according to the following protocol. RNA isolation and cDNA synthesis were kindly performed
by Didi Humpert.

Table 14: cDNA synthesis protocol.

Reaction Temperature Duration
Annealing 25 °C 5 min
Elongation 42 °C 60 min
RT-inactivation 70 °C 15 min
Hold +4°C

Once the run was completed, cDNA was diluted in nuclease free water (1:10) and stored at
- 20 °C until further analysis.

2.2.2.2 Quantitative reverse transcription polymerase chain reaction (qRT-PCR)

To validate the differentiation from myoblasts to myotubes, qRT-PCR was performed on
representative genes in HSKMCs and C2C12 cells for different stages of myogenesis was
performed. The latter is a fluorescence-based method that assesses the change in emission
of accumulated PCR amplicons in real time. There are target-specific fluorescent dyes that
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label oligonucleotides such as primers or probes, and there are DNA-binding dyes such as
SYBR Green that emit a fluorescence signal proportional to the accumulated PCR amplicons
in the sample. Using the GoScript™ Reverse Transcriptase kit (Table 9), 4 ul of diluted cDNA
(2.2.2.1) was added to 5 pl of Master Mix containing 0.5 pl of diluted forward and reverse
labeled-SYBR Green primer (Table 11) in a reaction tube and subsequently transferred to a
384-well plate (Table 2). The plate was covered with MicroAmp adhesive films (Table 2) and
briefly centrifuged (Table 1) before placed in the QuantStudio™ 7 Flex (Table 1) PCR System
machine applying the protocol described below (Table 15).

Table 15: qPCR protocol.

Reaction Temperature Duration Cycle
Hot Start 95 °C 2 min 1x
Denaturation 95 °C 15 sec 40x
Annealing 60 °C 60 sec

Dissociation 60-95 °C 90 sec 1x

To quantify transcript abundance, the exponential phase threshold was set to 0.2. The
calculated Ct values were first normalized to the housekeeping gene B2M (ACt) (HSKMCs) or
Tpb (C2C12 cells) and then further normalized to the control of each experiment
(2-ACt). Therefore, the final results were presented as relative normalized gene expression
(2-AACt). RT-gPCR was kindly performed by Didi Humpert.

2.2.3 Biochemical Methods
2.2.3.1 Cell lysis and determination of protein concentration via Bicinchonic acid
assay
After acute stimulation with insulin as described in 2.2.1.6, HSkMCs in 6-well plates (Table 2)
were rinsed on ice with cold PBS (Table 5) once and subsequently lysed in 70 pl/well using
Western blot lysis buffer (Table 5). Samples were pooled and cell lysates were transferred to
a 1.5 ml reaction tube (Table 2), then homogenized in Uniprep gyrator-24 (Table 1) for 10 min.
Next, samples were centrifuged at 25,000 xg for 10 minutes at 4 °C to pellet (Table 1) to
remove any cell debris, then the clear supernatant was transferred to a new reaction tube and
samples were stored at -20 °C until further analysis. C2C12 cells were processed in the same
way as the HSKMCs, except that they were lysed in 200 pl/well of Western blot lysis buffer.
Next, the assay was performed using bicinchonic acid (BCA) Protein Assay Kit (Table 9), which
allows photometric and quantitative determination of protein concentration by reducing Cu®
ions to Cu* ions, which then form a chelate complex with 2 bicinchonic acid molecules each.
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This colored complex will then be photometrically detected at a wavelength of 560 nm. After
applying the standard curve (Table 16) to the 96-well plate (Table 2), protein lysates were
added in a dilution of 1:5 (HSKMCs) or 1:20 (C2C12) in MQ-H-0, all applied as duplicate
technical replicas. Before reading the plate in iMark™ Microplate Absorbance Reader (Table
1) it was incubated for 30 minutes in a humid atmosphere (5% CO,, 37 °C) to initiate the
reaction. The pipetting scheme of the BSA standard curve is listed in Table 16.

Table 16: Standard series BSA assay.

Amount Concentration BSA stock solution MQ-H:0

[ng/well] [ng/well] [ui] [ui]
0.5 0.025 1.5 118.5
1.0 0.050 3 117.0
2.0 0.100 6 114.0
3.0 0.150 9 111.0
4.0 0.200 12 108.0
5.0 0.250 15 105.0
6.0 0.300 18 102.0
7.0 0.350 21 99.0

2.2.3.2 Sodium-dodecylsulfate-polyacrylamide gel electrophoresis

Electrophoretic separation of proteins according to their size was obtained by denaturing
sodium-dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Therefore, SDS
(Table 3) was added to the protein lysates in order to generate a negative charge, allowing the
proteins to migrate to the anode of the electric field. The polyacrylamide gel matrix separates
the proteins based on their molecular mass, hence larger proteins are retained by the matrix
whereas smaller proteins reach the anode more quickly. Firstly, protein lysates were diluted
with 4x Laemmli buffer (Table 5) and MQ-HO, in order to load 10-20 g of total protein on the
gel. Next, samples were vortexed and denatured for five minutes at 95 °C in thermomixer
comfort (Table 1), thus secondary and tertiary structures of the proteins are broken, which then
allows SDS to cover the protein with its own negative charge that is proportional to the protein
mass. Afterwards, samples were briefly cooled on ice, shorty spun down and loaded on a 12%
SDS gel (Table 17) or stored at -20 °C until further analysis. Additionally, PageRuler™
Prestained Protein Ladder (Table 12) was applied on the gel, serving as a control to assess
the protein size of the proteins of interest. Electrophoresis was performed using Mini-
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PROTEAN Tetra Vertical Electrophoresis Cell systems (Table 1) filled with electrophoresis
buffer (Table 5) starting at 50 V for approximately 15 min, then switching to 150 V for another
50 to 60 minutes until protein ladder was widely separated.

Table 17: Composition of stacking and separation gel for western blot analysis.

Compound Volume
Stacking gel

Stacking gel buffer 780 ul
Acrylamide (30 %) 390 pl
ddH:0 1.83 ul
APS 6 pl
TEMED 3l

Separation gel

Separation buffer (Table X) 2.34 ml
Acrylamide (30%) 3.6 ml
ddH20 3.06 mi
APS 18 pl
TEMED oul

The specifications listed in the table refer to one 12% gel.

2.2.3.3 Western Blot analysis

After gel electrophoresis, separated proteins were transferred onto a nitrocellulose membrane
(Table 2) using a wet-tank blotting system. Therefore, membrane, gel together with Whatman
papers (Table 2) and two sponges were stacked in a cassette, followed by a two hours of
transfer at 0.2 A and 4 °C in a tank blot containing transfer buffer (Table 5). The transfer of the
negatively charged proteins to the membrane was towards the anode. Afterwards, unspecific
antibody binding sites were blocked, by incubating the membrane with the Tris-buffered saline
with Tween® (TBS-T) blocking buffer (Table 5) supplemented with 5% MP for approximately
one hour at room temperature. Membranes were washed with TBS-T and incubated overnight
at 4 °C with specific primary antibodies (Table 10) during rotation. The next day, membranes
were washed with TBS-T and incubated with secondary HRP-coupled antibody (Table 10) in
either 5% MP or BSA for another hour at room temperature. After one more washing step
(TBS-T), proteins were detected using Western Lightning® ECL chemiluminescent substrate
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(Table 2) according to manufacturer instructions. Both compounds (1:1) of the kit initiate HRP
to catalyze the conversion of luminol to 3-aminophthalate. This reaction emits a signal which
was then detected by the transilluminator ChemiDoc XRS+ (Table 1) and quantified using
Image Lab software (Table 13). Protein bands were either normalized to the housekeeping
protein Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or a-Tubulin.

2.2.4 Cell-based assays

2.2.4.1 Glycogen synthesis

Primary human skeletal muscle myotubes were treated with 300 uM palmitate for 18 hours in
differentiation medium overnight in a humidified atmosphere with 5% CO- at 37 °C (2.2.1.5.2).
To access the level of insulin resistance in the cells, measurement of insulin-induced glycogen
synthesis was used to detect insulin resistance at a functional level. After pretreatment with
300 uM palmitate, cells were incubated for six hours in starvation medium (Table 7) and then
starved for another three hours in basal medium supplemented with D-['*C(U)]-glucose
(2 uCi/mL) in the presence or absences of 100 nM insulin (Table 8). The myotubes were then
rinsed twice with cold PBS (Table 5) on ice and stored at -20 °C for further analysis. For sample
solubilization, cells were thawed on ice and harvested in 1M KOH (5.6mg/100 ml) (Table 3) at
400 pl/well. Next, 60% KOH and glycogen (20 mg/ml) (Table 3) were added, samples were
vortexed and incubated at 80 °C for 20 min. By adding 1 ml of ice-cold absolute EtOH
(Table 2) to the samples, glycogen was precipitated. The samples were centrifuged at
10,000 xg for 20 minutes at 4 °C (Table 1), the supernatant was discarded and the samples
were washed again with 1 ml 70% EtOH, vortexed and centrifuged again at 10,000 xg for
20 minutes at 4 °C. The supernatant was discarded and the pellet was dried at 37 °C in a
thermomixer (Table 1) for approximately 30 to 45 min. Finally, the pellet was resuspended in
500 pl H20. For the determination of incorporated D-['*C(U)]-glucose in the skeletal muscle,
300 pl of sample was mixed with 2.5 ml of scintillation liquid Rotiszint®eco plus (Table 3),
incubated for 20 minutes at rotation in the dark and then the radioactivity was counted in a
MicroBeta® counter (Table 1). Protein concentration was measured by BCA assay as
described in 2.2.3.1, except that samples and standard were diluted in 1M KOH.

2.2.4.2 Assessment of cell viability and cytotoxicity

To assess the level of cytotoxicity in primary human myotubes after treatment with either
LY294002, palmitate or EPS, the release of the cytosolic enzyme lactate dehydrogenase
(LDH) into the cell culture media was measured. When the plasma membrane is damaged,
LDH is quickly released into the cell culture media and therefore serves as an excellent
biomarker for cell damage. The assay was performed using the LDH-Glo™ Cytotoxicity Assay
kit (Table 9), according to manufacturer’s instructions. The kit uses a bioluminescent method
to quantify LDH by converting the compound luciferin to a bioluminescent signal using Ultra-
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Glo™rLuciferase that is proportional to the amount of LDH in the cell culture media. Luciferin
is generated by the reduction of nicotinamide adenine dinucleotide (NAD+) to NADH (-
hydrogen) and the concomitant oxidation of lactate, which is catalyzed by LDH. NADH is used
by the reductase enzyme together with reductase substrate to produce luciferin. For the
maximum LDH release control, myotubes were treated with 10% Triton X-100 (2 ul/100 ul)
(Table 3) and incubated for 15 minutes, resulting in irreversible permeabilization of the
membrane and release of LDH into the cell culture medium. For the assay, an aliquot of the
supernatant was collected after each treatment (2.2.1.5.1, 2.2.1.5.3, 2.2.1.7), diluted 1:20 in
LDH storage buffer and immediately stored at -20 °C until further analysis. Subsequently,
samples were further diluted in LDH Storage Buffer at a ratio of 1:50 (samples with starvation
medium as background) or 1:300 (samples with Triton X100), transferred to a 96-well plate
and applied as technical duplicates. Standards and controls were each run as technical
triplicates. LDH detection reagent was added to the wells and the plate was incubated for one
hour at room temperature. Luminescence was recorded using Infinite® 200 PRO (Table 1) and
analyzed using i-control™ 2.0 software (2.1.1.0), the plate was read with an integration time of
0.5 seconds. The absolute values of LDH release measured in the samples were compared to

the maximum release control used as a reference.

2.2.4.3 Multiplex immunoassay

In a targeted approach, the concentration of specific analytes was measured in the cell culture
supernatant of insulin sensitive and insulin resistant HSKMCs from five donors after exposure
to palmitate and EPS treatment (2.2.1.5.3, 2.2.1.7). Therefore, MIA were performed using
MILLIPLEX® MAP Human Myokine Magnetic Bead Panel, HWYOMAG-56K (15-Plex) and Bio-
Plex® Pro Human Cytokine Screening Panel (48-Plex) (Table 9). The MILLIPLEX® myokine
assay screens for the presence of IL-6, Oncostatin M, BDNF, IL-15, FGF21, LIF, fatty acid-
binding protein 3 (FABP3), fractalkine, osteocrin/ musclin, apelin, irisin, myostatin, FSTL-1,
and SPARC. The Bio-Plex® assay quantifies 48 cytokines, chemokines and growth factors
present in the supernatant, including TNF-a, IL-8, MCP-1, macrophage migration inhibitory
factor (MIF) and VEGF-A. MIA use internally color-coded microspheres (magnetic beads) with
fluorescent dyes that are coated with a specific capture antibody. The beads react with the
sample to capture an analyte, followed by several wash steps to remove unbound proteins,
and then a biotinylated detection antibody is added to the multiplexed suspension. This is
incubated with a streptavidin-phycoerythrin conjugate to complete the reaction. This technique
allows the simultaneous quantification of all analytes in the sample. For the MILLIPLEX® assay
25 ul (undiluted) and for the Bio-Plex® 50 ul (undiluted) of each sample were used, 25 pl
(undiluted) of cell culture starvation medium with or without palmitate or BSA served as
controls. All reagents were allowed to equilibrate to room temperature and the MIA was

conducted according to the manufacturer’s instructions. For data acquisition and analysis,
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assays were read on a Bio-Plex® 200 System and results were quantified based on fluorescent
reporter signals (phycoerythrin). The mean fluorescence intensity (MFI) of the phycoerythrin
signal is proportional to the concentration of analyte bound to each microsphere, allowing the
Bio-Plex Manager™ software to report the data as MFI or concentration (pg/ml or ng/ml). This
assay was kindly performed by Martina Schiller.

2.2.5 Bottom-up proteomics workflow and mass spectrometry analyses

The following sections describe the processing of samples of either HSkMCs or C2C12 cells
prepared for MS analysis. Skeletal muscle cells were expanded in cell culture (2.2.1.1, 2.2.1.2,
2.2.1.3) and differentiated (2.2.1.4) into multinucleated myotubes. Insulin sensitive and
resistant human myotubes were generated (2.2.1.5.3) and subjected to acute low-frequency
EPS, while control cells remained unstimulated (2.2.1.7). Murine C2C12 myotubes were also
treated with acute low-frequency EPS or left unstimulated (CON) (2.2.1.7). Subsequently,
supernatant (CM) and cell lysates from both cell models were processed within a bottom-up
proteomics workflow and analyzed by high-resolution MS as shown in Figure 6. The
proteomics analyses were performed in collaboration with our proteome analysis unit headed
by Dr. S. Lehr. The sample preparation of the C2C12 samples and the BSA- and palmitate-
treated samples from five donors was performed by the two technical assistants M. Schiller
and U. Kittel, the MS analyses (PD™ result files) were performed by Dr. S. Hartwig.
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Figure 6: Simplified overview of a bottom-up proteomics workflow of secretome and proteome samples for
MS analysis. CON: control (unstimulated), EPS: Electrical pulse stimulation, CM: conditioned media, LC: Liquid
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chromatography, MS: Mass spectrometry, FASP: Filter-aided sample preparation. This figure was created with
BioRender.

2.2.5.1 Sample preparation for secretome analysis

In this thesis, secretome and cellular proteome samples were processed within a bottom-up
proteomics workflow, meaning that the complex mixture of proteins was first enzymatically
digested into peptides, which were then separated by LC prior to MS analysis (Figure 6). Cell
culture supernatants from HSKkMCs and C2C12 cells (2.2.1.7) were thawed and kept on ice
throughout the sample preparation process. Samples were transferred to polypropylene tubes
(Table 2) and centrifuged at 85,000 xg for 30 minutes at 4 °C (Table 1). High speed
centrifugation removed larger molecules such as apoptotic bodies and cell debris, while
smaller molecules such as EV were not pelleted. The entire sample volume was then
transferred to Amicon® ultra-4 centrifugal tubes (filter unit 3K) to concentrate the proteins in
the samples by reducing the initial volume from approximately 5.5 ml to 50 to 100 pl. Prior to
sample transfer, 1 ml DPBS (Table 3) was used to activate the Amicon® columns and
discarded shortly thereafter. Samples were centrifuged at 3,220 xg for approximately 2 to 2 V2
h (Table 1) until no supernatant eluted through the filter columns. The concentrated samples
were transferred to new reaction tubes and the protein concentration was measured using the
NanoDrop™ spectrophotometer (Table 1) at a wavelength of 280 nm.

Next, a gradient SDS-PAGE gel was run, which concentrated the samples into a single band
required for subsequent in-gel digestion. The composition of the SDS-PAGE gel is shown in
Table 18.

Table 18: Composition of MS-gel for enzymatic protein digestion procedure.
Stacking gel 4% Separation gel 10% Separation gel 25%
2.275 ml MQ-H20 0.75 ml MQ-H20 0.625 ml MQ-H20

0.875ml 0.5 M Tris pH 6.8/ 0.375 ml 3 M tris pH 8.8/ 1.25 ml 3 M tris pH 8.8/
0.8% SDS (4x) 0.8% SDS (4x) 0.8% SDS (4x)

0.35 ml acrylamide (40%) 0.375 ml acrylamide (40%) 3.125 ml acrylamide (40%)
13.15 pl APS (10%) 7.5 ul APS (10%) 25 ul APS (10%)

2.65 pl TEMED 1.5 ul TEMED 5 pl TEMED

The solutions were poured in the following order: 25% separation gel, 10% separation gel, and
4% stacking gel. A total of 25 ug of protein was loaded on the gel for in gel digestion of C2C12
supernatant samples. For HSKMC, supernatants from two different experiments were used for
MS analyses. For the first in gel digestion, samples from three donors were used, where the

protein yield in the cell culture supernatant was very low, therefore approximately 1 ug of
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protein was loaded on the gel for digestion. For the second in gel digestion, samples from five
donors were used, where a higher yield was achieved, allowing a total of 4.2 ug of protein to
be loaded onto the gel. The samples were then diluted with MQ-H20 and 5x SDS sample
buffer (Table 5), followed by denaturation at 95°C for 5 minutes with BSA (500 ng) (Table 3).
All Blue Prestained Protein Standard (Table 12) diluted in 1x SDS sample buffer (Table 5),
BSA (reference band) and samples were applied to the gel and electrophoresis was performed
at 100 V in Fling-Gregerson buffer (Table 5). Compressed protein bands were then visualized
by staining with Coomassie® Brilliant Blue R-250 dye (Table 3) as described in Table 19. The
gel was incubated in the appropriate solution (100 ml) with shaking at room temperature.
Finally, the gel was imaged using the ChemiDoc XRS+ Gel Imaging System (Table 1).

Table 19: MS-gel staining protocol with Coomassie® Brilliant Blue R-250 dye.

Staining Chemicals Procedure
Fixation 40% MeOH, 2% o- H3POs, ad. MQ-H20 Incubation time 1h
Washing MQ-H20 Change MQ-H20 every
20 min
Equilibration 34% MeOH, 2% o- HsPOs, 17% (NH,),SO, Incubation time 1h
ad. MQ-H20
Staining 34% MeOH, 2% o0- H3PO4, 17% (NH,),SO,, Dyeing overnight, next day
0.066% Coomassie® Brilliant Blue R-250 change staining solution
ad. MQ-H20 and incubate for another
3-4h
Destaining MQ-H20 Destaining of background

All instructions refer to 100 ml total volume. (MeOH, methanol; o- HsPO4, o-phosphoric acid; (NH,),SO,, ammonium

sulfate)

After the staining, the compressed gel bands were excised from the gel, cut into 4 equal pieces
and transferred to a 1.5 ml reaction tube. Each sample was washed alternately with 200 pl of
25 mM ammonium bicarbonate ((NH4)HCOs3) and 200 ul of 25 mM 50% acetonitrile (v/v)
(MeCN, methyl cyanide) for 10 minutes until the blue color disappeared. For dehydration, the
gel pieces were washed with 200 pl 100% MeCN (v/v) for 15 minutes and dried for another
15 minutes. Then, 80 pl dithiothreitol (DTT, dissolved in 25 mM (NH4)HCOs3) was added to
break the disulfide bonds of the proteins, and the samples were heated at 50 °C for 15 minutes
with shaking. The samples were cooled on ice and the DTT solution was discarded. Samples
were again incubated with 200 pl 100% MeCN for 15 minutes, followed by a 15 minutes drying
process, before samples were incubated in the dark with 80 ul iodoacetamide (IAA, dissolved
in 25 mM NH4)HCO3) for irreversible alkylation. Again, samples were washed alternately with
500 pl of 25 mM (NH4)HCOg3) and 200 pl of 25 mM 50% MeCN (v/v), followed by a further
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dehydration step with 200 pl of 100% MeCN for 15 minutes. The supernatant was discarded
and the samples were dried at room temperature for 15 minutes until Trypsin/Lys-C mixture
(Table 3) was added at a 1:25 (w/w) enzyme/protein ratio (diluted in 50 mM (NH4)HCOs) and
2% MeCN (v/v)). Enzymatic digestion was performed overnight at 37 °C (max. 16 hours). The
next day, the samples were incubated with 1% trifluoroacetic acid (TFA) (Table 3) for
approximately 60 minutes and then with 0.1% TFA/90% MeCN (v/v) for another 30 minutes to
elute the peptides from the gel pieces. The eluted peptides were lyophilized at 45°C in the
Savant™ SpeedVac™ SPD 1030 centrifugal vacuum concentrator (Table 1) and stored at 4°C
until further analysis.

2.2.5.2 LC-MS/MS analyses of secretomes

For high-resolution LC-MS/MS analyses, lyophilized peptides from C2C12 cells and HSkMCs
(2.2.1.7) were reconstituted in 1% TFA (v/v) and separated on an LC UltiMate™ 3000
(Table 1) connected to an Orbitrap Exploris™ 480 mass spectrometer (Table 1). Peptides were
trapped and desalted on an Acclaim™ PepMap™ C18-LC-column (ID: 75 ym, 2 cm length),
followed by separation on an Aurora C18 column (Table 1) using a 2 hours three step gradient
at a total flow rate of 300 nl/ minutes with buffer A (0.1% formic acid) and buffer B (80% ACN,
0.1% formic acid). First, linear from 2-19% buffer B for 72 min, second from 19-29% buffer B
for 28 min, then from 29-41% buffer B for 20 minutes and a 1 min linear gradient increasing
buffer B to 95%. MS data were acquired in data dependent acquisition (DDA) mode at 120,000
resolution (2 seconds cycle time), m/z range of 350-1,200 and a normalized AGC target value
of 300%. Fragmentation precursor selection filters were set to charge state between two and
six and dynamic exclusion of 45 seconds. Fragmentation of precursors was performed with an
isolation window (m/z) of 1.6, a higher-energy collisional dissociation (HCD) energy of 30%,
and a resolution of 15,000 with automatic adjustment of the automatic gain control (AGC) target

value and injection time.

2.2.5.3 Sample preparation for cellular proteome analyses

Cell lysates from C2C12 and human myotubes for proteome analyses (2.2.1.7) were further
solubilized in denaturing SDS buffer (Table 5) by 10 strokes through an insulin syringe (Table
1, needle 26 gauge) followed by sonification (two times pulse 0.09sec_10sec). The samples
were then centrifuged at 75,000 xg for 30 minutes at 4 °C and the supernatants were
transferred to new reaction tubes. Protein concentrations were determined using the
NanoDrop™ spectrophotometer (Table 1). Protease digestion was performed according to the
filter-aided sample preparation (FASP) procedure (201) with some adaptations. Shortly,
protein samples (100 pg) were incubated at 96 °C for 10 minutes and then diluted 1:10 (v/v)
with urea buffer (Table 5). Samples were then centrifuged at 10,000 xg using Amicon® Ultra
0.5 ml centrifugal filter devices (Table 1) and alkylated by incubation with 50 mM IAA for 15
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minutes at room temperature. Washing steps with urea buffer were repeated three times
(including centrifugation at 10,000 xg for 16 minutes), protein lysates were digested using
Trypsin/Lys-C mixture (Table 3) in a 1:25 (w/w) enzyme/protein ratio overnight at 37 °C. The
next day, filter devices were centrifuged and the peptides were collected and acidified with
TFA to a final concentration of 0.1% (v/v). Purification was obtained using C18 solid phase
extraction (Strata C18-E, 200 mg/ml, Phenomenex) according to manufacturer’s instructions.
Eluates were lyophilized and stored as aliquots at -80°C.

2.2.5.4 Pierce™ Quantitative Colorimetric Peptide Assay

The lyophilizates (2.2.5.3) for cellular proteome analysis of C2C12 cells and HSKMCs were
solubilized in 1% TFA (v/v) and peptide concentration was determined using Pierce™
Quantitative Peptide Assay according to manufacturer’s instructions. This assay is
characterized by copper reduction (Cu?* to Cu'*) caused by amide bonds of the peptides under
alkaline conditions. A chelating agent combines with the reduced copper ions to form a red
complex with an absorbance at 480 nm. For this colorimetric assay, only a small amount of
sample (5 pl) was used in a 1:4 dilution in MQ-H20O with a working peptide concentration range
of 25 to 1,000 pg/mL.

2.2.5.5 LC-MS/MS analyses of cellular proteomes

For LC-MS/MS analyses, lyophilized peptides were reconstituted in 1% TFA (v/v) and peptide
concentrations were determined using Quantitative Colorimetric Peptide Assay (Table 9) as
described in 2.2.5.4. Samples (400 ng) were run in triplicates on an LC UltiMate™ 3000 (Table
1) as described in 2.2.5.2. MS analysis was performed on an Orbitrap Fusion™ Lumos™ mass
spectrometer (Table 1) coupled to a Nanospray Flex™ ion source (Table 1) and equipped with
a high-field asymmetric waveform ion mobility spectrometry (FAIMS Pro) interface. MS data
were obtained in DDA mode using FAIMS compensation voltages (CV) of -40, -60 and -80 V.
MS spectra were acquired at 120,000 resolution (3 seconds cycle time) and m/z range of
350-1,600. Fragmentation precursor selection filters were set to charge state between two and
seven, dynamic exclusion of 30 seconds and an intensity threshold of 2.5E4. Fragmentation
of precursors was done with an isolation window (m/z) of 3.6, HCD energy of 30% at 15,000
resolution with automatic adjustment of AGC target and injection time.

2.2.6 Quantitative analyses of MS-based data

Proteome Discoverer™ (PD™) 3.0 software (Table 13) was used to analyze the MS raw files.
For spectral recalibration, the SpectrumRC node was used with the FASTA database
(UniProtkKB database, reviewed SwissProt, Homo sapiens TaxID=9606, v2022-12-14 and
v2023-06-28, Mus musculus TaxID=10090, v2023-03-01). The minora feature detector node
was used for quantification with default settings (minimum trace length 5, maximum delta RT
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of isoptope pattern multiplets of 0.2 min, and only high confidence PSMs were used for feature-
ID association). CHIMERYS search was performed against UniProtKB database (reviewed
SwissProt, Homo sapiens TaxID=9606, v2022-12-14 and v2023-06-28, Mus musculus
TaxID=10090, v2023-03-01 and an in-house contaminant fasta file). Enzymatic digestion was
performed using trypsin, allowing a maximum of two missed cleavage sites, and b and y ions
were selected for HCD fragmentation with a fragment mass tolerance of 0.02 Da.
Carbamidomethylation of cysteine was set as the static modification, while N-terminal
acetylation, N-terminal methionine loss, N-terminal methionine loss/acetylation and methionine
oxidation were allowed as variable modifications. Percolator (included in PD™, max delta Cn:
0.01) was applied for data validation. Label-free quantification was performed on precursor
intensities present in at least 20% of replicate features. Protein ratios were calculated either
on a pairwise ratio basis (t-test, background based) or by ANOVA (individual proteins).

2.2.6.1 Bioinformatic analyses of MS-based data

MS data were filtered for “master proteins”, proteins with high levels of “false discovery rate”
(FDR), proteins with at least one “unique peptide” and the species map was chosen for either
“Homo sapiens” or “Mus musculus” using PD™. Potential myokines were then analyzed using
bioinformatic prediction tools, including as SignalP 6.0 (102), SecretomeP 2.0 (104) and
Outcyte 1.0 (100). The SignalP algorithm screens for proteins that carry a signal peptide
sequence at the N-terminus and are therefore predicted to be secreted via the classical ER-
to-Golgi pathway. SecretomeP (nn-score<0.6) and Outcyte predict putative secretory proteins
that are secreted via unconventional secretory pathways, such as intracellular- or
transmembrane proteins. Moreover, gene ontology cellular component (GOCC) analyses were
performed using the generic GO term mapper (202). Comparative analyses between C2C12
cells and primary HSKMCs were performed on the basis of gene symbols, and comparative
analyses within the same species were performed on the basis of primary UniProtKB
accessions. For further analysis of the large MS datasets, Venn diagrams were created using
the web-based tool InteractiVenn (203), and heatmap and PCA analyses were performed
using either ClustVis (204) or R 4.3.2.

2.2.6.2 Cross-species literature research of MS data

The literature search was performed using the PubMed® database. For the comparative
analyses, only papers published in English that performed non-targeted secretome analyses
of skeletal muscle cells (C2C12 or primary HSKMCs) were considered. Keywords such as
“secretome analysis”, “secreted proteins”, “mass spectrometry”, “skeletal muscle cells”,
“myokines”, “exercise” and “electrical pulse stimulation” were selected for PubMed® database
search. The given data from different MS secretome studies provided a diverse and broad data
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set. Data alignment of C2C12 cells and primary HSKMCs and comparative analyses were
performed based on gene symbols.

2.2.7 Statistical analysis

In this thesis, data from all experiments are presented as mean * standard error of the mean
(SEM). The figure legend indicates the number of samples (n) used for each experiment, and
at least three individual experiments (n=3) were performed to determine statistical significance.
An unpaired two-tailed t-test with Welch's correction was used to ensure statistical significance
between two groups. To test for multiple comparisons between two groups ordinary one-way
ANOVA or two-way ANOVA were conducted following recommended the Dunnett or Sidak
post hoc tests. Correlation analyses were performed by calculating Pearson correlation
coefficients or performing linear regression analysis. In all statistical analyses, p-values<0.05
were considered statistically significant and are indicated in the figure legends as follows
*p<0.05, **p<0.01, ***p<0.001, p****<0.0001. The GraphPad Prism 10 software was used for
graphical illustration and statistical calculation.
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3 Results

Recent studies have investigated the muscle secretome by non-targeted approaches using
high-resolution MS. Of particular interest are contraction-induced myokines (exerkines), which
are associated with the health-promoting effects of exercise. Exerkine secretion can be
simulated in vitro by EPS of skeletal muscle cells in culture. To date, only two MS-based
studies have analyzed the contraction-induced secretome of skeletal muscle cells (C2C12 and
HSKMCs), both using chronic (24h) low-frequency EPS protocols (70, 192), however no
comparative analyses have yet been carried out between these two cell models. In this thesis,
the first aim was to investigate the similarities and differences of the contraction-induced
muscle secretomes of the two most commonly used cell models for skeletal muscle
metabolism, C2C12 cells and primary HSKMCs. Therefore, both cell models were subjected to
acute (6h) low-frequency EPS protocols and myokine secretion profiles were studied and
compared using high-resolution MS. The second and third aim of this thesis was to study the
human muscle secretome under pathological conditions (insulin resistance) and to further
explore the effects of acute (6h) low-frequency EPS on the myokine secretion profile of
contracting insulin resistant human myotubes compared to insulin sensitive human myotubes.
Therefore, we have established a protocol that simulates insulin resistance in vitro by treating
skeletal muscle cells with the FFA palmitate. This in-depth MS-secretome analysis of

contracting insulin sensitive and resistant human myotubes is the first of its kind.

3.1 Establishment and validation of an in vitro contraction model

3.1.1 Generation of differentiating murine myotubes

During myogenesis, various genes representing different stages of differentiation are
expressed in skeletal muscle (1.3.1, Figure 2). To monitor differentiation of C2C12 cells in vitro,
the mRNA expression of Myf5 and MyoD, genes representing the early stages of
differentiation, as well as MyoG and myosin heavy chain 2 (Myh2), which are expressed in
differentiated myotubes, was determined. Murine C2C12 cells were cultured (2.2.1.1),
myoblasts were harvested at day zero and myotubes at day six of differentiation (2.2.2.1) and
mRNA levels were analyzed using RT-gPCR (2.2.2.2). As expected, Myf5 mRNA expression
was significantly increased in C2C12 myoblasts compared to myotubes (Figure 7A), while
MyoD mRNA expression was significantly upregulated in C2C12 myotubes compared to
myoblasts (Figure 7B). Furthermore, fully differentiated myotubes showed significantly
increased mRNA levels of MyoG (Figure 7D) and Myh2 (Figure 7E) compared to myoblasts.
Moreover, light microscopic observation during the entire differentiation process showed how
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mononucleated myoblasts (Figure 7C) fused to multinucleated myotubes (Figure 7F) over the
course of 6 days.
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Figure 7: Validation of differentiation of murine C2C12 cells using RT-qPCR to measure gene expression
profiles of representative genes of various differentiation stages. MB were harvested at day zero of
differentiation and MT at day six of differentiation in RLT-lysis buffer for RNA isolation. (A) Gene expression profile
of Myf5. (B) Gene expression profile of MyoD. (C) Bright field microscopy images of MB. (D) Gene expression
profile of MyoG. (E) Gene expression profile of Myh2. (F) Bright field microscopy images of MT. Quantified data
was normalized to housekeeping gene Tbp, data are mean +SEM from three individual experiments (n=3) in C2C12
cells, and were analyzed by unpaired t test (Welch’s correction), **p < 0.01, ****p < 0.0001. Bright field microscopy
images, scale bars = 100 um. Dark grey bars represent MB and grey dotted bars display MT. MB: myoblasts; MT:
myotubes; Myf5: myogenic factor 5; MyoD: myoblast determination protein 1; MyoG: myogenin; Myh2: myosin
heavy chain 2; Tbp: TATA-box binding protein

3.1.2 Generation of differentiating human myotubes

The same myogenic factors (1.3.1, Figure 2) previously determined for C2C12 cells (3.1.1)
during differentiation were also measured for HSKMCs. Primary HSkMCs from five donors
were cultured (2.2.1.2), myoblasts were harvested at day zero and myotubes at day six of
differentiation (2.2.2.1) and subsequently mRNA levels were analyzed by RT-qPCR (2.2.2.2).
As expected, MYF5 gene expression was significantly higher in human myoblasts than in
myotubes (Figure 8A), while MYOD mRNA expression was nearly the same in human
myoblasts and myotubes (Figure 8B). Furthermore, MYOG and MYHZ2 were significantly
increased in human myotubes compared to myoblasts (Figure 8D-E). Also, the differentiation
process was captured by light microscopy showing mononucleated myoblasts at day zero of

differentiation (Figure 8C) and multinucleated myotubes at day six of differentiation (Figure
8F).
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Figure 8: Validation of differentiation of primary HSkMCs using RT-qPCR to measure gene expression
profiles of representative genes of various differentiation stages. MB were harvested at day zero of
differentiation and MT at day six of differentiation in RLT-lysis buffer for RNA isolation. (A) Gene expression profile
of MYF5. (B) Gene expression profile of MYOD. (C) Bright field microscopy images of MB. (D) Gene expression
profile of MYOG. (E) Gene expression profile of MYHZ2. (F) Bright field microscopy images of MT. Quantified data
was normalized to housekeeping gene B2M, data are mean +SEM from 15 individual experiments (n=15) from
HSKMCs obtained from five different donors. Data were analyzed by unpaired ttest (Welch’s correction), **p < 0.01,
****p < 0.0001. Bright field microscopy images, scale bars = 100 pm. Light grey bars represent MB and grey dotted
bars MT. MB: myoblasts; MT: myotubes; HSKMCs: human skeletal muscle cells; MYF5: myogenic factor 5; MYOD:
myoblast determination protein 1; MYOG: myogenin; MYH2: myosin heavy chain 2; B2M: B2-Mikroglobulin

3.1.3 EPS-induced phosphorylation of AMPKa-Thr172

The intracellular energy sensor AMPK is activated in response to muscle contraction, therefore
immunoblotting of AMPK activity at its main regulatory phosphorylation site (Thr-172) has long
been a method to verify exercise-induced signaling (1.4.2, Figure 4). To validate our in vitro
acute low-frequency EPS protocols, murine and human myotubes were exposed to EPS for
six hours (2.2.1.7) and cell lysates were processed for Western blot analysis (2.2.3.1, 2.2.3.2,
2.2.1.3). EPS treatment showed no effect on total AMPKa protein abundance in both murine
(Figure 9A) and human (Figure 9C) myotubes. As expected, we observed an increase in EPS-
mediated phosphorylation of AMPK-Thr172 in both murine (Figure 9B) and human myotubes,
whereas in HSkMCs the effect was statistically significant (Figure 9D).
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Figure 9: Validation of EPS-induced muscle contraction in murine C2C12 cells and primary HSKMCs. C2C12
cells and HSkMCs were differentiated to multinucleated myotubes until day six of differentiation followed by acute
(6h) low-frequency EPS on human (40 V, 1 Hz, 2 ms) and murine (11.5 V, 1 Hz, 2 ms) myotubes, control cells were
exposed to electrodes but remained unstimulated. Cell lysates were analyzed for total AMPKa abundance and for
changes at AMPKa-Thr172 phosphosite after EPS-induced muscle contraction. (A) Protein abundance of total
AMPKa in C2C12 cells. (B) EPS-induced phosphorylation of AMPKa-Thr172 in C2C12 cells. (C) Protein abundance
of total AMPKa in HSKMCs. (D) EPS-induced phosphorylation of AMPKa-Thr172 in HSKMCs. All graphs shown are
mean +SEM from nine individual experiments (n=9) in HSkMCs from three different donors and from six individual
experiments (n=6) in C2C12 cells. Expression levels were normalized for the protein abundance of GAPDH and
unstimulated cells were regarded as control and set at 100%. Data were analyzed by unpaired t test (Welch’s
correction), *p < 0.05. Grey bars represent control cells and grey striped bars show EPS-treated cells, for both cell
models respectively. CON: control, EPS: electrical pulse stimulation, HSkMCs: human skeletal muscle cells, AMPK:
adenosine monophosphate-activated protein kinase, GAPDH: glyceraldehyde-3-phosphate dehydrogenase

3.2 LC-MS/MS analyses of insulin sensitive murine C2C12 cells

versus primary HSkKMCs following acute low-frequency EPS

Recently, first attempts have been made to investigate the EPS-induced muscle secretome of
C2C12 cells and HSKMCs using a non-targeted approach. Murine and human myotubes were
exposed to chronic (24h) low-frequency EPS protocols and cell culture supernatants were
analyzed by high-resolution MS (70, 192). Little is known about the contraction-induced muscle
secretome. To date, there are no comparative studies of the muscle secretomes of C2C12
cells and HSkMCs. Since it is known that different types of exercise affect the myokine
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secretion profile differently, the first aim of this thesis was to analyze and compare the
contraction-induced muscle secretomes of the two most commonly used skeletal muscle cell
culture models, murine C2C12 cells and primary HSkMCs. Therefore, HSMM and C2C12
myoblasts were expanded in cell culture (2.2.1.1, 2.2.1.2, 2.2.1.3) and differentiated to
multinucleated myotubes (2.2.1.4). On the sixth day of differentiation, murine and human
myotubes were exposed to an acute low-frequency EPS protocol (2.2.1.7), then supernatants
(conditioned media: CM) and cell lysates were processed in the bottom-up proteomics
workflow (2.2.5, Figure 6) and analyzed by high-resolution MS (2.2.5.2, 2.2.5.5).

3.2.1 Characterization of murine and human muscle secretomes

To categorize the large MS datasets, bioinformatic analyses were performed as described in
2.2.6.1. Computational analysis of the murine C2C12 muscle secretome resulted in the
identification of 5,710 potential myokines, of which 2,874 proteins were predicted as secretory
myokines. Moreover, 674 proteins (12%) were considered as classically secreted (SP+)
proteins, while 1,204 (21%) and another 996 myokines (17%) were recognized as
unconventionally secreted proteins (Figure 10A-B). Furthermore, GOCC analysis revealed that
most murine secreted proteins were annotated as “plasma membrane proteins”, “vesicles” and

“mitochondrial proteins” (Figure 10C).
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Figure 10: Bioinformatic prediction analysis of murine C2C12 muscle secretome after acute low-frequency
EPS. Proteome DiscovererTM (PD) software 3.0 was used for proteomics analyses. (A) Bioinformatic prediction
analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. (B) Percentage of “predicted secretory myokines”.
(C) GOCC analysis of the entire muscle secretome and the subgroup “predicted secretory myokines”. Samples
from C2C12 cells (n=3) are demonstrated in blue. CON: control, EPS: electrical pulse stimulation, GOCC: gene
ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-: signal peptide negative

Furthermore, MS-based secretome analysis identified 3,285 potential myokines in the CM of
HSkMCs, of which 2,105 proteins were predicted to be secretory myokines. Moreover, 779
proteins (24%) were considered as classically secreted (SP+) proteins, while 650 (20%) and
another 676 myokines (20%) were recognized as unconventionally secreted proteins (Figure
11A-B). According to GOCC analysis most proteins were assigned to the GO terms
“extracellular exosome”, “plasma membrane” as well as “extracellular space” and “region”
(Figure 11C).
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Figure 11: Bioinformatic prediction analysis of primary HSKMCs secretome after acute low-frequency EPS.
Proteome DiscovererTM (PD) software 3.0 was used for proteomics analyses. (A) Bioinformatic prediction analysis
using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. (B) Percentage of “predicted secretory myokines”. (C) GOCC
analysis of the entire muscle secretome and the subgroup “predicted secretory myokines”. Samples from HSkMCs
from three donors (n=3) are displayed in green. CON: control, EPS: electrical pulse stimulation, GOCC: gene
ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-: signal peptide negative

3.2.2 Comparative analyses of muscle secretomes and proteomes

To assess the similarities and differences between murine C2C12 cells and primary HSKMCs,
we directly compared the proteomes and secretomes of both cell models. MS data were
analyzed as described in 2.2.6.1. The interspecies comparative analysis of muscle secretomes
revealed an overlap of 2,556 proteins that were present in the CM of both C2C12 cells and
HSKMCs, while a greater number of proteins were secreted from C2C12 myotubes (5,571)
than from human myotubes (3,213) (Figure 12A). Comparison of the proteomes revealed an
overlap of 4,929 proteins, indicating that the C2C12 and human proteomes have a similar
distribution of proteins (Figure 12B).
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Figure 12: Venn diagram analyses showing interspecies comparison of muscle secretomes and cellular
proteomes. (A) Comparison of murine and human secretomes based on their gene symbols. (B) Comparison of
murine and human proteomes based on their gene symbols. Data from C2C12 cells (n=3) are shown in blue and
from HSkMCs from three different donors (n=3) in green.

Next, a comparison of the secretome and proteome data within the same species was
performed as described in 2.2.6.1. Comparative analysis of the muscle secretome (5,710
proteins) and proteome (6,215 proteins) of C2C12 myotubes resulted in an overlap of 4,718
proteins, showing that 83% of all secreted proteins were also detected in the cellular proteome
(Figure 13A). Also, a large number of proteins (1,714) previously categorized as “predicted
secretory myokines” (a subset of the secretome) overlapped with the C2C12 proteome (Figure
13A). Similar results were observed for the HSkMCs. The secretome and the proteome of
human myotubes show an overlap of 2,702 proteins, which corresponds to 82 % of all secreted
proteins that were also detected in the cellular proteome (Figure 13B). The “predicted secretory
myokines” of the human muscle secretome overlapped with the human proteome with 2,260
proteins (Figure 13B). To gain insight into the protein distribution within versatile GO terms for
intracellular and extracellular components, a GOCC analysis was performed for both cell
models. Interestingly, proteins annotated for intracellular GO terms such as “nucleus, cytosol
and cytoskeleton” were nearly identical in murine secretome and proteome (Figure 13C), while
the number of proteins for these GO terms in the humane secretome was remarkably lower in
comparison to the human proteome (Figure 13D). The number of proteins annotated as GO
“extracellular matrix” and “non-structural extracellular” proteins were comparable in the
secretome and proteome dataset of both C2C12 cells and HSkMCs (Figure 13C-D).

64



3. Results

A C2C12 predicted secretory proteins B
(Uniprot ID’s)
(2,874) :
C2C12 Proteome t¢ HSKMC Proteome
(Uniprot ID’s) (Uniprot ID’s)
(6,215) (6,287)
1,497 3,004 687 3,585 442 437
C GOCC analysis D GOCC analysis
Extracellular matrix —': Bl Proteome Extracellular matrix Bl Proteome
Non-structural extracellular -E . Secrsione Non-structural extracellular ER Secretome
-_ Predicted Predicted
ER/ Golgi === El secretory ER/ Golgi- B8 secretory
— N — .
- proteins L proteins
Mitochondrion —f== Mitochondrion =
Plasma membrane —_— Plasma membrane . —
Cytoskel = E
ytoskeleton —fe===== Cytoskeleton ==
C |
ytosol Cytosol =
Nucleus = Nucleus —
= =
Q O O O Q QO QO O
N \) N
& S &S P

Number of proteins Number of proteins

Figure 13: Secretome and proteome analysis of C2C12 cells and HSKMCs. Proteome DiscovererTM software
3.0 was used for proteomics analyses. Alignment of proteome data with either total secretome or a subgroup of
secretome data (“predicted secretory myokines”) from C2C12 cells (A) or HSkMCs (B). GOCC analyses of C2C12
(C) and HSKMCs (D) proteome, secretome and “predicted secretory proteins” data was conducted. Venn analyses
were performed based on UniprotKB IDs for Mus musculus and Homo sapiens. Data shown in blue represent
C2C12 cells (n=3) while data displayed in green represent HSkMCs from three subjects (n=3). HSkMCs: human
skeletal muscle cells, GOCC: gene ontology cellular component, ER: endoplasmic reticulum

To determine the abundance distribution of the proteins detected in the secretome and
proteome and whether the same proteins are similarly distributed in C2C12 cells and HSkMCs,
the top 100 candidates were ranked according to their peptide spectrum match (PSM). It was
observed that 52% of the top 100 abundant proteins were present in both murine secretome
and proteome (Figure 14A). Similarly, the human secretome and proteome shared 47% of the
top 100 proteins (Figure 14B).
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Figure 14: The top 100 most abundant proteins from proteome and secretome data, ranked by their PSM
(A) Overlap of the top 100 proteins in the proteome and secretome as well as for the “predicted secretory proteins”
of C2C12 cells. (B) Overlap of the top 100 proteins in the proteome and secretome as well as for the “predicted
secretory proteins” of HSkMCs. Venn analyses were performed based on UniprotKB accession number for Mus
musculus and Homo sapiens. Data displayed in blue represent C2C12 cells (n=3) while green data represents
HSkMCs from three donors (n=3). HSKMCs: human skeletal muscle cells, PSM: peptide spectrum match

3.2.3 Comparison of murine and human secretome data with the literature

To put the MS data of this study in context with the results of previous MS-based secretome
studies of C2C12 cells and HSkMCs, a comparison with the literature was performed (2.2.6.1,
2.2.6.2). The comparative analysis revealed that 1,440 myokines identified in the CM of C2C12
myotubes in this study have not yet been described in the literature. Furthermore, additional
20 proteins were identified in the secretome of C2C12 cells that were previously only
mentioned in human MS-secretome studies, while a further 186 proteins were found
exclusively in the CM of C2C12 cells and HSKMCs in this study. Comparison with the literature
on human cells resulted in the identification of 385 novel myokines in the CM of human
myotubes that were unique to this study and had not been described in other MS-based
studies. Moreover, 1,393 common proteins were found in the human and murine secretome of
this study as well as in previously characterized murine secretome data from the literature.
Additionally, 111 myokines were discovered in the human secretome in this study that were
previously only described in the literature for C2C12 cells (Figure 15A). In this study, we
confirmed the presence of known secreted myokines such as IL-6, decorin, desmin, SPARC
and VEGFA in both murine and human muscle secretomes. Interestingly, other known
myokines such as follistatin (FST), meteorin (METRN), sestrin-1 (SESN1) and insulin-like
growth factor | (IGF-1) were only detected in the CM of C2C12 cells, whereas others such as
LIF were exclusively identified in the CM of HSKMCs. All MS-based secretome studies that
were considered for literature comparison are shown in Figure 15B. The comparison of MS
data from this study with literature data from C2C12 cells revealed an overlap of 3,906
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myokines, while the comparison of data from HSKMCs revealed an overlap of 1,163 proteins
(Figure 15B).
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Figure 15: Comparison of MS data from this study with the literature. A) MS data of C2C12 cells and HSkMCs
from this study compared to MS-data from the literature (B) Overview of the MS studies used for the comparative
analysis. The data from this study are shown in blue for C2C12 cells (n=3) and in green for HSKkMCs from three
donors (n=3). Data from the literature on C2C12 cells are represented in orange and on HSkMCs in yellow. GOCC:
gene ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-: signal peptide negative

Bioinformatic prediction analyses were then performed (2.2.6.1) to obtain information on the
newly identified myokines identified for the first time in the CM of C2C12 and human myotubes
in this study. Of the newly identified myokines in the murine muscle secretome, 51% were
identified as “predicted secretory myokines”, of which a minority (5%) were secreted via the
classical secretion pathway (SP+), while the majority (46%) were secreted via UPS pathways
(SP- and Outcyte+) (Figure 16A). In contrast, 42% of the newly identified myokines of the
human secretome were predicted to be “classically secreted proteins” (SP+), while 34% were
secreted via UPS pathways (SP-, Outcyte) (Figure 16B). GOCC analysis of novel myokines
revealed that the majority of proteins in both cell models were annotated with the GO term
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‘plasma membrane”. In the murine secretome, most proteins were annotated as
“mitochondrion” and “vesicle”, while in the human secretome most common GO terms were

“extracellular space”, “extracellular exosome” and “extracellular region” (Figure 16C-D).
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Figure 16: Bioinformatic analyses of novel identified myokines. (A) Bioinformatic prediction analysis for the
newly described myokines in the CM of C2C12 cells. (B) Bioinformatic prediction analysis for the newly described
myokines in the CM of HSkMCs. (C) GOCC analysis of the newly described proteins in the CM of C2C12 cells. (D)
GOCC analysis of the newly described proteins in the CM of HSKkMCs. HSkMCs: human skeletal muscle cells, NP:
non-predicted, SP+: signal peptide positive, SP-: signal peptide negative; GOCC: gene ontology cellular
component, EE structure: external encapsulating structure, CC extracellular matrix: collagen-containing CC
extracellular matrix

3.2.4 EPS-induced myokines in the murine and human muscle secretome

MS datasets were analyzed as described in 2.2.6.1 and filtered for significantly regulated

proteins (p-value<0.05). Acute low-frequency EPS induced differential changes in 518

myokines quantified in the CM of C2C12 myotubes, of which 172 proteins were significantly

downregulated while 346 proteins were significantly upregulated (Figure 17A). In comparison,
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336 myokines were differentially regulated by acute low-frequency EPS in the CM of primary
human myotubes, of which 199 proteins were significantly downregulated and 137 proteins
were significantly upregulated (Figure 17B). Interestingly, comparative analysis of both muscle
secretomes revealed that EPS induced different myokine secretion profiles in both cell models,
as indicated by a relatively low overlap of myokines in both secretomes (Supplemental Figure
2). Bioinformatic prediction analysis revealed that 56% were considered as “predicted
secretory myokines” in the CM of C2C12 cells, of which 11% were categorized as classically
secreted proteins (SP+), while 45% were secreted through UPS pathways (SP-, 29%;
Outcyte+, 16%) (Figure 17C). Similar results were obtained for HSkMCs-derived secreted
proteins, as bioinformatic tools predicted 58% as secreted proteins, of which 16% were
considered as classically secreted proteins (SP+) and 42 % (SP-, 26%; Outcyte+, 16%) as
non-classically secreted proteins (Figure 17D). All classically secreted proteins (SP+) derived
from C2C12 or human myotubes are listed in Table 20 and Table 21, respectively. All
unconventionally secreted myokines from C2C12 and human myotubes are listed in
Supplemental Table 2 and Supplemental Table 3, respectively. GOCC analysis of contraction-
induced myokines in the CM of C2C12 myotubes proposed enrichment of proteins annotated
as “plasma membrane”, “mitochondrion”, “vesicle”, “extracellular space” and “region” (Figure
17E). In contrast, contraction-induced myokines in the CM of HSKMCs were enriched in the
following GO terms: “extracellular exosomes”, “plasma membrane”, “vesicle”, “extracellular

region” and “extracellular space” (Figure 17F).
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Figure 17: Contraction-induced myokines in the murine und human muscle secretome following acute low-
frequency EPS. Volcano plot analysis of murine C2C12 secretome (A) or human secretome (B) displaying the
differentially regulated proteins. Bioinformatic prediction analysis of contraction-induced myokines from C2C12 (C)
or human muscle secretome (D). GOCC analysis of contraction-induced myokines in the CM of C2C12 (E) and
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HSKMCs (F). Data from C2C12 cells (n=3) are shown in blue and data of HSkMCs from three donors (n=3) are
presented in green. EPS: electrical pulse stimulation, GOCC: gene ontology cellular component, NP: non-predicted,
SP+: signal peptide positive, SP-: signal peptide negative, CM: conditioned media, EE structure: external

encapsulating structure, CC extracellular matrix: collagen-containing CC extracellular matrix

Table 20 below lists all predicted classically secreted myokines (SP+) quantified in the CM of

C2C12 cells and induced by acute low-frequency EPS.

Table 20: EPS-regulated classically secreted proteins in the muscle secretome of C2C12 cells (EPS/CON).

. Gene . A Secretion
UniProtKB symbol Protein description p-value Log:FC type
P58022 LoxI2 Lysyl oxidase homolog 2 1.00E-17 6.64 SP+
Q91WUO0 Cesif Carboxylesterase 1F 1.00E-17 6.64 SP+
P10923 Spp1 Osteopontin 1.00E-17  1.21 SP+
Adhesion G protein-coupled i

Q9Z0M6 Adgre5 receptor E5 1.00E-17  1.13 SP+

009161 Casqg2 Calsequestrin-2 1.00E-17  0.96 SP+
Acid sphingomyelinase-like i

P70158 Smpdi3a phosphodiesterase 3a 3.16E-08  0.75 SP+

Q8CA71 Shisa4 Protein shisa-4 1.15E-08  0.67 SP+

A6X935 Itin Inter alpha-trypsin inhibitor, 168E-03 056  SP+
heavy chain 4

Q00560 lIBst ierleukin-6 receplor subunit g 9gE 03 052 SP+

009165 Casq1 Calsequestrin-1 1.82E-11 0.51 SP+

035143 Atp5if1 ATPase inhibitor, mitochondrial 5.66E-12 0.47 SP-

P19788 Mgp Matrix Gla protein 7.62E-11 0.40 SP+

P15208 Insr Insulin receptor 2.90E-02 0.39 SP+

Q9Z1W4 Gdf11 Growth/differentiation factor 11 3.58E-02 0.38 SP+

P47931 Fst Follistatin 9.65E-07  0.30 SP+

Q501P1 Fbin7 Fibulin-7 3.52E-02 0.28 SP+
A disintegrin and

Q8BNJ2 Adamts4 metalloproteinase with 6.65E-04 0.26 SP+
thrombospondin motifs 4

Q06335  Aplp2 Amyloid beta precursor like 3.08E-04 025  SP+
protein 2

Q9JM99 Prg4 Proteoglycan 4 3.24E-02 0.25 SP+

054819 Tfpi Tissue factor pathway inhibitor 9.56E-04 0.22 SP+

P29788 Vin Vitronectin 1.91E-03 0.22 SP+
Insulin-like growth factor-binding i

P47880 lgfbp6 protein 6 6.11E-04  0.21 SP+

Q61982  Notch3 sgtt‘;‘i’r?g”'c locus noteh homolog 5 goe 03 020 SP+

070326 Grem1 Gremlin-1 1.93E-03 0.19 SP+

Q9QZJ6 Mfap5 Microfibrillar-associated protein 5 3.47E-03  0.19 SP+

P12850 Cxcl1 Growth-regulated alpha protein 1.08E-02 0.19 SP+
Glutaminyl-peptide i

Q9CYK2 Qpct cyclotransferase 1.16E-02  0.19 SP+
Isoform 2 of Growth hormone

P16882-2  Ghr receptor 3.77E-02  0.19 SP+

Q80TS3  Adgria  Adhesion G protein-coupled 110E-02 017  SP+

receptor L3
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035664-3

P01887
Q9Z121

Q61810
P04925
Q8CG19

Q60994
P21460

P47879
P28798
Q9Z0J0

P19324
P11087
Q05186
008746
035887

Q8VHI3
P15379
Q62059-2
Q9ER41

A2AVAQ

P11688
008807
Q8K007
P21237

P04756

Q8K297

P50608
Q8R180

Q9CQUO

Q61475

Ifnar2

B2m
Ccl8

Ltbp3
Prnp
Ltbp1

Adipoq
Cst3

Igfbp4
Grn
Npc2

Serpinh
Collat
Reni
Matn2
Calu

Pofut2
Cd44
Vcan
Tor1b

Svep1

Itga5
Prdx4
Sulf1
Bdnf

Chrnat

Colgalt1

Fmod
Erola

Txndc12

Cd55

Isoform 3 of Interferon alpha/beta
receptor 2

Beta-2-microglobulin

C-C motif chemokine 8
Latent-transforming growth factor
beta-binding protein 3

Major prion protein
Latent-transforming growth factor
beta-binding protein 1
Adiponectin

Cystatin-C

Insulin-like growth factor-binding
protein 4

Progranulin

NPC intracellular cholesterol
transporter 2

Serpin H1

Collagen alpha-1(l) chain
Reticulocalbin-1

Matrilin-2

Calumenin

GDP-fucose protein O-
fucosyltransferase 2

CD44 antigen

Isoform V1 of Versican core
protein

Torsin-1B

Sushi, von Willebrand factor type
A, EGF and pentraxin domain-
containing protein 1

Integrin alpha-5

Peroxiredoxin-4

Extracellular sulfatase Sulf-1
Brain-derived neurotrophic factor
Acetylcholine receptor subunit
alpha

Procollagen
galactosyltransferase 1
Fibromodulin

ERO1-like protein alpha
Thioredoxin domain-containing
protein 12

Complement decay-accelerating
factor, GPl-anchored

1.57E-02

6.77E-03
4.16E-02

2.57E-02
3.54E-02
4.19E-02

2.68E-02
2.85E-02

4.02E-02
4.27E-02
4.41E-02

4.10E-02
2.34E-02
2.45E-02
1.22E-02
2.01E-02

3.95E-02
1.03E-02
2.94E-02
2.65E-02

3.51E-02

1.60E-03
1.28E-02
1.38E-03
6.40E-03

4.09E-02

4.98E-03

3.13E-05
1.00E-17

1.00E-17

1.00E-17

0.17

0.15
0.15

0.14
0.13
0.13

0.12
0.12

0.12
0.11
0.11

-0.14
-0.15
-0.15
-0.16
-0.16

-0.16
-0.17
-0.17
-0.18

-0.18

-0.19
-0.24
-0.28
-0.32

-0.32

-0.35

-0.75
-6.64

-6.64

-6.64
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SP+

SP+
SP+

SP+
SP+
SP+

SP+
SP+

SP+
SP+
SP+

SP+
SP+
SP+
SP+
SP+

SP+
SP+
SP+
SP+

SP+

SP+
SP+
SP+
SP+

SP+

SP+

SP+
SP+

SP+

SP+

Table 21 below lists all predicted classically secreted myokines (SP+) quantified in the CM of

primary HSkMCs and induced by acute low-frequency EPS.
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Table 21: EPS-regulated classically secreted proteins in the muscle secretome of HSkMCs obtained from
three donors (EPS/CON).

UniProtkB S;r:%ol Protein description p-value Logo.FC Se;:;:gon

P15309 ACP3 Prostatic acid phosphatase 1.00E-17 6.64 SP+

Q02487-2 DSC2 Isoform 2B of Desmocollin-2 1.00E-17 6.64 SP+
Isoform 2 of Extracellular matrix

Q16610-2  ECM1 i 100E-17 664  SP+
ASMVWO  FAM171A2 Protein FAM171A2 100E-17 664  SP+
095867  LYeGeC  -ymphooyte antigen6complex 4 47 ges gpy

locus protein G6c

Retinoid-inducible serine

Q9HB40 SCPEP1 1.00E-17  6.64 SP+

carboxypeptidase
P49908 SELENOP Selenoprotein P 1.00E-17 6.64 SP+
P24821-4  TNC Isoform 4 of Tenascin 1.00E-17 6.64 SP+
P23280 CA6 Carbonic anhydrase 6 1.00E-17  3.83 SP+
P13500 CCL2 C-C motif chemokine 2 1.25E-08 1.57 SP+
Cartilage intermediate layer
075339 CILP protein 1 1.18E-02  1.05 SP+
095069  SCGBID2 Seoretogiobinfamily 1D member 5456 04 4102 P
Q6E0U4 DMKN Dermokine 1.25E-02  0.96 SP+
Q9val2 NTNGH Netrin-G1 2.60E-02 0.88 SP+

Translocon-associated protein

P43307 SSR1 subunit alpha

2.28E-02  0.85 SP+

Q86WD7 SERPINA9 Serpin A9 1.09E-03  0.83 SP+
Urokinase plasminogen activator i

Q03405 PLAUR surface receptor 1.29E-02  0.83 SP+

Q6Y288 B3GLCT Beta-1,3-glucosyltransferase 3.82E-02  0.83 SP+

Tumor necrosis factor receptor
P08138 NGFR superfamily member 16 7.48E-03  0.67 SP+

Q9UMX5 NENF Neudesin 3.56E-02 0.67 SP+
PODUBG6 AMY1A Alpha-amylase 1A 1.25E-02  0.66 SP+
Membrane-bound transcription

Q14703 MBTPSH factor site-1 protease 1.41E-02 0.66 SP+
Q96586  HAPLN3 ;'%ft‘g‘igoga” and proteoglycanlink 5 51p 00 0e5  SP+
P08246 ELANE Neutrophil elastase 1.03E-02 0.64 SP+
Q15517 CDSN Corneodesmosin 9.32E-03 0.63 SP+
Q8TCT8 SPPL2A Signal peptide peptidase-like 2A  1.26E-02  0.63 SP+
043240 KLK10 Kallikrein-10 3.99E-02 0.63 SP+
P49862 KLK7 Kallikrein-7 1.54E-02 0.62 SP+
SPARC-related modular calcium-
Q9H4F8 SMOCH1 binding protein 1 9.59E-03  0.61 SP+
060911 CTSV Cathepsin L2 1.57E-02  0.61 SP+
Q08554-2 DSC1 Isoform 1B of Desmocollin-1 2.07E-02 0.58 SP+
Q9H1E1 RNASE7  Ribonuclease 7 2.11E-02  0.57 SP+
Q9P121-4 NTM Isoform 4 of Neurotrimin 2.66E-02  0.55 SP+
P25311 AZGP1 Zinc-alpha-2-glycoprotein 2.71E-02  0.55 SP+
Q8WWX9  SELENOM Selenoprotein M 3.81E-02  0.52 SP+
Q07507 DPT Dermatopontin 445E-02  0.51 SP+
P12273 PIP Prolactin-inducible protein 440E-02 0.50 SP+
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P05067 APP Amyloid-beta precursor protein 2.26E-02 -0.59 SP+
P18065  IGFBP2 Lﬁz?g%"éke growth factor-binding 4 58e 5o 04 sP+
P12111 COL6A3 Collagen alpha-3(VI) chain 1.04E-02 -0.67 SP+
P14625 HSP90B1  Endoplasmin 8.58E-03 -0.68 SP+

EGF-like repeat and discoidin |-

043854 EDIL3 like domain-containing protein 3

1.51E-02 -0.76 SP+

P08648 ITGAS Integrin alpha-5 1.02E-02 -0.87 SP+
Q4VIoLe TMEM119 Transmembrane protein 119 1.77E-02  -0.89 SP+
P13667 PDIA4 Protein disulfide-isomerase A4 1.86E-05 -1.10 SP+
Q9BXX0 EMILIN2 EMILIN-2 2.31E-03 -1.15 SP+
P07093 SERPINE2 Glia-derived nexin 2.15E-04 -1.28 SP+

Q13361 MFAPS5 Microfibrillar-associated protein 5 1.48E-05 -1.57 SP+
P55854 SUMOS3 Small ubiquitin-related modifier 3 1.37E-07  -1.72 SP-
Q8TAV4 STOML3  Stomatin-like protein 3 1.16E-07 -1.73 SP-
P02458 COL2A1 Collagen alpha-1(ll) chain 1.00E-17 -6.64 SP+

Tumor necrosis factor receptor
P25445 FAS superfamily member 6 1.00E-17 -6.64 SP+

Q9Y639 NPTN Neuroplastin 1.00E-17 -6.64 SP+
Q15063-7 POSTN Isoform 7 of Periostin 1.00E-17 -6.64 SP+
P07602-3 PSAP Isoform Sap-mu-9 of Prosaposin  1.00E-17  -6.64 SP+
P20062 TCN2 Transcobalamin-2 1.00E-17 -6.64 SP+
P02766 TTR Transthyretin 1.00E-17 -6.64 SP+

3.2.5 Acute vs chronic low-frequency EPS-induced muscle secretomes

MS datasets from this study and the literature were analyzed as described in 2.2.6.1 and
2.2.6.2. To date, two MS-based secretome studies that have investigated the effects of EPS
on the muscle secretome, both using chronic low-frequency EPS protocols (70, 192). To
explore whether the type of exercise (acute vs chronic) has an effect on the contraction-
induced muscle secretome, our acute (6h) low-frequency EPS protocols were compared with
chronic (24h) low-frequency EPS protocols from the literature. We observed that indeed
different myokines were regulated by low-frequency EPS after acute (6h) versus chronic (24h)
stimulation of C2C12 myotubes (Figure 18A). Comparison of the MS data of this study with
those of Gonzalez-Franquesa et al., who used the same EPS parameters (11.5V, 2 ms, 1 Hz)
but stimulated for a total of 24 hours, showed an overlap of nine proteins (Figure 18A) (192).
Similar results were obtained when comparing MS data from HSkMCs. Mengeste et al. also
used a low-frequency EPS protocol, but with different parameters compared to those used in
this study (24h, 10 V, 0.1 Hz, single, 2 ms) (70). MS data alignment resulted in an overlap of
ten proteins that were found in the CM of acutely and chronically stimulated human myotubes
(Figure 18B).
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A C2C12 EPS-induced secretome
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Figure 18: Comparative analyses of EPS-induced myokines in the CM of C2C12 and human myotubes
following acute versus chronic low-frequency EPS protocols. (A) EPS-induced secretome of C2C12 cells from
this study compared to the literature. (B) EPS-induced secretome of HSkMCs from this study compared to the
literature. Venn diagram analyses show data from C2C12 cells (n=3) in blue (light blue: this study, dark blue:
literature) and of HSKMCs from three donors (n=3) in green (light green: this study, dark green: literature). EPS:
electrical pulse stimulation, HSKMCs: human skeletal muscle cells, CM: conditioned media

3.3 Establishment and validation of in vitro insulin resistance in
HSKMCs

The second aim of this thesis was to establish an in vitro protocol for the generation of insulin
resistant HSKMCs defined by an impairment of the insulin signaling cascade (Figure 5, 1.4.3).
Therefore, HSMM were expanded in cell culture (2.2.1.2, 2.2.1.3) and differentiated into
multinucleated myotubes (2.2.1.4), which were subsequently exposed to different external
stimuli (LY294002, palmitate) to induce skeletal muscle insulin resistance in vitro (2.2.1.5.1,
2.2.1.5.2, 2.2.1.5.3). The generation of insulin resistant human myotubes was required to
further explore and compare the muscle secretomes of contracting insulin sensitive and insulin

resistant human myotubes after exposure to EPS, which was the third aim of this thesis (3.4).
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3.3.1 PI3K inhibitor LY294002 impairs insulin signaling in primary human
myotubes

In order to impair the insulin signaling cascade, primary human myotubes were starved for four
hours in starvation medium and subsequently exposed to 40 uM of the chemical PI3K-inhibitor
LY294002 (LY), while control cells were treated with the same amount of DMSO (2.2.1.5.1)
prior to acute stimulation with insulin (2.2.1.6). Impairment of the insulin signaling cascade was
assessed by immunoblotting changes in the phosphorylation of AKT using specific antibodies,
a key member of the insulin signaling pathway in skeletal muscle as demonstrated in Figure 4
(1.4.2). As shown in Figure 19A, pretreatment with LY had no effect on total AKT protein
abundance, however insulin-mediated phosphorylation of AKT-Ser473 (Figure 19B) and AKT-
Thr308 (Figure 19C) was significantly impaired in LY-treated myotubes compared to control
cells. Insulin-stimulated phosphorylation of AKT-Ser473 was reduced by 37% and
phosphorylation of AKT-Thr308 was reduced by 40% in LY-treated human myotubes (Figure
19B-C). To exclude any detrimental effects of LY on primary human myotubes, the abundance
of LDH, a commonly used marker for cell damage, was measured in the supernatant of human
myotubes under all conditions. Therefore, supernatants of each condition were collected and
processed as described in 2.2.4.2. Myotubes that were treated with 10% Triton X100, a
detergents that initiates the maximal release of LDH, served as a positive control and was
therefore set at 100%. Figure 19D shows cytotoxicity levels below 5% in both LY-treated and
control cells, indicating no significant detrimental effects of treatment with 40 uM LY on primary
HSKMCs.
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Figure 19: Effect of PI3K-inhibitor LY294002 on insulin sighaling and cytotoxicity in primary HSkMCs.
Human myotubes were starved for 4h followed by 1 '2h of incubation with 40 uM LY in starvation medium prior to
15 min of stimulation with insulin. Cell lysates were analyzed for total AKT protein abundance (A) and for LY-induced
changes on insulin-stimulated phosphorylation of AKT-Ser473 (B) and AKT-Thr308 (C). Data shown are mean
+SEM from 15 (n=15) (AKT, AKT-Ser473) and 12 (n=12) (AKT-Thr308) individual experiments in primary HSkMCs
obtained from five different donors. Expression levels were normalized for the protein abundance of GAPDH and
DMSO treated insulin-stimulated cells were regarded as control and set at 100%. Data were analyzed by two-way
ANOVA with Sidak post-hoc test for multiple comparisons. *p<0.05, **p<0.01 with vs without LY, ***p<0.001,
****p<0.0001, with vs without insulin stimulation. (D) Cellular cytotoxicity in primary HSkMCs (LY- and DMSO-
treated) was determined by bioluminescent detection of LDH in the cell culture supernatant using the LDH-Glo™
cytotoxicity assay. Data shown are mean £SEM from five (n=5) individual experiments in primary HSkMCs obtained
from five different donors. Data were analyzed by one-way ANOVA with Dunnett post-hoc test for multiple
comparisons. ****p<0.0001, LY- and DMSO-treated cells vs LDH positive control. Grey bars represent DMSO-
treated control cells and orange bars display LY-treated cells. Striped bars represent insulin-stimulated cells.
HSkMCs: human skeletal muscle cells, LDH: lactate dehydrogenase, LY: LY294002, DMSO: dimethyl sulfoxide,
AKT: protein kinase B, GAPDH: glyceraldehyde-3-phosphate dehydrogenase
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3.3.2 Effects of palmitate on insulin signaling and glucose metabolism in

primary human myotubes

3.3.2.1 Treatment with 300 pM palmitate shows mitigated effect on phosphorylation of
AKT and its downstream targets in insulin signaling

In order to impair the insulin signaling cascade, primary human myotubes were pretreated with
FFA palmitate (300 uM) for 18 hours in differentiation medium and subsequently starved for
six hours in starvation medium (2.2.1.5.2) prior to acute stimulation with insulin (2.2.1.6).
Impairment of the insulin signaling cascade was assessed by immunoblotting changes in the
phosphorylation of AKT, a key member of the insulin signaling pathway, as well as its
downstream targets GSK3 and PRAS40 in skeletal muscle (Figure 4, 1.4.2). Figure 20A-D
shows that 300 uM palmitate had no effect on the total protein abundance of AKT, GSK3aq,
GSK3p and PRAS40. Insulin-stimulated phosphorylation of AKT-Ser473 hardly differed from
untreated control cells (Figure 20E), while phosphorylation levels of GSK3a-Ser21, GSK3[3-
Ser9 and PRAS40-Thr246 were reduced by 19%, 15% and 10%, respectively, in palmitate-
treated cells compared to the untreated controls (Figure 20F-H).
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Figure 20: Effect of 300 pM palmitate on insulin signaling in primary HSKMCs. Human myotubes were
pretreated with 300 uM palmitate for 18h in differentiation medium, followed by 6h of starvation in the absence of
palmitate prior to 15 min of stimulation with insulin. Cell lysates were analyzed for total AKT (A), GSK3a (B), GSK3f3
(C) and PRAS40 (D) protein abundance and for palmitate-induced changes on insulin-stimulated phosphorylation
of AKT-Ser473 (E), GSK3a-Ser21 (F), GSK3B-Ser9 (G) and PRAS40-Thr246 (H). Data shown are mean +SEM
from nine (n=9) individual experiments in primary HSkMCs obtained from three different donors. Expression levels
were normalized for the protein abundance of GAPDH or a-Tubulin and non-palmitate-treated insulin-stimulated
cells were regarded as control and set at 100%. Data were analyzed by two-way ANOVA with Sidak post-hoc test
for multiple comparisons. *p<0.05, with vs without palmitate, **p<0.01, ****p<0.0001, with vs without insulin
stimulation. Grey bars represent control cells (untreated) and light blue bars show PALM-treated cells. Striped bars
represent insulin-stimulated cells. HSkMCs: human skeletal muscle cells, Ins: insulin, PALM: palmitate, AKT: protein
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kinase B, GAPDH: glyceraldehyde-3-phosphate dehydrogenase, GSK3: glycogen synthase kinase-3, PRAS40:
proline-rich AKT substrate of 40 kDa

3.3.2.2 Treatment with 300 pM palmitate leads to a reduction in insulin-stimulated
glycogen synthesis in primary human myotubes

Furthermore, the impairment of insulin signaling in human insulin resistant myotubes was
demonstrated at a functional level by measuring insulin-stimulated glycogen synthesis. To
generate insulin resistant cells, human myotubes were pretreated with 300 uM palmitate for
18 hours in differentiation medium and subsequently starved for six hours in the absence of
palmitate (2.2.1.5.2). Next, HSkMCs were starved for a further three hours in starvation
medium supplemented with radiolabeled D-['*C(U)]-glucose in the presence or absence of
100 nMinsulin (2.2.4.1), and glycogen synthesis was measured as incorporation of radioactive
glucose into glycogen in skeletal muscle cells. Glycogen synthesis was significantly increased
in insulin-stimulated human myotubes (untreated cells) compared to basal conditions, whereas
this effect was completely abolished in palmitate-treated myotubes, where insulin-stimulated
glycogen synthesis was significantly reduced compared to untreated cells (Figure 21).
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Figure 21: Effect of 300 pM palmitate on insulin-stimulated glycogen synthesis in primary HSKkMCs.
Myotubes were pretreated for 18h with 300 uM palmitate in differentiation medium and subsequently starved for 6h
in the absence of palmitate prior to 3h incubation with D-[14C(U)]-glucose in the presence or absence of 100 nM
insulin. All data shown are mean +SEM from seven (n=7) independent experiments in primary HSkMCs obtained
from three different individuals. Data shown were analyzed by two-way ANOVA with Sidak post-hoc test, *p<0.05,
with vs without insulin, #p<0.05 with vs without palmitate. Grey bars represent control cells and light blue bars show
PALM-treated cells. Striped bars represent insulin-stimulated cells. HSkMCs: human skeletal muscle cells, PALM:
palmitate

3.3.3 EPS-induced IL-6 secretion is reduced after pretreatment with 300 pM
palmitate in primary human myotubes

To test our hypothesis that the human muscle secretome is altered in insulin resistance and to

determine the effects of exercise, we first used a targeted approach to analyze the muscle
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secretome under pathological conditions. Therefore, insulin resistant human myotubes were
generated by exposure to 300 uM palmitate (2.2.1.5.2) and subsequently subjected to acute
(6h) low-frequency EPS (2.2.1.7). The well-studied exercise-induced myokine IL-6 was then
measured in the supernatant of human myotubes by MIA (2.2.4.3), which is a widely used
method to verify the contractile activity of skeletal muscle cells (59). Figure 22 shows that IL-6
secretion was significantly increased in the CM of insulin sensitive control cells after acute low-

frequency EPS, while this effect was completely mitigated in palmitate-treated myotubes.
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Figure 22: Effect of 300 pM palmitate on EPS-induced IL-6 secretion in primary HSKkMCs. Human myotubes
were pretreated with 300 pM palmitate for 18h in differentiation medium prior to exposure of acute low-frequency
EPS in the absence of palmitate in starvation medium. Control cells remained untreated and unstimulated. IL-6
protein secreted in the CM of human myotubes was measured using multiplex immunoassay. Data shown were
normalized to unstimulated control cells for insulin sensitive (untreated) and insulin resistant (PALM) cells,
respectively. Data are expressed as mean +SEM from six individual experiments (n=6) and primary HSkMCs were
obtained from three different individuals. Data shown were analyzed by two-way ANOVA with Sidak post-hoc test,
*p < 0.05, CON vs EPS. Grey bars represent control cells and light blue bars show PALM-treated cells. Striped bars
represent EPS-stimulated cells. CM: conditioned media, CON: control, EPS: electrical pulse stimulation, HSKkMCs:
human skeletal muscle cells, IL-6: interleukin-6, PALM: palmitate, IL-6: Interleukin-6

3.3.4 Treatment with 800 pM palmitate impairs insulin signaling in primary
human myotubes
Since the impairment of the insulin signaling cascade was not effective with the first protocol
(300 uM palmitate), a second protocol was established in which the palmitate concentration
was increased to 800 pM. In addition, the incubation time was reduced from
18 hours to 12 hours and the incubation was performed in starvation medium (serum-free),
instead of differentiation medium (2.2.1.5.3). The last step was important since incubation in
differentiation medium can affect the amount of unbound free fatty acids due to the presence
of horse serum (albumin binding to palmitate), thus reducing the lipotoxic effect of palmitate.
Therefore, insulin resistant human myotubes were generated by pretreatment with 800 puM
palmitate, while control cells were treated with BSA (2.2.1.5.3). Subsequently, insulin sensitive
and resistant myotubes were starved for six hours and subjected to acute insulin stimulation

(2.2.1.6). Impairment of the insulin signaling cascade was assessed by immunoblotting
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phosphorylation of AKT, a key member of the insulin signaling pathway, and its downstream
targets GSK3 and PRAS40 (Figure 4, 1.4.2). Figure 23A shows that 800 uM palmitate had no
effect on total AKT protein abundance, however we observed a significant reduction in insulin-
mediated phosphorylation of AKT-Ser473 (Figure 23B) and AKT-Thr308 (Figure 23C) in
palmitate-treated myotubes compared to BSA-treated control cells. Insulin-stimulated
phosphorylation was statistically significant in both BSA-treated (control) and palmitate-treated
cells, however phosphorylation levels were reduced by 30% at the AKT-Ser473 and by 26%
at AKT-Thr308 phosphosite (Figure 23 B-C).

A B i Cc 0.0645
& 150 & 1507 — & 19 —_—
£ I% £ dokk ok *Ek* I% c Aok Kk
2 oo o I o 7 g 2 100 -
2 5 2 ) | 8 P
7 7
. 8 50 u'_) 8 s ;% :I 8 s ?f/g
[ren [T Y 7z
Ins [10 nM] - + - + Ins [10 nM] - + - + Ins [10 nM] - + +
CON (BSA) + + .. CON (BSA) + + s @ CON(BSA) + + ..
PALM [800 pM] - - + o+ PALM [800 pM] - - + o+ PALM [800 pM] - - + o+
AKT | w— pAKT-Ser”"’I - — | pAKT-Thr:""sI [— - |
GAPDH | ™ e s s | GAPDH | 1 e i s | GAPDH |t s s s |

Figure 23: Effect of 800 pM palmitate on insulin signaling in primary HSKMCs. Human myotubes were
pretreated with 800 uM palmitate for 12h in starvation medium, followed by 6h of starvation in the absence of
palmitate prior to 15 min of stimulation with insulin. Cell lysates were analyzed for total AKT protein abundance (A)
and for palmitate-induced changes on insulin-stimulated phosphorylation of AKT-Ser473 (B) and AKT-Thr308 (C).
Data shown are mean +SEM from 15 (n=15) individual experiments in primary HSkMCs obtained from five different
donors. Expression levels were normalized for the protein abundance of GAPDH and BSA-treated insulin-
stimulated control cells were regarded as control and set at 100%. Data were analyzed by two-way ANOVA with
Sidak post-hoc test for multiple comparisons. *p<0.05, with vs without palmitate, **p<0.01, ****p<0.0001, with vs
without insulin stimulation. Grey bars represent BSA-treated control cells and blue bars show PALM-treated cells.
Striped bars represent insulin-stimulated cells. BSA: bovine serum albumin, ins: insulin, PALM: palmitate, AKT:
protein kinase B, GAPDH: glyceraldehyde-3-phosphate dehydrogenase

Similarly, the total protein abundance of GSK3a, GSK3B and PRAS40 in human myotubes
was not affected by pretreatment with 800 uM palmitate (Figure 24A-C). Furthermore, insulin
significantly increased the phosphorylation of GSK3a-Ser21, GSK3B-Ser9, and PRAS40-
Thr246 in BSA-treated (control) cells, whereas the phosphorylation levels of GSK3a-Ser21,

GSK3B-Ser9, and PRAS40-Thr246 were decreased in palmitate-treated cells compared to
control (BSA-treated) cells (Figure XD-F).
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Figure 24: Effect of palmitate on downstream targets of AKT/PKB signaling in primary HSkMCs.
Differentiated myotubes were pretreated with 800 uM palmitate for 12h in starvation medium, followed by 6h of
starvation without the presence of BSA or palmitate prior to 15 min of stimulation with insulin. Cell lysates were
analyzed for total GSK3a (A), GSK3p (B) and PRAS40 (C) protein abundance and for palmitate-induced changes
on insulin-stimulated phosphorylation of GSK3a-Ser21 (D), GSK33-Ser9 (E) and PRAS40-Thr246 (F) by Western
blot analysis. Data shown are mean +SEM from six to eight (n=6-8) individual experiments in primary HSkKkMCs
obtained from four to five different donors. Expression levels were normalized for the protein abundance of GAPDH
and BSA-treated insulin-stimulated control cells were regarded as control and set at 100%. Data were analyzed by
two-way ANOVA with Sidak post-hoc test for multiple comparisons. *p<0.05, **p<0.01, ****p<0.0001, with vs without
insulin stimulation. Grey bars represent BSA-treated control cells and blue bars show PALM-treated cells. Striped
bars represent insulin-stimulated cells. BSA: bovine serum albumin, ins: insulin, PALM: palmitate, GAPDH:
glyceraldehyde-3-phosphate dehydrogenase, GSK3: glycogen synthase kinase-3, PRAS40: proline-rich Akt
substrate of 40 kDa

3.3.5 Pretreatment with 800 pM palmitate followed by EPS does not exert
damaging effects on primary human myotubes
To ensure the absence of cytotoxic effects following palmitate and EPS treatment, the
abundance of LDH, a marker for cell damage, was measured in the supernatant of HSkMCs.
In order to generate insulin resistant cells, human myotubes were pretreated with 800 uM
palmitate for 12 hours (2.2.1.5.3) and subsequently subjected to acute low-frequency EPS for
six hours in the absence of palmitate (2.2.1.7). Supernatants from each condition were
collected and LDH levels were measured as described in 2.2.4.2. Myotubes that were treated
with 10% Triton X100 were referred to as a positive control, as Triton, a detergent, induces the
maximal release of LDH in the cell culture media, therefore values were set at 100%. Figure
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25 shows that the cytotoxicity levels in all conditions were below 10% compared to the LDH
positive control, indicating that neither palmitate nor EPS treatment exerted detrimental effects.
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Figure 25: Pretreatment with palmitate and subsequent EPS do not show damaging effects on HSKMCs.
Primary myotubes were pretreated with 800 uM palmitate for 12h in starvation medium, followed by 6h of low-
frequency EPS without in the absence of palmitate in the starvation medium. Supernatant was harvested after
treatment with palmitate and EPS, respectively. Cellular cytotoxicity in primary HSkMCs was assessed by
bioluminescent detection of LDH in the supernatants using LDH-Glo™ Cytotoxicity assay. Data shown are mean
+SEM from 15 (n=15) individual experiments in primary HSKMCs obtained from five different donors. Cells from
each donor treated with 10% triton for maximal LDH release were considered as LDH positive control and set as
100%. Data were analyzed by one-way ANOVA with Dunnett post-hoc test for multiple comparisons. ****p<0.0001
for all treatments vs LDH positive control. Grey bars represent BSA-treated control cells and blue bars show PALM-
treated cells. Striped bars represent EPS-stimulated cells. BSA: bovine serum albumin, CON: control, D: donor,
EPS: electrical pulse stimulation, HSKkMCs: human skeletal muscle cells, LDH: lactate dehydrogenase, PALM:
palmitate

3.3.6 EPS-induced IL-6 secretion is reduced after pretreatment with 800 pM

palmitate in primary human myotubes
To evaluate the effects of the second established protocol for muscle insulin resistance (800
uM) on the secretome and to further investigate the effects of acute low-frequency EPS on
contraction-induced myokine secretion in insulin resistant cells, we measured protein secretion
of the exercise-induced myokine IL-6. Therefore, human myotubes were pretreated with
800 pM palmitate for 12 hours (2.2.1.5.3) and then subjected to EPS for six hours in the
absence of palmitate (2.2.1.7). The supernatants of each condition were then collected and
analyzed using Multiplex Immunoassy (MIA) (2.2.4.3). As expected, contraction-induced
myokine secretion of IL-6 was significantly increased following acute low-frequency EPS in
both BSA-treated (control) and palmitate-treated cells. However, IL-6 protein secretion was
significantly decreased in palmitate-treated myotubes compared to control myotubes (Figure
26).

83



3. Results

*
%k K *
S 200+
-
c
o
c © 150-
S ©T
- QO
g*a
S 100
s E
%
- c n
=% 50
(v
(o]
)

1
CON EPS CON EPS
Control (BSA) + + = =

PALM[800 yM] - - + +

Figure 26: Effect of 800 pM palmitate treatment on EPS-induced IL-6 secretion in primary HSKMCs. Human
myotubes were pretreated with 800 uM palmitate for 12h in starvation medium, followed by 6h of low-frequency
EPS in starvation medium without the presence of palmitate. Supernatant was harvested post EPS and myokine
protein concentration of IL-6 were measured using multiplex immunoassay. Data are expressed as mean +SEM
from five (n=>5) individual experiments in primary HSKMCs obtained from five different donors and were normalized
to unstimulated BSA-treated or palmitate-treated control cells. All data shown were analyzed by two-way ANOVA
with Sidak post-hoc test for multiple comparisons. *p<0.05, ***p<0.001, with vs without EPS. Grey bars represent
BSA-treated control cells and blue bars show PALM-treated cells. Striped bars represent EPS-stimulated cells.
BSA: bovine serum albumin, CON: control, EPS: electrical pulse stimulation, HSkMCs: human skeletal muscle cells,
PALM: palmitate, IL-6: Interleukin-6

3.3.7 Myokine secretion in insulin sensitive versus insulin resistant HSKMCs is
affected by donor variability

Prior to studying the secretomes of insulin sensitive and insulin resistant human myotubes
using a non-targeted approach, the response of known myokines to in vitro exercise was
evaluated using a targeted approach. The aim was to explore whether there are differences in
myokine secretion of human muscle cells in the insulin sensitive and insulin resistant state
after acute low-frequency EPS treatment. Insulin resistant cells were generated by exposing
human myotubes to 800 uM palmitate for 12 hours (2.2.1.5.3). Subsequently, human myotubes
were exposed to acute low-frequency EPS for six hours in the absence of palmitate (2.2.1.7),
the supernatant was collected and several myokines were measured by MIA (2.2.4.3).

3.3.7.1 Exercise-induced secreted myokines

Secretion profiles of known exerkines like LIF, SPARC, VEGF and FABP3 were analyzed in
the CM of insulin sensitive and insulin human myotubes. Acute low-frequency EPS did not
significantly induce protein secretion of exerkines in stimulated myotubes compared to
unstimulated in either insulin sensitive or insulin resistant human myotubes (Figure 27A-D).

The myokines LIF and VEGF showed a slight increase in insulin sensitive cells exposed to
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EPS compared to non-stimulated cells, however this tendency was donor dependent and was
not observed in insulin resistant cells (Figure 27A and 27C). SPARC and FABP3 showed no
difference between stimulated and non-stimulated myotubes, however a strong increase in
FABP3 secretion was observed in insulin resistant myotubes after EPS treatment, at least for
one donor (Figure 27B and 27D). Yet the results also show a large donor variability as the
secretion of myokines varies greatly within the five donors (represented by dots).
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Figure 27: Effect of donor variability on exercise-induced protein secretion in HSKkMCs. Human myotubes
were pretreated with 800 pM palmitate for 12h in starvation medium, followed by 6h of low-frequency EPS in
starvation medium in the absence of palmitate. Supernatant was harvested post EPS treatment and myokine
concentrations (A) LIF, (B) SPARC, (C) VEGF, (D) FABP3 were measured by multiplex immunoassay. Data are
expressed as mean +SEM from four to five (n=4-5) individual experiments in primary HSkMCs obtained from four
to five different donors and are shown as absolute values. All data shown were analyzed by two-way ANOVA with
Sidak post-hoc test for multiple comparisons. Grey bars represent insulin sensitive (BSA-treated) control cells and
blue bars represent insulin resistant (palmitate-treated) cells. Striped bars represent EPS-stimulated cells, each dot
represents one donor. BSA: bovine serum albumin, CON: control, EPS: electrical pulse stimulation, HSkMCs:
human skeletal muscle cells, PALM: palmitate, LIF: leukemia inhibitory factor, SPARC: secreted protein acidic and
rich in cysteine, VEGF: vascular endothelial growth factor, FABP3: fatty acid-binding protein 3

85



3. Results

3.3.7.2 Secreted pro-inflammatory myokines

Further secretion profiles of known pro-inflammatory cytokines and chemokines were
assessed. Again, protein secretion was highly variable between donors. Protein secretion of
the pro-inflammatory cytokines MIF, MCP-1 and IL-8 was strongly increased in the CM of
insulin resistant (palmitate-treated) human myotubes compared to insulin sensitive (BSA-
treated) control cells (Figure 28A-C). In particular, MCP-1 and IL-8 showed increased secreted
protein levels in response to acute low-frequency EPS, since they are also known as exercise-
induced myokines (Figure 28B and 28C). MCP-1 protein levels were also increased in insulin
sensitive myotubes in response to EPS, however this was not observed for IL-8 secretion
(Figure 28B and 28C). Other myokines such as M-CSF and SCGF-$ showed an increase in
protein secretion after EPS in insulin sensitive cells for some donors, while this effect was

completely attenuated in insulin resistant cells (Figure 28G and 28l).
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Figure 28: Effect of donor variability on pro-inflammatory cytokine secretion in HSKMCs. Human myotubes
were pretreated with 800 pM palmitate for 12h in starvation medium, followed by 6h of low-frequency EPS in
starvation medium in the absence of palmitate. Supernatant was harvested post EPS treatment and myokine
concentrations A) MIF, (B) MCP-1, (C) IL-8, (D) IL-5, (E) PDGF-B, (F) IFN-y, (G) M-CSF, (H) IL-2Ra, (I) SCGF-B
were measured by multiplex immunoassay. Data are expressed as mean SEM from four to five (n=4-5) individual
experiments in primary HSKMCs obtained from four to five different donors and are shown as absolute values. All
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data shown were analyzed by two-way ANOVA with Sidak post-hoc test for multiple comparisons. *p<0.05,
***p<0.001, with vs without EPS. Grey bars represent BSA-treated control cells and blue bars show PALM-treated
cells. Striped bars represent EPS-stimulated cells, each dot represents one donor. BSA: bovine serum albumin,
CON: control, EPS: electrical pulse stimulation, HSkMCs: human skeletal muscle cells, PALM: palmitate, MIF:
macrophage migration inhibitory factor; MCP-1: monocyte chemoattractant protein-1, IL-8/15: interleukin-8/15,
PDGF-B: platelet-derived growth factor receptor beta, IFN-y: recombinant human Interferon-gamma, M-CSF:
human macrophage colony stimulating factor, IL-2Ra: interleukin-2 receptor alpha chain, SCGF-f: serum stem cell
growth factor beta

3.4 LC-MS/MS analyses of insulin sensitive versus insulin resistant
primary HSKMCs following acute low-frequency EPS

The second aim of this thesis was to induce insulin resistance in HSKMCs in vitro and
subsequently compare the secretomes of insulin sensitive and insulin resistant human
myotubes. To date, only a few proteomic secretome studies investigated the composition of
the secretome in muscle insulin resistance, however, these studies were conducted using
rodent cell culture models (200, 205). To further extend the knowledge of the myokine
secretion profile in an insulin resistant state and to translate it to the human system, we
established an in vitro insulin resistant model as described in section 3.3. The third aim of this
thesis was to test our hypothesis that the secretome of contracting insulin sensitive and insulin
resistant myotubes differs. As it is known from recent studies that the muscle secretome is
altered by EPS (70, 192), we sought to determine the effect of EPS on the secretome of insulin
resistant HSKMCs. Primary HSMM were cultured and expanded as described in sections
2.2.1.2 and 2.2.1.3. Myoblasts were differentiated into multinucleated myotubes (2.2.1.4) and
pretreated with
800 uM palmitate for 12 hours in starvation medium (2.2.1.5.3). The next day, myotubes were
either subjected to acute low-frequency EPS (2.2.1.7) or remained unstimulated (control).
Subsequently, CM from each condition were collected for secretome analysis and cell lysates
for cellular proteome analysis (2.2.1.7). Samples were processed in the bottom-up proteomics
workflow, hence proteins were enzymatically digested with trypsin prior to MS analysis (2.2.5,
Figure 6). By using a non-targeted approach, we were able to identify and quantify a large
number of proteins detected in the CM. In the following sections, the results regarding the
similarities and differences of the different secretomes are presented.

3.4.1 Characterization of different human muscle secretomes

3.4.1.1 Bioinformatic prediction analyses revealing different secretion types

MS data were analyzed as described in 2.2.6. In order to filter and analyze the high throughput
molecular data, bioinformatic tools were used to predict different types of secretion and to gain
insight into the representation of proteins within different cellular components (2.2.6.1). MS
secretome analysis of insulin sensitive human myotubes previously exposed to acute low-

frequency EPS identified 4,121 potential myokines in the in the CM, of which 2,325 proteins
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were identified as “predicted secretory myokines” (Figure 29A). A total of 865 (SP+, 21%)
proteins were assigned to the classical secretion pathway, while 1,460 (SP-, 18%; Outcyte+,
17%) myokines were unconventionally secreted (UPS) (Figure 29A-B). GOCC analysis
revealed that most myokines were annotated as “extracellular exosome” (28%), “plasma
membrane proteins” (27%), and “vesicles” (18%)", of which more than half were also identified
by bioinformatic analysis as “predicted secretory proteins” highlighted in green (Figure 29C).
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Figure 29: Bioinformatic prediction analysis of insulin sensitive human myotubes following EPS. Human
myotubes from five donors (n=5) were pretreated with BSA (insulin sensitive cells) and then subjected to 6h of low-
frequency EPS. (A) Bioinformatic prediction analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. (B)
Percentage of “predicted secretory myokines”. (C) GOCC analysis of the entire muscle secretome and the subgroup
“predicted secretory myokines”. Insulin sensitive cells are represented in dark grey. Predicted secretory myokines
are represented in green, while NP proteins are represented in light grey. CON: control, EPS: electrical pulse
stimulation, GOCC: gene ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-: signal
peptide negative, EE structure: external encapsulating structure, CC extracellular matrix: collagen-containing CC
extracellular matrix

MS secretome analysis of insulin sensitive and insulin resistant myotubes identified 4,185

potential myokines in the CM, of which 2,336 proteins were considered “predicted secretory
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myokines” (Figure 30A). Bioinformatic prediction analysis resulted in 865 classically secreted
myokines (SP+, 21%) and 1,471 unconventionally secreted myokines (SP-, 18%; Outcyte+,
17%) (Figure 30A-B). The results of the GOCC analysis were nearly the same (Figure 30C) as
previously shown in Figure 29C for insulin sensitive myotubes subjected to EPS.
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Figure 30: Bioinformatic prediction analysis of insulin sensitive and insulin resistant myotubes. Human
myotubes from five donors (n=5) were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate
(insulin resistant cells) and subsequently starved for 6h in starvation medium. (A) Bioinformatic prediction analysis
using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. (B) Percentage of “predicted secretory myokines”. (C) GOCC
analysis of the entire muscle secretome and the subgroup “predicted secretory myokines”. Insulin sensitive cells
are represented in dark grey, while insulin resistant cells are shown in blue. Predicted secretory myokines are
represented in green, while NP proteins are represented in light grey. CON: control, EPS: electrical pulse
stimulation, GOCC: gene ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-: signal
peptide negative, EE structure: external encapsulating structure, CC extracellular matrix: collagen-containing CC
extracellular matrix

The MS secretome analysis of insulin resistant myotubes exposed to acute low-frequency EPS
showed quite similar results as described for the two previous secretome analyses. A total of
4,239 potential myokines were identified in the CM, of which 2,350 proteins were predicted as
“secretory myokines”. Bioinformatics considered 858 myokines (SP+, 20%) as classically
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secreted and 1,492 myokines (SP-, 18%; Outcyte+, 17%) as unconventionally secreted (Figure
31A-B). The GOCC analysis of this secretome was also similar to the results of the two
previously described secretome analyses shown in Figure 29C and 30C (Figure 31C).

A Insulin resistant

[‘QQ}[‘QQ

CON EPS

Palmitate treated myotubes

4,239
Potential myokines in CM

2,350
Predicted secretory myokines

858 (SP+) 769 (SP-) 723 (Outcyte+)
classical secretion  non-classical secretion | non-classical secretion Il

B Predicted secretory proteins C GOCC

Extracellular vesicle
EE structure
Secretory granule lumen

CC extracellular matrix
Mitochondrion
Extracellular space -
Extracellular region -

NP T
|
|
Vesicle{ [
e
s

45%

Plasma membrane
Extracellular exosome

N o o N
& & &F
= SP+ = SP- = OQutcyte+ NP Number of proteins

Figure 31: Bioinformatic prediction analysis of insulin resistant human myotubes following EPS. Human
myotubes from five donors (n=5) were pretreated with 800 uM palmitate (insulin resistant cells) and then subjected
to 6h of low-frequency EPS. (A) Bioinformatic prediction analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte
1.0. (B) Percentage of “predicted secretory myokines”. (C) GOCC analysis of the entire muscle secretome and the
subgroup “predicted secretory myokines”. Insulin resistant cells are represented in blue. Predicted secretory
myokines are represented in green, while NP proteins are represented in light grey. CON: control, EPS: electrical
pulse stimulation, GOCC: gene ontology cellular component, NP: non-predicted, SP+: signal peptide positive, SP-
: signal peptide negative, EE structure: external encapsulating structure, CC extracellular matrix: collagen-
containing CC extracellular matrix

3.4.1.2 Muscle secretome and proteome analysis: a comparison

MS data were analyzed and filtered as described in 2.2.6 and 2.2.6.1. To evaluate the overlap
between muscle secretome and proteome, comparative analyses were conducted. As
expected, we observed a large overlap between the muscle secretome and proteome data
(Figure 32A, C, E). In total, 83-84% of all secreted proteins were also detected in the
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corresponding cellular proteome (Figure 32A, C, E). Comparison of the subset of “predicted
secretory myokines” with the proteome also showed an overlap of 78-79% (Figure 32A).
Furthermore, GOCC analysis showed that the most abundant proteins in the proteome were
annotated as nuclear and cytosolic proteins, while these were notably reduced in the muscle
secretome (Figure 32B, D, F). Interestingly, the distribution of proteins in the cellular
components “extracellular matrix” and “non-structural extracellular” was nearly the same in

both, proteome and secretome (Figure 32B, D, F).
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Figure 32: Secretome and proteome analysis of insulin sensitive and insulin resistant HSkMCs. Human
myotubes from five donors (n=5) were pretreated with either BSA (insulin sensitive cells) or 800 pM palmitate
(insulin resistant cells) and then subjected to 6h of low-frequency EPS. (A, C, E) Venn diagram analyses of muscle
secretome and proteome as well as with the secretome subgroup “predicted secretory proteins”. (B, D, F) GOCC
analysis of the entire muscle secretome and the subgroup “predicted secretory myokines”. Proteomes are colored
in dark grey and secretomes in light grey, “predicted secretory proteins” are colored in green. BSA: bovine serum
albumin, CON: control, EPS: electrical pulse stimulation, GOCC: gene ontology cellular component, PALM:
palmitate, NSE: non-structural extracellular, ER: endoplasmic reticulum

To evaluate the correlations between proteome and secretome data, scatter plots were
generated showing the intensities of common proteins detected in CM and cell lysates of each
condition (Figure 33 A-D). We observed a rather moderate positive correlation (R? 0.13-0.29,
p-value <0.0001) between protein abundances of secretomes and proteomes. Proteins
predicted as “secretory myokines” are colored in green (Figure 33 A-D).

91



3. Results

- Control EPS
T 35
R?=0.2571 .

p<0.0001

R2=0.2430
p<0.0001

Abundances proteome
(Log,)
Abundances proteome
(Logy)

35 35
Abundances secretome Abundances secretome
(Log,) (Log,)
C D
Palmitate Palmitate+EPS
35+ 354
o R2=0.2914 o R2=0.1314
z p<0.0001 E p<0.0001
@ 2]
5 °
_ 1
o3 Q-3
88 88
O O
= c =
© ©
- ©
c c
= 3
o e}
< <
1 1
35 35
Abundances secretome Abundances secretome
(Logy,) (Logy)

Figure 33: Scatterplot analyses of common proteins that occurred in the secretome and cellular proteome
of each condition. Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate
(insulin resistant cells) and then subjected to 6h of low-frequency EPS. (A-D) Abundances of the common proteins
in the secretome and proteome for the respective conditions were correlated with each other, as shown by the
correlation coefficient R2. All proteins described as “predicted secretory myokines” were colored in green and alll
NP proteins are shown in black. Simple linear regression analyses were performed, data shown are abundances
expressed as mean from five (n=5) different subjects. Pearson correlation analysis of protein abundances resulted
in (A) R?=0,2571, r=0,5071, p<0.0001 (B) R?=0,2430, r=0,4929, p<0.0001 (C) R?=0,2914, r=0,5398, p<0.0001 (D)
R2=0,1314, r=0,3624, p<0.0001. EPS: electrical pulse stimulation, NP: non-predicted

3.4.1.3 Label free-quantification analyses of muscle secretome and cellular proteome
The MS datasets were analyzed (2.2.6) and filtered (2.2.6.1) as described previously. In total,
approximately 4,200 proteins were identified in the muscle secretome and 6,600 proteins in
the cellular proteome of insulin sensitive and insulin resistant myotubes. Furthermore, we
aimed to determine the amount of quantified proteins in the muscle secretome and cellular
proteome. Approximately 2,800 proteins were quantified in the CM of each donor under the
respective conditions (Figure 34A). Overall, approximately 61% of all quantified proteins were
categorized as “predicted secretory myokines”, as shown in the green stacked diagram (Figure
34A). In comparison, approximately 5,700 proteins were quantified in the cellular proteome of
each donor within the respective conditions, of which 32% were assigned as “predicted

secretory proteins” (colored in green) (Figure 34B).
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Figure 34: Label free-quantification analyses of proteins in the CM and cellular proteome. Human myotubes
were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin resistant cells) and then
subjected to 6h of low-frequency EPS. The bar graphs show the amount of quantified proteins of HSkMCs obtained
from five donors (n=5), which were plotted for each condition for both, the secretome (A) and the proteome (B). All
proteins annotated as “predicted secretory myokines” are colored in green in the stacked graph, NP proteins are
shown in grey. CM: conditioned media, CON: control, D: donor, EPS: electrical pulse stimulation, HSkMCs: human
skeletal muscle cells, NP: non-predicted, PALM: palmitate

3.4.2 EPS-regulated myokines in the muscle secretome of insulin sensitive
primary HSKMCs
MS datasets were analyzed as previously described (2.2.6, 2.2.6.1), and secretome data were
adjusted for differentially regulated proteins (p<0.05) in order to investigate the secretion of
contraction-induced myokines from insulin sensitive human myotubes in response to acute
low-frequency EPS. We observed that a total of 74 proteins were significantly regulated by
EPS, of which 37 proteins were downregulated and 37 proteins were upregulated
(Supplemental Figure 1, Figure 35A). All classically secreted myokines are listed in Table 22
below and all unconventionally secreted myokines are given in Supplemental Table 4.

Moreover, bioinformatic prediction analysis revealed that 53% were classified as “predicted
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secretory myokines”, with 24% being classically secreted (SP+) and 29% being
unconventionally secreted proteins (SP-, Outcyte+) (Figure 35B).
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Figure 35: Characterization of the EPS-induced muscle secretome of insulin sensitive human myotubes.
Human myotubes were pretreated with BSA (insulin sensitive cells) and then subjected to 6h of low-frequency EPS.
(A) Volcano plot analysis. (B) Bioinformatic prediction analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0.
All proteins annotated as “predicted secretory myokines” are colored in green, while NP proteins are shown in grey.
Primary HSKMCs were obtained from five donors (n=5). CON: control, EPS: electrical pulse stimulation, HSkMCs:
human skeletal muscle cells, NP: non-predicted, SP+: signal peptide positive, SP-: signal peptide negative

To visualize the EPS-induced differences in the secretome of insulin sensitive cells, Principle
Component Analysis (PCA) was performed, which showed that control cells separated clearly
from EPS-treated cells (Figure 36A). PCA also shows the variability of the donors with regard
to the response to EPS. According to this, donor one (D1) shows the weakest response to EPS
treatment compared to all other donors (D2-D5). This behavior is also reflected in the heatmap
analysis, where all donors except D1 cluster within the respective condition (CON versus EPS),
(Figure 36B).
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Figure 36: EPS-induced muscle secretome of insulin sensitive myotubes segregates from control. Human
myotubes were pretreated with BSA (insulin sensitive cells) and then subjected to 6h of low-frequency EPS. (A)
PCA of differentially regulated proteins. (B) Heat map analysis of differentially regulated proteins. Control secretome
is shown in light grey, while EPS-induced secretome is represented in dark grey. Primary HSkMCs were obtained
from five donors (n=5). CON: control, EPS: electrical pulse stimulation, HSkMCs: human skeletal muscle cells,
PC(A): principal componet (analysis), D: donor

The following Table 22 lists all classically secreted proteins (SP+) that were differentially

regulated in response to acute-low frequency EPS in insulin sensitve human myotubes. Data

are displayed in order of their logz fold change (log2FC).

Table 22: EPS-regulated classically secreted proteins in the muscle secretome of insulin sensitive HSKkMCs
obtained from five donors (EPS/CON).

. Gene . . Secretion
UniProtKB symbol Protein description p-value Log:FC type
C1QTNF3/ Complement C1q tumor necrosis i
QoBX.J4 CTRP3 factor-related protein 3 1.88E-02 1.23 SP+
Q14574 DSC3 Desmocollin-3 1.14E-02 1.14 SP+
075095  MEGFs  Multiple epidermal growth factor- 5 24r 55 4 o3 SP+
like domains protein 6
Soluble scavenger receptor
A1L4H1 SSC5D cysteine-rich domain-containing  1.05E-02 1.00 SP+
protein SSC5D
P05090 APOD Apolipoprotein D 1.79E-02  0.97 SP+
P00746 CFD Complement factor D 1.60E-02 0.96 SP+
Isoform 2 of Mannan-binding
P48740-2  MASP1 lectin serine protease 1 2.99E-02  0.82 SP+
P05546 SERPIND1 Heparin cofactor 2 3.02E-02 0.7 SP+
Q9H1E1 RNASE7  Ribonuclease 7 1.19E-02  0.69 SP+
060462 NRP2 Neuropilin-2 1.66E-02  0.51 SP+
P00734 F2 Prothrombin 3.02E-03 0.37 SP+
QONZVi  CRIMi  Cysteine-rich motor neuron 1 291E-02 035  SP+

protein
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P0O7477 PRSSH1 Trypsin-1 3.23E-02 -0.15 SP+
095084 PRSS23 Serine protease 23 6.02E-03  -0.21 SP+
P02749  APOH Beta-2-glycoprotein 1/ 435E-02 032  SP+

Apolipoprotein H

Acid sphingomyelinase-like i i
Q92484 SMPDL3A phosphodiesterase 3a 1.94E-02 0.36 SP+
Q8WZ75 ROBO4 Roundabout homolog 4 8.41E-03 -0.49 SP+

Po2746 ~ ciQB  CcomplementClgsubcomponent g gop g3 408 sps
subunit B

3.4.3 Palmitate-regulated myokines in the muscle secretome of insulin resistant
primary HSkKMCs

MS datasets were analyzed as previously described (2.2.6, 2.2.6.1), and secretome data were
adjusted for differentially regulated proteins (p<0.05) in order to investigate alterations in the
muscle secretome in insulin resistance. Palmitate-induced significant changes in 170
myokines, of which 81 proteins were downregulated and 89 proteins were upregulated
(Supplemental Figure 1, Figure 37A). Bioinformatic predictions analysis revealed that 64% of
the differentially regulated proteins were considered as “predicted secretory myokines”, of
which 22% were classically secreted (SP+) and a majority of 42% were unconventionally
secreted (SP-, Outcyte+) (Figure 37B). All classically secreted myokines are listed in Table 23
below and all unconventionally secreted proteins are listed in Supplemental Table 5.

PALM/CON B
1x10-4
| Differentially regulated predicted
* e secretory myokines
1%10-3
o ]
= ]
g 1%10-23
Q ]
1x10-13
o o o ?
Zg fo é [ ] [ ] - =m
1x1003 ) SP+ = SP- =Outcyte+ - NP

log, FC

Figure 37: Characterization of the palmitate-induced muscle secretome of insulin resistant human
myotubes. Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin
resistant cells) and starved for 6h in starvation medium. (A) Volcano plot analysis. (B) Bioinformatic prediction
analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. All proteins annotated as “predicted secretory
myokines” are colored in green, while NP proteins are shown in grey. Primary HSKkMCs were obtained from five
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donors (n=5). CON: control, PALM: palmitate, HSKMCs: human skeletal muscle cells, NP: non-predicted, SP+:
signal peptide positive, SP-: signal peptide negative

PCA showed a clear separation of the palmitate-induced secretome from the control

secretome (BSA-treated cells) (Figure 38A). The donor variability was also reflected in the heat

map analysis, which showed that the clusters tended to rather group together within each

donor, despite their condition (palmitate versus control) (Figure 38B).
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Figure 38: Palmitate-induced muscle secretome segregates from control secretome. Human myotubes
were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin resistant cells) and starved
for 6h in starvation medium. (A) PCA of differentially regulated proteins. (B) Heat map analysis of differentially
regulated proteins. Control secretome is shown in light grey, while palmitate-induced secretome is represented in
blue. Primary HSKMCs were obtained from five donors (n=5). CON: control, PALM: palmitate, HSkMCs: human
skeletal muscle cells, PC(A): principal componet (analysis), D: donor

Table 23 below lists all “classically secreted proteins” (SP+) that were differentially regulated

in response to 12 hours of palmitate treatment in primary human myotubes. Data are presented

in order of their logz fold change (log2FC).

Table 23: Palmitate-regulated classically secreted proteins in the muscle secretome of insulin resistant
HSKMCs obtained from five donors (PALM/CON).

. Gene . . Secretion
UniProtKB symbol Protein description p-value Log.FC type
Q14574 DSC3 Desmocollin-3 9.07E-03  3.89 SP+
P49257 LMAN/1 Protein ERGIC-53 1.69E-02 1.2 SP+
QoNs15s  LTp3  Laenttransforming growthfactor o por 0o g3 gpy

beta-binding protein 3
Q9BY76 ANGPTL4  Angiopoietin-related protein 4 3.54E-02 0.78 SP+
Isoform lla of Prolyl 4-
015460-2 P4HA2 hydroxylase subunit alpha-2 413E-02  0.77 SP+
Q92896 GLG1 Golgi apparatus protein 1 7.77E-04  0.63 SP+
075976 CPD Carboxypeptidase D 1.81E-02 0.48 SP+
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Q6UWYO ARSK Arylsulfatase K 449E-02 0.44 SP+
Q15063  POSTN  Periostin 4.00E-02 031 SP+
P11717 IGF2R Cation-independent mannose-6- 5 g7 g3 (29 SP+

phosphate receptor
Disintegrin and metalloproteinase

014672 ADAM10 domain-containing protein 10

2.40E-02 -0.19 SP+

P16070 CD44 CD44 antigen 3.97E-02 -0.2 SP+
P50895 BCAM Basal cell adhesion molecule 1.32E-02 -0.23 SP+
000462 MANBA Beta-mannosidase 1.29E-02 -0.24 SP+
Q14118 DAGH1 Dystroglycan 1 1.60E-02 -0.27 SP+
Q24JP5 TMEM132A Transmembrane protein 132A 1.90E-02 -0.27 SP+
Q96SL4 GPX7 Glutathione peroxidase 7 1.23E-02 -0.28 SP+
P09486 SPARC SPARC 2.22E-03 -0.28 SP+
Q6EMK4 VASN Vasorin 3.80E-02 -0.3 SP+
P35555 FBN1 Fibrillin-1 1.34E-02 -0.33 SP+
Peptidyl-prolyl cis-trans
QoNwMg  FKBP14  SH Y R 2.90E-02  -0.4 SP+
P01008 SERPINC1  Antithrombin-IlI 2.62E-02 -0.4 SP+
P58215 LOXL3 Lysyl oxidase homolog 3 6.83E-03 -0.42 SP+
P01033 TIMP1 Metalloproteinase inhibitor 1 3.96E-02 -0.42 SP+
P55291 CDH15 Cadherin-15 2.57E-03 -0.44 SP+
P78504 JAGH Protein jagged-1 2.81E-02 -0.45 SP+

Leucine-rich repeat

043155 FLRT2 transmembrane protein FLRT2

2.18E-02  -0.49 SP+

P20062 TCN2 Transcobalamin-2 3.48E-02 -0.52 SP+
Q8NBK3  SUMF{  Formylglycine-generating 220E-02 -056  SP+
enzyme

Q8IW52  SLITRK4  SLIT and NTRK-like protein 4 4.04E-02 -0.64  SP+
QOBRK3  MXRAg  Matrixremodeling-associated 5 74F 03 074  spPs

protein 8
Q14517 FAT1 Protocadherin Fat 1 4.07E-03 -0.75 SP+
Q92859 NEOT1 Neogenin 1.16E-02  -0.87 SP+

Vesicular integral-membrane
Q12907 LMAN2 orotein VIP36 2.51E-02 -0.92 SP+

Q9UN70 PCDHGC3 Protocadherin gamma-C3 7.46E-03 -1.03 SP+

P09619 PDGFRB Platelet-derived growth factor 5 81E-04 -1.82 SP.
receptor beta

3.4.4 Palmitate-regulated proteins vary in the cellular proteome of different
donors
MS datasets were analyzed as previously described (2.2.6, 2.2.6.1), and proteomic data were
adjusted for differentially regulated proteins (p<0.05). Since the secretome of insulin resistant
myotubes showed variability and divergence within the five donors (Figure 38A-B), we sought
to determine whether this divergence was also reflected in the palmitate-induced insulin
resistant proteome. Venn diagram analysis showed the proportionality of regulated proteins for
each donor after treatment with palmitate. A total of 24 common proteins were found to be

differentially regulated in all five donors. Most proteins were significantly regulated
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(p-value<0.05) in donors two, three and five (approx. 1100 — 1900), whereas notably fewer
proteins (approx. 500 — 600) were regulated by palmitate in donors one and four (Figure 39A).

Figure 39: Palmitate-induced differentially regulated proteins in the cellular proteome of each donor.
Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin resistant
cells) and starved for 6h in starvation medium. Venn diagram shows differentially regulated proteins in the cellular
proteome of each donor. *p-value<0.05 was calculated for each donor using one sample #test. The following colors
represent the respective donors: blue: donor 1, green: donor 2, yellow: donor 3, orange: donor 4, pink:
donor 5

3.4.5 EPS-regulated myokines in muscle secretome of insulin resistant primary
HSKMCs
MS datasets were analyzed as previously described (2.2.6, 2.2.6.1), and secretome data were
adjusted for differentially regulated proteins (p<0.05) in order to investigate alterations in the
muscle secretome of insulin resistant human myotubes in response to acute low-frequency
EPS. Secretome analysis of EPS-induced CM resulted in 97 differentially regulated myokines,
of which 38 proteins were significantly downregulated and 59 proteins were significantly
upregulated (Supplemental Figure 1, Figure 40A). Overall, 31% of the differentially regulated
proteins were secreted via the classical secretion pathway (SP+), making this secretome
dataset the one with the highest percentage of classically secreted proteins. In contrast, 38%
(24%, SP-, 14%, Outcyte+) of myokines were classified as unconventionally secreted proteins
(Figure 40B). All classically secreted proteins are listed in Table 24 and all unconventionally

secreted myokines are listed in Supplemental Table 6.
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Figure 40: Characterization of the EPS-induced muscle secretome of insulin resistant human myotubes.
Human myotubes were pretreated with 800 uM palmitate (insulin resistant cells) and then subjected to 6h of low-
frequency EPS. (A) Volcano plot analysis. (B) Bioinformatic prediction analysis using SignalP 6.0, SecretomeP 2.0
and Outcyte 1.0. All proteins annotated as “predicted secretory myokines” are colored in green, while NP proteins
are shown in grey. Primary HSkMCs were obtained from five donors (n=5). PALM: palmitate, EPS: electrical pulse
stimulation, HSKMCs: human skeletal muscle cells, NP: non-predicted, SP+: signal peptide positive, SP-: signal
peptide negative

Moreover, PCA confirmed that the EPS-induced secretome from insulin resistant myotubes is
clearly segregated from the secretome of unstimulated cells (Figure 41A). In this series of
experiments, donor five (D5) can be considered an outlier as it does not cluster within the
conditions as the other four donors. Heat map analysis showed that protein regulation was
variable within the five donors, as protein regulation within the same donor was more similar

than within the two conditions tested (Figure 41B).
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Figure 41: EPS-secretome of insulin resistant cells segregates from insulin resistant control secretome.
Human myotubes were pretreated with 800 uM palmitate (insulin resistant cells) and then subjected to 6h of low-
frequency EPS. (A) PCA of differentially regulated proteins. (B) Heat map analysis of differentially regulated
proteins. Unstimulated secretome is shown in light blue, while EPS-induced secretome is represented in dark blue.
Primary HSKMCs were obtained from five donors (n=5). PALM: palmitate, EPS: electrical pulse stimulation,
HSkMCs: human skeletal muscle cells, PC(A): principal componet (analysis), D: donor

Table 24 summarizes all “classically secreted proteins” (SP+) that were differentially regulated

in response to acute low-frequency EPS in insulin resistant human myotubes. Data are

presented in order of their logz fold change (log2FC).

Table 24: EPS-regulated classically secreted proteins in the muscle secretome of insulin resistant HSkMCs
obtained from five donors (PALM+EPS/PALM).

UniProtKB S;r:ebol Protein description p-value Log:FC Se::;ggon
Q9P232 CNTNS3 Contactin-3 3.70E-02 6.64 SP+
P0O0738 HP Haptoglobin 1.59E-02 1.90 SP+
P55058 PLTP Phospholipid transfer protein 4.50E-02 1.44 SP+
Q14517 FAT1 Protocadherin Fat 1 5.07E-03 1.17 SP+
Multiple epidermal growth factor-
Q7Z7MO MEGF8 12 d'%maﬁs proteiﬁ 8 2.64E-02  0.87 SP+
Q6UWG63 POGLUT2 Protein O-glucosyltransferase 2 ~ 1.99E-03  0.56 SP+
Q495W5 FUT11 Alpha-(1,3)-fucosyltransferase 11  5.52E-03  0.52 SP+
Q14050 COL9AS Collagen alpha-3(IX) chain 2.85E-02 0.35 SP+
Q68BL8 OLFML2B Olfactomedin-like protein 2B 3.71E-02  0.31 SP+
Q6EMK4 VASN Vasorin 3.56E-03  0.28 SP+
P00746 CFD Complement factor D 2.27E-02 0.19 SP+
Probable non-functional
AO0A075B6R9 I1GKV2D-24 immunoglobulin kappa variable 3.87E-02 0.18 SP+
2D-24
095967 EFEMp2 ~ CGF-containing fibulin-like 8.66E-03 007  SP+

extracellular matrix protein 2
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P19320
Q9UBX5
P07339
Q99538

P11021

Q01459
Q9oUBP4
Q14554
P35625
P43235
P14314

Q96HD1-2
015460-2
P25445

P61812

Q14574
P19876

VCAM1
FBLNS
CTSD
LGMN

HSPA5

CTBS
DKK3
PDIA5
TIMP3
CTSK
PRKCSH

CRELD1
P4HA2
FAS

TGFB2

DSC3
CXCL3

Vascular cell adhesion protein 1
Fibulin-5

Cathepsin D

Legumain

Endoplasmic reticulum
chaperone BiP
Di-N-acetylchitobiase
Dickkopf-related protein 3
Protein disulfide-isomerase A5
Metalloproteinase inhibitor 3
Cathepsin K

Glucosidase 2 subunit beta
Isoform 2 of Protein disulfide
isomerase CRELD1

Isoform lla of Prolyl 4-
hydroxylase subunit alpha-2
Tumor necrosis factor receptor
superfamily member 6
Transforming growth factor beta-
2 proprotein

Desmocollin-3

C-X-C motif chemokine 3

4.35E-02
2.72E-02
6.31E-03
1.88E-02

9.34E-03

2.19E-02
3.96E-02
4.37E-02
3.36E-02
2.37E-02
7.18E-03

3.93E-02

1.94E-02

5.81E-03

3.26E-02

3.64E-03
1.75E-02

3. Results

-0.19
-0.20
-0.23
-0.27

-0.36

-0.37
-0.44
-0.47
-0.56
-0.57
-0.63

-0.66

-0.74

-0.84

-1.17

-2.63
-6.64

SP+
SP+
SP+
SP+

SP+

SP+
SP+
SP+
SP+
SP+
SP+

SP+
SP+
SP+

SP+

SP+
SP+

3.4.6 EPS-regulated myokines in muscle secretome of insulin sensitive versus

insulin resistant primary HSKMCs

MS datasets were analyzed as previously described (2.2.6, 2.2.6.1), and secretome data were

adjusted for differentially regulated proteins (p<0.05) to directly compare the EPS-induced

secretomes of contracting insulin sensitive versus insulin resistant human myotubes. MS

analysis of the CM revealed 304 myokines that were differentially regulated in response to

EPS, of which 87 proteins were significantly downregulated and 217 were significantly

upregulated (Supplemental Figure 1, Figure 42A). In total, 52% were predicted “secretory

proteins”, of which 23% were classically secreted and 29% were unconventionally secreted

(SP-, 14%; Outcyte+, 15%) myokines (Figure 42B). Classically secreted proteins are shown in

Table 25 below and unconventionally secreted proteins are listed in Supplemental Table 7.
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Figure 42: Characterization of the EPS-induced muscle secretome of insulin resistant versus insulin
sensitive human myotubes. Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 pM
palmitate (insulin resistant cells) and then subjected to 6h of low-frequency EPS. (A) Volcano plot analysis. (B)
Bioinformatic prediction analysis using SignalP 6.0, SecretomeP 2.0 and Outcyte 1.0. All proteins annotated as
“predicted secretory myokines” are colored in green, while NP proteins are shown in grey. Primary HSkMCs were
obtained from five donors (n=5). PALM: palmitate, EPS: electrical pulse stimulation, HSkMCs: human skeletal
muscle cells, NP: non-predicted, SP+: signal peptide positive, SP-: signal peptide negative

PCA confirmed our hypothesis that the contraction-induced secretome of insulin resistant and
insulin sensitive human myotubes differs, which was reflected in PCA by a clear segregation
of both secretomes in response to acute low-frequency EPS (Figure 43A). Again, intra-donor
variability was observed in response to EPS, with D4 and D3 being the most responsive to
stimulation and also more similar in protein regulation than the other donors, as reflected in

the heatmap analysis (Figure 43B).
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Figure 43: EPS-induced muscle secretome of insulin sensitive cells segregates from insulin resistant cells.
Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin resistant
cells) and then subjected to 6h of low-frequency EPS. (A) PCA of differentially regulated proteins. (B) Heat map
analysis of differentially regulated proteins. EPS-induced secretome of insulin resistant cells is shown in light blue,
while EPS-induced secretome of insulin sensitive cells is represented in grey. Primary HSKMCs were obtained from
five donors (n=5). PALM: palmitate, EPS: electrical pulse stimulation, HSkMCs: human skeletal muscle cells, PC(A):
principal componet (analysis), D: donor

Table 25 shows all “classically secreted proteins” (SP+) that were differentially regulated in
response to acute low-frequency EPS in insulin resistant and insulin sensitve human
myotubes. Data are presented in order of their logz fold change (log2FC).

Table 25: EPS-regulated classically secreted proteins in the muscle secretome of insulin resistant versus
insulin sensitive HSKMCs obtained from five donors (PALM+EPS/EPS).

. Gene . . Secretion
UniProtKB symbol Protein description p-value Logz:FC type
Q9BY76 ANGPTL4 Angiopoietin-related protein 4 9.16E-03 1.35 SP+
Q7Z7MO MEGF8 Multiple epidermal growth factor- 3.76E-02 110 SP4

like domains protein 8

von Willebrand factor A domain-
containing protein 1

Fibronectin type Ill domain-

Q6PCBO VWA(1 3.34E-02  1.07 SP+

QazHa4  FNDCt  [eneomvRe 428E-02 1.0 SP4
P50454  SERPINH1 Serpin H1 6.25E-03  0.88 SP+
QOUBS4  DNAJB{1 Dnalhomolog subfamily B 3.79E-02  0.85 SP+

member 11
Probable ATP-dependent RNA

(92841 bDX17 helicase DDX17

2.67E-02  0.82 SP+

P11117 ACP2 Lysosomal acid phosphatase 1.66E-03  0.61 SP+
P13674  P4HA1 :g’#g_fhydmxy'ase subunit 9.15E-03 059  SP+
Q14697 GANAB Neutral alpha-glucosidase AB 2.27E-02  0.56 SP+
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Q9NYU2
QI9UNW1
P04062

P30533
P43026
P11717

000469-2

060568

Q6EMK4
P28799
Q9UBR2

QI9NZV1

Q16270

Q06828
P15151

P08123
P49908
000115

Q15262-4

Q8NBK3

Q6NW40
P09486

014672

Q9BZM5
P43235
P08603
P01008
P01130
P01033
Q8N158
Q9HAT2

P30530

P78504
P05121

Q9BRK3
P48307

UGGT1
MINPP1
GBA1

LRPAP1
GDF5
IGF2R

PLOD2

PLOD3

VASN
GRN
CTSZz

CRIM1

IGFBP7

FMOD
PVR
COL1A2
SELENOP
DNASE2

PTPRK

SUMF1

RGMB
SPARC

ADAM10

uLBP2
CTSK
CFH
SERPINC1
LDLR
TIMP1
GPC2
SIAE

AXL

JAGT
SERPINE1

MXRAS8
TFPI2

UDP-glucose:glycoprotein
glucosyltransferase 1

Multiple inositol polyphosphate
phosphatase 1

Lysosomal acid
glucosylceramidase
Alpha-2-macroglobulin receptor-
associated protein
Growth/differentiation factor 5
Cation-independent mannose-6-
phosphate receptor

Isoform 2 of Procollagen-
lysine,2-oxoglutarate 5-
dioxygenase 2

Multifunctional procollagen lysine
hydroxylase and
glycosyltransferase LH3
Vasorin

Progranulin

Cathepsin Z

Cysteine-rich motor neuron 1
protein

Insulin-like growth factor-binding
protein 7

Fibromodulin

Poliovirus receptor

Collagen alpha-2(l) chain
Selenoprotein P
Deoxyribonuclease-2-alpha
Isoform 4 of Receptor-type
tyrosine-protein phosphatase
kappa
Formylglycine-generating
enzyme

Repulsive guidance molecule B
SPARC

Disintegrin and metalloproteinase
domain-containing protein 10
UL16-binding protein 2
Cathepsin K

Complement factor H
Antithrombin-Il|

Low-density lipoprotein receptor
Metalloproteinase inhibitor 1
Glypican-2

Sialate O-acetylesterase
Tyrosine-protein kinase receptor
UFO

Protein jagged-1

Plasminogen activator inhibitor 1
Matrix remodeling-associated
protein 8

Tissue factor pathway inhibitor 2

1.14E-02

1.61E-02

1.01E-02

1.33E-02
3.69E-02
1.43E-02

4.23E-02

4.42E-02

4.13E-02
1.32E-02
2.76E-02

3.36E-02

3.30E-03

1.71E-03
2.49E-02
4.14E-02
1.14E-03
1.35E-02

2.53E-02

4.46E-03

2.04E-02
3.77E-03

2.62E-02

2.84E-02
1.12E-03
2.64E-02
1.87E-02
3.27E-02
1.43E-02
1.92E-02
9.72E-03

2.50E-02

1.59E-02
2.49E-02

1.84E-02
2.21E-02

0.55

0.51

0.50

0.35
0.32
0.31

0.23

0.15

-0.21
-0.23
-0.24

-0.29

-0.30

-0.30
-0.31
-0.33
-0.36
-0.36

-0.37

-0.38

-0.38
-0.39

-0.42

-0.42
-0.44
-0.44
-0.45
-0.46
-0.53
-0.55
-0.55

-0.57

-0.58
-0.61

-0.61
-0.62
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SP+
SP+
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SP+
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SP+

SP+

SP+
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SP+

SP+
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094985
P01034
P36222

P24592
Q9UN70
Q96FE7

P36955
Q01459
Q8TERO

060462
P22304
P09958
P32004
P05155
P34096
095633
Q9BQT9
Q13087

Q12907
P04216
Q10588

P13500
P47972
P52799

CLSTN1
CST3
CHI3LA1

IGFBP6
PCDHGC3
PIK3IP1

SERPINF1
CTBS
SNED1

NRP2

IDS
FURIN
L1CAM
SERPING1
RNASE4
FSTL3
CLSTN3
PDIA2

LMAN2
THY1
BST1

CCL2
NPTX2
EFNB2

Calsyntenin-1

Cystatin-C

Chitinase-3-like protein 1
Insulin-like growth factor-binding
protein 6

Protocadherin gamma-C3
Phosphoinositide-3-kinase-
interacting protein 1

Pigment epithelium-derived
factor

Di-N-acetylchitobiase

Sushi, nidogen and EGF-like
domain-containing protein 1
Neuropilin-2

Iduronate 2-sulfatase

Furin

Neural cell adhesion molecule L1
Plasma protease C1 inhibitor
Ribonuclease 4
Follistatin-related protein 3
Calsyntenin-3

Protein disulfide-isomerase A2
Vesicular integral-membrane
protein VIP36

Thy-1 membrane glycoprotein
ADP-ribosyl cyclase/cyclic ADP-
ribose hydrolase 2

C-C motif chemokine 2
Neuronal pentraxin-2

Ephrin-B2

4.36E-02
4.26E-02
4.18E-02

1.77E-02
3.50E-02
1.68E-02

2.96E-02
9.68E-04
3.33E-02

5.34E-03
8.49E-03
4.39E-02
1.30E-02
4.02E-02
3.80E-02
2.97E-02
5.99E-03
4.18E-02

1.23E-02
9.13E-03
1.27E-02

2.03E-03
8.25E-03
3.61E-02

-0.63
-0.65
-0.66

-0.66
-0.72
-0.80

-0.81
-0.82
-0.83

-0.83
-0.84
-0.9
-0.91
-0.91
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Furthermore, we sought to evaluate the overlap of EPS-induced myokines in the secretome of

insulin sensitive and insulin resistant human myotubes. The comparative analysis was

performed as described in 2.2.6.1. Interestingly, only four myokines overlapped in the

contraction-induced secretomes of both cell models, confirming our hyothesis that the

contraction-induced secretomes are distinct under physiological and pathological conditions

(Figure 44). The following proteins were induced by EPS in both cell models: complement

factor D (CFD) and desmocollin-3 (DSC3), both predicted as "classical secreted myokines"

(SP+), translation initiation factor elF-2B subunit alpha (EIF2B1), which was secreted

unconventionally (Outcyte+), and another capZ-interacting protein (RCSD1), which was not

predicted as a "secretory myokine" (NP).
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EPS/CON PALM+EPS/PALM
(74) (97)

70 4 | 93

Figure 44: Comparison of EPS-regulated myokines in the CM of insulin sensitive versus insulin resistant
human myotubes. Human myotubes were pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate
(insulin resistant cells) and then subjected to 6h of low-frequency EPS. Venn diagram analysis shows the
differentially regulated proteins by EPS in both muscle secretomes. Secretome of EPS-treated insulin sensitive cells
is shown in grey, while secretome of EPS-treated insulin resistant cells is displayed in blue. Primary HSKMCs
derived from five donors (n=5). Analysis was performed based on UniprotKB IDs. CON: control, EPS: electrical
pulse stimulation, HSkMCs: human skeletal muscle cells, PALM: palmitate, CM: conditioned media
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4 Discussion

Skeletal muscle functions as an endocrine organ, producing and secreting myokines in an
autocrine, paracrine and endocrine manner. Previous studies have shown that myokines
mediate crosstalk between skeletal muscle and other organs to regulate metabolic
homeostasis and therefore may serve as potential prognostic biomarkers for future therapies
of metabolic diseases (e.g. T2DM, insulin resistance) (41-43). In particular, myokines released
in response to exercise (exerkines), are thought to mediate the health-promoting effects of
exercise, such as improved insulin sensitivity and glucose metabolism (48). Therefore, in-
depth analysis of the myokinome using a non-targeted approach is of great importance to
contribute to the knowledge of the muscle secretome and to discover novel myokines
associated with exercise and metabolic diseases.

Previous proteomic studies have followed this approach by performing muscle secretome
analyses of CM derived from different cell culture models using high-resolution MS (52). The
most commonly used cell culture models for the analysis of myokine secretion under
physiological and pathological conditions are murine C2C12 cells and primary HSkMCs, in
addition to the rat L6 myoblast cell line. Since the secretion profile of myokines is altered in
disease or after strength and endurance training, recent MS-based studies have aimed to
characterize the muscle secretome along its changes during myogenesis (206-208), different
in vivo exercise interventions (209, 210) and obesity (211) to expand the knowledge of the
myokinome in heath and disease.

4.1 Contraction-induced muscle secretomes of C2C12 cells and
HSKkMCs differ

The first objective of this thesis was to compare the muscle secretomes of murine C2C12 and
human myotubes after acute low-frequency EPS exposure, as they are widely used as skeletal
muscle models despite limited comparative studies (179). To date, only two MS-based studies
have investigated the effects of EPS on the muscle secretome of C2C12 and human myotubes,
both using chronic low-frequency EPS protocols (70, 192), but none of these studies directly
compared muscle secretomes across cell culture models. This study fills this gap by comparing
and analyzing the secretomes of contracting C2C12 and human myotubes after acute low-
frequency EPS using high-resolution MS, providing new insights into the muscle secretome
after an acute bout of exercise.

C2C12 and human myotubes, obtained from three donors were exposed to acute low-
frequency EPS, the supernatant was collected and processed within the bottom-up proteomics

workflow. To date, hundreds of myokines have been identified using high-resolution MS (212).
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In this study, we compared our data with data from the literature, resulting in the identification
of 1,440 and 385 novel myokines secreted by murine and human myotubes, respectively. LC-
MS/MS secretome analysis further revealed that the murine and human muscle secretomes
overlap in 2,556 proteins, with 80% of human myokines also detected in the murine secretome.
However, C2C12 cells secreted a larger amount of proteins (5,710), of which 12% were
classified as “classically secreted” (SP+). In contrast, human myotubes secreted fewer proteins
(3,285), but twice as many myokines were classified as “SP+” proteins as in C2C12 cells,
suggesting that the human species secretes a larger number of myokines through the classical
secretory pathway. Comparison of the secretome and proteome data showed that the C2C12
secretome is similar to the proteome, as demonstrated by a large overlap of 4,718 proteins
(83%). Interestingly, GOCC analysis revealed that the C2C12 secretome and proteome were
much more similar in cellular components than in HSkMCs. A possible explanation may be
that a greater amount of lysed cells was present in the C2C12 secretome, however, no
morphological damage to the cells was observed, nor were higher levels of LDH measured in
the supernatant. Another possible reason could be that myokines secreted by C2C12 cells
follow a different secretion pattern compared to human cells. We observed that twice as many
myokines were secreted via the classical secretory pathway in HSKMCs (24%) compared to
C2C12 cells, whereas the percentage of unconventionally secreted myokines was similar in
both species (38-40%), suggesting that C2C12 cells have a different secretion pattern than
HSKMCs. This theory could be experimentally validated by exposing both cell culture models
to brefeldin A, an inhibitor of protein trafficking via the classical secretory pathway (ER-to-
Golgi). Comparative analysis would reveal whether the same number of myokines is secreted
via the classical pathway in both species of whether protein secretion routes are distinct.
Furthermore, GOCC analysis showed that the cellular components of secreted proteins in both
species are different with respect to myokines annotated as “extracellular exosomes” and
“mitochondrial proteins”. While the amount of mitochondrial proteins in the murine secretome
and proteome was very similar, this was not observed for the HSKMCs. One possibility could
be that more mitochondrial proteins are expressed in the C2C12 cells and therefore more
proteins are secreted. A recent study showed that whole mitochondria can be released into
the extracellular space by vesicular trafficking (213). This suggests that mitochondrial proteins
most likely were released via UPS pathways involving vesicular structures (exosomes), which
may be one explanation why less myokines were secreted via the classical secretory pathway
in the C2C12 secretome. This speculation that secretion mechanisms differ between C2C12
cells and HSKMCs could be further tested by measuring mitochondrial proteins in the
supernatant of both cell culture models using targeted assays such as ELISA or MIA. It is also
striking that the proportion of extracellular exosomes in the HSKMC secretome is very high
(>1000 proteins), whereas the proportion of proteins with this annotation in the C2C12
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secretome is very low (approx. 50), suggesting that murine myokines are less secreted by
exosomes (Type Il pathway) and perhaps more secreted using other UPS pathways.
However, bioinformatic tools such as SignalP, SecretomeP, Outcyte and GO are often used
to predict protein secretion based on algorithms, but the validation of large MS-datasets
remains a major challenge as most of the detected proteins are not yet annotated as “bonafide
secreted proteins”, therefore results obtained by computational filtering should be interpreted
with caution as these tools have their limitations (214). Grube et al. previously exposed C2C12
myotubes to brefeldin A treatment and suggested that bioinformatics tools (SignalP) detects
classically secreted proteins with 93% certainty (215), so additional validation of protein
secretion through experimental approaches may be a relevant aspect to consider before
analyzing MS secretome data sets.

Furthermore, acute low-frequency EPS induced 518 differentially regulated myokines in the
C2C12 secretome, while 336 myokines were differentially regulated in the human secretome.
The majority of proteins were upregulated in the secretome of both cell models (C2C12: 346
proteins; HSKMCs: 199 proteins). Interestingly, the bioinformatic prediction analysis for EPS-
induced myokines was very similar for both species. In fact, 11-16% of all “predicted secretory
proteins” were secreted via the classical secretion pathway, while 42-45% were secreted via
UPS pathways, indicating that both cells models responded similarly to the EPS treatment.
Again, GOCC analysis revealed differences in the cellular components of contracting
myotubes from C2C12 cells and HSKMCs, showing that twice as many mitochondrial proteins
were secreted by C2C12 compared to HSKMCs, while in HSkMCs markedly more proteins
were released by extracellular exosomes, suggesting that secretion mechanism in both cell
models are distinct.

EPS-induced changes in the murine and human muscle secretome were comparable, but only
40 common myokines were regulated by EPS in both muscle secretomes, suggesting that
proteins induced by acute low-frequency EPS differ in each cell culture model. We also
compared our acute (6h) exercise model with a previously used chronic (24h) exercise model
from the literature. Gonzalez-Franquesa et al. analyzed the muscle secretome of C2C12
myotubes after chronic exposure to EPS (11.5 V, 1 Hz, 2 ms) for 24 hours and quantified 75
myokines in the CM that were differentially regulated by EPS (192). Comparison of their results
with ours showed that although the same EPS settings (11.5 V, 1 Hz, 2 ms) were used, only
nine common proteins were detected in both secretomes after acute and chronic EPS,
indicating that the duration of stimulation plays a critical role in EPS-induced protein secretion.
Interestingly, among these nine common myokines was gremlin-1, a novel adipo-myokine that
will be discussed in more detail in Section 4.4. Similar results were obtained for human
myotubes when our EPS protocol was compared with another EPS protocol from the literature,
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but it should be noted that the EPS settings were not identical. Mengeste et al. used a chronic
low-frequency EPS protocol (24h, 10 V, 0.1 Hz, 2 ms) on human myotubes, which resulted in
the quantification of 149 differentially regulated myokines by MS-analysis (70). When
comparing our data with theirs, an overlap of only 10 myokines was found in the CM of
contracting human myotubes, most likely due to the different EPS parameters as well as the
different exposure times (6h vs 24h), suggesting that the composition of the muscle secretome
is altered in response to different types of exercise. Furthermore, it should be kept in mind that
a comparison of MS data is generally only relative, as the samples were processed in different
proteomics workflows and the analyses were performed on different devices with different
technical settings. In addition, cell culture conditions vary with respect to the cell culture
models, passages, media, and donors used in each study. Comparative studies of the two cell
models are rare, although C2C12 cells and HSKMCs are the most commonly used cell
systems, especially for studying exercise-related effects in muscle. Abdelmoez et al. directly
compared C2C12 and human myotubes at the transcriptomic level. Using the same EPS
settings (40 V, 2 ms, 1 Hz) as we did, myotubes were exposed to EPS (3h) and mRNA
expression levels of contraction-responsive genes were found to be differentially regulated in
both cell models (166), suggesting that acute low-frequency EPS-induced differences can

already by detected at the mRNA level.

To validate contractile activity in murine C2C12 and primary human myotubes after an acute
bout of exercise in vitro, changes in AMPKa activity at the major regulatory phosphorylation
site Thr-172 were detected by Western blot analysis. In human myotubes, acute low-frequency
EPS (6h, 40 V, 1 Hz, 2 ms) significantly increased AMPKa (Thr172) phosphorylation, which is
consistent with previous data from Christensen et al. showing the same effect after exposing
human myotubes to the same EPS (6h, 40 V, 1 Hz, 2 ms) protocol (177). Another study
reported increased AMPKa activity after exposure to acute (8h) and chronic (24h) low-
frequency EPS (11.5 V, 1 Hz, 2 ms) in primary human myotubes, showing significant changes
in AMPKa phosphorylation (Thr172), with the highest activity after eight hours (171). The same
acute low-frequency EPS protocol was used for C2C12 myotubes in this thesis, except that
the voltage settings were changed from 40 V to 11.5 V, which was necessary to compare the
MS-secretome data of C2C12 cells from this study with the literature. EPS (6h, 11.5V, 1 Hz,
2 ms) notably increased AMPKa phosphorylation (Thr172) in C2C12 myotubes, but without
statistical significance, which may be due to the lower number of experiments performed for
C2C12 cells compared to HSkMCs. Another possible reason could be that AMPKa activity in
murine C2C12 cells significantly increases only after long-term chronic exposure to EPS (> 24
hours), which was previously shown when C2C12 myotubes were exposed to the same EPS
parameters (11.5V, 1 Hz, 2 ms) (191), suggesting that the exposure time of EPS significantly

affects AMPKa activity, which seems to be regulated differently in both cell models (C2C12 vs
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HSKMCs). However, the use of EPS as an in vitro contraction model has limitations, as not all
in vivo characteristics of skeletal muscle can be simulated. Physiological contraction is caused
by the involvement of motor neurons and neuromuscular junctions (216), whereas in vitro
contraction is induced by electrical impulses due to the lack of interaction with other cells. Cell
culture systems also lack other physiological features such as blood flow and innervation,
which are essential for feedback regulation to meet the metabolic needs of the working muscle.
In addition, in vivo muscle cells are belted by connective tissue and extracellular matrix that
are important characteristics in terms of muscle contraction and regulation of physiological
functions that are lacking in cell culture models (217). As the study of primary HSkMCs may
provide an even better understanding of the health-promoting effects of exercise in humans, it
remains inevitable to further investigate the role of myokines by non-targeted MS-based
approaches and in-depth analyses regarding their role in exercise adaptations and molecular

functions.

4.2 The muscle secretomes of insulin sensitive and insulin resistant

human myotubes differ

To date, only two MS-based secretome studies have investigated the muscle secretome of
insulin resistant muscle cells, both using rodent skeletal muscle cell lines (C2C12 and L6)
pretreated with palmitate to induce insulin resistance (200, 205). The FFA palmitate has been
extensively studied in the context of insulin resistance over the last two decades and has been
shown to be a suitable model to simulate insulin resistance in vitro (167, 218). Since HSKMCs
provide characteristics closer to native muscle (e.g. donor variability), the second aim of this
thesis was to generate insulin resistant human myotubes obtained by five donors by exposure
to palmitate (800 uM, 12 hours in starvation medium). Subsequently, the CM was processed
within the bottom-up proteomics workflow and analyzed by high-resolution MS to unravel the
complex network of the muscle secretome of lipid-induced insulin resistant human myotubes
and to extend the knowledge gained to the human system. Muscle secretome analysis of
insulin sensitive and resistant human myotubes revealed the presence of 4,185 myokines, of
which 865 proteins were considered as “classically secreted proteins” (SP+) and 1,471
proteins were assigned to UPS pathways (SP-, Outcyte-). This was further confirmed by GOCC
analysis, showing that the majority of myokines were annotated as “extracellular exosomes”,
“plasma membrane”, “vesicles” or “mitochondria”, indicating that most myokines were secreted
via UPS pathways, for instance using Type Ill organelle-based translocation to traffic in
vesicles (e.g. exosomes) towards the plasma membrane. Palmitate differentially regulated 170
myokines, of which 22% trafficked to the plasma membrane surface via the classical secretion
pathway and the majority of 42% via UPS pathways. PCA of both secretomes showed clear
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segregation, indicating that the secretomes of insulin sensitive and resistant myotubes are
sufficiently distinct. Taken together, detailed secretome profiling identified a unique myokine

signature in an insulin resistant state that was observed in all five donors.

Deshmukh et al. performed an MS-based secretome analysis using C2C12 myotubes
pretreated with 500 uM palmitate in starvation medium for 16 hours, followed by another
12 hours of starvation in the absence of palmitate. Lipid-induced insulin resistance was
validated by impaired insulin signaling, which was assessed by immunoblotting showing
reduced insulin-stimulated phosphorylation of AKT (Ser473) in palmitate-treated cells (200). In
total, the MS-analysis identified 4,491 proteins in the CM, of which 779 proteins were
categorized by SignalP as “classically secreted proteins” (SP+), which is very similar to the
results of our MS-based secretome analysis of insulin sensitive and insulin resistant human
myotubes. In addition, approximately 3,000 proteins were quantified in the CM of each
replicate, of which approximately 23% were considered to be putative secreted proteins (200).
We quantified a similar number of proteins in the CM (approximately 2,800 per donor),
however, we were able to identify three times as many proteins as “predicted secretory
proteins” in the CM of human myotubes, which may be due to the fact that a different species
was analyzed and also that bioinformatic analysis tools have become more precise in recent
years. In addition, we used an additional algorithm (Outcyte) to predict and access proteins
secreted via UPS pathways, which may be another reason for the higher number of putative
secreted proteins. Moreover, they showed that the lipid-induced muscle secretome (500 puM
palmitate) clearly segregated from its control (BSA-treated myotubes) (200), which is

consistent with our findings in the human model.

To validate palmitate-induced insulin resistance in human myotubes, changes in
phosphorylation were assessed by immunoblotting, which revealed significantly decreased
levels of phosphorylation of AKT at Ser473 and Thr308. In addition, phosphorylation of GSK3a
(Ser21), GSK3B (Ser9) and PRAS40 (Thr-246) was also notably disrupted, although not
statistically significant. Presumably, a larger number of donors (>n=5) would lead to statistically
significant results. These findings are consistent with previous data from Batista et al., who
monitored specific targets of the insulin signaling pathway in induced pluripotent stem (iPS)
cells derived from healthy and T2DM patients and differentiated into myoblasts.
Immunoblotting results showed that insulin-induced changes in the phosphorylation of AKT
(Thr308), GSK3a (Ser21) and FoxO1 (Thr24) were still significant in both healthy controls and
T2DM patients, but the response to insulin treatment was significantly reduced in T2DM
patients compared to controls (219). In addition, insulin-stimulated glycogen synthesis in
skeletal muscle cells was assessed after pretreatment of human myotubes with palmitate,
which resulted in a significant reduction in glycogen synthesis in palmitate-treated cells
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compared to untreated cells. However, it is important to note that these results were obtained
using an alternative palmitate regimen, but it is worth considering as the concentration of
palmitate used was lower (300 uM) and therefore similar results can be expected when using
the higher concentration (800 uM).

4.3 Contraction-induced muscle secretomes of insulin sensitive and
insulin resistant human myotubes differ

Exercise is an important component of non-pharmacological therapy for T2DM and insulin
resistance, and many recent studies have shown that exercise can increase insulin sensitivity
even in insulin resistant patients. To date, there is no secretome analysis that provides insight
into the muscle secretome of insulin resistant skeletal muscle cells previously exposed to
exercise. Therefore, the third objective of this thesis was to extend the knowledge on the
effects of an acute bout of exercise on the muscle secretome of insulin resistant human skeletal
muscle cells. Human myotubes obtained from five donors were pretreated with palmitate, then
exposed to acute low-frequency EPS (6h, 40V, 2 ms, 1 Hz) and CM was processed within a
bottom-up proteomics workflow. EPS induced the secretion of 97 proteins in the CM of insulin
resistant myotubes, whereas 74 proteins were induced in the CM of insulin sensitive myotubes.
PCA showed that both EPS-induced secretomes clearly segregated, indicating differences in
the myokine secretion profile of contracting insulin sensitive and resistant human myotubes.
Therefore, we directly compared the EPS-induced myokines in both cell models and found an
overlap of only four proteins. This low number of common myokines in the CM of insulin
sensitive and resistant myotubes suggests that different myokines are regulated by acute low-
frequency EPS in both cell models.

In addition, protein secretion levels of the contraction-induced myokine IL-6 were measured in
the CM of insulin sensitive and insulin resistant myotubes using MIA. In both cell models, IL-6
protein levels were significantly increased after acute low-frequency EPS, validating our acute
low-frequency EPS model. However, protein secretion was significantly reduced in insulin
resistant myotubes compared to control, supporting our hypothesis that the EPS-induced
muscle secretome is altered in insulin resistance. These results are consistent with previous
findings by Lambernd et al. who exposed human myotubes to acute (8h) and chronic (24h)
low-frequency EPS (11.5 V, 1 Hz, 2 ms) and detected significantly higher levels of IL-6 in the
CM after both acute and chronic EPS (171). Using MIA, we aimed to simultaneously detect
other known exercise-induced myokines, but only a modest increase (LIF, VEGF, MCP-1) or
no increase (IL-8, SPARC) was observed for the tested exerkines in the CM of insulin sensitive
myotubes, which also appeared to be donor-dependent. Previous studies validated EPS-
induced muscle contraction by measuring significantly increased levels of the exerkines LIF
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and IL-8 after 48 hours (30 V, 1 Hz, 2 ms) (70) and VEGF after 24 hours (11.5V, 1 Hz, 2 ms)
(171) in human myotubes or MCP-1 after 24 hours (11.5 V, 1 Hz, 2 ms) in C2C12 myotubes
(191), suggesting that the duration of low-frequency EPS significantly affects the myokine
secretion profile in both C2C12 and human myotubes. Interestingly, pro-inflammatory factors,
such as MIF, MCP-1 and IL-8 were upregulated in the CM of insulin resistant cells, suggesting
that palmitate treatment affected the secretion of these cytokines.

Using our cell culture model, we were able to show that insulin signaling was significantly
impaired after exposure of human myotubes to 800 uM palmitate, which is consistent with
previously reported results from Batista et al., monitoring impaired insulin signaling in muscle
cells from diabetic (T2DM) patients (219). Furthermore, non-targeted MS secretome analysis
showed that the contraction-induced myokine secretion profile is altered in insulin resistance,
which was further confirmed by targeted secretome analysis showing a significant decrease in
IL-6 secretion in response to acute low-frequency EPS in insulin resistant cells.

4.4 Different mechanisms that may cause alterations in the
secretome in insulin resistance

In this study, we observed that the secretomes of insulin sensitive and resistant myotubes are
distinct under resting and contracting conditions. Therefore, potential mechanisms responsible
for these changes remain to be elucidated and should be addressed in future experiments.
One possibility is that gene expression into proteins is altered by epigenetic modifications such
as DNA methylation and post-translational histone modification. These modifications can be
caused by environmental factors such as diet, sedentary behavior, lack of exercise and
obesity, all of which promote insulin resistance. It has been shown that the regulation of
inflammatory genes is mainly regulated by the transcription factors NF-kB, signal transducers
and activators of transcription (STAT), forkhead box protein P3 (FOXP3), interferon regulatory
factor (IRF) as well as by epigenetic modifications, resulting in increased synthesis of
inflammatory cytokines such as IL-18, IL-6 and TNF-a, triggering inflammation and promoting
the development of insulin resistance (220). Interestingly, we observed that total IL-6 secretion
levels were increased in palmitate-treated myotubes, hence it could be hypothesized that IL-6
secretion in the insulin resistant state could be caused by epigenetic modifications at the
transcriptional level, which could be validated by qPCR.

Moreover, another level of regulation is the post-transcriptional control of gene expression by
microRNAs (miRNAs) and RNA-binding proteins (RBS), which play a critical role in metabolic
homeostasis and are altered in metabolic diseases, including insulin resistance and T2DM.
Some RBS and miRNAs have a major direct impact on insulin signaling pathway, for instance,
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by influencing the expression of key components such as IR and IRS, resulting in dysregulation
of insulin signaling cascade (221). Therefore, post-transcriptional gene expression alterations
may also affect protein secretion pathways, which may explain why the two muscle secretomes
differ.

Furthermore, we observed changes in the secretory pattern in insulin resistant myotubes, as
notably more myokines were secreted by conventional and unconventional secretory
pathways. Another possible reason for these differences may be that protein trafficking routes
are affected and altered in insulin resistance. For instance, 31% of the EPS-induced myokines
secreted by insulin resistant cells were transported and released via the classical secretory
pathway, which increased the number of “SP+” proteins by 7% compared to the secretome of
contracting insulin sensitive myotubes. Interestingly, the percentage of unconventionally
secreted “SP-" myokines was doubled, as 24% were secreted by insulin resistant contracting
myotubes. This unique myokine signature in the insulin resistant state suggests that more
myokines are secreted via UPS pathways, such as the Type Il pathway using vesicular
structures (e.g. MVB) to translocate to the plasma membrane. Fusion of vesicles with the
plasma membrane (exocytosis) to translocate proteins into the extracellular space is also
regulated by SNARE proteins (222). In response to insulin, SNARE proteins mediate the
docking and fusion of the GSV with the plasma membrane, allowing GLUT4 to be inserted into
the plasma membrane and cargo proteins released into the extracellular space. Exocytosis is
regulated by two SNARE proteins: v-SNAREs (e.g. VAMP2) located on the membrane of the
transport vesicle (e.g. GSV) and t-SNAREs (syntaxin) located on the target membrane (e.g.
plasma membrane). It has been reported that defective GLUT4 translocation in insulin
resistance and T2DM is associated with defects in SNARE proteins (223, 224). Deficiencies in
these exocytosis proteins could be another reason why the myokine secretion profile is altered

in insulin resistant myotubes.

Moreover, the activity of most proteins in T2DM is modulated by the presence of post-
translational modifications (PTM) such as phosphorylation, N-glycosylation, O-GlcNAcylation,
acetylation and advanced glycation end products, which can be assessed using proteomic
technologies (225). Batista et al. performed phosphoproteomics of insulin resistant cells from
T2DM patients and showed that over 1,000 protein events were dysregulated in diabetic
patients, most of them in an insulin-dependent manner (219). These changes in PTM in insulin
resistant cells may also affect secretory pathways and therefore may be another explanation
for the differences in muscle secretomes between insulin resistant and insulin sensitive cells.
Moreover, we showed that insulin signaling was disrupted in insulin resistant myotubes as
indicated by significant changes in AKT phosphorylation (Ser-417, Thr-308). Since exercise is
known to improve insulin sensitivity, it could be speculated that EPS may ameliorate these
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changes in PTM in insulin resistant cells and have a beneficial effect on insulin signaling by

reversing palmitate-induced insulin resistance.

Direct comparison of EPS-induced secretomes from insulin sensitive and resistant myotubes
revealed striking differences in myokine secretion patterns with only four common proteins in
the regulated secretomes. EPS-induced IL-6 secretion was significantly altered in insulin
resistant myotubes, raising the question of what drives the differences in protein secretion.
One possible mechanism may be changes in histone deacetlyase 5 (HDACS5) in insulin
resistance, which has recently been proposed to be the major regulator of IL-6 synthesis and
secretion from skeletal muscle (226). Our group previously showed that knockdown of Hdac5
in C2C12 myotubes promoted an increase in IL-6 gene expression and secretion. Moreover,
EPS (24h, 11.5 V, 1 Hz, 2 ms) of Hdac5 deficient C2C12 myotubes further increased IL-6
transcription (226). Another study showed that contraction-induced AMPK activation led to
increased phosphorylation of HDACS5, possibly resulting in its nuclear exclusion and
subsequent alterations in histone acetylation (227). Therefore, insulin resistance may be
caused by epigenetic modifications on HDAC5 that can be reversed by EPS, explaining why
IL-6 secretion was altered in insulin resistant cells, but still significant in response to EPS. This
speculation could be tested by measuring Hdac5 expression by RT-gPCR or changes in
histone acetylation in unstimulated and EPS-stimulated insulin resistant cells. It therefore
remains to be clarified to what extent epigenetic changes influence myokine secretion.

In conclusion, we have shown that the muscle secretomes of insulin sensitive and resistant
myotubes are distinct, under resting and contracting conditions. These differences may be
driven by different factors, including epigenetic modifications, post-transcriptional changes and
dysfunctional vesicle trafficking, which affect protein secretion caused by insulin resistance.
However, these hypotheses remain speculative and need to be tested in further approaches.

4.5 Exercise-induced myokines as biomarkers

It has been hypothesized that contraction-induced myokines (exerkines) promote the beneficial
health effects of exercise, but the underlying mechanisms are still unclear. Recent studies have
shown that CM obtained from skeletal muscle after exercise/muscle contraction has a
beneficial effect on glucose and lipid metabolism in the periphery. Laurens et al. exposed
HSKMCs to an acute intense EPS protocol (3h, 10 V, 24 ms, 0.5 Hz) and a chronic moderate
EPS protocol (24h, 10 V, 2 ms, 0.1 Hz) and exposed human adipocytes to the EPS-induced
CM to identify novel exerkines that promote lipolysis in adipose tissue. Indeed, they found that
adipose tissue lipolysis was significantly increased after exposure to CM from contracting
skeletal muscle cells and identified growth and differentiation factor 15 (GDF15) as a novel
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exerkine that promotes lipolysis (176). Another cross-talk study by Barlow et al. investigated
the effect of contraction-induced CM on insulin secretion in pancreatic beta cells. Therefore,
C2C12 myotubes were exposed to a chronic EPS protocol (24h, 40 V, 1 Hz, 2 ms) and CM
was transferred to INS-1 832/3 cells (pseudoislets) in real time. Interestingly, EPS-induced CM
significantly increased insulin secretion in INS-1 832/3 cells. Furthermore, CM was shown to
significantly increase insulin secretion in palmitate-pretreated pseudoislets as well as insulin
secretion in T2DM patients (178). Taken together, these findings confirm that contraction-
induced myokines are involved in mediating the health-promoting effects of exercise. It
remains to be elucidated whether it is the combination of exerkines or single factors that
mediate these effects, and therefore it is of paramount importance to further investigate the
muscle secretome to identify novel contraction-induced factors and subsequently determine
their autocrine, paracrine and endocrine effects on substrate metabolism.

In this thesis, we propose a selection of novel contraction-induced myokines that are
differentially regulated in response to acute low-frequency EPS of either C2C12 or human
myotubes, which will be discussed in the following sections. All myokines described below
have been classified as “classically secreted proteins” (SP+) and further information is
provided in Supplemental Table 8.

Angiopoietin-related protein 4

Angiopoietin-related protein 4 (ANGPTL4) is a ubiquitously expressed protein that is released
into the systemic circulation by various cell types and is involved in lipid and glucose
metabolism (46, 72). It acts as an inhibitor of lipoprotein lipase (LPL), an enzyme that
hydrolyzes triacylglycerol-rich lipoproteins into fatty acids that are taken up by adipose tissue
and skeletal muscle, promoting elevated plasma triacylglycerol levels associated with obesity
and insulin resistance (228). Its role in diet-induced obesity and related metabolic dysfunctions
remains unclear. Janssen et al. generated ANGPTL’ mice and fed them a Western-style diet
rich in unsaturated fatty acids and cholesterol. Interestingly, metabolic characterization of the
knockout animals revealed improved glucose tolerance compared to wildtype animals (228).
Thus targeting and inhibiting ANGPTL4 could ameliorate metabolic dysfunctions such as
glucose intolerance. Another study by Cinkajzlova et al. measured elevated plasma levels of
circulating ANGPTL4 in obese patients with or without T2DM (72), suggesting that elevated
levels of ANGPTL4 might serve as a potential biomarker for the onset of metabolic diseases
(e.g. T2DM). In contrast, angiopoietin-related protein 4 has previously been described as an
exercise-induced myokine and is also released from hepatocytes in response to exercise (229,
230). Scheler et al. exposed primary HSKMCs to EPS (14 V, 5 Hz, 2 ms) and measured
significantly increased mRNA expression levels of ANGPTL4 after four hours of stimulation
and increased plasma levels after eight hours of EPS (69). In contrast, Catoire et al. conducted
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an in vivo one-legged acute endurance exercise study (1h of cycling) in humans and described
higher circulating levels of ANGPTL4 in the non-exercising leg compared to the exercising leg
(231).

In this study, we identified angiopoietin-related protein 4 as a myokine in the CM of C2C12 and
human myotubes. In previous MS-based secretome studies, Angiopoietin-related protein 4
was also detected as a muscle-secreted protein in the cell culture supernatant of C2C12
myotubes (192, 200) and human myotubes (208). We observed that palmitate treatment
significantly increased ANGPTL4 protein levels in the CM of insulin resistant human myotubes.
Furthermore, EPS significantly induced ANGPTL4 protein secretion in the muscle secretome
of insulin resistant human myotubes compared to EPS-treated insulin sensitive cells. However,
it remains uncertain whether this effect is due to EPS or the pretreatment with palmitate. In
conclusion, further studies are needed to elucidate the extracellular function of secreted
muscle-derived angiopoietin-related protein 4 in the context of exercise, as the literature is still
controversial. Cell culture-based studies can help to explore the molecular functions of
angiopoietin-related protein 4 by exposing myocytes and adipocytes to higher ANGPTL4 levels
measuring its effect on substrate metabolism (e.g. insulin-stimulated glucose uptake, glycogen
synthesis, fatty acid oxidation, glucose-stimulated insulin secretion).

Osteopontin

Osteopontin (OPN) or secreted phosphoprotein 1 (SPP1) is an extracellular matrix protein
originally identified by Franzén et al. as a major component of bone tissue (232), but now
known to be involved in several physiological and pathological processes, including adipose
tissue inflammation, insulin resistance and diabetes (233, 234). In addition to being expressed
in osteoblasts and osteocytes, osteopontin is also found in several other cell types such as
macrophages, T-cells and skeletal muscle cells (234). Osteopontin acts as a cytokine and
macrophage chemoattractant that recruits macrophages to adipose tissue and causes an
inflammatory state. Especially adipose tissue secreted cytokines (adipokines) such as IL-6,
MCP-1 and TNF-a are associated with obesity and the development of insulin resistance (235).
Recent studies have reported that obesity-induced low grade inflammation in adipose tissue
led to increased levels of OPN in both adipose tissue and plasma (236, 237). In another study,
higher levels of circulating OPN were observed in T2DM patients compared to non-diabetic
patients, which correlated positively with IL-6, MCP-1 and TNF-a secretion (238). Furthermore,
in a diet-induced obesity model in mice, increased plasma OPN levels were observed, while
knockout animals (opn”) improved insulin sensitivity (239), suggesting that pharmacological
targeting of osteopontin may enhance insulin sensitivity. These previous findings suggest that
osteopontin, when secreted at higher levels by macrophages, promotes inflammation in
adipose tissue and therefore could serve as a potential biomarker for the onset of metabolic
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disorders. However, little is known about the extracellular functions of osteopontin, which is
derived from contracting skeletal muscle cells.

In this study, we detected osteopontin as a myokine in the CM of C2C12 myotubes, which
interestingly was not identified in the CM of primary human myotubes. Previous MS-based
secretome studies also detected osteopontin in the CM of C2C12 myotubes (192, 200), yet it
has not been described in any human MS-based secretome study, hence skeletal muscle
secretion of osteopontin might be species dependent. We observed that osteopontin was
secreted from C2C12 myotubes in response to muscle contraction and was significantly
increased in the CM after six hours of acute low-frequency EPS. These findings are consistent
with previous results of our group that also described increased osteopontin secretion in the
CM of C2C12 myotubes exposed to acute (6h) and chronic (24h) low-frequency EPS (11.5 V,
2 ms, 1 Hz) (MD thesis, Carolin Brigge, 2024). In contrast, Verheggen et al. showed that
plasma levels of circulating osteopontin did not change before and after exercise interventions.
They also found no differences in osteopontin mRNA levels at the mRNA levels in skeletal
muscle cells between the two groups, leading them to conclude that osteopontin is not
associated with exercise-induced improvements in insulin sensitivity (240). In summary,
osteopontin may be a novel contraction-regulated myokine that mediates anti-inflammatory
effects when released by skeletal muscle in response to exercise, but exercise studies are
scarce and findings are controversial. For some cytokines (e.g. IL-6) both anti-inflammatory
and pro-inflammatory effects have been described, depending on the origin of the secreting
cell and the signaling pathways (241). Therefore, future studies are needed to investigate the
role and function of contraction-induced muscle secreted osteopontin in the context of insulin
sensitivity and glucose and lipid metabolism. Cell culture studies can help to explore the
function of muscle-derived osteopontin on glucose-stimulated insulin secretion in pancreatic

beta cells or insulin-stimulated glucose uptake in myocytes and adipocytes.

CD44 antigen

The CD44 antigen is a cell surface glycoprotein with an extracellular domain (ectodomain) that
binds to its classical ligands hyaluronan (HA) and osteopontin (OPN). There is increasing
evidence that CD44 is implicated in the regulation of glucose and lipid homeostasis and
therefore plays an important role in the development of metabolic diseases such as obesity
and diabetes, but the underlying mechanisms have yet to be uncovered (242). CD44 receptor
is expressed in various metabolic organs. High levels of CD44 promote the development of
insulin resistance and diabetes by facilitating immune cell infiltration and inflammation in
adipose tissue and the liver and by reducing insulin sensitivity and glucose uptake in skeletal
muscle (242). Hasib et al. determined the role of CD44 in skeletal muscle by confirming that
global CD44-deficient (cd44”) mice fed a high-fat diet were less susceptible to develop skeletal
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muscle insulin resistance. Pharmacological intervention then confirmed that the HA-CD44
interaction was required for diet-induced insulin resistance in skeletal muscle (243), suggesting
a critical role for the CD44 receptor in the development of muscle insulin resistance and
therefore a potential pharmacological target for diabetes therapy. The ectodomain of CD44 is
released from the cell surface as a soluble protein (98), which is mediated by an irreversible
post-translational modification process called ectodomain shedding (UPS), in which the
ectodomain is cleaved by a sheddase (protease) (97). The extracellular functions of the soluble
CD44 secretory protein in the context of skeletal muscle secretion and exercise have not yet
been described.

In this study we identified CD44 as a myokine, which was secreted in the CM of C2C12 and
human myotubes. Previous MS-studies also detected CD44 in the cell culture supernatant
released by C2C12 cells (192, 200, 206) and HSKkMCs (208, 210, 244). Interestingly, acute
low-frequency EPS significantly decreased CD44 levels in the CM of C2C12 myotubes. These
results suggest that CD44 may be a novel exercise-regulated myokine. Downregulation of
CD44 may improve insulin sensitivity by reducing binding to its pro-inflammatory ligands
osteopontin and hyaluronan. However, these results were not be reproduced in human
myotubes. Therefore, further functional experiments are needed to clarify the role and function
of muscle-derived extracellular CD44 and to determine whether targeting this protein could
increase insulin sensitivity in skeletal muscle and possibly other metabolic organs.

Apolipoprotein D

Apolipoprotein D (ApoD) is a small (29 kDa) glycoprotein that is part of the human plasma
lipoprotein system and involved in the regulation of the transport of small hydrophobic
molecules. It is widely distributed in several tissues and strongest expressed in the central
nervous system (245). In particular, the neuroprotective and anti-inflammatory functions of
apolipoprotein D in neurodegenerative diseases have been the focus of many research studies
in recent years (246-250). Apparently, apolipoprotein D is also linked to insulin signaling and
lipid metabolism in humans, as an association between apolipoprotein D polymorphism and
diabetes, obesity and hyperinsulinemia was reported (251, 252). Recently, Desmarais et al.
demonstrated that high protein levels of ApoD in the adipose tissue (round ligament) of obese
women correlated positively with lower plasma insulin levels and insulin resistance as well as
increased insulin sensitivity. In addition, lower circulating levels of the pro-inflammatory
cytokine TNF-a were also linked to higher adipose tissue ApoD protein levels, indicating that
higher ApoD levels are associated with improved metabolic health parameters in obese
women (253). Moreover, apolipoprotein D has been associated with osteopontin, a critical
regulator of adipose tissue inflammation, as it recruits and activates macrophages, as
described above. Interestingly, apolipoprotein D was shown by Jin et al. to reduce osteopontin-
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mediated macrophage tissue infiltration (254), suggesting that apolipoprotein D may serve as
a pharmaceutical target, as it suppresses osteopontin-mediated inflammatory functions and
therefore may mediate health benefits such as reducing adipose tissue inflammation.

In this study, apolipoprotein D was identified as a myokine secreted in the CM of C2C12 and
human myotubes. It was previously detected by MS-analyses in the muscle secretome of
C2C12 myotubes (200) and HSKMCs (244). Acute low-frequency EPS significantly increased
ApoD protein levels in the cell culture supernatant of insulin sensitive human myotubes,
suggesting that it is released by skeletal muscle in response to exercise. It can be hypothesized
that contraction-induced muscle-derived apolipoprotein D may mediate beneficial health
effects by blocking osteopontin and thereby reducing macrophage tissue infiltration. To test
this theory, in vitro studies using 3T3-L1 cells (adipocytes) and myocytes (C2C12, HSKMCs)
are required that expose these cells to muscle-derived apolipoprotein D and subsequently
measure OPN levels (MRNA and protein levels) in these insulin resistant metabolic tissues
using targeted approaches such as RT-gPCR and enzyme-linked immunosorbent assay
(ELISA) or MIA.

Gremlin-1

Gremlin-1 (GREM1) is a member of the transforming growth factor-beta (TGF-B) superfamily
and has been implicated in several physiological and pathological processes, including wound
healing, inflammation, cancer, and tissue fibrosis (255). In addition, several studies have
reported a link between increased circulating levels of gremlin-1 and metabolic diseases such
as obesity, insulin resistance and T2DM (256, 257). Recently, Hedjazifar et al. suggested that
the major source of circulating gremlin-1 is likely to be the adipose tissue therefore defined
gremlin-1 as a novel adipokine that plays a critical role in glucose metabolism and insulin
sensitivity (256). Gustafson et al. showed that gremlin-1 mRNA expression was increased in
hypertrophic obese patients, which was positively correlated with adipose cell size, body mass
index (BMI) (258) and percentage of body fat (256). Furthermore, Hedjazifar et al. confirmed
that both gremlin-1 mRNA levels and plasma protein levels were increased in patients with
insulin resistance and T2DM patients. Additionally, they showed that circulating gremlin-1
directly antagonizes insulin signaling, as it significantly impaired insulin-induced
phosphorylation of AKT (Ser473) in all three insulin target tissues (adipose tissue, skeletal
muscle, liver) (256). Interestingly, physical exercise promoted normalization of elevated
gremlin-1 levels, which correlated with a reduced risk of developing further complications (e.g.
cardiovascular) associated with metabolic diseases (259). Furthermore, massive weight loss
(approx. 50 kg) after bariatric surgery significantly reduced gremlin-1 expression levels in the
adipose tissue. However, the extracellular role of circulating gremlin-1 is far from being
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understood, but it may serve as a potential biomarker to monitor pathogenic processes in
patients with metabolic diseases (256).

In this study, gremlin-1 was secreted by C2C12 and human myotubes in the cell culture
supernatant and was therefore identified as a myokine. Previous MS-based secretome studies
also confirmed gremlin-1 as a myokine released by C2C12 cells (192, 200) and HSkMCs (208).
Moreover, we identified gremlin-1 as a classically secreted protein (SP+), which was previously
confirmed by other studies, as it structure shows that it contains a signal peptide sequence at
the N-terminus (255, 260). Acute low-frequency EPS significantly increased gremlin-1 protein
levels in the CM of C2C12 myotubes. Interestingly, further results from our workgroup
confirmed that gremlin-1 acts as an exercise-induced myokine, as significantly increased
secreted protein levels were detected in the CM from insulin resistant C2C12 myotubes that
were subjected to a chronic (24h) low-frequency EPS protocol (11.5V, 2 ms, 1 Hz) (MD thesis,
Michelle Deatc, 2024). Furthermore, data alignment with the literature revealed that Gonzalez-
Franquesa et al. also identified gremlin-1 as a contraction-induced myokine in the CM of
C2C12 myotubes also subjected to the same chronic low-frequency EPS protocol (24h, 11.5
V, 2 ms, 1 Hz) (192). Taken together, these findings suggest that gremlin-1 is secreted by
skeletal muscle in addition to adipose tissue and can therefore be described as an adipo-
myokine. Moreover, our results and recent literature suggest that gremlin-1 is a novel exercise-
induced myokine (exerkine) that responds to both, acute (6h) and chronic (24h) low-frequency
EPS, even in insulin resistant muscle cells (MD thesis, Michelle Deatc, 2024). Dual roles of
adipo-myokines (e.g. IL-6) have been described, exterting anti-inflammatory and pro-
inflammatory effects (241). Therefore, it is possible that exercise-induced gremlin-1 released
from skeletal muscle has positive effects on metabolic organs. Hence, future cell-based
functional assays are required to determine the role and function of gremlin-1 on glucose
metabolism (e.g. insulin-stimulated glucose uptake, glycogen synthesis), lipid metabolism (e.g.
fatty acid oxidation) or insulin sensitivity (e.g. glucose-stimulated insulin secretion) in metabolic
organs (adipose tissue, skeletal muscle, pancreas)

Adiponectin

Adiponectin (ADIPOQ) was originally described as an adipokine involved in the regulation of
numerous metabolic processes such as glycemic control and fatty acid oxidation (261-263). It
is also expressed in various organs, including skeletal muscle, where it improves insulin
sensitivity (264). Under pathological conditions, adiponectin mediates protective effects in
various cell types by suppressing cell death, inhibiting inflammation and increasing cell survival
(262). Moreover, adiponectin plasma levels negatively correlate with obesity-related metabolic
disorders such as insulin resistance and T2DM, as they were reduced in these patients (263).
Recently, adiponectin has been identified as a myokine that acts in an autocrine and paracrine
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fashion via binding to its receptors AdipoR-1 (skeletal muscle) and AdipoR-2 (liver) (265-267).
Apparently, adiponectin is induced in skeletal muscle by various metabolic stimuli (e.g.
inflammation, oxidative stress, exercise) and is involved in the regulation of several processes
in skeletal muscle, such as insulin signaling, intramyocellular Ca?* concentration, muscle
mass, inflammation and autophagy (263, 264). Furthermore, it has been suggested that
muscle-derived adiponectin mainly affects oxidative pathways and mitochondrial function
(264). The effects of exercise on skeletal muscle adiponectin induction have also been studied
using various in vivo exercise regimens (e.g. treadmill training, swimming) in rodents, but the
results were controversial. One study reported an increase in adiponectin mRNA expression
in the gastrocnemius muscle of rats as well as elevated circulating protein levels after six
months of treadmill training. They also showed increased expression of AdipoR-1 and
phosphorylation of AMPKa in L6 myoblasts exposed to the serum of previously exercising rats
(268). Another group confirmed these results as they found significantly increased mRNA
expression of adiponectin in gastrocnemius muscle in mice after 10 weeks of constant-
moderate intensity treadmill training (269). However, another study observed no exercise-
induced changes in total adiponectin protein in the soleus muscle of rats following 12 weeks
of low, moderate and high-intense treadmill training (270). In addition, various animal models
of obesity have been developed to investigate the effects of exercise (e.g. treadmill training,
swimming) on adiponectin induction in skeletal muscle. Several research groups observed
significantly increased adiponectin mRNA expression after nine weeks of swimming in the
gastrocnemius muscle of obese rats (271) and higher protein levels of AdipoR-1 after 12 weeks
of swimming in muscle of obese mice (272). In contrast, another study observed no exercise-
induced changes in AdipoR-1 protein levels in obese C57BL5 mice at moderate intensity on a
treadmill for eight weeks (273). That said, it is important to clarify the role of different muscle
groups and types of exercise in the induction of skeletal muscle adiponectin in future studies.

In this study, we identified adiponectin as a muscle-derived secreted protein in the CM of
C2C12 and human myotubes. Previous MS secretome studies also detected adiponectin as a
myokine in the cell culture supernatant of C2C12 myotubes (192, 215), yet we are the first to
quantify adiponectin in the CM of HSKMCs by MS analysis. Moreover, acute low-frequency
EPS significantly increased secreted adiponectin protein levels in the CM of C2C12 myotubes,
however, this effect was not observed in human myotubes. To date, there are no studies on
exercise-induced adiponectin and its role in human skeletal muscle (264). Therefore, the
extracellular function of exercise-induced muscle-derived adiponectin and its autocrine,
paracrine and endocrine effects on other metabolic tissues need to be elucidated. Cell-culture
based assays can help to uncover whether adiponectin has health-promoting effects on
glucose and lipid metabolism in metabolically active organs (e.g. adipose tissue, skeletal
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muscle). Therefore, adipocytes and myocytes could be exposed to adiponectin to measure its

influence on insulin-stimulated glucose uptake.

Adipsin/ complement factor D

Adipsin, also known as complement factor D (CFD), was originally defined in 1987 by the
Spiegelman and Flier laboratories as the first adipokine produced and secreted by 3T3
adipocytes, a small protein (28 kDa) belonging to the serine protease family (274, 275). It is
responsible for maintaining adipose tissue homeostasis and induces glucose-mediated insulin
secretion in pancreatic beta cells. Moreover, it also regulates the alternative complement
pathway by catalyzing C3a (activated component 3 (C3)) production, which promotes insulin
secretion from pancreatic beta cells (276-278). Several studies reported that C3a levels are a
risk factor for the development of diabetes (279-281) and Song et al. recently suggested an
association between familial C3a deficiency and obesity including its related metabolic
diseases (282). Tafere et al. reviewed multiple studies that measured decreased circulating
levels of adipsin in patients with T2DM. Since it was shown that adipose tissue-derived adipsin
plays an important role in regulating adipose tissue homeostasis and increasing glucose-
stimulated insulin secretion, it is a promising novel biomarker for monitoring the early onset of
T2DM, hence further studies are required to unravel the mechanism by which adipsin
enhances insulin secretion in pancreatic beta cells (278). Furthermore, adipsin is also
expressed in other organs including skeletal muscle (283) and was previously identified by our
group in the muscle secretome of primary human myotubes using high-resolution MS (244).

In this study, we also identified adipsin as a myokine in the muscle secretome of primary
human myotubes, but we did not detect it in the CM of C2C12 myotubes, nor was it detected
as a myokine released by C2C12 cells in previous MS-based secretomes. Acute low-frequency
EPS significantly increased the secreted levels of adipsin in the CM of insulin sensitive human
myotubes. Interestingly, the same effect was observed for EPS-induced secreted adipsin from
insulin resistant human myotubes. These findings suggest that adipsin is a novel adipo-
myokine induced by exercise in both insulin sensitive and resistant skeletal muscle (exerkine).
Therefore, it may mediate insulin sensitizing effects even in insulin resistant muscle, and
further experimental cell-culture based studies are required in order to determine the function
of extracellular muscle-derived adipsin on substrate metabolism. An interesting approach
would be to test whether muscle-derived adipsin also has a positive effect on glucose-
stimulated insulin secretion in pancreatic islet cells (beta cells).

Complement c1q tumor necrosis factor-related protein 3
C1g/TNF-related protein-3 (CTRP3) (previously referred to as CORS26 or alternatively
cartducin and cartonectin) is a novel adipokine containing a globular C1g domain that is also
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expressed in other cytokines such as TNF-a and adiponectin. Together, they all belong to the
C1q/TNF superfamily, which is involved in metabolism, inflammation and survival signaling in
various tissues (284). It is a hydrophobic secreted protein that most likely mediates its
physiological functions through endocrine mechanisms (285, 286). In vitro and in vivo studies
have confirmed that C1g/TNF-related protein-3 is predominantly expressed in differentiated
adipocytes (286-288), but it is also present in multiple other tissues, including skeletal muscle
(289). In vitro studies have shown that as an adipokine, it promotes the secretion of other
adipokines, weakens inflammatory signaling, enhances proliferation and differentiation, and
increases haptic lipid oxidation. (285, 290-292). The role of C1g/TNF-related protein-3 in the
context of T2DM and obesity is controversial in the literature. Circulating C1g/TNF-related
protein-3 levels have been reported to be increased, unaffected or reduced in patients with
obesity and/or T2DM (284). Several studies reported that circulating C1q/TNF-related protein-
3 levels were decreased when circulating pro-inflammatory factors such as TNF-a, IL-6 and
C-reactive protein (CRP) were increased in obese/T2DM patients, describing a negative
correlation, which may suggest that C1g/TNF-related protein-3 may mediate anti-inflammatory
effects (293-295). It was also observed that circulating C1g/TNF-related protein-3 levels were
significantly increased in women compared to men (296-298), suggesting that gender plays a
critical role. Furthermore, Choi et al. showed that circulating C1g/TNF-related protein-3 levels
were reduced by 15% in obese Korean women after three months of exercise. However, it is
uncertain whether the reduction in circulating C1g/TNF-related protein-3 levels was due to the
exercise program or the loss of body weight (296), so the role of exercise on circulating
C1q/TNF-related protein-3 levels remains to be elucidated.

In this study, we identified C1g/TNF-related protein-3 as a skeletal muscle-derived secreted
protein in the CM of C2C12 and human myotubes. Previous MS-based secretome studies also
detected C1g/TNF-related protein-3 in the cell culture supernatant of C2C12 cells (192, 200,
206, 215), yet we are the first to describe this protein also secreted from human myotubes.
Bioinformatic analysis classified C1g/TNF-related protein-3 as a classically secreted myokine
(SP+), which is likely as previous literature described that the protein structure contains an N-
terminal hydrophobic signaling peptide sequence (299). In addition, its sequence has been
described to be 38% homologous to adiponectin in mice and 36% in humans (284), suggesting
that it may have similar endocrine effects, as both proteins belong to the C1g/TNF superfamily.
Acute low-frequency EPS induced a significant increase in extracellular C1g/TNF-related
protein-3 levels in the CM of insulin sensitive human myotubes, indicating that it may be a
novel exercise-induced myokine. Hence, we propose that C1g/TNF-related protein-3 is a novel
adipo-myokine secreted by skeletal muscle in response to exercise. It is possible that the anti-
inflammatory effects of circulating C1g/TNF-related protein-3 are additionally mediated by
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muscle-derived C1qg/TNF-related protein-3. This theory needs to be tested in future
experiments. For instance, insulin sensitivity and anti-inflammatory effects mediated by
C1q/TNF-related protein-3 could be tested by exposing insulin resistant adipocytes and
myocytes to high levels of C1g/TNF-related protein-3 and then measuring insulin-stimulated
glucose uptake in both tissues as well as mMRNA levels (e.g. RT-gPCR) and protein secretion
levels (ELISA, MIA) of representative pro-inflammatory cytokines such as IL-6 and TNF-a.
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5 Conclusion

In this thesis, the secretomes of murine and human skeletal muscle cells were studied using a
non-targeted MS-based approach to expand the knowledge of the secretory profile of
myokines under physiological and pathological conditions. We were the first to compare
contraction-induced muscle secretomes across the two species and were able to show that
the muscle secretome changes depend on the cell culture model. This was demonstrated by
different myokines induced by EPS in the CM of C2C12 and human myotubes. Also,
comparison of our data with the literature showed that myokine secretion varies depending on
the EPS protocol. Moreover, we were the first to analyze the muscle secretome of resting and
contracting insulin resistant primary human myotubes and showed that the myokine profile
was altered in the insulin resistant state. A comprehensive analysis of the muscle secretomes
revealed striking differences in the myokine pattern in contracting insulin resistant compared
to insulin sensitive human myotubes. Furthermore, bioinformatic prediction analysis suggests
changes in secretory pathways in the insulin resistant state, resulting in a shift in the balance
between classical and unconventional secretory pathways. These changes may affect, at least
in part, the metabolic response to exercise in patients with T2DM.

Taken together, we extended the knowledge on i) the contraction-induced myokine secretion
profile of C2C12 myotubes and ii) the contraction-induced myokine secretion profile of insulin
sensitive and resistant human myotubes in response to acute (6h) low-frequency EPS.
Furthermore, we proposed novel exercise-induced myokines, some of which have already
been described as adipokines and are most likely involved in muscle-organ crosstalk mediating
health-promoting effects on whole-body metabolism. The discovery of potential novel exercise-
induced myokines could significantly enhance our comprehension of the health benefits
associated with physical activity and pave the way for the elucidation of the underlying
mechanisms. In addition, the identification of contraction-induced myokines and their beneficial
influence on substrate metabolism could also be of great importance for individuals who do not
respond to exercise (“non-responders”). To conclude, these secreted factors could serve as
biomarkers for different training interventions (anaerobic vs aerobic training) in order to tailor

a personalized training therapy to suit individual needs.

Moreover, comparative secretome analyses underscore the importance of studies using
HSkKMCs to translate the knowledge gained to the human system. Therefore, further studies
are needed to determine i) the underlying mechanisms causing the changes in the myokine
profile of insulin resistant HSkMCs and ii) the impact of contraction-induced myokines on the
substrate metabolism.
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7.2 Abbreviations

AGC
AMPK
ANGPTL4
ApoD
APS
BCA
BDNF
BMI
BSA
CaMKK
CFD
CFTR
CM
DAG
DDA
DMEM
DMSO
DPBS
DTT
EDTA
EGTA
EPS
EtOH
EV
FAIMS
FASP
FBS
FFA
FGF-2
FGF-21
FST
FSTL1
GAPDH
GLUT4
GOCC

Automatic gain control

5'-adenosine monophosphate-activated protein kinase
Angiopoietin-related protein 4

Apolipoprotein D

Ammonium persulfate

Bicinchonic acid assay

Brain-derived neurotrophic factor

Body mass index

Bovine serum albumin

Ca2+/ calmodulin-dependent protein kinase kinase
Complement factor 1 / Adipisin

Cystic fibrosis transmembrane conductance regulator
Conditioned media

Diacylglycerol(s)

Data dependent acquisition

Dulbecco’s Modified Eagle Medium

Dimethyl sulfoxide

Dulbecco’s Phosphate Buffered Saline

Dithiothreitol

Ethylenediaminetetraacetic acid
Ethyleneglycol-bis(aminoethylether)-N,N,N’,N'-tetraacetic acid
Electrical pulse stimulation

Ethanol

Extracellular vesicles

High field asymmetric waveform ion mobility spectrometry
Filter-aided sample preparation

Fetal bovine serum

Free fatty acid(s)

Fibroblast growth factor 2

Fibroblast growth factor 21

Follistatin

Follistatin-like 1

Glyceraldehyde 3-phosphate dehydrogenase
Glucose transporter type 4

Gene Ontology cellular component
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GREM1
GSK3
H.0
HCD
HCI
HPLC
HRP
HS
HSkMCs
HSMM
I1AA
IGF-1
IL
IMCL
IRS
KCI
KOH
LC
LDH
LIF
LKB1
LY
MCP-1
MeCN
MeOH
MgSO,
MIA
MP
MRF
MS
MVB
Myf5
MyoD
MyoG
Na:HPO,
NaCl
NaHCO;

Gremlin-1

Glycogen synthase kinase 3

Water

Higher-energy collisional dissociation
Hydrochloric acid

High Performance Liquid Chromatography
Horseradish peroxidase

Horse serum

Human skeletal muscle cells
Human skeletal muscle myoblasts
lodoacetamide

Insulin-like growth factor 1
Interleukin

Intramyocellular lipids

Insulin receptor substrate
Potassium chloride

Potassium hydroxide

Liquid Chromatography

Lactate dehydrogenase

Leukemia inhibitory factor

Liver kinase B1

LY294002

Monocyte chemoattractant protein-1
Acetonitrile

Methanol

x7H20 Magnesium sulphate heptahydrate
Multiplex immunoassays

Milk powder

Myogenic regulator factor

Mass spectrometry

Multivesicular bodies

Myogenic factor 5

Myoblast determination protein 1
Myogenin

Disodium hydrogen phosphate
Sodium chloride

Sodium hydrogen carbonate
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0-H3PO,
OPN / SPP1
PBS

PCA

pPD™
PI3K

PIP;

PIP;
PKB/AKT
PRAS40
PSM
qRT-PCR
ROS

SDS
SDS-PAGE
SEM
SNARE
SP
SPARC
T1DM
T2DM
TBC1D1/4
TBS-T
TEMED
TFA

TG

TNF-a
UPS
VEGF
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Ortho-phosphoric acid

Osteopontin / secreted phosphoprotein 1

Phosphate buffered saline

Principle component analysis

Proteome Discoverer™

Phosphoinositide 3-kinases
Phosphatidylinositol-4,5-bisphosphate
Phosphatidylinositol (3,4,5)-triphosphate

Protein kinase B

Proline-rich AKT substrate 40 kDa

Peptide spectrum match

Reverse transcription-quantitative polymerase chain reaction
Reactive oxygen species

Sodium dodecyl sulfate
Sodium-dodecylsulfate-polyacrylamide gel electrophoresis
Standard error of the mean

Soluble N-ethylmaleimide sensitive factor attachment protein receptor
Signal peptide

Secreted protein acidic and rich in cysteine

Type 1 diabetes mellitus

Type 2 diabetes mellitus

TBC1 domain familiy D1/D4

Tris-buffered saline with Tween®
N,N,N’,N'-Tetramethyl-ethylendiamin

Trifluoroacetic acid

Triglyceride(s)

Tumor necrosis factor alpha

Unconventional protein secretion

Vascular endothelial growth factor
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7.3 Supplemental Tables

Supplemental Table 1: Donors used for cell culture experiments in this thesis.
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Donor

Muscle Tissue

Cell type

Sex

Race

Age

BMI

Donor 1

Quadriceps femoris

Myoblasts

Male

Caucasian

35 years

25 kg/m?

Donor 2

Quadriceps femoris

Myoblasts

Male

Caucasian

35 years

24 kg/m?

Donor 3

Quadriceps femoris

Myoblasts

Male

Caucasian

16 years

N/A

Donor 4

Quadriceps femoris

Myoblasts

Male

Black

22 years

26 kg/m?

Donor 5

Quadriceps femoris

Myoblasts

Male

Caucasian

21 years

19 kg/m?

Supplemental Table 2: EPS-induced differentially regulated unconventionally secreted proteins in the
muscle secretome of C2C12 cells (EPS/CON).

UniProtKB

Q8VDS8
Q9oCQY1

Q8VIN1

P00329
Q8R2K1
Q9EPN1
Q8R088
P12710
P02088

055022

Q80V26

088559
P30115

Q9D1L9

Q8C196
Q9EQUS
P09602
Q8C5Q4
Q8BJK1
P23249

Gene

symbol Protein description p-value
Stx18 Syntaxin-18 1.00E-17
Atg12 Ubiquitin-like protein ATG12 1.00E-17
Pbp2 P_ho_sphatidyl_ethanolamine-

binding protein 2 1.00E-17
Adh1 Alcohol dehydrogenase 1 1.00E-17
Fuom Fucose mutarotase 1.00E-17
Nbea Neurobeachin 1.00E-17
Golph3l Golgi phosphoprotein 3-like 1.00E-17
Fabp1 Fatty acid-binding protein, liver 1.00E-17
Hbb-b1 Hemoglobin subunit beta-1 1.00E-17

Membrane-associated
Pgrmc1 progesterone receptor

component 1 1.00E-17
Bpnt2 Qolgi—resident adenosine 3,5-

bisphosphate 3’-phosphatase 1.00E-17
Men1 Menin 1.00E-17
Gsta3 Glutathione S-transferase A3 1.00E-17

Ragulator ~ complex rotein
Lamtors | VTORS i i 1.00E-17
Cpsi Carbamoyl-phosphate synthase

[ammonia], mitochondrial 1.00E-17
Set Protein SET 1.00E-17
Hmgn2 Non-histone chromosomal protein

HMG-17 2.41E-12
Grsf1 G-rich sequence factor 1 3.75E-05
Kcotd7 BTB/EOZ domain-containing

protein KCTD7 1.97E-04
Mov10 Putative helicase MOV-10 1.13E-09

Log2FC

6.64
6.64

6.64

6.64
6.64
6.64
6.64
6.64
6.64

6.64

6.64

6.64
6.64

6.64

6.64
0.95
0.92
0.77
0.75
0.61

Secretion

type
SP-
SP-

SP-

SP-
SP-
SP-
SP-
Outcyte+
Outcyte+

Outcyte+

Outcyte+

Outcyte+
Outcyte+

Outcyte+

Outcyte+
Outcyte+
SP-
SP-
SP-

Outcyte+
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Q62425
P01942
Q972D8
035143
P56565

P52503

Q8BXK9
Q91V01

QICWI3
Q9ESNG6

P56394
P62309
P62984

008997
P62274
P62862
Q8CFE2

Q8BMD8
Q8R1R3
Q9JL56

Q64433

Q9D6J6

Q9DCB1

Q9CQ40

Q9QUHO
P62307
Q9DCZz4

Q8BGD8

Q6PNCO
Q8BHGH1

Q99JI1
P32848

Ndufa4
Hba
Mbd3
Atp5if1
S100at

Ndufs6

Clich
Lpcat3
Bccip
Trim2

Cox17
Snrpg
Uba52

Atox1
Rps29
Fau; FAU
Hpf1

Slc25a24
Stard7
Gdef1

Hspe1

Ndufv2

Hmgn3

Mrpl49

Girx
Snrpf
Apoo

Coab

DmxI1
Nrdc

Mustn1
Pvalb

Cytochrome c¢ oxidase subunit
NDUFA4

Hemoglobin subunit alpha
Methyl-CpG-binding domain
protein 3

ATPase inhibitor, mitochondrial
Protein S100-A1

NADH dehydrogenase
[ubiquinone] iron-sulfur protein 6,
mitochondrial

Chloride intracellular channel
protein 5

Lysophospholipid acyltransferase
5

BRCA2 and CDKN1A-interacting
protein

Tripartite motif-containing protein
2

Cytochrome ¢ oxidase copper
chaperone

Small nuclear ribonucleoprotein G
Ubiquitin-60S ribosomal protein
L40

Copper transport protein ATOX1
40S ribosomal protein S29

40S ribosomal protein S30
Histone PARYylation factor 1
Calcium-binding  mitochondrial
carrier protein SCaMC-1
StAR-related lipid transfer protein
7, mitochondrial
Glycerophosphodiester
phosphodiesterase 1

10 kDa heat shock protein,
mitochondrial

NADH dehydrogenase
[ubiquinone]  flavoprotein 2,
mitochondrial

High mobility group nucleosome-
binding domain-containing protein
3

39S ribosomal protein L49,
mitochondrial

Glutaredoxin-1

Small nuclear ribonucleoprotein F
MICOS complex subunit Mic26
Cytochrome ¢ oxidase assembly
factor 6 homolog

DmX-like protein 1

Nardilysin

Musculoskeletal embryonic
nuclear protein 1

Parvalbumin alpha

5.33E-07
8.34E-05

2.37E-03
5.66E-12
1.66E-04

4.17E-06

5.82E-03

3.12E-02

1.56E-03

2.98E-03

1.34E-07
4.24E-09

1.26E-02
1.77E-07
2.07E-07
4.90E-05
8.80E-07

2.88E-06
1.13E-02
3.93E-02

1.19E-08

1.35E-04

1.80E-04

5.18E-03
8.21E-03
1.74E-05
1.10E-02

1.49E-02
1.82E-02
3.44E-07

9.10E-07
4.12E-04
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0.56
0.52
0.52
0.47
0.43

0.42

0.41
0.41
0.39
0.39

0.38
0.37
0.37

0.36
0.35
0.35
0.34

0.34
0.34
0.34

0.33

0.33

0.33

0.33

0.33
0.32
0.32

0.32

0.32
0.31

0.31
0.31

SP-
Outcyte+
Outcyte+

SP-
Outcyte+

SP-

Outcyte+
Outcyte+
SP-
SP-

SP-
SP-
SP-

SP-
SP-
SP-
SP-

SP-
SP-
SP-

Outcyte+

SP-

SP-

SP-

Outcyte+
Outcyte+
Outcyte+

SP-

Outcyte+
Outcyte+

SP-
Outcyte+
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Q9WV98

Q60935

P56391

Q61937
054781
Q9CR60
P14069

Q99LY9
Q9CRDO
Q8ClI2

Q9CQH8

P62983

Q9CQR2
Q9R000

Q9D3D9
Q9CQH7
Q61335
Q9DB15

Q8R429

Q9D1R9
A2AMMO
Q60737

P19536
Q9D517

Q972P8

P25444
054962

Q8VC70

P99028

Q9J4JI8
P83882
Q9EQS3

Q9D6K8
Q8R5J9

Timm9

Art1

Cox6b1

Npm1
Srpk2
Golt1b
S100a6

Ndufs5
Ociad1
Cdc123

Rpp14

Rps27a

Rps21
ltgb1bp2

Atp5f1d
Btf314
Bcap31
Mrpl12

Atp2a1

Rpl34
Cavin4d
Csnk2ai

Cox5b
Agpat3

Vamp5

Rps2
Banf1

Rbms?2

Uqcrh

Rpl38
Rpl36a
Mycbp

Fundc2
Arl6ip5

Mitochondrial import inner
membrane translocase subunit
Tim9

GPl-linked NAD(P)(+)--arginine
ADP-ribosyltransferase 1
Cytochrome c¢ oxidase subunit
6B1

Nucleophosmin

SRSF protein kinase 2

Vesicle transport protein GOT1B
Protein S100-A6

NADH dehydrogenase
[ubiquinone] iron-sulfur protein 5
OCIA domain-containing protein 1
Cell division cycle protein 123
homolog

Ribonuclease P protein subunit
p14

Ubiquitin-40S ribosomal protein
S27a

40S ribosomal protein S21
Integrin beta-1-binding protein 2
ATP synthase subunit delta,
mitochondrial

Transcription factor BTF3
homolog 4

B-cell receptor-associated protein
31

39S ribosomal protein L12,
mitochondrial
Sarcoplasmic/endoplasmic
reticulum calcium ATPase 1

60S ribosomal protein L34
Caveolae-associated protein 4
Casein kinase Il subunit alpha
Cytochrome c¢ oxidase subunit
5B, mitochondrial
1-acyl-sn-glycerol-3-phosphate
acyltransferase gamma
Vesicle-associated = membrane
protein 5

40S ribosomal protein S2
Barrier-to-autointegration factor
RNA-binding motif, single-
stranded-interacting protein 2
Cytochrome b-c1 complex
subunit 6, mitochondrial

60S ribosomal protein L38

60S ribosomal protein L36a
c-Myc-binding protein

FUN14 domain-containing protein
2

PRA1 family protein 3

5.18E-03

6.22E-03

2.41E-06
3.12E-06
4.92E-06
2.78E-02
2.47E-05

1.72E-04
2.88E-04

2.16E-02
3.82E-02

5.46E-06
7.10E-06
3.40E-04

2.79E-03
2.46E-05
6.27E-04
6.36E-04

7.53E-05
1.42E-04
1.93E-04
1.14E-03

1.02E-02

1.32E-02

4.17E-02
7.03E-05
1.58E-03

1.08E-02

3.35E-02
3.79E-04
6.01E-04
8.68E-04

1.95E-03
1.85E-04
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0.31

0.31

0.3

0.3
0.3
0.28
0.27
0.27
0.27

0.27
0.27

0.26

0.26
0.26

0.26
0.25
0.25
0.25

0.24

0.24
0.24
0.24

0.24
0.24

0.24

0.23
0.23

0.23

0.23

0.22
0.22
0.22

0.22
0.21

SP-

Outcyte+

SP-

SP-
Outcyte+
SP-
Outcyte+

SP-
SP-
Outcyte+

SP-

SP-

SP-
Outcyte+

Outcyte+
Outcyte+
SP-
Outcyte+

SP-

SP-
SP-
SP-

SP-
SP-

Outcyte+

SP-
Outcyte+

SP-

SP-

SP-
SP-
SP-

SP-
Outcyte+
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P62301
P62918
P47964

055143
P61514
Q8BX35

Q8CC21

Q9CR67
Q924T3
P20801
P62305
P61957

Q9CR68
Q61686
A2RSX7

P62852
070622-2
P67871
Q99P72-1

P11031

Q9JI108
P58771
Q6ZWU9
P97461
P97352

Q9CQ62

Q99JF8

P83870
P09542
Q62084

Q9DCW4

P13412
Q9CZX8
P97351
P63325
P67984
089086

P39689
Q4KML4

Rps13
Rpl8

Atp2a2
Rpl37a
Eda2r

Ttc19

Tmem33
Xrcc4d
Tnnc2
Snrpe
Sumo2

Uqcrfsi
Cbx5
TywS

Rps25
Rtn2
Csnk2b
Rtn4

Sub1

Bin3
Tpm1
Rps27

S100a13

Decr1

Psip1

Phf5a
MyI3
Ppp1ri14b

Etfb

Tnni2
Rps19
Rps3a
Rps10
Rpl22
Rbm3

Cdknia
Abracl

40S ribosomal protein S13

60S ribosomal protein L8

60S ribosomal protein L36
Sarcoplasmic/endoplasmic
reticulum calcium ATPase 2

60S ribosomal protein L37a
Tumor necrosis factor receptor
superfamily member 27
Tetratricopeptide repeat protein
19, mitochondrial
Transmembrane protein 33

DNA repair protein XRCC4
Troponin C, skeletal muscle
Small nuclear ribonucleoprotein E
Small ubiquitin-related modifier 2
Cytochrome b-c1 complex
subunit Rieske, mitochondrial
Chromobox protein homolog 5
tRNA  wybutosine-synthesizing
protein 5

40S ribosomal protein S25
Isoform 2 of Reticulon-2

Casein kinase Il subunit beta
Isoform C of Reticulon-4
Activated RNA polymerase I
transcriptional coactivator p15
Bridging integrator 3
Tropomyosin alpha-1 chain

40S ribosomal protein S27

40S ribosomal protein S5

Protein S100-A13
2,4-dienoyl-CoA reductase [(3E)-
enoyl-CoA-producing],
mitochondrial

PC4 and SFRSH1-interacting
protein

PHD finger-like domain-
containing protein 5A

Myosin light chain 3

Protein phosphatase 1 regulatory
subunit 14B

Electron transfer flavoprotein
subunit beta

Troponin |, fast skeletal muscle
40S ribosomal protein S19

40S ribosomal protein S3a

40S ribosomal protein S10

60S ribosomal protein L22
RNA-binding protein 3
Cyclin-dependent kinase inhibitor
1

Costars family protein ABRACL

2.51E-04
3.97E-04
4.00E-04

6.37E-04
2.28E-03

3.46E-03

1.98E-02
2.35E-02
3.76E-02
4.68E-04
1.29E-03
3.03E-03

4.68E-03
6.27E-03

1.27E-02
9.92E-04
2.06E-03
9.87E-03
1.26E-02

3.21E-02
4.13E-02
1.50E-03
1.66E-03
1.86E-03
3.70E-03

2.16E-02
1.32E-02

1.34E-02
2.20E-02

2.30E-02

2.50E-02
3.50E-03
3.69E-03
3.83E-03
3.92E-03
5.81E-03
7.11E-03

8.73E-03
2.47E-02
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0.21
0.21
0.21

0.21
0.21
0.21

0.21

0.21
0.21
0.2
0.2
0.2

0.2
0.2
0.2

0.19
0.19
0.19
0.19

0.19

0.19
0.18
0.18
0.18
0.18

0.18

0.17

0.17
0.17
0.17

0.17

0.16
0.16
0.16
0.16
0.16
0.16

0.16
0.16
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SP-
SP-

SP-
SP-
SP-

SP-
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SP-
SP-
SP-
SP-

SP-
SP-
Outcyte+

Outcyte+
Outcyte+
SP-
SP-

SP-

SP-
SP-
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SP-
SP-
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SP-

SP-
SP-
SP-

Outcyte+
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SP-
SP-
SP-
SP-
SP-
SP-
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Q8K4F5
P99025

Q9D7M1

P62830
Q9JK92
P14115
Q9JKB3
P97449

035459

P60824

P14131
P63276
P62245

P62702

Q60870
P62843
Q9CYRO
P84089
Q3TVI8

P62751
P97457
P60867
Q9EPL8
PODP27

Q99L04

POCO0S6
Q9R0Q7
Q6ZWV3

Q78ZA7
P00920
Q9CQQ8

Q61425

P49962

A2ANO8
P10639
P62281
P09541

P19123

Abhd11
Gcehfr

Gid8

Rpl23
Hspb8
Rpl27a
Ybx3
Anpep

Ech1

Cirbp

Rps16
Rps17
Rps15a

Rps4x

Reep5
Rps15
Ssbp1
Erh

Pbxip1

Rpl23a
Myl11
Rps20
Ipo7
Calm2

Dhrs1

H2az1
Ptges3
Rpl10

Nap1l4
Ca2
Lsm7

Hadh

Srp9

Ubr4
Txn
Rps11
Myl4

Tnnct

Protein ABHD11

GTP cyclohydrolase 1 feedback
regulatory protein
Glucose-induced degradation
protein 8 homolog

60S ribosomal protein L23

Heat shock protein beta-8

60S ribosomal protein L27a
Y-box-binding protein 3
Aminopeptidase N
Delta(3,5)-Delta(2,4)-dienoyl-
CoA isomerase, mitochondrial
Cold-inducible RNA-binding
protein

40S ribosomal protein S16

40S ribosomal protein S17

40S ribosomal protein S15a

40S ribosomal protein S4, X
isoform

Receptor expression-enhancing
protein 5

40S ribosomal protein S15
Single-stranded DNA-binding
protein, mitochondrial

Enhancer of rudimentary homolog
Pre-B-cell leukemia transcription
factor-interacting protein 1

60S ribosomal protein L23a
Myosin regulatory light chain 11
40S ribosomal protein S20
Importin-7

Calmodulin-2
Dehydrogenase/reductase SDR
family member 1

Histone H2A.Z

Prostaglandin E synthase 3

60S ribosomal protein L10
Nucleosome assembly protein 1-
like 4

Carbonic anhydrase 2

U6 snRNA-associated Sm-like
protein LSm7
Hydroxyacyl-coenzyme A
dehydrogenase, mitochondrial
Signal recognition particle 9 kDa
protein

E3 ubiquitin-protein ligase UBR4
Thioredoxin

40S ribosomal protein S11
Myosin light chain 4

Troponin C, slow skeletal and
cardiac muscles

2.72E-02

3.09E-02

7.59E-03
9.78E-03
1.51E-02
1.65E-02
1.74E-02
1.77E-02

2.13E-02

3.41E-02
1.03E-02
1.13E-02
1.29E-02

1.36E-02

1.39E-02
1.46E-02

1.52E-02
1.85E-02

2.52E-02
2.74E-02
1.66E-02
1.79E-02
1.84E-02
2.13E-02

3.20E-02
3.24E-02
3.36E-02
3.41E-02

3.52E-02
3.62E-02

3.72E-02

4.01E-02

4.11E-02
4.13E-02
2.71E-02
2.73E-02
2.75E-02

3.14E-02
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0.14
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0.12
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0.12
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SP-

Outcyte+

152



P50543
P62960
P62897
P62082

P05977

QoCQw1
Q99PL5
Q01768
Q9EPCT
Q9WUMS
Q8VE70

POC872

Q9D9V3
Q99K51
Q5FWK3

Q8R1F9

Q3UFY7

Q64674
Q9ROP5

P22935
Q91YR1
Q8C4Q6

P23492
Q8CI51

Q8BJH1
P58774-2

P40124
Q9CQl6
P47757-4

Q9D1G5
Q9WVA4

Q80XC2

Q8BK75
Q6PE15

Q9QZA0

Q6IRU2
Q91VH2

S100a11
Ybx1
Cycs
Rps7

Myl1

Ykt6
Rrbp1
Nme2
Parva
Coroib
Pdcd10

Jmjd7

Echdc1
Pls3
Arhgap1

Rpp40

Nt5c3b

Srm
Dstn

Crabp2
Twf1
Aida

Pnp
Pdlim5

Zc2hcia
Tpm2

Cap1
Cotl1
Capzb

Lrrc57
Tagln2
Trmt61a

Elp6
Abhd10

Cabb

Tpm4
Snx9

Protein S100-A11

Y-box-binding protein 1
Cytochrome ¢, somatic

40S ribosomal protein S7

Myosin light chain 1/3, skeletal
muscle isoform

Synaptobrevin homolog YKT6
Ribosome-binding protein 1
Nucleoside diphosphate kinase B
Alpha-parvin

Coronin-1B

Programmed cell death protein 10
Bifunctional peptidase and (3S)-
lysyl hydroxylase Jmjd7
Ethylmalonyl-CoA decarboxylase
Plastin-3

Rho GTPase-activating protein 1
Ribonuclease P protein subunit
p40

7-methylguanosine  phosphate-
specific 5’-nucleotidase
Spermidine synthase

Destrin

Cellular  retinoic  acid-binding
protein 2

Twinfilin-1

Axin interactor, dorsalization-
associated protein

Purine nucleoside phosphorylase
PDZ and LIM domain protein 5
Zinc finger C2HC domain-
containing protein 1A

Isoform 2 of Tropomyosin beta
chain

Adenylyl cyclase-associated
protein 1

Coactosin-like protein

Isoform 3 of F-actin-capping
protein subunit beta

Leucine-rich  repeat-containing

protein 57

Transgelin-2

tRNA (adenine(58)-N(1))-
methyltransferase catalytic
subunit TRMT61A

Elongator complex protein 6
Palmitoyl-protein thioesterase
ABHD10, mitochondrial

Carbonic anhydrase 5B,
mitochondrial

Tropomyosin alpha-4 chain
Sorting nexin-9

3.21E-02
3.28E-02
3.42E-02
3.62E-02

4.02E-02
3.75E-02
3.96E-02
4.03E-02
2.22E-02
3.51E-02
4.14E-02

4.08E-02
4.46E-02
7.44E-03
9.93E-03

2.23E-02

2.54E-02
3.09E-02
4.41E-03

4.87E-03
1.03E-02

3.36E-02
4.14E-03
9.37E-03

2.95E-02

2.97E-02

1.61E-03
1.85E-03

3.82E-03
8.75E-03
9.51E-04
1.41E-02
1.41E-02
1.86E-02

3.23E-02
4.92E-04
3.44E-03
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-0.18
-0.18
-0.18

-0.19
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P43275
Q9JM14

Q80WB5
P37804
Q6P8J7

Q505K2

Q9D7A6

Q9D1F3
Q61595-9
P41731

Q9QXE7
Q8VDCO

Q812E0
P70429
G5E8F4

Q09324
P50295

Q8CBY0

Q8K1H1
Q9DC77

A2AIG8

Q8VDM1

Q9oD8Z6
P84078

P63147

Q3U0V2

Q3TYD6

QoD287
P19973
BO9EJ80
P62631

Q8BKT8

H1-1
Nt5c
Ntaq1
Tagln
Ckmt2
Fhipia

Srp19

Eola1
Ktn1
Cd63

Tbl1x
Lars2

Cpeb2
Evi

Fpgt
Gent1

Nat2

Gatc

Tdrd7
Smpx

Accs

Zgpat

Atg101
Arf1

Ube2b
Tradd

Lmtk2
Bcas2
Lsp1
Pdzd8
Eef1a2

Haus7

Histone H1.1
5'(3’)-deoxyribonucleotidase,
cytosolic type
Protein  N-terminal
amidohydrolase
Transgelin
Creatine
mitochondrial
FHF complex subunit
interacting protein 1A
Signal recognition particle 19 kDa
protein

Protein EOLA1

glutamine

kinase S-type,

HOOK

Isoform 9 of Kinectin

CD63 antigen

F-box-like/WD repeat-containing
protein TBL1X

Probable leucine--tRNA ligase,
mitochondrial

Cytoplasmic polyadenylation

element-binding protein 2
Ena/VASP-like protein
Fucose-1-phosphate
guanylyltransferase
Beta-1,3-galactosyl-O-glycosyl-
glycoprotein beta-1,6-N-
acetylglucosaminyltransferase
Arylamine N-acetyltransferase 2
Glutamyl-tRNA(GIn)
amidotransferase
mitochondrial
Tudor domain-containing protein
7

Small muscular protein
1-aminocyclopropane-1-
carboxylate synthase-like protein
1

Zinc finger CCCH-type with G
patch domain-containing protein
Autophagy-related protein 101
ADP-ribosylation factor 1
Ubiquitin-conjugating enzyme E2
B

Tumor necrosis factor receptor
type 1-associated DEATH domain
protein
Serine/threonine-protein
LMTK2
Pre-mRNA-splicing factor SPF27
Lymphocyte-specific protein 1
PDZ domain-containing protein 8
Elongation factor 1-alpha 2
HAUS  augmin-like  complex
subunit 7

subunit C,

kinase

4.22E-03

4.37E-03

3.11E-03
1.84E-05

4.16E-04

2.60E-04

1.65E-02
2.65E-02
2.31E-04
7.00E-06

1.50E-02

2.29E-05

8.37E-03
1.19E-02

1.77E-02

1.24E-02
4.91E-03

6.00E-06

7.68E-03
1.38E-02

7.61E-03

4.29E-03
5.58E-03
5.35E-04

1.00E-17

1.00E-17

1.00E-17
1.00E-17
1.00E-17
1.00E-17
1.00E-17

1.00E-17
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Q9CPT3

Nanp

N-acylneuraminate-9-
phosphatase

1.00E-17

7. Supplement

-6.64

Outcyte+

Supplemental Table 3: EPS-induced differentially regulated unconventionally secreted proteins in the
muscle secretome of HSKMCs obtained from three donors (EPS/CON).

. Gene . . Secretion
UniProtKB symbol Protein description p-value Log:FC type
All-trans-retinol  dehydrogenase i
P40394 ADH7 [NAD(+)] ADH7 1.00E-17 6.64  Outcyte+
Aldo-keto reductase family 1
060218 AKR1B10 member B10 1.00E-17 6.64  Outcyte+
Q8N2F6  ARMCH0 ergt‘;‘:]"hoo repeat-containing 4 55k 17 g4 Outcyte+
Q9Y2V2  CARHSP1 gr""o't";‘nm{reg“'ated heatstable 4 goe 17 664  sSP-
O9s833  clicy  oRence nvaceluar chamel qo0e17 664 sP-
Q12926 ELAVL2 ELAV-like protein 2 1.00E-17 6.64 SP-
PO1877  IGHA2 'arlnpm‘;”;og"’b““” heavy constant 6o 17 664 SP-
Q8IUCT KRTAP11-1 Keratin-associated protein 11-1 1.00E-17 6.64 SP-
Q3LI77 KRTAP13-4 Keratin-associated protein 13-4 1.00E-17 6.64 SP-
Isoform 4 of Leukotriene A-4
P09960-4  LTA4H hydrolase 1.00E-17 6.64  Outcyte+
Alpha-1,3-mannosyl-glycoprotein
P26572 MGAT1 2-beta-N- 1.00E-17 6.64 SP-
acetylglucosaminyltransferase
Q96EY5 MVB12A Multivesicular body subunit 12A°  1.00E-17 6.64  Outcyte+
Q9Y3R4 NEU2 Sialidase-2 1.00E-17 6.64 SP-
Q8N573 OXR1 Oxidation resistance protein 1 1.00E-17 6.64  Outcyte+
P20962 PTMS Parathymosin 1.00E-17 6.64 SP-
Protein-glutamine gamma- i i
043548 TGM5 glutamyltransferase 5 1.00E-17 6.64 SP
Q9NUM4 TMEM106B Transmembrane protein 1068 1.00E-17 6.64 SP-
P11441 UBL4A Ubiquitin-like protein 4A 1.00E-17 6.64 SP-
P36543 ATP6V1E1 V-type proton ATPase subunitE1 1.00E-17 3.2 Outcyte+
P29034 S100A2 Protein S100-A2 1.13E-08 2 Outcyte+
Vacuolar protein sorting- i i
075351 VPS4B associated protein 4B 1.42E-04 1.64 SP
Phospholipid-transporting i i
Q9Y2G3 ATP11B ATPase IF 1.05E-07 1.34 SP
P49207 RPL34 60S ribosomal protein L34 5.18E-05 1.34 SP-
Q9BYE4 SPRR2G Small proline-rich protein 2G 3.34E-06  1.31 SP-
Q7523  RRAGA  nastelated GTP-binding protein 5 3ge 03 131 sp-
QOBYZ2  LDHAL6B 'é'E';aCtate dehydrogenase A-ike 5 56E07 13 Outcyte+
P31151 S100A7 Protein S100-A7 1.12E-06 1.24 SP-
QoY3ss  UBE2Jq  Upiquitin-conjugating enzyme E2 5 a9r 04 119 OQutcyte+

J1
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Q12792
Q969L2
Q01469
P06702
P63098
P05109

Q9NZ01

Q3ZCW2
P07451

095147
Q04695
P04406-2

095486
Q14320
075531
Q7L5L3

P62837

P47929

P80294
Q96P63-2
P36952
Q96FQ6
Q9HCY8

Q9ULZ3
P01834
Q96FX8

P63302
P05089
Q53FT3
Q8WWMS9

P30419

P39019
P08865
P16949

Q13642-5

P62263
P61247
P62277
P62280
P60866
P24534

TWFA1
MAL2
FABPS
S100A9
PPP3R1
S100A8

TECR

LGALSL
CA3

DUSP14
KRT17
GAPDH

SEC24A
FAMS0A
BANF1
GDPD3

UBE2D2

LGALS7;
LGALS7B
MT1H
SERPINB12
SERPINBS
S100A16
S100A14

PYCARD
IGKC
PERP

SELENOW
ARGH1
HIKESHI
CYGB

NMT1

RPS19
RPSA
STMN1

FHL1

RPS14
RPS3A
RPS13
RPS11
RPS20
EEF1B2

Twinfilin-1

Protein MAL2

Fatty acid-binding protein 5
Protein S100-A9

Calcineurin subunit B type 1
Protein S100-A8

Very-long-chain enoyl-CoA
reductase

Galectin-related protein

Carbonic anhydrase 3

Dual specificity protein
phosphatase 14

Keratin, type | cytoskeletal 17
Isoform 2 of Glyceraldehyde-3-
phosphate dehydrogenase
Protein transport protein Sec24A
Protein FAM50A
Barrier-to-autointegration factor
Lysophospholipase D GDPD3
Ubiquitin-conjugating enzyme E2
D2

Galectin-7

Metallothionein-1H

Isoform 2 of Serpin B12

Serpin B5

Protein S100-A16

Protein S100-A14
Apoptosis-associated speck-like
protein containing a CARD
Immunoglobulin kappa constant

p53 apoptosis effector related to
PMP-22

Selenoprotein W

Arginase-1

Protein Hikeshi

Cytoglobin

Glycylpeptide N-
tetradecanoyltransferase 1

40S ribosomal protein S19

40S ribosomal protein SA
Stathmin

Isoform 5 of Four and a half LIM
domains protein 1

40S ribosomal protein S14

40S ribosomal protein S3a

40S ribosomal protein S13

40S ribosomal protein S11

40S ribosomal protein S20
Elongation factor 1-beta

9.33E-06
1.32E-02
5.48E-04
7.27E-04
1.51E-03
6.58E-04

2.41E-02

1.82E-02
4.29E-03

2.36E-02
2.05E-03
4.12E-02

5.72E-03
3.43E-02
8.18E-03
2.71E-02

8.11E-03

9.07E-03

8.71E-03
1.12E-02
3.26E-02
1.36E-02
1.43E-02

2.14E-02
1.91E-02
2.00E-02

2.49E-02
2.98E-02
4.21E-02
3.61E-02

4.33E-02

4.02E-02
2.72E-02
1.78E-02

1.65E-02

3.72E-02
1.14E-02
3.49E-02
3.74E-02
9.41E-03
8.74E-03
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1.16
0.91
0.87
0.86
0.86
0.85

0.83

0.81
0.78

0.78
0.77
0.71

0.7
0.68
0.65
0.65

0.64

0.64

0.63

0.63

0.62
0.6
0.6

0.6
0.59
0.58

0.56
0.54
0.52
0.48

0.48

-0.53
-0.58
-0.61

-0.62

-0.65
-0.66
-0.66
-0.67
-0.68
-0.69

SP-
SP-
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Outcyte+
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Q9UPY8
AOAVT1

015372

P63173
PO1112
Q8WWI5
P46783
P62851

095361

Q8IWA5
Q5BKX8

Q12931
P18077
P62316

Q9BVM4

P62070
P62304

P62701

Q9UKKS3

P46782
Q71UM5
P61353
015427
P51114
P42766
P83881
P08473
P50502
P62249
043236
P62750
075508

Q96F85

Q5VST9
014817
043847
P27105

Q8NBI5

014653

MAPRES
UBAG

EIF3H

RPL38
HRAS
SLC44A1
RPS10
RPS25

TRIM16

SLC44A2
CAVIN4

TRAP1
RPL35A
SNRPD2

GGACT

RRAS2
SNRPE

RPS4X

PARP4

RPS5
RPS27L
RPL27
SLC16A3
FXR1
RPL35
RPL36A
MME
ST13
RPS16
SEPTIN4
RPL23A
CLDN11

CNRIP1

OBSCN
TSPAN4
NRDC
STOM

SLC43A3

GOSR2

Microtubule-associated  protein
RP/EB family member 3
Ubiquitin-like modifier-activating
enzyme 6

Eukaryotic translation initiation
factor 3 subunit H

60S ribosomal protein L38
GTPase HRas

Choline transporter-like protein 1
40S ribosomal protein S10

40S ribosomal protein S25
Tripartite motif-containing protein
16

Choline transporter-like protein 2
Caveolae-associated protein 4
Heat shock protein 75 kDa,
mitochondrial

60S ribosomal protein L35a
Small nuclear ribonucleoprotein
Sm D2

Gamma-
glutamylaminecyclotransferase
Ras-related protein R-Ras2
Small nuclear ribonucleoprotein E
40S ribosomal protein S4, X
isoform

Protein mono-ADP-
ribosyltransferase PARP4

40S ribosomal protein S5

40S ribosomal protein S27-like
60S ribosomal protein L27
Monocarboxylate transporter 4
RNA-binding protein FXR1

60S ribosomal protein L35

60S ribosomal protein L36a
Neprilysin

Hsc70-interacting protein

40S ribosomal protein S16
Septin-4

60S ribosomal protein L23a
Claudin-11

CBt1 cannabinoid receptor-
interacting protein 1

Obscurin

Tetraspanin-4

Nardilysin

Stomatin

Equilibrative nucleobase
transporter 1

Golgi SNAP receptor complex
member 2

2.66E-02

4.09E-02

2.58E-02

3.68E-02
4.12E-02
3.18E-02
4.74E-03
1.14E-02

2.03E-02

3.19E-02
9.87E-03

1.69E-03
1.81E-02
6.17E-03

1.19E-02

3.08E-02
1.15E-02

2.31E-03

1.89E-02

1.60E-03
2.10E-02
4.58E-03
2.93E-02
3.46E-03
4.41E-02
1.61E-02
7.82E-04
2.44E-04
6.36E-05
1.27E-03
9.97E-04
4.21E-03

2.09E-02

3.05E-03
7.92E-03
1.85E-02
3.89E-05

1.29E-02

1.23E-03
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-0.69

-0.69

-0.7

-0.71
-0.71
-0.73
-0.76
-0.76

-0.78

-0.78
-0.8

-0.81
-0.81
-0.83

-0.83

-0.84
-0.85

-0.86

-0.86

-0.87
-0.91
-0.92
-0.93
-0.94
-0.94
-0.96
-0.99
-1.02
-1.03
-1.03
-1.06
-1.12

-1.12

-1.13
-1.18
-1.18
-1.19

-1.19

-1.2

Outcyte+
Outcyte+

SP-
SP-
SP-
SP-
SP-
Outcyte+
Outcyte+

SP-
SP-

SP-
SP-
SP-

SP-

SP-
SP-

SP-

Outcyte+

SP-
Outcyte+
SP-
Outcyte+
SP-
SP-
SP-
Outcyte+
SP-
SP-
SP-
Outcyte+
Outcyte+

Outcyte+

SP-
SP-
Outcyte+
Outcyte+

Outcyte+

SP-
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P63027

094788
Q99961
P63172
P27701
P41732
P53985
P46776
P48788
Q5TDHO

Q9UBI6

P55854
Q8TAV4
P16333

Q9BQI0
QINWV8
Q6ZP82

Q9UKF6
P38919
Q13491

Q12849
Q92819
P02100
Q8IUCOo

Q6I1AA8
P53384

043809

Q15149-8
Q86TP1
P11234
Q96AT9

P11166
Q9BZX2

VAMP2

ALDH1A2
SH3GLA1
DYNLT1
CcD82
TSPAN7
SLC16A1
RPL27A
TNNI2
DDI2

GNG12

SUMO3
STOML3
NCK1

AIF1L
BABAM1
CCDC141

CPSF3
EIF4A3
GPM6B

GRSF1
HAS2
HBE1
KRTAP13-1

LAMTOR1
NUBP1

NUDT21

PLEC
PRUNE1
RALB
RPE

SLC2A1
UCK2

Vesicle-associated membrane
protein 2

Retinal dehydrogenase 2
Endophilin-A2

Dynein light chain Tctex-type 1
CD82 antigen

Tetraspanin-7

Monocarboxylate transporter 1
60S ribosomal protein L27a
Troponin |, fast skeletal muscle
Protein DDI1 homolog 2

Guanine nucleotide-binding
protein  G(1)/G(S)/G(O) subunit
gamma-12

Small ubiquitin-related modifier 3
Stomatin-like protein 3
Cytoplasmic protein NCK1
Allograft inflammatory factor 1-
like

BRISC and BRCA1-A complex
member 1
Coiled-coil
protein 141
Cleavage and polyadenylation
specificity factor subunit 3
Eukaryotic initiation factor 4A-IlI
Neuronal membrane glycoprotein
M6-b

G-rich sequence factor 1
Hyaluronan synthase 2
Hemoglobin subunit epsilon
Keratin-associated protein 13-1
Ragulator complex protein
LAMTOR1

Cytosolic Fe-S cluster assembly
factor NUBP1

Cleavage and polyadenylation
specificity factor subunit 5
Isoform 8 of Plectin
Exopolyphosphatase PRUNE1
Ras-related protein Ral-B
Ribulose-phosphate 3-epimerase
Solute carrier family 2, facilitated
glucose transporter member 1
Uridine-cytidine kinase 2

domain-containing

1.34E-03

7.53E-05
2.76E-03
5.24E-03
1.74E-05
2.85E-05
4.53E-04
3.31E-06
2.93E-05
1.53E-08

3.20E-05

1.37E-07
1.16E-07
1.43E-06

1.00E-17

1.00E-17

1.00E-17

1.00E-17
1.00E-17
1.00E-17

1.00E-17
1.00E-17
1.00E-17
1.00E-17

1.00E-17
1.00E-17

1.00E-17

1.00E-17
1.00E-17
1.00E-17
1.00E-17

1.00E-17
1.00E-17
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-1.21

-1.22
-1.24
-1.25
-1.33
-1.33
-1.39
-1.41
-1.41
-1.45

-1.46

-1.72
-1.73
-1.89

-6.64

-6.64

-6.64

-6.64
-6.64
-6.64

-6.64
-6.64
-6.64
-6.64

-6.64
-6.64

-6.64

-6.64
-6.64
-6.64
-6.64

-6.64
-6.64

SP-

SP-
SP-
Outcyte+
SP-
SP-
Outcyte+
SP-
SP-
SP-

SP-

SP-
SP-
Outcyte+

SP-
Outcyte+
Outcyte+

SP-
SP-
Outcyte+

SP-
Outcyte+
Outcyte+

SP-

SP-
SP-

Outcyte+

SP-
SP-
Outcyte+
Outcyte+

Outcyte+
SP-
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Supplemental Table 4: EPS-induced differentially regulated unconventionally secreted proteins in the
muscle secretome of insulin sensitive HSKMCs obtained from five donors (EPS/CON).

. Gene . . Secretion
UniProtKB symbol Protein description p-value Log:FC type
Q96QA5 GSDMA Gasdermin-A 1.88E-02 1.5 Outcyte+
P48509 CD151 CD151 antigen 2.10E-03  1.06 SP-
Q9uUBV8 PEF1 Peflin 4 45E-02 1 SP-
P05089 ARG1 Arginase-1 2.25E-02  0.81 Outcyte+
P29034 S100A2 Protein S100-A2 1.67E-02  0.55  Outcyte+
Q99584 S100A13  Protein S100-A13 410E-02 0.48  Outcyte+
Q8IwWVv7 UBR1 E3 ubiquitin-protein ligase UBR1 1.27E-02  0.44  Outcyte+
Q96IW2  SHD nge?noga'”'conta'”'”g adapter 5 h5E 00 .42 SP-
P80217 IFI35 Interferon-induced 35 kDa protein 3.75E-03  0.41 Outcyte+
QOHBL8  NMRAL1 N\mrAdke  family = domain- 5 4o 03 938 Outcyte+

containing protein 1
P55011 SLC12A2  Solute carrier family 12 member 2 3.06E-03  -0.31 SP-
096019 ACTL6A Actin-like protein 6A 1.94E-02 -0.36 Outcyte+
Signal recognition particle i i
P08240 SRPRA receptor subunit alpha 4.20E-02 0.42  Outcyte+
Q8N1Q1 CA13 Carbonic anhydrase 13 3.62E-02 -0.44  Outcyte+
Q8NCHO CHST14 Carbohydrate sulfotransferase 14 3.15E-02 -0.45  Outcyte+
QINTX5 ECHDCH1 Ethylmalonyl-CoA decarboxylase 2.58E-02 -0.52  Outcyte+
P10301 RRAS Ras-related protein R-Ras 437E-02 -0.78 SP-
QoHoAs  Commps S OMMdomain-containingprotein , yoe.0o 083 sp-
Q14232 EIF2B1 Trans[ation initiation factor elF-2B 103E-02 -0.84 Outcyte+
subunit alpha
014908  GIPC1 (o< domaeonianing protein 5 e7egp g5 sp-
Polypeptide N-
Q8N428 GALNT16 acetylgalactosaminyltransferase 2.74E-02 -1.24  Outcyte+

16

Supplemental Table 5: PALM-induced differentially regulated unconventionally secreted proteins in the
muscle secretome of insulin resistant HSKMCs obtained from five donors (PALM/CON).

. Gene . A Secretion

UniProtKB symbol Protein description p-value Log-FC type
Aspartyl/asparaginyl beta- i i

Q12797 ASPH hydroxylase 9.98E-03 2.36 SP
Eukaryotic translation initiation

015372 EIF3H factor 3 subunit H 2.69E-02 1.25 SP-
Activated RNA polymerase I i i

P53999 SUBT transcriptional coactivator p15 4.62E-04  1.24 SP

Q86UE4 MTDH Protein LYRIC 1.63E-02 1.16  Outcyte+
Endoplasmic reticulum mannosyl-

Q9UKM7 MAN1B1 oligosaccharide 1,2-alpha- 1.06E-02 1.11 SP-
mannosidase

P23193  TCEA1 grrgfesiﬁr;p“on elongation factor A y ygr 55 4 03 SP-

060502 OGA Protein O-GlcNAcase 2.94E-02 1.01 Outcyte+
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P18077

000487

Q96QA5
014980
Q9UMS4
P18085
A9UHW6
Q9P2E9

Q9POPO

043678

P61289

Q86SF2

P51809

Q9H173
075828
Q96P63-2
015305
P21283
000214

Q14204

Q9oP283
Q96JY6
Q15149-3

Q16851-2

Q10471

Q96GG9
QI9NP79

Q92520
P60673

Q9HD42

Q15286
P01040
P18669
000764

043488
Q8NCW5

RPL35A

PSMD14

GSDMA
XPO1
PRPF19
ARF4
MIF4GD
RRBP1

RNF181

NDUFA2

PSME3

GALNT?7

VAMP7

SIL1
CBR3

SERPINB12

PMM2
ATP6V1CH
LGALSS8

DYNC1H1

SEMA5B
PDLIM2
PLEC

uGP2

GALNT2

DCUN1D1
VTA1

FAM3C
PFN3

CHMP1A

RAB35
CSTA
PGAM1
PDXK

AKR7A2
NAXE

Large ribosomal subunit protein
elL.33

26S proteasome
regulatory subunit 14
Gasdermin-A
Exportin-1
Pre-mRNA-processing factor 19
ADP-ribosylation factor 4

MIF4G domain-containing protein
Ribosome-binding protein 1

non-ATPase

E3 ubiquitin-protein ligase
RNF181
NADH dehydrogenase

[ubiquinone] 1 alpha subcomplex
subunit 2

Proteasome activator
subunit 3

N-
acetylgalactosaminyltransferase
7
Vesicle-associated
protein 7
Nucleotide exchange factor SIL1
Carbonyl reductase [NADPH] 3
Isoform 2 of Serpin B12
Phosphomannomutase 2

V-type proton ATPase subunit C 1
Galectin-8

Cytoplasmic dynein 1 heavy chain
1

Semaphorin-5B

PDZ and LIM domain protein 2
Isoform 3 of Plectin

Isoform 2 of UTP--glucose-1-
phosphate uridylyltransferase
Polypeptide N-
acetylgalactosaminyltransferase
2

DCN1-like protein 1

Vacuolar protein sorting-
associated protein VTA1 homolog
Protein FAM3C

Profilin-3
Charged
protein 1a
Ras-related protein Rab-35
Cystatin-A

Phosphoglycerate mutase 1
Pyridoxal kinase

Aflatoxin B1 aldehyde reductase
member 2

NAD(P)H-hydrate epimerase

complex

membrane

multivesicular  body

3.33E-02

4.23E-02

2.00E-02
1.51E-02
2.45E-02
2.78E-02
2.07E-02
2.53E-02

2.73E-02

2.39E-02

3.30E-02

1.51E-03

3.04E-02

4.41E-02
4.24E-02
3.82E-02
3.36E-02
1.47E-02
3.98E-02

1.49E-02

2.36E-03
2.45E-02
4.99E-03

1.58E-02

2.12E-02

2.51E-02
1.67E-02

3.92E-02
5.19E-03

3.39E-04

4.38E-02
3.95E-02
4.29E-02
2.89E-02

4.32E-02
3.14E-02
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0.95

0.9
0.89
0.67
0.66
0.63
0.62

0.62

0.61

0.6

0.57

0.55

0.52
0.48
0.47
0.45
0.43
0.4

0.37

0.36
0.33
0.33

0.31

0.3

0.27
0.24

0.24
0.19

0.18

0.18
0.18
-0.1

-0.11

-0.13
-0.16

SP-

SP-

Outcyte+
SP-
Outcyte+
SP-
Outcyte+
Outcyte+

SP-
SP-
Outcyte+
Outcyte+

Outcyte+

SP-
SP-
Outcyte+
SP-
Outcyte+
Outcyte+

SP-

Outcyte+
SP-
SP-

Outcyte+

SP-

Outcyte+
Outcyte+

SP-
SP-

Outcyte+

Outcyte+
Outcyte+
Outcyte+
Outcyte+

SP-
SP-
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P07738
P13929

095834
P11766
P61457

043708
Q9HBO7

094903
P30086

Q9BWO1
Q08257
Q9NWV4
Q9Y235
Q9UNP9

Q13228
P15144
P07108
Q9UBQS6

QI9NPH2-2

Q9UFNO
Q5JS37
P55011

095749
Q9GZT8

043924

Q5T013
P23470

Q16773

Q9UNAO

BPGM
ENO3

EML2
ADH5
PCBD1

GSTZ1
MYG1

PLPBP
PEBP1

NUDT9
CRYZ
CZIB
APOBEC2
PPIE

SELENBP1
ANPEP
DBI

EXTL2

ISYNA1

NIPSNAP3A
NHLRC3
SLC12A2

GGPS1
NIF3L1

PDE6D

HYI
PTPRG

KYAT1

ADAMTSS

Bisphosphoglycerate mutase
Beta-enolase

Echinoderm microtubule-
associated protein-like 2

Alcohol dehydrogenase class-3
Pterin-4-alpha-carbinolamine
dehydratase

Maleylacetoacetate isomerase
MYG1 exonuclease

Pyridoxal phosphate homeostasis
protein
Phosphatidylethanolamine-
binding protein 1

ADP-ribose pyrophosphatase,
mitochondrial

Quinone oxidoreductase
CXXC motif containing
binding protein
C->U-editing enzyme APOBEC-2
Peptidyl-prolyl cis-trans
isomerase E

Methanethiol oxidase
Aminopeptidase N
Acyl-CoA-binding protein
Exostosin-like 2

Isoform 2 of Inositol-3-phosphate
synthase 1

Protein NipSnap homolog 3A
NHL repeat-containing protein 3
Solute carrier family 12 member 2

zinc

Geranylgeranyl  pyrophosphate
synthase

NIF3-like protein 1

Retinal rod rhodopsin-sensitive
cGMP 3’,5-cyclic
phosphodiesterase subunit delta
Putative hydroxypyruvate
isomerase

Receptor-type  tyrosine-protein

phosphatase gamma
Kynurenine--oxoglutarate
transaminase 1

A disintegrin
metalloproteinase
thrombospondin motifs 5

and
with

3.75E-02
3.08E-02

3.99E-02
4.12E-03
6.53E-03

3.14E-04
8.35E-03

1.01E-02

1.71E-02

2.76E-02
1.98E-02
3.47E-02
1.72E-02
2.60E-02

2.21E-02
2.07E-02
1.15E-02
1.87E-02

3.20E-02

2.22E-02
3.78E-03
1.76E-02

4.48E-02
4.10E-02

3.05E-02

2.94E-02
3.87E-02

1.71E-02

1.43E-02
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-0.18
-0.18

-0.19
-0.2
-0.21

-0.23
-0.23

-0.23

-0.24

-0.26
-0.28
-0.28
-0.29
-0.33

-0.34
-0.36
-0.36
-0.36

-0.38

-0.39
-0.4
-0.46

-0.47
-0.49

-0.5

-0.56
-0.62

-0.76

-0.79

Outcyte+
Outcyte+

SP-
Outcyte+
Outcyte+

SP-
SP-

Outcyte+
SP-

SP-
Outcyte+
Outcyte+
Outcyte+
Outcyte+

Outcyte+

Outcyte+
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SP-

SP-

SP-
SP-
SP-
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SP-

Outcyte+

SP-
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Outcyte+
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Supplemental table 6: EPS-induced differentially regulated unconventionally secreted proteins in the
muscle secretome of insulin resistant HSKMCs obtained from five donors (PALM+EPS/PALM).

. Gene . A Secretion
UniProtKB symbol Protein description p-value Log:FC type
Q8TET4 GANC Neutral alpha-glucosidase C 2.31E-02  3.41 SP-
075923-13 DYSF Isoform 13 of Dysferlin 1.73E-02 1.58 SP-

Mannose-1-phosphate i i
Q961J6 GMPPA guanyltransferase alpha 7.84E-04  1.46 SP
P20929-2 NEB Isoform 2 of Nebulin 6.68E-03 1.31 SP-
Q9NUQ7 UFSP2 Ufm1-specific protease 2 4.71E-03 1.11 Outcyte+
Protein farnesyltransferase i
P49356 FNTB subunit beta 4.48E-02  0.89 SP
Q96EY5 MVB12A  Multivesicular body subunit 12A  3.36E-02  0.75  Outcyte+
Putative hydroxypyruvate i i
Q5T013 HYI isomerase 7.34E-03 0.64 SP
Zinc finger CCCH domain-
Q9UPTS ZC3H4 containing protein 4 3.36E-02  0.63 NP
Q6ZRP7 QSOX2 Sulfhydryl oxidase 2 3.12E-02 0.6 Outcyte+
Q9H773 DCTPP1 dCTP pyrophosphatase 1 1.48E-02  0.59 SP-
Histone-arginine
Q86X55 CARM1 methyltransferase CARM! 3.26E-02 0.54 SP-
Q8Wz42-6 TTN Isoform 6 of Titin 1.71E-02  0.47 SP-
Diphosphoinositol polyphosphate i i
QINZJ9 NUDT4 phosphohydrolase 2 2.19E-02 0.42 SP
Q9BSJ8 ESYT1 Extended synaptotagmin-1 2.66E-02 0.36  Outcyte+
Q8TB22  SPATA2Q SPermatogenesis-associated 372E-02 0.32 Outcytes
protein 20
Echinoderm microtubule-
095834 EML2 associated protein-like 2 3.00E-02 0.29 SP-
P49914  MTHFS ﬁ;;srg‘y'te"ahydmfo'ate o¥elo- po1E02 028  SP-
P46926  GNPDA{  Clucosamine-6-phosphate 447E-02 027  Outcyte+
isomerase 1
043399 TPD52L2  Tumor protein D54 5.97E-03 0.27 SP-
Ribosyldihydronicotinamide i
P16083 NQO2 dehydrogenase [quinone] 3.72E-02 0.26  Outcyte+
Q15382 RHEB GTP-binding protein Rheb 1.46E-02 0.24 SP-
P04732 MT1E Metallothionein-1E 1.36E-02  0.21 SP-
p7e527  PRKDC ~ DNA-dependent protein kinase g oor o3 19 SP-
catalytic subunit
Vesicle-associated = membrane
095292 VAPB protein-associated protein B/C 2.03E-02  0.18  Outcyte+
Myosin light chain 1/3, skeletal i i
P05976 MYL1 muscle isoform 3.30E-02 0.17 SP
26S proteasome non-ATPase i i
000233 PSMD9 regulatory subunit 9 3.10E-02 0.14 SP
Mitochondrial peptide methionine i i
QoUJ68 MSRA sulfoxide reductase 2.94E-02 0.13 SP
P13693  TPT grrgfesif“ona”y'con”o"ed MOl 30502 -0.25  Outcytes
075503  CLN5 grf;t‘;'i‘:]"épo‘cusc'”os's neuronal 5 9oE-02  -0.36  SP-
P09874 PARP1 Poly [ADP-ribose] polymerase 1  2.66E-03  -0.38  Outcyte+

162



7. Supplement

P06753 TPM3 Tropomyosin alpha-3 chain 3.94E-02 -0.47 Outcyte+

P09493-7  TPMA isoform 7 of Tropomyosinapha-1 5 40E-02 057 Outeytes

QeBCY4  CyBspz  p/Dfreytochrome bSreductase 4 50z 0p 057 sP-
Translation initiation factor elF-2B

Q14232 EIF2B1 subunit alpha 2.33E-02  -0.6  Outcyte+
Polypeptide N-

Q10472 GALNT1 acetylgalactosaminyltransferase  4.05E-02  -0.65  Outcyte+
1

P09493-10 TPM!1 isolorm 10 of Tropomyosinalpha- g 65e.03 067 SP-

QNQ48  LZTFL1 ~ Seucine  zipper transcripion 5 ,7e50 427  gp.

factor-like protein 1

Supplemental Table 7: EPS-induced differentially regulated conventionally secreted proteins in the muscle
secretome of insulin resistant versus insulin sensitive HSKMCs obtained from five donors
(PALM+EPS/EPS).

. Gene . e Secretion
UniProtKB symbol Protein description p-value Logz:FC type
Inorganic pyrophosphatase 2, i
Q9H2U2 PPA2 mitochondrial 3.42E-02 3.17  Outcyte+
Q9UBB6 NCDN Neurochondrin 2.23E-02 1.76 SP-
P38919 EIF4A3 Eukaryotic initiation factor 4A-1ll  3.75E-02 1.7 SP-
Q7LGC8 CHST3 Carbohydrate sulfotransferase 3 1.50E-02  1.68 SP-
QONWVE  BABAM{  DHISC and BRCAT-A complex g 45e.03 15 Outeyter
094929 ABLIM3 Actin-binding LIM protein 3 2.29E-02 1.48 SP-
Q00796 SORD Sorbitol dehydrogenase 2.02E-02 1.43 Outcyte+
5-AMP-activated protein kinase i
P54619 PRKAGT bunit gamma-1 1.80E-02 1.33  Outcyte+
P21964 COMT Catechol O-methyltransferase 1.89E-02 1.32 SP-
Q5TDHO DDI2 Protein DDI1 homolog 2 1.37E-02 1.23 SP-
014908  GIPC1 ~ no domain-eontaining protein 6 o5p 63 148 sp-
Histone-arginine
Q86X55 CARM1 methyltransferase CARM! 2.10E-02 1.12 SP-
us small nuclear
Q36DI7 SNRNP40 ribonucleoprotein 40 kDa protein 5.10E-04  1.04 SP-
QOY3A5 ~ SBDS ~ gqposome malralion protein pese g 104 SP-
Platelet-derived growth factor i i
P16234 PDGFRA receptor alpha 3.83E-02 1.04 SP
Pe1289 ~ PSME3  [roteasome activator complex geqr 0z 1 Outoytes
subunit 3
Bifunctional
phosphoribosylaminoimidazole
P22234 PAICS carboxylase/ 3.39E-02 1 Outcyte+
phosphoribosylaminoimidazole
succinocarboxamide synthetase
P54920  NAPA Alpha-soluble ' NSF attachment 5 4o 05 4 Quigytes

protein

163



Q7L2H7

P53618
Q8NBF2

Q8TBC4
P17661
P18754

P15170-3

P08240
P21283

P36507
Q9UNE7
Q72677

P55210
094979
Q9P299
P02511

AOAVT1

Q96AC1
P27701

Q9H173
075935

Q9Y224
Q8WZ42-6
P42224

000154
QO9NVD7
P04899

QoUDY4

Q9H4W6
P30044

P50552
P30084

P48739
Q15149-4

EIF3M

COPBH1
NHLRC2

UBA3
DES
RCC1

GSPT1

SRPRA
ATP6V1CH

MAP2K2
STUB1
HUWE1

CASP7
SEC31A
COPZz2
CRYAB

UBAG6

FERMT2
CD82
SIL1
DCTN3

RTRAF
TTN
STAT1

ACOT7
PARVA
GNAI2

DNAJB4

EBF3
PRDX5

VASP
ECHS1

PITPNB
PLEC

Eukaryotic translation initiation
factor 3 subunit M

Coatomer subunit beta

NHL repeat-containing protein 2
NEDD8-activating enzyme E1
catalytic subunit

Desmin

Regulator of chromosome
condensation

Isoform 3 of Eukaryotic peptide
chain

release  factor  GTP-binding
subunit ERF3A

Signal recognition particle

receptor subunit alpha
V-type proton ATPase subunit C
1

Dual specificity mitogen-activated
protein kinase kinase 2

E3 ubiquitin-protein ligase CHIP
E3 ubiquitin-protein ligase
HUWEH1

Caspase-7

Protein transport protein Sec31A
Coatomer subunit zeta-2
Alpha-crystallin B chain
Ubiquitin-like modifier-activating
enzyme 6

Fermitin family homolog 2

CD82 antigen

Nucleotide exchange factor SIL1
Dynactin subunit 3

RNA transcription, translation and
transport factor protein

Isoform 6 of Titin

Signal transducer and activator of
transcription 1-alpha/beta
Cytosolic acyl coenzyme A
thioester hydrolase

Alpha-parvin

Guanine nucleotide-binding
protein G(i) subunit alpha-2

Dnad homolog subfamily B
member 4

Transcription factor COE3
Peroxiredoxin-5, mitochondrial
Vasodilator-stimulated

phosphoprotein

Enoyl-CoA hydratase,
mitochondrial
Phosphatidylinositol transfer

protein beta isoform
Isoform 4 of Plectin

1.27E-02

3.88E-02
3.97E-02

3.06E-03
2.70E-02
4.33E-02

3.80E-02

2.23E-02
2.98E-02

3.06E-02
3.96E-02
1.41E-02

3.35E-02
8.46E-03
1.59E-02
3.37E-02

7.02E-03

1.65E-02
1.45E-02
1.05E-02
3.20E-02

3.39E-02
3.46E-02
2.28E-02

2.79E-02
1.35E-02
2.40E-02

3.59E-03

1.87E-02
4.25E-02

4.22E-02
3.06E-03

3.47E-02
2.34E-03
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0.96

0.87
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Q9NQ48 LZTFL1 factor-like protein 1 -1.53 SP-
Polypeptide N-
Q10472 GALNT1 acetylgalactosaminyltransferase  4.22E-02 -1.56  Outcyte+
1
Supplemental Table 8: Overview of novel exercise-induced myokines.
UniProtKB Gene symbol Cell model Condition Secretion p-value
PALM+EPS/EPS 9.16E-03
QI9BY76 ANGPTL4 HSKMCs SP+
PALM/CON 3.54E-02
P05090 APOD HSkMCs EPS/CON SP+ 1.79E-02
C1QTNF3/
Q9BXJ4 HSkMCs EPS/CON SP+ 1.88E-02
CTRP3
EPS/CON 1.60E-02
P00746 CFD HSkMCs SP+
PALM+EPS/PALM 2.27E-02
Q60994 Adipoq C2C12 EPS/CON SP+ 2.68E-02
P15379 Cd44 c2C12 EPS/CON SP+ 1.03E-02
070326 Grem1 c2C12 EPS/CON SP+ 1.93E-03
Opn/
P10923 C2C12 EPS/CON SP+ 1.00E-17
Spp11
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7.4 Supplemental Figures
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Supplemental Figure 1: Overview of differentially regulated myokines in the muscle secretomes of insulin
sensitive and resistant human myotubes following acute low-frequency EPS. Human myotubes were
pretreated with either BSA (insulin sensitive cells) or 800 uM palmitate (insulin resistant cells) and then subjected
to 6h of low-frequency EPS. CM was processed within a bottom-up proteomics workflow and analyzed by high-
resolution MS. HSkMCs: human skeletal muscle cells, EPS: electrical pulse stimulation, CM: conditioned media,
MS: mass spectrometry

C2C12 Secretome HSKMC Secretome
(unique geg%?ymbols) (unique gene symbols)

Supplemental Figure 2: Comparative analysis of EPS-induced muscle secretome of C2C12 and HSkMCs.
Myotubes were subjected to acute (6h) low-frequency EPS and subsequently CM was processed within a bottom-
up proteomics workflow and analyzed by high-resolution MS. HSKMCs: human skeletal muscle cells, EPS: electrical
pulse stimulation, CM: conditioned media, MS: mass spectrometry
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