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Summary

Nowadays, the prevalence of type 2 diabetes is increasing worldwide and reaches epidemic
proportions already. Physical inactivity and obesity are closely associated with muscle insulin
resistance, which is a major risk factor for the pathogenesis of type 2 diabetes. In the last few
years research has shown that obesity leads to a chronic low-grade inflammation within
adipose tissue and affects the insulin sensitivity of other organs and tissues. In contrast,
regular physical activity does not only prevent obesity, but also considerably improves insulin
sensitivity and skeletal muscle metabolism. Skeletal muscle has recently been identified as an
endocrine organ that produces and releases cytokines and other peptides, which have been
named “myokines”. Considering that skeletal muscle is the largest organ in the human body
and the discovery that contracting skeletal muscle secretes proteins sets a novel paradigm:
skeletal muscle is an endocrine organ producing and releasing myokines in response to
contraction, which can influence metabolism in other tissues and organs.

Therefore, the starting point of the present work was to identify and characterize novel
contraction-induced myokines in vitro and in vivo, and to analyze their biological functions in
human skeletal muscle cells. We demonstrated for the first time that the myokine follistatin-
like protein 1 (Fstl1) is differentiation-dependently expressed and released by human skeletal
muscle cells. Furthermore, we show that an acute bout of exercise performed by healthy
young men increased Fstll serum levels significantly. However, electrical pulse stimulation of
primary human myotubes revealed no regulation by in vitro contraction. However, treatment
of human myotubes with different concentrations of recombinant Fstll had no effect on basal
or insulin-stimulated Akt or GSK-3 phosphorylation.

With comprehensive proteomic profiling of the human myocyte secretome our working group
identified chitinase-3-like protein 1 (CHI3L1) as a novel myokine. Moreover, by using four
independent exercise studies we clearly demonstrated that circulating CHI3L1 levels as well
as muscle CHI3L1 mRNA expression was up-regulated after acute exercise. Therefore, we
classified CHI3L1 as a novel contraction-regulated myokine. Furthermore, incubation of
cultured human myoblasts with CHI3L1 protein leads to a strong activation of p44/42, p38
MAPK and Akt as well as enhanced myoblast proliferation. Our findings suggest that
CHI3LI is a contraction-induced myokine, potentially acting in an autocrine or paracrine
fashion to induce myocyte proliferation for restructuring of skeletal muscle after exercise. In
addition, CHI3L1 treatment diminished the TNFa-induced inflammation in differentiated

myotubes. Also, impaired insulin action at the level of Akt and glycogen synthase kinase



(GSK) 30a/B phosphorylation and insulin-stimulated glucose uptake was normalized by
CHI3L1. In conclusion, the novel myokine CHI3L1 which is induced by pro-inflammatory
cytokines and exercise can counteract TNFa-mediated inflammation and insulin resistance in
human skeletal muscle cells, potentially involving an auto/paracrine mechanism.

Exercise is accompanied by a decrease in intramuscular oxygen levels resulting in an
increased HIF-1a protein abundance. HIF-1a is a master regulator of gene expression and
could play an important role in skeletal muscle function and metabolism. Thus we examined
the role of oxygen in insulin- and contraction-stimulated glucose metabolism in primary
human skeletal muscle cells. We show that exposure of these cells to a lower oxygen tension
(7% 0O2) in combination with electrical pulse stimulation (EPS) for 24 h improves insulin
action at the level of insulin signaling and glucose uptake. Furthermore, the combination of
7% O2 and EPS resulted in an enhanced IL-6 production and secretion as well as HIF-1a and
GLUT4 protein expression. In contrast, knockdown of HIF-1a totally inhibits the insulin- and
contraction-induced glucose uptake. Additionally, human skeletal muscle HIF-lo mRNA
expression was enhanced after acute and chronic exercise and positively correlates with whole
body insulin sensitivity of the participants. The ability to induce HIF-la by exercise was
reduced in pre-diabetic subjects. In conclusion, we demonstrated that HIF-1a is involved in
the regulation of glucose metabolism in human skeletal muscle induced by both stimuli,
insulin and contraction. It may be anticipated that the insulin-sensitizing effect of exercise is
at least partly a result of HIF-1a-regulated gene expression of the insulin signaling cascade
and related downstream metabolic targets.

Taken together, our findings may provide a better understanding for the endocrine role of the
skeletal muscle producing and releasing myokines, which potentially influence skeletal
muscle metabolism itself and/or contribute to regulate the functions of other tissues in an
inter-organ crosstalk. In addition, we demonstrated that skeletal muscle HIF-1a is a critical
determinant for insulin- and exercise-regulated glucose metabolism in human skeletal muscle

and could be used as a therapeutically relevant target to improve insulin sensitivity in human.
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Zusammenfassung

Die Anzahl der Typ 2 Diabetiker steigt weltweit rapide an und erreicht mittlerweile
epidemische Ausmalle. Gefordert wird die Pathogenese des Typ 2 Diabetes durch die
Kombination von Adipositas und Bewegungsmangel. Beides fiihrt zu einer Insulinresistenz
des Skeletmuskels, welche zu einer der wichtigsten Ursachen fiir die Entwicklung des Typ 2
Diabetes zéhlt. Die Forschung der letzten Jahre hat gezeigt, dass Adipositas zu einer
subklinischen, chronischen Inflammation des Fettgewebes fiihrt, welche die Insulinwirkung
im Fettgewebe selbst als auch in anderen Organen und Geweben negativ beeinflusst.
RegelmiBige korperliche Bewegung hingegen verbessert nicht nur die Energiebilanz sondern
auch die Insulinsensitivitit des Skelettmuskels und dient daher zur Vorbeugung des Typ 2
Diabetes. Aktuelle Forschung deutet darauf hin, dass der kontrahierende Skelettmuskel
Hormone freisetzt, welche Myokine (griechisch ,,Mys“: Muskel und ,kinos“: Bewegung)
genannt werden einen positiven Einfluss auf die Funktion der Skelettmuskulatur ausiiben.
Jedoch konnen diese Myokine auch endokrin wirken und entziindungshemmende, Knochen
stairkende und neuroprotektive Effekte vermitteln. Dies stellt einen Paradigmenwechsel der
Bedeutung der Skelettmuskulatur fiir die Gesundheit dar, in der der Skelettmuskel nicht
ausschlieBlich fiir die Umwandlung von chemischer Energie in kinetische Energie
verantwortlich ist, sondern auch als endokrines Organ beriicksichtigt wird.

Aus diesem Grunde war das Ziel dieser Arbeit, neue kontraktions-regulierte Myokine zu
identifizieren und ihre potentiellen auto-/parakrinen Effekte auf die Skelettmuskulatur zu
untersuchen. In dieser Arbeit konnte erstmalig gezeigt werden, dass das Myokin Follistatin-
like protein 1 (Fstll) in humanen Skelettmuskelzellen differenzierungsabhingig exprimiert
und sekretiert wird. Jedoch konnten wir keine Verbesserung der Insulinwirkungen durch Fstl1
Behandlung in humanen Skelettmuskelzellen beobachten. Dariliber hinaus fiihrte die
Kontraktion von Skelettmuskelzellen in vitro nicht zu einer erhohten Expression oder
Freisetzung von Fstll. Dennoch konnte gezeigt werden, dass durch 60 miniitiges
Fahrradfahren der Serumlevel von Fstll signifikant erhdht wird. Somit bleibt die Frage offen,
welches Gewebe oder Organ fiir die erhdhte Freisetzung nach sportlicher Betitigung
verantwortlich ist. Dartiber hinaus konnte in dieser Arbeit erstmalig Chitinase-3-like protein 1
(CHI3L1) als ein neues kontraktions-reguliertes Myokin beschrieben werden. Durch
verschiedene Sportstudien konnten wir zeigen, dass die Expression im Muskel sowie die
zirkulierende Konzentration von CHI3L1 nach korperlicher Aktivitit signifikant zunahmen.

Desweitern konnten wir belegen, das CHI3L1 die Proliferation von Skelettmuskel-
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Vorlauferzellen fordert und somit die Muskeladaption nach kdrperlicher Belastung verbessert.
Dariiber hinaus schiitzt CHI3L1 die Skelettmuskulatur vor Inflammation und der daraus
resultierender Insulinresistenz. CHI3L1 ist somit ein neues kontraktions-reguliertes Myokin,
welches entscheidende Prozesse im Muskel fordert, die zu einer Verbesserung der Funktion
und des Metabolismus innerhalb der Skelettmuskulatur fiihren.

Seit ldngerem ist bekannt, dass die Sauerstoffkonzentration einen erheblichen Einfluss auf die
Funktion der Skelettmuskulatur hat und dass korperliche Aktivitit unter reduzieren
Sauerstoftbedingungen die Insulinsensitivitit von Typ 2 Diabetikern viel effektiver verbessert
als korperliche Aktivitdt unter normalen (21%) Sauerstoffbedingungen. Der zugrundeliegende
Mechanismus dieser Verbesserung und die Rolle der Skelettmuskulatur in diesem Szenario
sind jedoch weitestgehend unerforscht. Wir untersuchten in dieser Arbeit, ob die Kombination
von reduzierten Sauerstoffbedingungen und Muskelkontraktion die Insulinsensitivitit im
Skelettmuskel verbessert. Hierfiir etablierten wir ein in vitro System, in welchem die
Muskelkontraktion von primdren human Skelettmuskelzellen unter reduzierten
Sauerstoffbedingungen durchgefiihrt werden konnte. Hierbei konnte gezeigt werden, dass
Muskelkontraktion unter reduzierten (7% vs. 21%) Sauerstoffkonzentrationen zu einer
Verbesserung der Insulinsensitivitidt in Bezug auf den Insulin Signalweg und die Insulin-
induzierte Glukoseaufnahme fiihrt. Dartiber hinaus fiihrte die Kombination aus 7% Sauerstoff
und Muskelkontraktion zu einer erhdhten Expression von GLUT4 und dem
Transkriptionsfaktor HIF-1a. Durch die Hemmung der Genexpression von HIF-1a konnten
wir zeigen, dass HIF-la essential fiir den Insulin- und Kontraktions-regulierten
Glukosemetabolismus im Skelettmuskel ist. Des Weitern konnten wir zeigen, dass die
Expression von HIF-1a im Skelettmuskel durch korperliche Aktivitét reguliert wird und die
Expression positiv mit der Insulinsensitivitdt der Probanden korreliert. Infolgedessen kann
man vermuten, dass die Insulin Sensibilisierung durch regelméBiger korperlicher Aktivitit
zum Teil von HIF-1a reguliert wird.

Zusammenfassend kann gesagt werden, dass der Skelettmuskel Myokine produziert und
freisetzt, die einen positiven Finfluss auf den Metabolismus und die Funktion des
Skelettmuskel haben, indem sie die Muskelregeneration und das Wachstum nach korperlicher
Belastung fordern und den Muskel vor dem negativen Einfluss von pro-inflammatorischen
Cytokinen schiitzen. Des Weitern konnte gezeigt werden, dass der Transkriptionsfaktor
HIF-1a ein essentieller Faktor fiir den Insulin- und Kontraktions-regulierten
Glukosemetabolismus im Skelettmuskel ist und somit ein potentielles Target fiir die

Behandlung des Typ 2 Diabetikers darstellen konnte.
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GENERAL INTRODUCTION

1. General Introduction

Throughout the world diabetes afflicts over 347 million people (4.75% of the world
population), and epidemiological estimates from the World Health Organization extrapolate
that diabetes will be the 7th leading cause of death in 2030. In 2014, 9% of adults 18 years
and older had diabetes. Type 2 diabetes (T2D) comprises 90% of people with diabetes around
the world and is largely the result of excess body weight and physical inactivity. Thus,
diabetes is rapidly being recognized as a public health threat rising to epidemic proportions.
The total estimated cost worldwide of diagnosed diabetes in 2012 was €220 billion, including
€157 billion in direct medical costs and €63 billion in reduced productivity. While the rate of
diabetes increases it has long been recognized that regular physical activity has important

health benefits for people with type 2 diabetes.

Acute exercise positively moderates glucose homeostasis by enhancing glucose transport and
insulin action in working skeletal muscle, the major tissue for total glucose disposal (1).
Regular physical activity increases the protein level of glucose transporter 4 (GLUT4),
oxidative capacity, mitochondrial enzyme content, and alters fiber type in skeletal muscle.
Moreover, the profile of secreted molecules is influenced which generates an anti-
inflammatory environment, thus providing an additional mechanism for exercise-mediated
improvements in insulin sensitivity (1-5). Collectively, these effects help to explain the strong
epidemiological evidences that regular physical activity prevents or delays the onset of T2D
(4:6). Despite the physiological importance of exercise in regulating skeletal muscle
metabolism, the molecular mechanisms underlying these fundamental phenomena are only
partly understood. Therefore, determining the comprehensive mechanism will unravel
essential knowledge of this complex physiological process and may provide novel targets for
treatment of T2D. In the following sections, I will briefly introduce the current literature on

skeletal muscle function in relation to exercise and diabetes research.



GENERAL INTRODUCTION

1.1  Glucose uptake in skeletal muscle

Carbohydrates, especially glucose, are an important source of energy for most living
organisms. Tissues such as the brain need glucose constantly, and low blood concentrations of
glucose can cause seizures, loss of consciousness, and death (1). However, chronically
elevated blood glucose levels can result in blindness, renal failure, cardiac and peripheral
vascular disease, and neuropathy (7-11). Therefore, regulation of the blood glucose level is of
high importance and needs to be maintained within a narrow range. Despite periods of feeding
and fasting, plasma glucose remains between 4 and 7 mM in metabolically normal individuals
(12). This is achieved by hormonal regulation of peripheral glucose uptake and hepatic
glucose production. During fasting, most of the glucose in the blood is supplied by liver and is
utilized in the brain independently of insulin. After a meal, the elevation in blood glucose
level rapidly stimulates insulin secretion by the B-cells of the pancreas, which results in
increased glucose transport within minutes, metabolism, and storage by skeletal muscle and
adipocytes. In addition, insulin inhibits hepatic gluconeogenesis as well as glucagon secretion
by pancreatic alpha cells and lipolysis in adipose tissue, thereby lowering serum free fatty

acid concentrations, which also contributes to a decline in hepatic glucose production.

Skeletal muscle is the major site of insulin-stimulated glucose disposal in humans; less
glucose is transported into adipose tissue (1). In addition, it is known since 120 years that
skeletal muscle contraction is an additional stimulus for skeletal muscle glucose uptake (13-
16). The intensity and duration of exercise are the primary determinants of skeletal muscle
glucose uptake during exercise and blood glucose levels account for up to 40% of oxidative
metabolism during exercise, when muscle glycogen is depleted (5;14). The highest glucose
uptake is observed when insulin and muscle contraction act together indicating an additive
effect of both stimuli (17). Finally, the identification and characterization of the insulin- and
contraction-regulated glucose transporter isoform 4 (GLUT4) in 1989 opened the way for a
deeper understanding of the molecular pathways involved in skeletal muscle glucose uptake

(18-20).

Glucose uptake by skeletal muscle is regulated at several levels and occurs by facilitated
diffusion dependent on blood glucose concentration, presence of glucose transporters (GLUT)
in the cell surface membrane and the inward diffusion gradient for glucose. Fourteen GLUT
proteins are expressed in the human body and they are categorized into three classes based on

sequence similarity (21). All GLUT proteins appear to possess 12 transmembrane segments, a
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single site of N-linked glycosylation, a relatively large central cytoplasmic linker domain, and
exhibit topologies with both their N- and C- termini positioned in the cytoplasm (22). Several
GLUTs are expressed in skeletal muscle but two isoforms of the GLUT family play a decisive
role. GLUTA4, as mentioned above, is important for insulin- and contraction-regulated glucose
uptake while the ubiquitously expressed GLUTI1 isoform is responsible for constitutive

glucose delivery during resting and fasting (5;23).

Once glucose has been transported across the sarcolemma, it is phosphorylated to glucose 6-
phosphate (G-6-P) in a reaction catalyzed by hexokinase (1). This is the first step in the
metabolism of glucose via either the glycolytic and oxidative pathway responsible for energy
generation or conversion to glycogen (1). Phosphorylation of glucose is another site of
regulation for glucose uptake because phosphorylated hexoses are charged and thus more
difficult to transport out of a cell, which will maintain the diffusion gradient for glucose (1).
In addition, accumulation of G-6-P inhibits the function of hexokinase and hence regulates the

glucose uptake indirectly (24).

Glucose

SUPPLY TRANSPORT METABOLISM

» Perfusion +  Surface membrane + Hexokinase activity

* Blood glucose GLUT abundance * Substrate flux
levels *  Glucose gradient

Figure 1: Potential sites of regulation of skeletal muscle glucose uptake. Glucose diffuses from the capillary
to the muscle surface membranes, is transported across these membranes by facilitated diffusion, and is
irreversibly phosphorylated in the myocyte, provided that there is a glucose concentration gradient. Each of these
steps is tightly coupled. Shown below each step are the main mechanisms of regulation. Adapted from (25) with
modifications and new illustration.

To summarize, glucose uptake in skeletal muscle is coordinated by the blood glucose level,

the transport by GLUTs through the cell membrane, and metabolism of glucose. The
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following sections will explain in detail the underlying molecular mechanism for skeletal

muscle glucose uptake induced by insulin, muscle contraction and finally by hypoxia.

1.1.1 Insulin-stimulated glucose uptake in skeletal muscle

Insulin-stimulated glucose uptake into skeletal muscle is a fundamental response of the body
essential for nutrient utilization. A core mechanism is the rapid mobilization and translocation

of glucose transporter GLUT4 to the plasma membrane (7).

Insulin signaling is mediated by a complex, highly integrated network that controls several
processes. Insulin activates two main signaling pathways: the phosphatidylinositol 3-kinase
(PI3K)—Akt/protein kinase B (PKB) pathway, which is responsible for most of the metabolic
actions of insulin, and the Ras—mitogen-activated protein kinase (MAPK) pathway, which
regulates expression of genes and cooperates with the PI3K pathway to control cell growth
and differentiation (26). The insulin-mediated MAPK signaling pathway is reviewed by
Avruch et al. in detail (27).

Insulin signaling is initiated by binding of insulin to its cell surface receptor. The insulin
receptor is a tetrameric protein consisting of two a- and two B- glycoprotein subunits linked
by disulfide bonds and is located on the cell membrane (28). Insulin binds to the extracellular
a-subunit leading to de-repression of the kinase activity in the B-subunit, followed by trans-
phosphorylation of the B-subunits and a conformational change that further increases kinase
activity (29). Auto-phosphorylation of the insulin receptor results in tyrosine phosphorylation
of insulin receptor substrates (IRSs) including IRS1, IRS2, IRS3, IRS4, Gabl and Shc
(29;30). Binding of IRSs to the regulatory subunit of phosphoinositide 3-kinase (PI3K) via
Src homology 2 (SH2) domains results in activation of PI3K, which phosphorylates
membrane phospholipids and phosphatidylinositol 4,5-bisphosphate (PIP2) in the 3’ position
(31). This complex activates the 3-phosphoinisitide-dependent protein kinase (PDK-1)
(32;33). PDK-1 phosphorylates two proteins that have been shown to be essential key factors
for insulin-stimulated glucose transport; first protein kinase B (PKB or Akt) and second the
atypical protein kinase C (aPKC) (34-37). PDK-1 leads to conformational changes and
subsequent phosphorylation of Akt on Thr308, resulting in partial activation of Akt (38). Full
activation of Akt requires the phosphorylation of Ser473 by an enzyme complex consisting of

mTOR (mammalian target of rapamycin) and RICTOR (rapamycin insensitive companion of

4
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mTOR) (39). The Akt substrate of 160 kD (AS160), which is a Rab-GAP protein, links the
insulin signal to GLUT4 translocation from intracellular stores to the plasma membrane (40-
42). Insulin-induced AS160 phosphorylation leads to an inactivation of the Rab-GAP activity
(43;44). Rab small G proteins on the GLUT4 vesicles turn into an active, GTP-bound state.
Activation of Rab proteins induce processes that lead to the mobilization and fusion of
GLUT4 into the plasma membrane (7;45;46). This complex network is summarized in

figure 2.

1.1.2 Contraction-stimulated glucose uptake in skeletal muscle

The molecular signaling mechanisms that lead to GLUT4 translocation initiated by muscle
contraction are not as well understood as the insulin-mediated GLUT4 translocation. It is
generally believed that muscle contraction stimulates GLUT4 translocation via a molecular
mechanism distinct from that of insulin (7;47-52). However, these two pathways at least
partially converge in their distal parts, and there are now some signaling molecules known
that are involved in GLUT4 translocation and are activated by both stimuli, like AS160 (7;53-
57). Perhaps this convergence explains the observation that the most pronounced glucose

uptake is achieved when insulin and muscle contraction act together (7;17).

Muscle contraction is a multifactorial process including changes in energy status (increased
AMP/ATP ratio) and increases in intracellular Ca®" levels. Therefore, many investigators
speculate that these processes initiate one or more intracellular signaling pathways that
coordinately act to increase GLUT4 translocation and glucose uptake in response to physical
activity. In the following sections, I will discuss the signaling proteins that have been
implicated in this complex process including AMPK, serine/threonine kinase 11 (also known

as liver kinase B1, LKB1), Ca’"/calmodulin-dependent protein kinases (CaMKs) and AS160.

An important step in understanding how muscle contraction affects glucose transport was the
identification of adenosine monophosphate (AMP) as an activator of AMP activated protein
kinase (AMPK) (58). During the last years, research has been conducted to elucidate the role
of AMPK in contraction-stimulated glucose transport (59-63). AMPK is a heterotrimeric
protein that is activated by a complex mechanism involving an increase in the AMP/ATP
ratio, allosteric modification and phosphorylation by up-stream kinases (64;65). Until now,

two kinases were identified acting up-stream of AMPK, namely LKB1 and CaMKKJ (66-68).
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Studies using the AMP-analogue 5-aminoidazole-4-carboxamide ribonuclease (AICAR) have
demonstrated that activation of AMPK induced muscle glucose uptake (69;70). In contrast,
data obtained from mouse models of attenuated AMPK activity have demonstrated that
inhibition of AMPK has no or just a small effect on contraction-induced glucose uptake (71-
73). Furthermore, muscle-specific ablation of LKB1 only partially inhibits contraction-
stimulated glucose uptake (74;75). Increases in cellular Ca®” are a fundamental part of muscle
contraction, and recent studies have shown that Ca®"calmodulin signaling and CaMKs are
important for the contraction-induced glucose uptake by the muscle (76;77). CaMMK
activates AMPK in response to a rise in cytosol Ca*" (78). A study using an inhibitor for
CaMMKua indicates that CaMMK acts as an upstream AMPK kinase in mouse skeletal muscle

regulating glucose uptake at the onset of mild tetanic contraction (79).

Once activated by AMP and up-stream kinases, AMPK switches on catabolic pathways that
generate ATP while it inactivates anabolic pathways and other ATP-consuming processes
(80). Furthermore, activated AMPK has been shown to phosphorylate AS160 in response to
AICAR and contraction in skeletal muscle. In addition, mutation of different phosphorylation
sites in the per-arnt-sim domain (PAS) of AMPK inhibits both insulin- and contraction-
induced glucose uptake (81-83). AS160 is known to regulate insulin-stimulated GLUT4
translocation in adipocytes and skeletal muscle cells (44;84;85). Collectively, these data
suggest that AS160 may serve as a point of convergence for both insulin- and contraction-

dependent signaling in the regulation of glucose uptake by skeletal muscle.
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Figure 2: Proposed model for signaling pathways mediating insulin- and contraction-regulated GLUT4
translocation in skeletal muscle: Insulin binding leads to phosphorylation of the insulin receptor with
subsequent activation of insulin receptor substrate 1 (IRS-1) and phosphatidylinostitol 3-kinase (PI3K).
Downstream of PI3K the protein kinases, 3-phosphoinisitide-dependent protein kinase (PDK-1) and mammalian
target of rapamycin 2 (mTORC2) are activated and phosphorylate Akt. Akt then regulates activation of Akt
Substrate 160 kDa (AS160) to mediated insulin-stimulated GLUT4 translocation. Also, the atypical protein
kinase C (aPKC) have been identified to stimulated GLUT4 translocation. Contraction-stimulated glucose uptake
is mediated by Ca2+/calmodulin-dependent protein kinase kinases (CaMKK), LKB1 and AMP-activated protein
kinase (AMPK), hexokinase 2 (HK?2).

1.1.3 Hypoxia-stimulated glucose uptake in skeletal muscle

Skeletal muscle, like all oxidative tissues of the body, is critically dependent on the supply of
oxygen to maintain energetic and redox homeostasis (86). ATP can be synthesized in skeletal
muscle in an oxygen-dependent manner in the mitochondria via oxidative phosphorylation,
which utilizes substrates such as glycolytically-derived pyruvate, fatty acids, amino acids and
ketone bodies (86). Moreover, ATP can be generated in an oxygen-independent manner in the
cytosol via glycolysis which is followed by conversion of the resulting pyruvate to lactate

(86).

Whatever the origin of the hypoxic stimulus may be (environmental or pathological), the

ultimate consequence is an inadequate O, delivery/availability at the tissue level implying that
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tissue demand exceeds its O, supply (86). All nucleated cells in the human body are able to
sense O, and to respond to O, deficiency in order to maintain homeostasis. The main mediator
of cellular hypoxia is the hypoxia inducible factor (HIF) pathway, discovered by the group of
Semenza (87;88). Like other tissues resting skeletal muscle homeostasis is challenged during
hypoxic exposure, either acutely or chronically. However, in contrast to other tissues, skeletal
muscle function may be further compromised if exercise is superimposed during hypoxic

exposure.

HIF-1 is a heterodimeric protein belonging to the basic helix-loop-helix-PAS family of
transcription factors (89). This protein is composed of two subunits: HIF-1a, which has a
short half-life and is highly sensitive to oxygen, and HIF-18 (or ARNT: aryl hydrocarbon
nuclear receptor), which is constitutively expressed and remarkably insensitive to oxygen
levels (89). Although the HIF family comprises two other members, HIF-2 and HIF-3, only
HIF-1 is known to play a very general role in signaling hypoxia, whereas induction of HIF-2
with hypoxia is restricted to certain cells and HIF-3 function is still incompletely understood
(87;88). During normoxia, HIF-1a is degraded through hydroxylation (87;88). This process
involves prolyl hydroxylases acting on HIF-la oxygen-dependent degradation domain
(ODDD) (88). Once it has been hydroxylated, HIF-1a binds to von Hippel Lindau (VHL)

protein resulting in proteasomal degradation of HIF-1a (88).

Under hypoxic conditions, HIF-1a degradation is blocked because hydroxylation is inhibited.
HIF-1a protein therefore accumulates allowing for its binding to ARNT (HIF-1B) and hence
the formation of a HIF-1 complex, which translocates into the nucleus and can recognize
hypoxia responsive elements (HRE) located in the promoter of target genes (88). The
interaction between HIF-1 and HRE ultimately triggers the transcription of the target genes.
To date, more than 1000 HIF-1 downstream genes have been identified (87;90). Those genes,
which mainly enable the cell to cope with oxygen stress, are involved in erythropoiesis/iron
metabolism, angiogenesis, and cell proliferation/ survival and glucose metabolism,
respectively (88). For example, glucose transporters 1-3 and hexokinase 2 are target genes of
the HIF-1 complex. In addition, GLUT4, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a), citrate synthase (CS), and few other genes were discussed to be
regulated by HIF-1 (91).

One particular aspect of skeletal muscle is a high expression of HIF-1a protein in this tissue
even at normoxic conditions suggesting that HIF-1 could have potential function in muscle

homeostasis in normoxia (92). Predominantly, it has been concluded that muscle contraction
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and hypoxia stimulate glucose transport via the same signaling pathway, independent of the
action of insulin (93). The ability of hypoxia to stimulate glucose disposal independent of
contractile activity has been documented in animal models and in vitro using isolated human
skeletal muscle (94-97). The research in humans has also demonstrated an increased
dependence on blood glucose during exposure to high altitude (4300 m; ~12% 0O2) (98). Very
recently, Sakagami et al. have demonstrated that knockdown of HIF-la strongly reduced
insulin-stimulated glucose uptake in murine skeletal muscle cells (99). Furthermore, AS160
phosphorylation and GLUT4 trafficking was increased in C2C12 cells overexpressing
constitutively active HIF-1a (99).

Taken together, hypoxia, more precisely HIF-la, is a determinant of glucose uptake in
skeletal muscle cells and hence a possible target to alleviate impaired glucose metabolism in

e.g. T2D.

1.2  Diabetes and insulin resistance

Diabetes is recognized as a group of heterogeneous disorders with the common elements of
hyperglycemia and glucose intolerance resulting from defects in either insulin secretion,
insulin action, or the combination (100). Depending on its etiology and clinical presentation
diabetes can be mainly subdivided into type 1 and type 2 diabetes. Type 1 diabetes is also
known as insulin-dependent, juvenile-onset, or immune-mediated diabetes since it develops as
a consequence of an autoimmune destruction of the insulin-producing pB-cells in the pancreas
(101). While it accounts for 5-10 % of all diabetes cases today, the incidence of type 1
diabetes is increasing. The reasons for this are unclear but are likely to be mainly due to
changes in environmental risk factors such as increased weight development, increased
maternal age at delivery, and possibly also aspects of diet and exposure to certain viral
infections that may initiate autoimmunity or accelerate an already ongoing - cell destruction

(102).

T2D 1is accounting for more than 90 % of diabetes cases, and is characterized by
hyperglycemia resulting from impaired insulin secretion of pancreatic B-cells and impaired
insulin action in peripheral tissues as liver, adipose tissue and skeletal muscle, or both (103).
Usually it takes years before the two defects, impaired peripheral insulin action and impaired
insulin secretion, result in the manifestation of type 2 diabetes. However, long before the
manifestation, impaired fasting glucose as well as impaired glucose tolerance has been found

to identify individuals at high risk for progression towards diabetes (104). In these
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individuals, hyperglycemia at levels below the current diagnostic thresholds for diabetes is
now recognized to be sufficient to cause functional and pathological changes in various
tissues, especially the heart and circulatory system (104-106). These pathological changes

remain unrecognized since they occur without clinical symptoms.

The American Diabetes Association (ADA) and the World Health Organisation (WHO)
propose several diagnostic criteria for diabetes. These include a fasting plasma glucose of >
126 mg/dl, or hyperglycaemia of > 200 mg/dl, or plasma glucose levels of > 200 mg/dl two
hours after an oral glucose load (107). Nowadays it is recognized that T2D is accompanied by
a range of associated metabolic disorders like obesity, hypertension, and dyslipidemia. These
metabolic conditions constitute risk factors for the development of each other and are
collectively described as the metabolic syndrome. T2D patients commonly have a
combination of obesity, dyslipidemia, hypertension, and insulin resistance, especially an
increased body mass index (BMI) has been identified to increase the risk of developing T2D
in a dose-dependent manner (103;107;108). It has been shown that the prevalence of T2D in
overweight or obese adults (BMI > 25) is up to 7 times higher compared to normal-weight
controls (BMI 18.5-24.9) and that morbidly obese patients (BMI>35) have a 20 times
increased risk to develop T2D (108;109). In addition, it is well-established that also physical
inactivity increases the risk of T2D (110) and interestingly, inactivity unequivocally has also
been shown to increase the morbidity and mortality rates of associated chronic disorders
(111;112). Moreover, chronic systemic inflammation, which is involved in the
pathophysiology of insulin resistance and T2D, is associated with physical inactivity
independent of BMI (113). Therefore, a sedentary lifestyle is a major risk factor for many
chronic pathologies like obesity, insulin resistance and T2D (114). Increasing the amount of
physical activity effectively prevents the development of chronic diseases (111;112) and
exercise is an excellent therapeutic intervention in conditions such as obesity, insulin
resistance and T2D. In terms of efficacy, exercise can be as beneficial as the drugs that are
prescribed for many of these conditions (4). The mechanisms that mediate the therapeutic
effect of exercise and the pathological changes elicited by a sedentary lifestyle remain
enigmatic (115). Therefore, understanding the multiple mechanisms involved in the
disturbance of proper insulin action and hence the development of skeletal muscle insulin
resistance will provide the basis to develop new strategies to improve insulin sensitivity or

prevent insulin resistance.
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1.2.1 Skeletal muscle insulin resistance

Insulin resistance is a widely used but rather inexact term. It describes a condition in which
insulin becomes inefficient to lower the blood glucose level due to a failure of insulin-
sensitive tissues to adequately respond to the circulating insulin. Insulin resistance is not a
disease but rather a metabolic dysfunction characterized by a large range of decreased values
in the insulin sensitivity index (e.g. fasting blood glucose levels) throughout a population of
individuals. It refers to the fact that peripheral target tissues including skeletal muscle, liver,
and adipose tissue do not respond sufficiently to physiological insulin concentrations. Hence,
a normal insulin concentration is not able to maintain glucose homeostasis. In such a scenario,
skeletal muscle and adipose tissue take up less glucose from the blood after a meal, and in
hepatocytes insulin inappropriately suppresses the production of glucose through
gluconeogenesis and glycogenolysis which results in hyperglycemia (107). Insulin resistance
of skeletal muscle is a major problem because it is this tissue which is mainly responsible for
the postprandial glucose disposal from the circulation (up to 80%) (1). These pathological
changes in insulin-mediated glucose uptake and utilization are central defects in the majority

of T2D patients, which are often present even years before the disease is diagnosed (116).

In order to improve whole-body glucose homeostasis, much attention has focused on
understanding the molecular mechanism for the development of insulin resistance in skeletal
muscle (117). Several studies have demonstrated impaired insulin action on skeletal muscle
glucose uptake in T2D patients (118-120). Therefore, intensive research has focused on the
question whether reduced insulin-mediated glucose transport in skeletal muscle of T2D
subjects results from alterations in the insulin signaling pathway or from alterations in
translocation of GLUT4 to the cell surface. Early steps in the insulin signaling cascade
including the insulin receptor, IRS-1, PI3K and Akt phosphorylation are critical events
leading to insulin-regulated glucose uptake. It was shown that insulin receptor, IRS-1 and
PI3K phosphorylation in skeletal muscle is reduced in patients with T2D (31;121;122). In
addition, knockdown or depletion of Akt (isoform Akt2/PKBf) in mice causes insulin
resistance (123). This result was extended to humans by the finding that a mutation in the
gene encoding Akt2/PKBp results in severe insulin resistance (124). Furthermore, several
studies demonstrated reduced insulin-stimulated Akt phosphorylation in skeletal muscle from
insulin-resistant or T2D subjects (125-127).
11
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In addition, phosphorylation of Ser/Thr sites of the insulin receptor and IRS1/2 likely
represents one of the most important mechanisms involved in insulin resistance (128-131).
There are more than 70 Ser/Thr residues in IRS proteins subjected to phosphorylation, and
numerous Ser/Thr kinases have been implicated as potential trigger of insulin resistance
including c-Jun N-terminal kinase-1 (JNK1), inhibitory- k¥ B kinase p (IKK B ), p70 — S6
kinase 1 (S6K1), and extracellular signal regulated kinase- 1 (ERK1) (129;132). In line with
these observations, experiments using knockout of JINK1, IKK B, and ERK1 have been shown

to prevent insulin resistance in animals exposed to high-fat diet (133-135).

The ultimate response of skeletal muscle to insulin is a proper translocation of GLUT4 to the
plasma membrane. Interestingly, GLUT4 protein expression is reduced in skeletal muscle of
morbidly obese subjects, while in lean T2D subjects total GLUT4 protein expression is not
altered (136-138). In these cases reduced glucose uptake may be related to impaired
translocation, resulting in a reduced glucose uptake. Accordingly, abnormal cellular
localization of GLUT4 in skeletal muscle from insulin-resistant subjects as well as reduced
insulin-stimulated GLUT4 translocation in skeletal muscle from T2D patients have been
demonstrated (120;139). In summary, a deeper understanding of intracellular signaling
pathways which lead to GLUT4 translocation, could result in new approaches for the
treatment of insulin resistance. Therapies that improve the recruitment of glucose transporters
to the cell surface are likely to reduce the morbidity associated with T2D and may prevent the
development of diabetes in individuals with high risk (117). The molecular mechanisms
leading to skeletal muscle insulin resistance remain incompletely understood and
controversial due to numerous players and the multifactorial nature of events involved in its

development.

Obesity is often accompanied by elevated levels of circulating free fatty acids and induces
activation of JNK, IKK, and IRS-1 Ser-307 phosphorylation (140). The fatty acid palmitate
plays a particular role in promoting insulin resistance as it induces endoplasmic reticulum
(ER) stress, cytokine production, and activates JNK (141). In addition, palmitate activates
NF-kB signaling while inhibition of this pathway reverses lipid-induced insulin resistance
(142). The lipid metabolite diacylglycerol (DAG) has also been shown to induce insulin
resistance. Increased muscle DAG leads to muscle insulin resistance by activating PKC-6 and

inducing IRS-1 Ser-307 phosphorylation (143).

In addition, obesity and a sedentary lifestyle are often characterized by a chronic low-grade

inflammatory state, which is considered as a key component in promoting insulin resistance
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(2). Adipose tissue expansion occurs in response to caloric overload and is associated with an
increase in immune cell infiltration and a subsequent pro-inflammatory response (144).
Adipocytes and macrophages are capable of secreting pro-inflammatory cytokines that induce
insulin resistance. Elevated secretion of the chemokine MCP-1 by adipocytes have been
shown to induce insulin resistance in skeletal muscle cells (145;146). Increased secretion of
cytokines, such as TNF-a, IL1B, or IL-6, by both immune cells and adipocytes induces insulin
resistance via multiple mechanisms, including activation of Ser/Thr kinases and reduction of
IRS-1 and GLUT4 expression (129;133). Another driving factor in obesity-associated
inflammation is caused by activation of Toll-like receptor (TLR), especially activation of
TLR-4. TLRs belong to the innate immune system and are generally activated by pathogen-
associated molecular patterns such as LPS, and induce inflammation via activation of the NF-
kB pathway (147;148). TLRs are ubiquitously expressed and TLR-4 is elevated in skeletal
muscle of patients with obesity and insulin resistance (148). Interestingly, saturated fatty acids
(FA) can also activate this pathway, indicating a potential role for these receptors in obesity-

driven inflammation (149).

Furthermore, mitochondrial dysfunction and reactive oxygen species (ROS) formation may
also induce skeletal muscle insulin resistance. Low levels of ROS can enhance insulin action,
but high concentration of ROS causes oxidative stress (150). ROS formation occurs as a by-
product of the electron transport chain and is a major consequence of mitochondrial
dysfunction (150). Increased ROS levels have been observed in obese and diabetic states and
can be caused by an increased metabolite flux into mitochondria, alterations in mitochondrial
proteins, and reduced expression of antioxidant enzymes (151;152). Increased oxidative stress
leads to the activation of stress kinases that induce insulin resistance by serine
phosphorylation of IRS proteins (151;152). Besides the aspect of ROS-mediated insulin
resistance, altered mitochondrial dynamics in the form of increased mitochondrial fission
leads to insulin resistance and can be rescued by inhibiting fission, which decreases the

activity of p38 MAP kinase and increases IRS-1 and Akt activation (153).

In conclusion, the complexity of this signaling system is essential to mediate the variety of
biological responses to insulin. Many steps are negatively regulated by action of phosphatases
or inhibitory proteins. One of the big challenges remaining is to decode the complexity of the
pathogenesis of insulin resistance. In rare cases, the cause is genetic, but in most others
insulin resistance is triggered by cellular perturbations, such as lipotoxicity, inflammation,

mitochondrial dysfunction, and ER stress which leads to deregulation of genes and inhibitory
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protein modifications, those resulting in impaired insulin action. A better understanding of the
causes and mechanisms leading to insulin resistance will be essential for a more effective

treatment of type-2 diabetes and associated diseases.

1.2.2 Effects of physical activity on skeletal muscle insulin sensitivity

Regular physical activity leads to a number of adaptations in skeletal muscle that allow the
muscle to more efficiently utilize substrate for ATP production and thus become more
resistant to fatigue (154). Improved insulin action after a single bout of exercise was first
demonstrated in 1982 using perfused isolated rat hindquarters (155). In that study, Richter et
al. have shown that after treadmill running the ability of insulin to stimulate glucose uptake as
well as glycogen synthesis was markedly increased (156). Furthermore, the insulin sensitizing
effect of prior exercise is mainly observed in glycogen-depleted muscle suggesting that this
phenomenon is locally related to contracting muscle (157). In addition, it was demonstrated
that following exercise, a residual effect on glucose uptake is still measured 1-2 hours after
completing the exercise even in the absence of insulin whereas 2.5 hours after exercises
increased glucose uptake can only be measured in the presence of insulin (158;159). In
addition to the acute effect on glucose transport, the sensitivity of skeletal muscle to insulin is
markedly increased for more than 48 hours in human subjects (160;161). Despite 30 years of
research aiming to characterize the connection between exercise and improved insulin action,

the underlying mechanisms are still poorly understood.

Consistent with the observation that improved insulin action is mainly observed in glycogen-
depleted muscle, it is believed that this finding is due to a local contraction-related
mechanism. This hypothesis is supported by the finding that improved insulin sensitivity in
rodents is still observed after contraction of one leg by electrical stimulation of the sciatic
nerve followed by measurement of insulin sensitivity in both legs by hindquarter perfusion
(157). This early findings in rodents have subsequently been supported by human studies
using one-legged exercise models (161;162). Previously, it was assumed that the increase in
insulin sensitivity after exercise is mediated by an amplification of the insulin signal.
However, if rat muscles are treated with insulin 3-4 hours after exercise, IR tyrosine kinase
activity, IRS1 tyrosine phosphorylation, and PI3K activity are not enhanced in skeletal muscle
(162;163). Also human studies reported increased insulin sensitivity after exercises without

simultaneous increase in proximal insulin signaling (164;165). In contrast, a few studies
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observed increased insulin-induced Akt phosphorylation after exercise (166;167). Taken
together, it seems more relevant to focus on steps that are commonly used by exercise and
insulin stimulation, and in addition may control glucose uptake. There is considerable
evidence that regular physical activity increases the expression of GLUT4 protein level in
skeletal muscle (162;168-170). Furthermore, translocation of intracellular GLUT4 vesicles to
the cell surface is increased after chronic exercise (163;171). Therefore, current research tries
to elucidate the role of distal signaling components in the insulin signaling pathway such as
atypical protein kinase C, AS160 and TBCIDI, which leads to glucose uptake. These
candidates are all influenced by insulin and exercise and might regulate the insulin-sensitizing

effect of regular physical activity.

1.2.3 The effect of altitude hypoxia on glucose homeostasis

Altitude is characterized by hypoxia, low temperature, and low atmospheric pressure. Many
researchers focused on hypoxic aspects of physiological responses since this condition exerts

a potent effect on human metabolism.

Acclimation to an altitude of 4000 m has been found to decline blood glucose levels in
parallel with a higher glucose turnover, both at rest and during exercise (172). The increased
skeletal muscle glucose uptake is accompanied by enhanced insulin sensitivity (94;173).
Likewise, it was reported in obese people that after being at high altitude (2600 m), the
HbAIc level decreased significantly 4 weeks after the stay (174).

A number of studies have investigated glucose and insulin sensitivity in response to exercise
under hypoxic conditions in subjects with T2D. Mackenzie et al. have shown that 1 h of
exercise while breathing 14.8% O2 (corresponding to an altitude of appr. 2,800 m) increased
glucose disposal and decreased blood glucose levels and HOMA-IR (Homeostasis Model
Assessment of Insulin Resistance) to a greater extent than normoxic exercise in subjects with
uncomplicated T2D [169]. Schobersberger et al. found reductions in glucose concentrations
and HOMA-IR after oral glucose loading following 3 weeks of exercise at an altitude of 1,700

m in subjects with metabolic syndrome, four of whom had T2D [172].

In addition, a recently published study has shown that acute hypoxic training improved
glucose tolerance while exercise at hypoxic conditions further ameliorated insulin sensitivity
in T2D patients (175). Another study demonstrated that glucose tolerance enhancement 4 h
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after exposure to hypoxic exercise can be attributed to improvements in peripheral insulin
sensitivity in sedentary males with T2D (176). Moreover, it has been described that hypoxic
exercise increased GLUT4 levels in patients with T2D (177).

Taken together, hypoxia and exercise show an additive effect on insulin sensitivity,
suggesting that insulin signaling and insulin-dependent glucose uptake might be up-regulated
following hypoxic exercise. Acute hypoxic exercise could improve glycemic control in
patients with insulin resistance or T2D to a greater extent than exercise under normoxic
conditions. Hence, a hypoxic stimulus might be a promising and practical tool for clinical use
in obese, insulin-resistant and T2D patients to reduce blood glucose levels and improve

insulin sensitivity.

1.2.4 Physical activity and low-grade systemic inflammation

Enlargement of adipose tissue as a consequence of a sedentary lifestyle and excessive energy
intake results in a local inflammatory response in the visceral adipose tissue, infiltration of
immune cells, and local and systemic increases of pro-inflammatory cytokines. Thus, obesity,
insulin resistance and T2D are associated with a chronic low-grade systemic inflammation,
and regular physical activity protects against a number of chronic diseases which are

characterized by inflammation (2;178;179).

It is well established that regular physical activity reduces chronic low-grade inflammation
and improves insulin action in subjects with insulin resistance and T2D. Cross-sectional
studies have shown a strong inverse association between the level of physical activity and
systemic low-grade inflammation (180-183). These observations might be explained by an
anti-inflammatory effect of regular exercise which could be mediated via different
mechanisms. Regular physical activity results in enhanced energy utilization thus leading to
reduction of body weight and visceral fat mass which is an important source of pro-
inflammatory cytokines (144;184). This may explain in part the reduction of inflammatory
markers such as CRP following long-term exercise (183;184). Furthermore, it is well accepted
that exercise decreases expression of TLR2 and TLR4 in immune cells and skeletal muscle
(185). Interestingly, activation of TLR in skeletal muscle by factors such as
lipopolysaccharide (LPS), heat shock protein 60 or free FAs has been suggested to participate

in the development of insulin resistance (185;186). Moreover, due to exercise-induced
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increases of adrenaline, cortisol, and other factors with immunomodulatory effects, physical

activity may also have beneficial effects on the function of the immune system (187).

Starkie et al. investigated the hypothesis that acute exercise induces a direct anti-inflammatory
response (188). Healthy subjects received LPS-endotoxin to induce low-grade inflammation
during resting or after 2.5 hours bicycling. In resting subjects LPS-endotoxin administration
resulted in a strong increase in systemic inflammation. Interestingly, in the exercising subjects
the pro-inflammatory response, at the level of TNFa induction, was totally blunted. These
data are further supported by in vitro experiments using electrical pulse stimulation (EPS) of
primary human myotubes which induces contraction of the cells (189). Lambernd et al.
demonstrated that EPS prevents inflammatory responses induced by various treatments due to
blocking the pro-inflammatory signaling pathway (189). In conclusion, these data supporting
the idea that physical activity and muscle contraction mediates an anti-inflammatory

environment.

1.3 Skeletal muscle as an endocrine organ

The skeletal muscle is the largest organ in the human body in normal weight individuals and
plays a key role in locomotion for maintaining the physical activities in human life. Skeletal
muscles have additional properties as an elaborately energy production and consumption
system that influences whole body energy metabolism. More recently, skeletal muscle has
gained considerable interest as an endocrine organ (190;191). Therefore, researchers have
tried to identify a contraction-induced humoral factor, an “exercises factor”, that could be at
least partly responsible for the health-promoting effects of physical activity, which protects
against major chronic, low-grade inflammatory diseases like T2D, insulin resistance, the
metabolic syndrome and many others. Cytokines and other peptides that are produced,
expressed, and released by skeletal muscle cells and exert either paracrine or endocrine effects
should be classified as “myokines” (192). IL-6 was the first myokine which fulfilled all
criteria of being a myokine (192). During the last years several novel contraction-regulated
myokines have been identified and characterized, e.g. interleukin 8 (IL-8), IL-7, IL-15, brain-
derived neurotrphic factor (BDNF) and leukemia inhibitory factor (LIF) (2;191;193;194).
Myokines are crucial for proper skeletal muscle function and homeostasis and are part of a
complex network of inter-organ communication with e.g. liver and adipose tissue (Figure 3).

In the following sections I will briefly introduce the current literature on this important area.
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Figure 3: Selected myokines and their auto-/paracrine or endocrine functions. LIF, IL-6, IL-7 and IL-15
promote muscle growth and regeneration in response to exercise. Myostatin (MSTN) inhibits muscle
hypertrophy and exercise provokes the release of myostatin inhibitor, decorin (DCN). BDNF and IL-6 are
involved in AMPK-activation, and IL-6 enhances lipolysis and insulin-stimulated glucose uptake. IL-6 appears
to have systemic effects on the liver and adipose tissue to enhance hepatic glucose production and lipolysis.
Furthermore, IL-6 promotes the production of anti-inflammatory cytokines. IL-8 improves endothelial function
and revascularization of ischaemic vessels.

1.3.1 Skeletal muscle and myokines

The best characterized myokine is interleukin 6 (IL-6), which is profoundly up-regulated by
muscle contraction (145;149). The finding that contracting skeletal muscle releases significant
amounts of IL-6 into the circulation during prolonged exercise was a milestone in this
research field and proved skeletal muscle as an endocrine organ (195). Up to now, IL-6 is the
most prominent muscle-derived myokine, which was demonstrated to be upregulated in the
circulation after exercise without muscle damage (196;197). The level of circulating IL-6
increases in an exponential way in response to exercise and declines in the post-exercise
period (3;191;198). The magnitude by which plasma levels increase is related to exercise
duration, intensity, glycogen status, and the muscle mass involved in the mechanical work
(199;200). IL-6 acts in an auto-/paracrine fashion within skeletal muscle and endocrine in a

hormone-like fashion to mediate metabolic and anti-inflammatory effects (191;201). In
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skeletal muscle, IL-6 signals via gp130Rb/IL-6 receptor agonist (IL-6Ra), which results in
activation of AMPK and/or phosphoinositide 3-kinase (202-204). These pathways mediate
increased glucose uptake, GLUT4 translocation and glycogen synthesis on acute exposure to
IL-6. In addition, in vitro studies have shown that IL-6 increases skeletal muscle fatty acid
oxidation and lipolysis via AMPK activation (205;206). Moreover, it was demonstrated that
IL-6 is necessary for adult hypertrophic muscle growth in vivo, and muscle-produced IL-6 is a

major regulator of satellite cell proliferation and myonuclear accretion (207).

IL-6 works also in an endocrine fashion to increase hepatic glucose production during
exercise and lipolysis in adipose tissue (208-210). Moreover, IL-6 promotes glucagon-like
peptide-1 (GLP-1) secretion and production in intestinal L-cells and pancreatic alpha cells
thereby leading to improved beta cell insulin secretion and glucose tolerance (211). These
data could explain the increase of GLP-1 plasma level during exercise, which may be
mediated by skeletal muscle-derived IL-6 (211-213). Since the effect of GLP-1 on insulin
secretion is glucose-dependent, IL-6—-induced GLP-1 release will not acutely affect insulin
secretion in healthy subjects during exercise but rather promote insulin secretion during a
post-exercise meal (211). Furthermore, it is known that IL-6 released by contracting skeletal
muscle triggers an anti-inflammatory cascade by inducing the production of the anti-
inflammatory cytokines IL-10, IL-1 receptor antagonist (IL-1ra) and soluble TNF receptor
(sTNFR) (2;191;201). Moreover, data suggest that IL-6 inhibits the production of pro-
inflammatory TNFa. Starkie et al. has reported that in healthy humans elevation of plasma IL-
6 level by acute exercise or infusion of IL-6 blunts an LPS-endotoxin-mediated increase of

TNFa. (188).

Leukemia inhibitory factor (LIF), another member of the IL-6 superfamily has been classified
as a myokine (193). LIF has multiple biological functions within skeletal muscle such as
induction of satellite cell proliferation, which is essential for muscle hypertrophy and
regeneration after muscle damage (193). LIF is also a contraction-induced myokine and LIF

mRNA expression is strongly up-regulated after acute exercise (193;214).

More recently, interleukin 7 (IL-7) was described as a novel exercise-regulated myokine

(194). IL-7 belongs to the interleukin superfamily 2 and is required for T-cell and B-cell

development but its relevance in non-immune cells has not been sufficiently explored. A

study by Haugen et al. has shown that IL-7 is expressed and secreted by primary human
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skeletal muscle cells (194). In vitro experiments suggested that IL-7 increased migration of

satellite cells without affecting their proliferation (194).

Another member of the interleukin superfamily 2 is interleukin 15 (IL-15) which has been
identified as an anabolic factor, and is highly expressed in skeletal muscle (215). Furthermore,
IL-15 has been suggested to play a role in muscle-adipose tissue interaction (216). In
differentiated human skeletal muscle cells, IL-15 induces an increase in accumulation of the
protein myosin heavy chain (MHC), suggesting IL.-15 as an anabolic factor in muscle growth,
and IL-15 stimulates myogenic differentiation (217;218). However, the regulatory role of

muscle contraction with regard to IL-15 is unclear.

Interleukin 8 (IL-8) is a known chemokine that primarily attracts neutrophils. In addition to its
chemokine properties, IL-8 acts as an angiogenic factor (219). The plasma concentration of
IL-8 increases in response to exhaustive exercise such as running, which involves eccentric
muscle contractions, whereas no increase in plasma IL-8 in relation to concentric exercise was
found (3;190). However, when measuring the arterial-venous concentration difference across
a concentrically exercising limb, a small and transient net release of IL-8 was detectible,
which did not result in an increase in the systemic IL-8 plasma concentration (220). The fact
that high local IL-8 expression occurs in contracting muscle with only a small and transient
net release may indicate that muscle-derived IL-8 acts locally and exerts its effect in an
autocrine or paracrine fashion (220). IL-8 induces its chemotactic effects via the chemokine
receptor CXCR1, whereas CXCR2, which is expressed by human microvascular endothelial
cells, is the receptor responsible for IL-8-induced angiogenesis (221-223). The expression of
the IL-8 receptor CXCR2 is enhanced in human skeletal muscle biopsies after concentric
exercise and the increase in CXCR2 protein is seen not only in the muscle fibers but also to a
larger extent in the vascular endothelium, suggesting that it may play a role in angiogenesis

(224).

Brain-derived neurotrophic factor (BDNF) also has been described as an exercise-induced
myokine (225), although the protein and its receptor are most abundantly expressed in the
brain (226). In humans it should be noted that 70—80% of plasma BDNF originates from the
brain during both rest and after exercise, suggesting the brain as the major source of this
factor (227). It might be that muscle-derived BDNF acts primarily within skeletal muscle
tissue, e.g. inducing lipid oxidation via AMPK activation (225), whereas brain-derived BDNF
may act more systemically and is potentially involved in beneficial effects of exercise with

regard to Alzheimer’s disease, depression or impaired cognitive function (228).
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In addition, the myokine myostatin is a member of the transforming growth factor beta (TGF-
B) superfamily that negatively regulates skeletal muscle size (229). Importantly, myostatin is
antagonized by different factors such as follistatin (230) and decorin (231). Interestingly,
decorin mRNA expression is enhanced in skeletal muscle after chronic exercise combining
strength and endurance training (232). A study by Heinemeier et al. reported increase decorin
mRNA expression in skeletal muscle following an acute enducance exercise (233), and

decorin plasma levels are increased after acute resistance exercise (232).

Taken together, myokines are key elements of the multi-organ crosstalk communication
network, and they play a prominent role in mediating the health-promoting effects of regular
physical activity. Their effects involve substrate oxidation, lipid partitioning, reduction of
inflammation, and improved pancreatic beta cell function. Furthermore, myokines play an
essential role for skeletal muscle function by controlling skeletal muscle differentiation and
growth, and regulating glucose and fat metabolism. The list of new myokines is continuously
increasing, whereas the physiological impact of this multitude of molecules remains largely

unexplored (234;235).
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1.4  Objectives

As emphasized in the previous sections, the mechanisms involved in the beneficial effects of
exercise attract increasing attention because of continuously increasing prevalence of T2D.
Understanding these mechanisms regulated by muscle-contraction can potentially be used to
develop effective and personalized exercise interventions and may be also useful in
identifying relevant targets for drug development. Although physical activity has long been
known to be an effective and commonly cost-efficient therapeutic strategy for the treatment of
multiple complications associated with type 2 diabetes, molecular mechanisms in skeletal

muscle itself are only incompletely understood.

Exercise, and especially the contracting muscle, is indeed a source of numerous “drug-like”
molecules. Myokines are key elements for skeletal muscle function and play an important role
in the multi-organ crosstalk communication network by mediating at least partially the health-
promoting effects of regular physical activity. Some myokines act locally within skeletal
muscle via a paracrine mechanism to promote muscle growth and regeneration in response to
exercise. Progress in proteomics and other techniques has allowed identifying a myriad of
novel myokines, whereas the physiological impact of this multitude of molecules remains
poorly unknown. Therefore, the aim of the present work is to identify and characterize novel
contraction-induced myokines in vitro and in vivo and analyze their biological functions in

human skeletal muscle cells.

e Follistatin-like protein 1 (Fstll) was identified as a myokine in rodents, but its
existence and physiological role in humans was completely unknown. Therefore,
the first objective of this thesis was to investigate the expression and regulation of
Fstll in human skeletal muscle cells and to assess the impact of exercise on
circulating Fstl1 levels. Furthermore, we investigated potential paracrine effects of
Fstll in vitro.

e Using a comprehensive proteomic profiling of the human skeletal muscle
secretome, chitinase-3-like protein 1 (CHI3L1) was identified by our group as a
novel myokine. Therefore, the next objective of this thesis was to analyze the
expression and regulation of CHI3L1 in human skeletal muscle cells. Moreover,
we investigated potential auto-/paracrine effects of CHI3L1 in the context of
skeletal muscle inflammation, insulin signaling, skeletal muscle growth and repair.

Finally, we analyzed the role of exercise for CHI3L1 production.
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As mentioned above, hypoxia and exercise have shown an additive effect on insulin
sensitivity suggesting that insulin signaling and insulin-dependent glucose uptake might be
up-regulated following hypoxic exercise. Acute hypoxic exercise could improve glycemic
control in patients with T2D or insulin resistance to a greater extent than exercise under
normoxic conditions. However, there is no consensus in these areas, most likely as a
consequence of the variations in degree and duration of hypoxic exposure, as well as the
broad range of experimental parameters used as markers of metabolic processes. Finally, the
impact of the combination of contraction and hypoxia regarding insulin action in the skeletal
muscle at the molecular level has never been investigated. We hypothesized that the
combination of hypoxia and contraction would improve skeletal muscle insulin sensitivity and

metabolism. Therefore, the aim was to establish an in vitro model of hypoxic exercise.

e In an attempt to resolve some of the controversies, we established a novel in vitro
model of human skeletal muscle cell contraction at reduced oxygen levels by
combining our well-established EPS model with the BioSpherix hypoxia working
chamber. Furthermore, we analyzed the effect of different oxygen levels with or
without EPS on insulin- and contraction-regulated glucose metabolism and tried to
identify novel targets of insulin sensitivity in human skeletal muscle cells. Finally, we

tried to translate these novel targets to the in vivo setting.
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Abstract— Follistatin-like protein 1 (Fstll) is a secreted
glycoprotein of the follistatin family. Fstll is secreted by
C2C12 cells, and Aktl over-expression in skeletal muscle
leads to its induction in muscle and increased circulating
levels. So far, secretion of Fstll by human myotubes and the
effect of exercise on its circulating levels has not been
investigated. Here, we examined both the regulation of Fstl1
expression and secretion in primary human skeletal muscle
cells and the effect of acute exercise on Fstll serum
concentrations in humans. We show that human myotubes
express and secrete Fstll in a differentiation-dependent
manner. Furthermore, IFNy and IL-18 significantly
increase Fstll secretion. Electrical pulse stimulation (EPS)-
induced contractile activity of myotubes did not regulate
Fstll. Interestingly, we observed that 60min cycling
increased serum Fstll level by 22%. In conclusion, we
demonstrate that Fstll is expressed and secreted by human
myotubes and plasma Fstll levels are increased after
exercise.
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L INTRODUCTION

Skeletal muscle has been identified as an endocrine organ
due to its capacity to produce and secrete a variety of
cytokines (called myokines) and other proteins. Myokines
affect muscle physiology and additionally exert systemic
effects on other tissues and organs (1;2). It is well
accepted that physical activity exerts major beneficial
effects on the prevention of chronic diseases. Inactivity is
accompanied by an increase in visceral adipose tissue
mass, which is associated with a systemic low-grade
inflammation in peripheral tissues like skeletal muscle,
hence promoting the development of chronic diseases.
For instance, regular physical activity induces changes in
the secretion of the well-known myokine interleukin-6
(IL-6), which induces hepatic glucose uptake and
lipolysis in adipose tissue (3). But not only myokines are
up-regulated during and after exercise, also other organs
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and tissues react to physical activity e.g. by an increased
cytokine release. It has been shown that follistatin, which
is a member of the TGF-B super-family, is upregulated in
plasma during exercise and most likely produced and
secreted from the liver (4). To date, myokines have
primarily been studied in response to exercise. However,
numerous observations suggest that skeletal muscle may
also release myokines in response to stress exposure.
Stress signals such as TNFa or IL-1B, which serve as
indicators of whole body stress or injury in other cells, act
on skeletal muscle and affect the secretion of myokines.
For example, Yoon et al. identified 28 TNF-a modulated
myokines released from L6 skeletal muscle cells (5).
Follistatin-like 1 (Fstll), also known as TSC-36, is a
secreted glycoprotein and belongs to the follistatin family
of proteins (6). Follistatin family members bind to TGF-
super-family proteins and inhibit their functions (7).
Oshima et al. have shown Fstll to be a cardiokine which
is upregulated in ischemic injured and hypertrophic hearts
of mice (8). In a recent study they have shown that Fstl1
can prevent myocardial injury by inhibiting apoptosis and
inflammatory responses through modulation of AMPK-
and BMP-4-dependent mechanisms (9). Therefore, they
suggested Fstll as a novel therapeutic target for acute
coronary syndrome.

In this study, we focused on the regulation and
characterisation of Fstll in primary human skeletal
muscle cells. We show here that Fstll is expressed and
secreted by human skeletal muscle cells. Furthermore, we
have investigated the effect of contraction and physical
activity on Fstll expression and secretion. Although Fstl1
was not regulated by contractile activity of skeletal
muscle cells in vitro, plasma Fstll levels were found to be
increased post-exercise, making it likely that this
myokine is involved in the crosstalk between muscle and
other organs.The aim of this study was to characterize
CHI3L1 as a novel myokine and analyze potential auto-
and/or paracrine effects in primary human skeletal muscle
cells.

II.

Materials: Monocyte chemotactic protein-1 (MCP1) and
tumor necrosis factor o (TNFa) were provided by Sigma-

MATERIAL AND METHODS



ARCHIVES PHYSIOLOGY BIOCHEMISTRY

Aldrich (Munich, Germany). Interleukin 1-8 (IL-18) and
interferon gamma (IFNy) were purchased from Miltenyi
Biotec (Bergisch Gladbach, Germany). Different
recombinant Fstll was supplied by Creative BioMart
(NY, USA), AdipoBioscience (Santa Clara, USA) and
GenWay (San Diego, USA). Primary human skeletal
muscle cells and supplement pack for growth medium
were obtained from PromoCell (Heidelberg, Germany).
Horse serum for the differentiation medium was provided
by Gibco (Berlin, Germany). Anti-phospho Akt (Ser473)
was supplied by Cell Signalling Technology (Frankfurt,
Germany). All other chemicals were of the highest
analytical grade commercially available and were
purchased from Sigma.

Culture of human skeletal muscle cells: Primary human
skeletal muscle cells isolated from five healthy Caucasian
donors (3 males, 16, 21 and 41 of age; 2 females, 33 and
37 of age) were supplied as proliferating myoblasts and
cultured as described in our earlier study (10). For an
individual experiment, myoblasts were seeded in six-well
culture dishes at a density of 100,000 cells/well and were
cultured in a-modified Eagle’s (aMEM)/Ham’s F-12
medium containing skeletal muscle cell growth medium
supplement pack up to near-confluence. The cells were
then differentiated in aMEM containing 2% horse serum
until day 5 of differentiation followed by overnight
starvation in aMEM without serum. Differentiated cells
were incubated as indicated with different cytokines for
24 h and recombinant Fstll. Afterwards, cells were
stimulated with 100 nmol/l insulin for 10 min.

Electrical Pulse Stimulation (EPS): EPS was applied to
fully differentiated myotubes in sixwell dishes using a C-
Dish in combination with a C-Pace pulse generator (C-
Pace 100, TonOptix, Milton MA), as recently described
by us . The instrument emits bipolar stimuli to the carbon
electrodes of the C-Dish which are placed in the cell
culture media. The myotubes were stimulated with a
frequency of 1 Hz, pulse duration of 2 ms and intensity of
11.5 V for 2 to 24 h. Medium was changed directly
before stimulation.

Immunoblotting: Skeletal muscle cells were treated as
indicated and lysed. The immunoblotting procedure was
carried out as described before (11). Signals were
visualized on a VersaDOC 4000 MP (Bio-Rad
Laboratories, Munich, Germany) and analyzed by
Quantity One analysis software (version 4.6.7, Bio-Rad
Laboratories).

Measurement of Fstll: Supernatants from contracting
and non-contracting hSKkMC were collected after
indicated time points and protein concentration was
determined by Fstll DuoSet-ELISA (R&D systems). For
measurement of Fstll serum concentration we used Fstll
ELISA obtained by Uscn Life Science Inc.. Both ELISA
kits were used according the manufacturer’s protocol.
Cytokine treatment: Fully differentiated skeletal muscle
cells were incubated with different cytokines (IFNy,
TNFa, MCP1 and IL-18) for 24 h. Fstll secretion was
assessed by ELISA according the manufacturer’s
protocol.
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RNA isolation and RT-PCR: Total RNA was isolated
using TriPure Isolation Reagent (Roche). RNA
concentration and purity was measured using a NanoDrop
2000 (Thermo Scientific). One microgram of RNA was
reverse transcribed using Omniscript RT Kit (Qiagen).
Fstll mRNA expression was measured using pre-
designed primers (Quantitect Primer Assay, Qiagen) in a
SYBR Green-based real-time PCR. The following
conditions were used: 10 min by 95 °C for initial
activation, 94 °C 15s, 55 °C 30 s, 72 °C 30 s (40 cycles).
Samples were run in triplicates using a StepOne plus
sequence detection system for real-time PCR (Applied
Biosystems). Melting curve analysis of the PCR products
were performed to verify their specificity and identity.
Target mRNA levels were normalize relative to actin.
Human Study: Eight well-trained healthy lean male
volunteers (body mass index 23.1+0.6 kg/m2, VO,max
65.5+1.7 ml/min/kg) participated in the study. A baseline
blood sample was taken before start of the exercise.
Subjects cycled at 70 % VO,max for 60 min and then
rested for 2 h. Blood were sampled immediately after the
exercise session as well as 30 min and 120 min post
exercise. The study was approved by the Regional
Committee for Medical and Health Research Ethics,
Region Ser-Ost-Norge, Norway (2011/927b).
Presentation of data and statistics: Data are the means
+ SEM. Unpaired two-tailed Student ¢ test or one-way
ANOVA (post hoc test: Bonferroni multiple comparison
test) were used to determine statistical significance. All
statistical analyses were performed using Prism5
(GraphPad, LA Jolla, CA) considering a P value of <0.05
as statistically significant. Corresponding significance
levels are indicated in the figures.

III. RESULTUS

Differentiation-dependent  Fstll  expression and
secretion: Fstll mRNA expression is regulated by
skeletal muscle differentiation and shows a significant
increase from undifferentiated cells (D0: 33+£5 %) to day
2 of differentiation (70+10 %) (Tab. 1). The expression of
Fstll remained at this level until the end of differentiation
on day 6 (D2: 70£10% vs. D6: 100%). In addition, Fstll
secretion was also constant from day 2 to day 6. In the
supernatants we measured a mean Fstll concentration of
1.89+0.12 ng/ml (Tab. 1).

Fstll expression and secretion is regulated by
inflammatory cytokines: Fstll mRNA expression was
not regulated by contractile activity of skeletal muscle
cells in vitro after 24 h of EPS (Fig. 1la). Also, Fstll
secretion remained unchanged after 24 h EPS treatment
(Fig. 1b). Fstll concentration in the supernatant of non-
contracted cells was 1.9+0.8 ng/ml and 2.14+0.7 ng/ml
after 24 h EPS treatment (Fig. 1b).

However, we observed a significant 2fold upregulation of
Fstll secretion after 24 h IFNy treatment (Fig. 1c). The
concentration of Fstll in the supernatant increased from
1.240.2 ng/ml to 2.14£0.4 ng/ml. In addition, we found a
2.7fold upregulation of Fstll secretion after treatment
with IL-1B. The concentration in the supernatant
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increased from 1.24+0.2 ng/ml to 3.2+0.5 ng/ml after 24 h
(Fig. 1c). Interestingly, we did not observe a regulation of
Fstll secretion after 24 h incubation with TNFa or
MCP1 (Fig. 1c).

To investigate whether Fstll is classically secreted, we
treated myotubes with brefeldin A (BFA). As shown in
Fig. 1d, BFA is able to completely abrogate Fstll
secretion by human skeletal muscle cells.

Fstll serum concentration is affected by acute
exercise: We analyzed the impact of acute exercise on
Fstll serum concentration in eight human male subjects.
We observed a significant 1.2fold increase of Fstll serum
level after 60 min cycling (Fig. 2a). The concentration
increased from 16.9£3.5 ng/ml pre-exercise to 20.1+3.1
ng/ml immediately after exercise (post-exercise 0 min).
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Treatment of human skeletal muscle cells with insulin
increased Akt activation 3fold compared to basal level
(Fig. 3). Neither basal nor insulin-stimulated Akt
phosphorylation was affected by Fstll treatment (Fig. 3).
As shown in Fig. 3, treatment of myotubes with
troglitazone, which was used as a positive control,
resulted in a significantly increased insulin-stimulated
Akt phosphorylation compared to insulin-stimulated
control (2fold).

IV. DISCUSSION

The main finding of this study is that acute exercise
induces increased levels of Fstll protein in the
circulation. The kinetics revealed a significant increase of
circulating Fstll during exercise and its normalization to
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Figure 1: Comparison of Fstll secretion with and without EPS and regulation of Fstll secretion by different cytokines. (A)
Comparison of Fstll mRNA expression in non-contracted skeletal muscle cells (control) and after 24 h EPS (1 Hz, 2 ms, 11.5 V).
Fstll mRNA expression was analyzed by real time PCR and data are normalized to B-actin. (B) Supernatants of non-contracted
(control) and contracted myotubes were analyzed by ELISA. (C) Differentiated human skeletal muscle cells were treated with I[FNy
(10 ng/ml), TNFa (50 pg/ml), MCP1 (1 ng/ml) or IL-16 (10 ng/ml) for 24 h and Fstll secretion was assessed by ELISA. (D)
Supernatants of control and brefeldin A treated cells were measured by ELISA and shown as fold change to control. Data are mean

values = SEM, n=8-10, * p<0.05 vs. control.

30 min after completing the exercise the concentration
was 21.942.9 ng/ml (Fig. 2b). The elevated Fstll serum
concentration was significantly reduced after a rest period
of 120 min compared to post-exercise 0 min and 30 min
and normalized at the basal level (17.7£1.9 ng/ml, Fig.
2a,b).

Fstll has no effect on insulin-stimulated Akt
phosphorylation: In order to analyze potential autocrine
effects of Fstll on primary human skeletal muscle cells
we stimulated myotubes with 100 ng/ml or 500 ng/ml
recombinant Fstll for 24 h followed by 10 min insulin
stimulation. Insulin-stimulated phosphorylation of Akt
(Serd73) was assessed by Western blot analysis.
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basal level after a 120 min resting period. Thus, one hour
of cycling resulted in a 1.2fold elevated serum
concentration of Fstll. We further demonstrate that Fstl1
is expressed and secreted by primary human skeletal
muscle cells and that Fstll mRNA expression is
upregulated during differentiation from myoblasts to
myotubes. We also show an increase of Fstll secretion
after treatment with pro-inflammatory cytokines such as
IL-18 and IFNy while TNFo and MCP1 revealed no
effects. Using our in vitro model of human skeletal
muscle cells we could not detect effects of Fstll on Akt
signaling. Our data suggest that Fstll is a myokine
regulated by pro-inflammatory cytokines, and physical
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activity is able to increase circulating levels of this
protein.

Prior studies have shown that Fstll is expressed and
secreted by the murine skeletal muscle cell line C2C12.
In addition, transgenic over-expression of Aktl in mouse
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However, no effect of TNFa and MCP1 on Fstll
secretion was observed. Wilson et al. have shown that IL-
18, TNFa and IL-6 treatment resulted in increased Fstll
secretion by mouse MC3T3 osteoblast cells (17).
Interestingly, TNFa, IL-18 and IL-6 treatment had no
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Figure 2: Fstll serum concentration is up-regulated after exercise. A baseline blood sample was taken before start of the exercise
(Pre-Ex). Eight healthy lean male subjects cycled at 70 % VO,max for 60 min and then rested for 2 h. Blood was sampled
immediately after the exercise session (Post-0 min) as well as 30 min and 120 min post exercise. (A) Shown is the fold change of
Fstll serum level. (B) Absolute values of Fstll serum concentration. Data are mean values + SEM, n=8, * p<0.05 vs. Pre-Ex, #

p<0.05 vs. Post-Omin and Post-30min

skeletal muscle leads to elevated circulating levels of
Fstll (12). In this study, we show that Fstll is expressed
and secreted by primary human skeletal muscle cells.
Furthermore, Fstll mRNA expression is significantly
increased between myoblasts (day 0) and cells
differentiated for two days. Rosenberg et al. showed that
MyoD, a typical marker of the early state of myogenesis,
inhibits Fstll expression due to activation of microRNA-
206 transcription leading to a degradation of Fstll mRNA
(13). This may explain why Fstll mRNA expression is
significantly lower in myoblasts compared to myotubes.

Recently, we have shown that stimulation of human
skeletal muscle cells with EPS closely mimics the effect
of exercise on skeletal muscle in vivo regarding enhanced
AMPK activation, VEGF and IL-6 secretion (14). In this
study, Fstll secretion was not regulated by contractile
activity of skeletal muscle cells after 24 h EPS when we
used our standard protocol (1 Hz, 2 ms, 11.5 V, 24 h). In
addition, we analyzed the regulation of Fstll by different
inflammatory factors and found an increased Fstll
secretion after treatment with pro-inflammatory cytokines
such as IFNy and IL-18. Fstll was originally described as
a TGF-B-inducible gene derived from the mouse MC3T3
osteoblast cell line. The induction of Fstll expression
potentially involves the SMAD signaling pathway (15).
In addition, induction of Fstll by IL-18 and LPS via an
NF«kB-dependent pathway has been reported (16). We
have observed that IL-1B treatment doubled Fstll
secretion in primary human skeletal muscle cells. These
data suggest that Fstll is induced through NF«kB signaling
in addition to SMAD. Since it is known that TNFa and
MCPI also activate the NFkB pathway, we expected that
these cytokines may trigger Fstll secretion, too.
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effect on Fstll secretion by mouse 3T3L1 adipocytes,
while IL-18 and TNFo but not IL-6 increased Fstll
secretion by fibroblast-like cells (17). These and our data
indicate that in different cell types distinct signaling
pathways may be involved in the regulation of Fstll
expression and secretion. Furthermore, we could show
that IFNy also increased Fstll secretion in primary human
skeletal muscle cells. In addition to the well-known
activation of the Statl pathway, a further mechanism may
be involved in IFNy-mediated induction of Fstll
secretion. Further studies are needed to investigate in
detail the mechanism underlying the processes by which
Fstll expression and secretion is controlled in primary
human skeletal muscle cells.

Exercise is known to be an important regulator of
myokine secretion. Up to now, only a few myokines have
been identified to be regulated by exercise such as IL-6,
IL-15, leukemia inhibitory factor and brain-derived
neurotrophic factor (18-21). An acute increase of IL-6
after exercise, for example, increases insulin-stimulated
glucose uptake in vitro and may enhance fatty acid
oxidation (22). In the present study, we show that Fstll
serum concentrations are increased after an acute bout of
exercise and return back to basal levels after a resting
period of 120 min. This observation indicates that Fstll
circulation levels are regulated by short term exercise.
Since muscle biopsie samples were not available for this
study, we can not correlate the increase in serum level
with elevated Fstll mRNA or protein level in skeletal
muscle. Therefore, the elevation of Fstll serum
concentration may be related to other organs and tissues
that are influenced by exercise such as the heart. In a
study by Oshima et al. secretion of Fstll by the
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Figure 3: Effects of Fstll on Akt signaling in human
pAkt(Ser473) - — — s skeletal muscle cells. Myotubes from different donors
were cultured with two concentrations of Fstll
Tubulin | e e | - - (100 ng/ml and 500 ng/ml) or with troglitazone (5 nM)
as positive control for 24 h. After acute stimulation with
% 100 nM insulin, total cell lysates were resolved by
SDS-PAGE and immunoblotted with phosphospecific
Akt (Ser473) as well as tubulin antibody. Data are the
mean = SEM of six experiments, were normalized to
the level of tubulin and are expressed relative to the
insulin-stimulated control value. *p<0.05 vs. basal.
#p<0.05 vs. insulin-stimulated control.
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myocardium has been reported (8). However, it was  expected an effect of Fstll on Akt signaling in skeletal
recently shown that Fstll mRNA expression is regulated ~ muscle. It should be noted that the cells were treated with
by strength training in human skeletal muscle. Muscle  recombinant Fstll protein obtained from three different
biopsies from m. vastrus and m. trapezius were taken = companies. However, treatment with Fstll had no effect
from healthy male volunteers before and after 11 weeks  on basal or insulin-stimulated Akt phosphorylation. It
of strength training and elevated Fstll mRNA expression =~ may be speculated that muscle-derived Fstll has no

Table 1: Differentiation-dependent secretion and expression of Fstll by human skeletal muscle cells. Cells were differentiated for
the indicated time points and Fstll mRNA expression was analyzed by real time PCR. Data are normalized to expression of B-actin.
Fstll protein secretion was analyzed in supernatants collected after 24 h by ELISA. Data are mean values + SEM, n= 10, * p<0.05
vs. dav 6 for Fstll mRNA exoression.

day of differentiation expression secretion
(days) (relative Fstll mRNA expression) (ng/ml)
0 33%+5% not determined
%*
2 70%+£10% 1.82+0.38
%
a4 85%+11% 1.85+0.27
*
6 100 % 1.91+0.29

* p<0.05 vs. day O for Fstl1 mRNA expression.

was found in both muscles depots after exercise (23).  autocrine effect with regard to Akt signalling, but may be
Taken together, these and our data provide evidences that  involved in the crosstalk between muscle and other
exercise could be an important regulator of Fstll organs acting in a rather endocrine manner. Shimano et
expression and secretion in humans. Interestingly, our i al. (2011) have shown a time- and dose-dependent
vitro standard EPS protocol had no influence on Fstll AMPK phosphorylation in neonatal rat ventricular
mRNA expression in human skeletal muscle cells and  myocytes using recombinant Fstll. In addition, Ogura et
release of Fstll into the supernatant. It might be  al (2012) reported that Fstll can prevent myocardial
speculated that a different EPS protocol, e.g. with higher ~ injury by inhibiting apoptosis and inflammatory
intensity, may affect the regulation of Fstll in vitro. responses through modulation of AMPK- and BMP-4-
Future studies will help to analyze and understand the dependent mechanisms in the myocardium. We therefore
impact of contraction on the regulation of Fstll suggest that an elevated Fstll serum concentration after
expression and secretion by human skeletal muscle cells. exercise could be involved in the beneficial effects of
Ouchi et al. (2008) have shown that basal Akt  physical activity.

phosphorylation was increased after adenoviral Fstll

transduction in human endothelial cells. We therefore
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ABBREVIATIONS AND ACRONYMS

(EPS) electrical pulse stimulation; (Fstll)  follistatin-
like 1; (IFNy) interferon gamma; (IL) interleukin; (LPS)
lipopolysaccharide; (MCP1) monocyte chemotactic
protein-1;  (SDS-PAGE) sodium dodecyl sulfate
polyacrylamide gel electrophoresis; (TGF-B)
transforming growth factor beta; (TNFo)  tumor
necrosis factor alpha
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Abstract— CHI3L1 is a glycoprotein consisting of 383 amino
acids with a molecular mass of 40 kDa, and its serum level is
elevated in inflammatory diseases. Although CHI3L1 is
described as a biomarker of inflammation, the function of
this protein is not completely understood. Here, we
examined the regulation of CHI3L1 in primary human
skeletal muscle cells. Moreover, we analyzed potential
autocrine effects of CHI3L1. We show that myotubes
express CHI3L1 in a differentiation-dependent manner.
Furthermore, pro-inflammatory cytokines up-regulate
CHI3L1 expression (6-fold) and release (3-fold).
Importantly, CHI3L1 treatment blocked tumor necrosis
factor a (TNFo) -induced inflammation by inhibiting NF-kB
activation in skeletal muscle cells. We show that this effect is
mediated via protease activated receptor 2 (PAR2). In
addition, CHI3L1 treatment diminished the TNFa-induced
expression and secretion of IL-8, MCP1 and IL-6. Also,
impaired insulin action at the level of Akt and glycogen
synthase kinase (GSK) 3a/8 phosphorylation and insulin-
stimulated glucose uptake was normalized by CHI3L1. In
conclusion, the novel myokine CHI3L1 which is induced by
pro-inflammatory cytokines can counteract TNFa-mediated
inflammation and insulin resistance in human skeletal
muscle cells, potentially involving an auto/paracrine
mechanism.

Index Terms— Chitinase-3-like protein 1, Skeletal muscle
cells, Myokines, Inflammation
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L INTRODUCTION

Inflammation plays an important role in the development
of peripheral insulin resistance in type 2 diabetes [1].
Elevated levels of the pro-inflammatory cytokine tumor
necrosis factor o (TNFa) are found in plasma [2], adipose
tissue [3] and skeletal muscle [4] in patients with whole
body insulin resistance. TNFo infusion in healthy
subjects rapidly induces skeletal muscle insulin resistance
by disrupting insulin signaling to GLUT4 translocation
[5]. Furthermore, it could be demonstrated that TNFa
directly induces insulin resistance in primary human
skeletal muscle cells [5]. Thus, the identification and
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characterization of novel molecules which are able to
reduce TNFo-mediated inflammation will certainly be an
important approach to prevent the development of
peripheral insulin resistance.

Chitinase-3-like protein 1 (CHI3L1; also known as YKL-
40) is a heparin- and chitin-binding glycoprotein and was
originally discovered in mouse breast cancer cells [6].
CHI3L1 is a member of the protein family of chi-lectins
(chitinase-like lectins) [7]. The members of this protein
family are structurally related to the family 18
glycohydrolases. Based on a substitution of the catalytic
essential glutamic acid residue in the active site of this
protein, CHI3L1 has no enzymatic activity [8]. CHI3L1
is expressed in a variety of cells including macrophages,
chondrocytes, fibroblasts, vascular smooth muscle cells
and endothelial cells [9]. The expression of CHI3L1 has
been shown to be regulated by various pro-inflammatory
cytokines including interleukin (IL)-6, interferon y
(IFNy), IL-1B and TNFa [9]. Elevated serum levels of
CHI3L1 are found in a number of human diseases
characterized by acute or chronic inflammation and tissue
remodeling [9]. For example, circulating levels of
CHI3L1 are increased in patients with type 2 diabetes and
positively correlate with insulin resistance while no
correlation with body mass index was found [10].
Importantly, elevated CHI3L1 levels are a predictor of
overall and cardiovascular mortality [11]. However,
understanding the biological roles of CHI3L1 is still in its
beginning. CHI3L1 has been shown to act as a growth
factor for skin and fetal fibroblasts and to promote
bronchial smooth muscle cell proliferation and migration
by a protease activated receptor 2 (PAR2)-dependent
pathway [12;13]. Immune response studies have linked
CHI3L1 to a down-regulation of the inflammatory
mediators matrix metalloprotease (MMP) 1, MMP3 and
IL-8, suggesting a protective influence under innate
immune response condition [14]. Knockout studies of the
mouse orthologue of CHI3L1 (breast regression protein
39) revealed a significant reduction in the antigen-
induced Th2 inflammatory response. In addition, it has
been shown that epithelial CHI3L1 rescues the Th2
responses in these animals [15]. Taken together, these
observations suggest that CHI3L1 may play a protective
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role in inflammatory environments, limiting degradation
of the extracellular matrix and thus controlling tissue
damage. However, the biological function of CHI3LI is
not completely understood.

The aim of this study was to characterize CHI3L1 as a
novel myokine and analyze potential auto- and/or
paracrine effects in primary human skeletal muscle cells.

II.  MATERIAL AND METHODS

Materials: 2-Deoxy-D-['"C] glucose (2-DOG) and L-
['"C] glucose were purchased from GE Healthcare
(Uppsala, Sweden). Liquid scintillation Aquasafe 300
plus from Zinsser Analytic (Frankfurt, Germany) was
used for glucose uptake assays. TNFa was provided by
Sigma-Aldrich (Munich, Germany). IL-16, IL-6 and
IFNy were purchased from Miltenyi Biotec (Bergisch
Gladbach, Germany). Recombinant human CHI3L1 was
provided by R&D Systems (Wiesbaden, Germany).
Primary human skeletal muscle cells and supplement
pack for growth medium were obtained from PromoCell
(Heidelberg, Germany). Horse serum for differentiation
medium was provided by Gibco (Berlin, Germany). Anti-
phospho Akt(Ser473), anti-phospho Akt(Thr308), anti-
phospho  GSK3a/B(Ser21/Ser9), anti-phospho NF-kB
(p65), total Akt and total GSK3a/p were supplied by Cell
Signalling Technology (Frankfurt, Germany). Anti-
CHI3L1, anti-tubulin and anti-B-actin were obtained from
Abcam (Cambridge, U.K.). Anti-PAR2 was purchased by
Santa Cruz Biotechnology (Heidelberg, Germany). PAR2
agonist (H-Ser-Leu-lle-Gly-Lys-Val-NH2) was from by
Bachem (Bubendorf, Switzerland). The specific IKK
inhibitor (I229) was kindly provided by Sanofi-Aventis
(Frankfurt, Germany). All other chemicals were of the
highest analytical grade commercially available and
purchased from Sigma.

Culture of human skeletal muscle cells: Primary human
skeletal muscle cells isolated from seven healthy
Caucasian donors (4 males 16, 21, 41 and 47 of age; 3
females 25, 33 and 37 of age) were supplied as
proliferating myoblasts and cultured as described before
[16]. For an individual experiment, myoblasts were
seeded in six-well culture dishes and cultured in a-
modified Eagle’s (aoMEM)/Ham’s F-12 medium
containing skeletal muscle cell growth medium
supplement pack up to near-confluence. The cells were
then differentiated in aMEM containing 2% horse serum
until day 5 of differentiation followed by overnight
starvation in oMEM without serum. For the
differentiation experiments serum-free medium was used
during the complete differentiation period.

Generation of adipocyte-conditioned medium (CM):
Adipose tissue samples were obtained from subcutaneous
fat of normal or moderately overweight women (BMI
27.9+0.9 kg/m?’, age 2644 years). The procedure for
obtaining adipose tissue was approved by the Ethics
Committee of the Heinrich-Heine University, Diisseldorf,
Germany. All tissue donors were healthy, free of
medication and had no evidence of diabetes according to
routine laboratory tests. Pre-adipocytes were isolated by
collagenase digestion and differentiated as previously
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described [16;17]. After 15 days, 70-90 % of the pre-
adipocytes differentiated to mature adipocytes as defined
by accumulation of lipid droplets. These mature
adipocytes were then used to generate CM by incubation
with aMEM for 48 h [17].

Immunoblotting: Skeletal muscle cells were treated as
indicated and lysed in buffer containing 50 mmol/L
HEPES (pH 7.4), 1 % Triton X-100, PhosStop, and
Complete Protease Inhibitor cocktail (Roche, Penzberg,
Germany). After incubation for 2 h at 4°C, the suspension
was centrifuged at 15,000 rpm for 15 min. 7 pg of total
cell lysates were separated by SDS-PAGE and transferred
to a PVDF membrane. Membranes were blocked in TBS
containing 0.1 % Tween-20 and 5 % nonfat dry milk and
incubated over night with the appropriate antibodies.
After washing, membranes were incubated with
secondary horseradish peroxidase-coupled antibody and
processed for enhanced chemiluminescence detection
using Immobilion Western detection reagents (Millipore,
Schwalbach, Germany). Signals were visualized and
evaluated on a VersaDoc 4000 MP BioRad (Munich,
Germany) work station and analyzed by Quantity One
analysis software (Version 4.6.7).

Analyses of supernatants: During differentiation
supernatants from human skeletal muscle cells were
collected after indicated time points, and CHI3L1 protein
concentration was determined wusing the CHI3LI1
Quantikine ELISA from R&D Systems (Wiesbaden,
Germany). IL-8 and IL-6 concentrations in the
supernatants were analyzed by ELISA kits from Gen-
Probe (Bedford, MA), and MCP1 was detecting using an
ELISA kit from RayBiotech (Norcross, GA, USA).
Treatment of skeletal muscle cells: Differentiated
skeletal muscle cells were incubated with IFNy (10
ng/ml), TNFa (50 pg/ml or 20 ng/ml), and IL-16 (10
ng/ml) as well as with CM for 24 h, and CHI3L1
secretion and total protein levels were assessed by
Western Blot. To analyze the activation of NF-kB subunit
p65, myotubes were pre-incubated with CHI3L1 (100
ng/ml) and trypsin (50 nmol/L), respectively, for 30 min
followed by stimulation with TNFa (50 pg/ml) or IL-8 (5
ng/ml) for 10 min. For neutralization studies we used an
azide-free PAR2 antibody from Santa Cruz (SAMI11-L).
Cells were pre-incubated with the antibody (25 pg/ml) or
PAR2-activating peptide (PAR-AP) (100 ng/ml) for 30
min followed by CHI3L1 and TNFa treatment. 1229, a
specific IkB kinase complex inhibitor targeting both
IKKo and IKKB [18], was dissolved in DMSO as a 10
mmol/L stock solution, and was further diluted in sterile
oMEM medium to a final concentration of 10 umol/L.
All controls of experiments involving the IKK-inhibitor
were treated with 0.1% DMSO alone. To induce insulin
resistance, cells were treated with TNFa (20 ng/ml) for 3
h. Subsequently, cells were stimulated with insulin (100
nmol/L) for 10 min.

Immunofluorescence staining: For immunecyto-
chemistry, human skeletal muscle cells were cultured on
12x12 mm coverslips. After 6 days of differentiation,
myotubes were washed with PBS and fixed with 3 %
formaldehyde for 15 min at room temperature.
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Afterwards, cells were washed three times with PBS for 5
min and incubated with blocking solution (PBS
containing 1 % BSA and 0.1 % Triton X-100) for 1 h at
room temperature. Mouse anti-human sarcomeric alpha-
actinin and rabbit anti-human CHI3L1 (Abcam,
Cambridge, UK) were diluted 1:100 in blocking solution
and incubated at 4°C over night. After 3 washes for 5 min
with PBS cells were incubated with anti-mouse Alexa
Fluor 488 and anti-rabbit Alexa Fluor 555 (Life
Technologies, Carlsbad, CA) diluted 1:500 in blocking
solution for 1 h at room temperature. Nuclei were stained
with 1 pg/ml DAPI (Life Technologies) in PBS for 10
min at room temperature. Finally, coverslips were
mounted with ProLong Gold Antifade reagent (Life
Technologies). Cells were analyzed using a Zeiss
fluorescence  microscope  (Oberkochen, Germany)
equipped with a Axio Cam MRc5. Images were acquired
with AxioVision rel. 4.3 with equal settings for
contrast/brightness and merged by use of Image J
software.

Glucose uptake: Differentiated human skeletal muscle
cells were pre-incubated with 100 ng/ml CHI3L1, TNFa
(20 ng/ml) or the combination of both factors.
Afterwards, the cells were stimulated with 100 nmol/L
insulin for 30 min. Then, 2-DOG (9.25 kBg/ml per well)
was added and uptake was measured for 2 h. The
experiment was terminated by repeated washing with ice-
cold 0.25 pumol/L cytochalasin B and then, cells were
lysed with 1 mol/L NaOH. The radioactivity of the
lysates was counted in a liquid scintillation counter
(Beckman, Munich, Germany). Values were corrected for
non-specific uptake as measured after incubation with L-
C] glucose.

RNA isolation and RT-PCR: Cells were lysed with
TriPure Isolation Reagent (Roche) and total RNA was
isolated using a RNeasy kit from Qiagen (Hilden,
Germany). Concentration and purity was measured using
a NanoDrop 2000 (Thermo Scientific, Bremen,
Germany). 1 pg of RNA was reverse transcribed using
Omniscript RT Kit (Qiagen). CHI3L1
(Hs_CHI3L1 1 _SG) and TNFa (Hs_TNF_1_SG) mRNA
expression were measured using pre-designed primers
(Quantitect Primer Assay, Qiagen) and GoTaq qPCR
Master Mix (Promega, Mannheim, Germany) in a SYBR
Green-based Real-Time PCR. Samples were run in
triplicates using a StepOne plus sequence detection
system for real-time PCR (Applied Biosystems). Melting
curve analysis of the PCR products were performed to
verify their specificity and identity. Target mRNA levels
were normalize relative to 3-actin.

Presentation of data and statistics: Data are the means
+ SEM. Unpaired two-tailed Student ¢ test or one-way
ANOVA (post hoc test: Bonferroni multiple comparison
test) were used to determine statistical significance. All
statistical analyses were performed using Prism5
(GraphPad, LA Jolla, CA) considering a P value of <0.05
as statistically significant. Corresponding significance
levels are indicated in the figures.
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III. RESULTUS

The novel myokine CHI3L1 is expressed in a
differentiation-dependent manner. We first
characterized CHI3L1 as a novel myokine and studied its
expression and release by human skeletal muscle cells.
CHI3L1 protein levels are significantly reduced during
skeletal muscle cell differentiation. Compared to
myoblasts corresponding to day 0 of differentiation,
differentiated myotubes of day 6 show a ~ 80% decrease
of CHI3L1 mRNA expression and a significant reduced
protein abundance (~56% decrease) (Fig. 1A and B).
Also the release of CHI3L1 was significantly decreased
during differentiation. While in the supernatant of
skeletal muscle cells differentiated for two days a
CHI3L1 concentration of 1.274+0.26 ng/ml was measured,
the supernatant of myotubes differentiated for six days
contained a concentration of 0.56+0.17 ng/ml (Fig. 1C).
To validate the differentiation of the cells we analyzed
different markers of skeletal muscle differentiation.
During differentiation, we observed a significant increase
of protein levels of insulin receptor B subunit (IR-8
subunit), total myosin heavy chain (MHC) and a
characteristic expression of myogenin (Fig. 1D-F).
CHI3L1 is induced by pro-inflammatory signaling.
After 24 h incubation of undifferentiated (myoblast) and
differentiated (myotubes) human skeletal muscle cells
with CM, which was shown before to induce pro-
inflammatory signaling [19], we observed a strong
induction of CHI3L1 protein in human myotubes.
CHI3L1 protein increased up to 6-fold compared to
control and was even 3.1-fold higher compared to CM-
treated myoblast (Fig.2A). In contrast, after CM
treatment of myoblasts only a minor induction of CHI3L1
was observed (Fig. 2A). To confirm that CHI3LI1 is
produced by human  skeletal muscle cells,
immunofluorescence staining of CHI3L1 and sarcomeric
a-actinin was performed. The results show that CHI3L1
is located within myotubes (Fig. 2B a-h) thereby
supporting the notion that CHI3L1 is a myokine. In
addition, the fluorescence signal of CHI3L1 was
enhanced after 24 h CM treatment compared to the
control situation (Fig. 2B b and f).

Moreover, we assessed the effect of selected pro-
inflammatory cytokines on CHI3L1 expression and
release. Low dose TNFoa (50 pg/ml) treatment
significantly increased CHI3L1 mRNA expression (1.5-
fold after 6 h, and 2.1-fold after 24 h), protein level (2.4-
fold after 24 h) and secretion (0.84+0.13 ng/ml up to
1.62+0.25 ng/ml) after 24 h treatment (Fig. 2B-D). In
addition, treatment with high doses of TNFa (20 ng/ml)
produced a substantially more prominent increased of
CHI3L1 mRNA expression (4.2-fold) and secretion
(0.80+0.11 ng/ml up to 3.75+0.50 ng/ml), but only after
24 h treatment (Suppl. Fig. SIA and B). Moreover, the
increased CHI3L1 mRNA expression is significantly
reduced after 48 h TNFa treatment compared to 24 h,
whereas CHI3L1 secretion remains unaltered and raised
up to 6.51+1.13 ng/ml (Suppl. Fig. SIA and B).
Furthermore, the pro-inflammatory cytokines IFNy, IL-6
and IL-1B increased CHI3L1 protein level 2-fold and
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induced a significantly augmented release of CHI3LI1
after 24 h incubation (Suppl. Fig. S2A and B). In
contrast, the anti-inflammatory cytokine IL-4 showed no
significant influence on CHI3L1 mRNA expression or
secretion (Suppl. Fig. S3A and B).

Next, to investigate whether CHI3L1 expression and
release is under control of the NF-kB pathway we treated
differentiated myotubes with TNFa, the IKK inhibitor
1229, and the combination of both (Fig. 2C-E). 1229
significantly reduced basal CHI3L1 mRNA expression
after 6 h which was not further altered up to 24 h (Fig.
2C). TNFo-induced CHI3L1 mRNA expression after 6 h
and 24 h was completely blocked by 1229 (Fig. 2C). 1229
tends to reduce CHI3L1 basal protein levels (Fig. 2D),
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phosphorylation of the p65 subunit (Fig. 3A and B).
However, pre-incubation with CHI3L1 for 30 min
prevented this TNFa-induced p65 phosphorylation
(Fig. 3A). The same effect was obtained by pre-
incubation with trypsin, suggesting involvement of the
PAR?2 receptor in this process (Fig. 3A). In contrast, IL-
1B-induced p65 phosphorylation was unaffected by
CHI3L1 or trypsin pre-incubation as shown in Fig. 3B.

We next investigated the expression of PAR2, the
putative receptor for CHI3L1 in human skeletal muscle
cells. Using quantitative Real-Time PCR and Western
Blot analysis we show here that PAR2 is expressed both
at mRNA and protein level. PAR2 is differentiation-
dependent regulated with a low level in myoblast and a
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Figure 1: Differentiation-dependent CHI3L1 expression and secretion

(A) Primary human skeletal muscle cells were differentiated for the indicated time points and CHI3L1 mRNA expression was
analyzed by Real-Time PCR and normalized to B-actin expression. (B) CHI3L1 protein levels during differentiation were analyzed
by Western Blot. (C) CHI3LI1 protein secretion was analyzed by ELISA at the indicated day of differentiation. (D-F) Three
differentiation markers of human skeletal muscle differentiation were analyzed during differentiation by Western Blot, namely IR 8
subunit (D), total MHC (E) and myogenin (F). All data are normalized to tubulin and expressed relative to day 0. Data are mean
values + SEM, n=5-7, * p<0.05 vs. day 0 and day 2 for CHI3L1 secretion, respectively. AU = arbitrary units.

but completely inhibited TNFa-induced CHI3L1
production after 24 h treatment (Fig. 2D). Also, the
secretion of CHI3L1 is enhanced by TNFa while 1229
treatment reduced the secretion to the level of untreated
control cells (Fig. 2E).

CHI3L1 abolishes TNFa-induced NF-kB activation
via a PAR2-dependent mechanism. To investigate the
physiological role of CHI3L1 in an inflammatory setting
we treated human skeletal muscle cells with TNFa and
IL-18, respectively, for 10 min and observed a strong
induction of NF-kB activation as measured by
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strong up-regulation during differentiation resulting in a
5-fold higher mRNA level and a 3fold higher protein
level in myotubes compared to myoblasts (Fig. 4A and
B). Furthermore, we observed that CM and TNFa
treatment, respectively, for 24 h are able to increase
PAR?2 protein abundance by 1.5-fold (Fig. 4C).

To confirm that CHI3L1 acts via a PAR2-dependent
mechanism we used a blocking antibody (anti-PAR2)
against PAR2. Pre-incubation with anti-PAR2 antibody
completely abolished the protective effect of CHI3L1 on
TNFo-induced p65 phosphorylation (Fig. 4D). The
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antibody alone or in combination with TNFoa had no
effect on NF-xB activation. In addition, we repeated the
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signaling, human skeletal muscle cells were incubated
with TNFa, CHI3L1 or with a combination of both
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Figure 2: Up-regulation of CHI3L1 protein level and secretion by inflammatory cytokines

(A) Undifferentiated (myoblast) and differentiated (myotubes) human skeletal muscle cells were treated with CM for 24 h, and
CHI3L1 protein levels were analyzed by Western Blot. Data are normalized to tubulin and expressed as fold over control. (B)
Localization of CHI3L1 in control human myotubes (a-d, upper panel) and effects of CM treatment on CHI3L1 induction (e-f,
lower panel) were analyzed by immunofluorescence staining. Cells were fixed and stained for CHI3L1 (b and f; red) and
sarcomeric o-actinin (c and g; green). Nuclei were stained with DAPI (a and e). In d and h merged images of control and CM-
treated myotubes are shown. Magnification x80. (C) Differentiated skeletal muscle cells were treated with TNFa (50 pg/ml) and
the IKK-inhibitor 1229 (10 pmol/L) for the indicated time points. CHI3L1 mRNA expression was analyzed by Real-Time PCR and
normalized to B-actin expression. (D) CHI3L1 protein levels were analyzed by Western Blot after treatment with TNFa (50 pg/ml),
1229 (IKK-inhibitor) (10 pmol/l) or in combination of both for 24 h. Data are normalized to tubulin and expressed as fold over
control. (E) CHI3L1 protein secretion was analyzed by ELISA after treatment with TNFa (50 pg/ml), 1229 (IKK-inhibitor)
(10 pmol/l) or in combination of both. All data are mean values + SEM, n=5-8, * p<0.05 vs. control and # p<0.05 vs. myoblasts
treated with CM.

experiments in undifferentiated myoblasts since these
cells possess a very low basal PAR2 expression as shown
above (Fig. 4A, B and D). 10 min of TNFa treatment
induced a strong p65 phosphorylation in human
myoblast. However, pre-incubation with CHI3L1 was not
able to prevent this TNFa-induced p65 phosphorylation
(Fig. 4E). Moreover, we used the PAR2 agonist
SLIGKV-amide (PAR2-AP), which corresponds to the
tethered ligand sequence of human PAR?2, to treat human
myotubes.  Pre-incubation  with PAR2-AP  also
significantly reduced TNFa-induced p65 phosphorylation
(Suppl. Fig. S4).

CHI3L1 prevents TNFa-induced secretion of MCP1,
IL-8 and IL-6. To determine whether CHI3L1 is also
able to block physiological effects of TNFa beyond
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factors for 24 h, and secretion of the well-known NF-xB
targets MCP1, IL-8 and IL-6 were analyzed. As shown in
Fig. 5, secretion of these three cytokines was strongly up-
regulated by TNFa treatment while CHI3L1 itself had no
effect. MCP1 secretion was increased by 7.4-fold after
TNFa treatment. While in supernatants from untreated
myotubes 120+54 pg/ml of MCPl was measured,
889+270 pg/ml was found after TNFa treatment
(Fig. 5A). The combination of TNFa and CHI3LI1
significantly reduced the secretion of MCP1 by 58 %
compared to TNFa alone (Fig. 5SA). For IL-8 secretion,
we observed an 8-fold increased secretion after TNFa
treatment  (control: 231495 pg/ml  vs.  TNFa:
1532+145 pg/ml), while the combination with CHI3L1
reduced this effect by 45 % (Fig. 5B). IL-6 secretion was
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4.5-fold up-regulated by TNFa (control: 99426 pg/ml vs.
TNFo 4504134 pg/ml), while simultaneous treatment
with CHI3L1 completely inhibited TNFa-induced IL-6
secretion (Fig. 5C).

A
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conditions [20], however the biological function of
CHI3L1 is only poorly understood. In this study we
characterized CHI3L1 as a novel myokine which is up-
regulated by pro-inflammatory cytokines and show its
protective function regarding
TNFa-induced inflammation
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muscle cells.

CHI3L1  was  originally
described in mouse breast
cancer cells [6]. Further
studies have shown that it is
also expressed and secreted
by a variety of cells, e.g. by
human synovial cells [7;21],
chondrocytes [7], smooth

control CHI3L1 trypsin

Figure 3: CHI3L1 blocks TNFa- but not IL-1p -induced NF-kB activation

(A) Differentiated human skeletal muscle cells were treated for 10 min with TNFa (50 pg/ml)
or (B) IL-1p (5 ng/ml), and in combination with CHI3L1 (100 ng/ml) and trypsin (50 nmol/L),
and trypsin were added 30 min before TNFa
Phosphorylation of NF-kB subunit p65 was assessed by Western Blot. Data are normalized to
B-actin and expressed relative to TNFa treatment. Data are mean values + SEM, n=3-5, *
p<0.05 vs. TNFa, # p<0.05 vs. corresponding condition without TNFa and IL-1f treatment,

respectively. CHI3L1

respectively.

CHI3L1 normalizes TNFa-induced insulin resistance.
Acute stimulation of primary human skeletal muscle cells
with insulin strongly increased Akt(Ser473) and
Akt(Thr308) phosphorylation as shown in Fig. 6A-C.
Insulin action was unaltered in cells treated with CHI3L1
alone, while TNFa treatment impaired insulin action on
Akt(Ser473) and Akt(Thr308) phosphorylation by ~45 %.
In the combination of TNFa and CHI3L! insulin-
mediated Akt(Ser473) and Akt(Thr308) phosphorylation
were completely restored (Fig. 6A-C). Next, we assessed
the effect of TNFa +/- CHI3L1 on phosphorylation of the
Akt substrate GSK3. Insulin increased phosphorylation of
GSK3o at Ser2l1 and GSK3B at Ser9 in myotubes
(Fig. 6D-F) while the response to insulin was unaffected
by CHI3L1. TNFo treatment completely inhibited
insulin-mediated GSK3a phosphorylation and
significantly reduced GSK38B phosphorylation while
CHI3L1 pre-incubation restored the normal insulin effect
(Fig. 6D-F).

Insulin-stimulated glucose uptake was monitored to
analyze potential effects of CHI3L1 treatment on a
physiological end-point of insulin. Stimulation with
insulin increased the glucose uptake by ~50 % (Fig. 6G).
Insulin action was unaltered in cells treated with CHI3L1
alone, while TNFa treatment impaired the insulin-
stimulated glucose uptake (Fig. 6G). In the combination
of TNFa and CHI3L1, insulin-stimulated glucose uptake
was completely restored (Fig. 6G).

IV. DISCUSSION

Several studies have investigated the expression of
CHI3L1 in a variety of cell types and in pathological

control
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muscle cells [22],
neutrophils [23] and
macrophages [24]. Here, we
show that CHI3L1 is also
expressed and released by
primary  human  skeletal
muscle cells thereby adding
CHI3L1 to the growing list
of myokines [25]. Western
Blot, ELISA and Real-Time
PCR analyses revealed that
expression and release of CHI3L1 is higher in
undifferentiated myoblasts compared to human
myotubes. CHI3L1 has been described as a late
macrophage differentiation marker and the expression of
CHI3L1 is under the control of the transcriptional factor
Spl [26]. Interestingly, it has been shown that
differentiation of skeletal muscle cells and MyoD down-
regulate Spl [27]. Therefore, the down-regulation of
CHI3L1 is potentially related to down-regulation of Spl
during myogenesis leading to decreased CHI3LI
promoter activity and hence decreased CHI3L1 levels in
myotubes.

Furthermore, we observed a strong induction of CHI3L1
by different inflammatory stimuli. We show in this study
that CM, which contains the secretory output of
adipocytes, as well as the inflammatory cytokines TNFa,
IFNy, IL-6 and IL-1p are able to increase CHI3L1 protein
level and secretion dramatically. In addition, we were
able to show that basal CHI3L1 mRNA expression is
reduced by the specific IKK-inhibitor 1229 [18].
Furthermore, TNFa-induced CHI3L1 mRNA expression
is completely blocked by using 1229 thus indicating that
induction and enhanced secretion of CHI3L1 are
controlled by NF-xB activity in primary human skeletal
muscle cells. This finding is in line with results from
Recklies et al. showing that TNFa- and IL-1B-induced
CHI3L1 expression as well as the constitutive expression
and secretion of CHI3L1 is controlled by NF-«xB activity
in chondrocytes [28]. Furthermore, they have described
an active binding site for NF-xB in the human CHI3L1
promotor region [28]. In addition, Baht et al. have shown
that CHI3L1 expression is regulated by TNFa-stimulated

CHI3L1 trypsin

stimulation.
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NF-kB activation in different cancer cell lines [29].
TNFa causes recruitment of the p65 and p50 subunits of
NF-xB to the CHI3L1 promotor in all cell types [29].
However, based on our time course experiment we cannot

STUDY 2

human skeletal muscle cells by CHI3L1. Recklies et al.
have shown that CHI3L! reduces TNFa- and IL-1pB-
mediated activation of p38 and SPAK/JINK MAPKSs as
well as cytokine-induced MMP1, MMP3 and IL-8
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Figure 4: CHI3L1 acts via a PAR2-dependent mechanism

(A) PAR2 mRNA expression and (B) protein levels from myoblasts (day 0) and myotubes (day 6) were analyzed by Real-Time
PCR and Western Blot and normalized to B-actin expression. (C) Differentiated skeletal muscle cells were treated with TNFa (50
pg/ml) or CM for 24 h, and PAR2 protein levels were assessed by Western Blot. Data are mean values + SEM, n=5-7, * p<0.05 vs.
day 0 or control. (D) Differentiated skeletal muscle cells were treated for 10 min with TNFa (50 pg/ml), TNFa in combination with
CHI3L1 (100 ng/ml) and anti-PAR2 (25 pg/ml), respectively, and with a combination of all factors. CHI3L1 and anti-PAR2 were
added 30 min before TNFa stimulation. Phosphorylation of p65 was assessed by Western Blot. Data are normalized to f3-actin and
expressed relative to TNFa treatment. Data are mean values + SEM, n=6, * p<0.05 vs. corresponding condition without TNFa
treatment. # p<0.05 vs. control with TNFa treatment. (E) Undifferentiated myoblasts were treated with TNFa (50 pg/ml), CHI3L1
(100 ng/ml) and with a combination of both, respectively, as described before. Phosphorylation of p65 was assessed by Western
Blot. Data are normalized to B-actin and expressed relative to control. Data are mean values + SEM, n=6, * p<0.05 vs. control.

exclude an indirect action of TNFa, in that other targets
of TNFa promote NF-kB activation, which finally leads
to augmented CHI3L1 expression.

Interestingly, myotubes which have lower basal CHI3L1
protein level compared to myoblasts are much more
sensitive to an inflammatory stimulus such as CM. Upon
stimulation, myotubes produced much more CHI3L1 than
myoblasts despite the down-regulation of CHI3L1 during
differentiation. Therefore, it may be speculated that
CHI3L1 plays an important role in conditions of
inflammation in skeletal muscle thus representing a kind
of “rescue myokine” that is produced on demand.

The main finding of this study is the inhibition of TNFa-
induced inflammation and insulin resistance in primary
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production in fibroblasts [14]. However, they did not
observe effects on TNFa-induced NF-«B activation [14].
In our study using primary human skeletal muscle cells,
we report that CHI3L1 inhibits TNFa-induced NF-kB
activation as shown by p65 phosphorylation. This effect
is specific for TNFo since IL-1B-induced NF-xB
activation was not affected by CHI3L1 treatment. To
study underlying molecular pathways we assessed the
expression of the CHI3L1 receptor PAR2 [13;30]. Bara et
al. have shown that CHI3L1 increases bronchial smooth
muscle cell proliferation and migration through a PAR2-
dependent pathway [13]. Furthermore, Chinni et al. have
reported PAR2 expression in mouse skeletal myoblasts
and demonstrated that activation of this receptor leads to
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stimulation of myoblast proliferation [31]. By using
Western-Blot and Real-Time PCR analyses, we show
here for the first time that PAR2 is expressed in human
skeletal muscle cells. Moreover, we clearly demonstrate

STUDY 2

tissue specific way. Future studies are required to
investigate whether CHI3L1 also signals via IL-13Ra2 in
human skeletal muscle cells.

It is widely recognized that PAR2 signaling is implicated
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Figure 5: CHI3L1 diminishes TNFa-induced MCP1, IL-8 and IL-6 secretion

Differentiated human skeletal muscle cells were treated with TNFa (50 pg/ml), CHI3L1 (100 ng/ml) or with a combination of both
for 24 h. Supernatants were collected and MCP1 (A), IL-8 (B) and IL-6 concentration (C) was assessed by ELISA. Data are mean
values + SEM, n=6, *p<0.05 vs. control and # p<0.05 vs. TNFa treatment.

that the effect of CHI3L1 on TNFa-induced NF-xkB
activation is PAR2-dependent using four different
approaches: I) use of a blocking antibody directed against
PAR?2 that prevented the effects of CHI3LI1, II) use of
trypsin, a well-known activator of PAR2, that mimicked
the effect of CHI3LI1, III) use of an PAR2 agonist
(SLIGKV-NH,) as an additional positive control, and IV)
repetition of the experiments in human myoblasts with a
very low expression of PAR2 and therefore no effect of
CHI3L1 on TNFa-induced NF-kB activation. PARs
belong to the G-protein coupled receptor family that is
activated by protease-mediated cleavage of the N-
terminus of the receptor [32]. Various studies have shown
that trypsin cleaves PAR2 at residue R* > S* to expose a
hexametric-tethered peptide (SLIGKV) that binds to
conserved regions in the extracellular second loop of the
receptor to initiate signaling [33]. However, synthetic
peptides with almost identical amino acid sequence like
the tethered peptide are also able to activate PAR2
signaling [34]. Recently, Bara et al. (13) have shown that
CHI3L1 activates PAR2. They also used anti-PAR2
antibody to block the receptor and lenti-viral-mediated
shRNA to knockdown PAR2. Both approaches decreased
CHI3L1-induced cell proliferation and migration as well
as effects induced by the synthetic hexameric-peptide
SLIGKV-NH, which specifically activates PAR2
signaling [13]. However, the exact mechanism by which
CHI3L1 activates PAR2 is still unknown. In addition to
PAR2, CHI3L was recently shown to also bind to the
interleukin-13 receptor 02 (IL-13Ro2) [35]. He et al.
reported that CHI3L1 activates mitogen-activated protein
kinase (ERK), Akt, and Wnt/B-catenin signaling as well
as TGF-B1 production via IL-13R02 [35]. However, their
data indicate that other receptors may exist because in
some of their experimental systems the elimination of IL-
13R02 only partially abrogated the specific CHI3L1
effector response. Therefore, it may be speculated that
CHI3L1 signals via different pathways in a cell and/or
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in various pathological conditions including chronic
arthritis, inflammatory pain and colitis as well as skin
disorders such as type IV and contact dermatitis [36].
However, there are also evidences supporting an anti-
inflammatory role of PAR2 signaling. A study by
Mclntosh et al. has shown that activation of PAR2
mediates inhibition of TNFa-stimulated JNK activation
by disrupting the binding of tumor necrosis factor
receptor 1 (TNFR1) to receptor-interacting
serine/threonine-protein kinase 1 (RIP) and  tumor
necrosis factor receptor type 1-associated DEATH
domain (TRADD) in the human skin epithelial cell line
NCTC2544 [37]. Nichols et al. have suggested that
PAR2-enhanced inflammatory processes are B-arrestin-
dependent whereas the protective effect of PAR2 may be
B-arrestin independent [38]. In our study we show that
activation of PAR2 by CHI3L1 has anti-inflammatory
properties with respect to TNFa-mediated inflammation
in human skeletal muscle. Further studies have to show
the exact mechanism underlying the duality of PAR2-
mediated signaling.

The physiological response of most cell types to TNFa
involves enhanced production of cytokines such as IL-6,
IL-8 and MCP1 which play a key role in inflammatory
processes associated with conditions of insulin resistance
[39]. We demonstrate in this study that treatment of
human skeletal muscle cells with TNFa in the presence of
CHI3L1 for 24 h prevents the inflammatory response
induced by TNFa. In addition, we show that CHI3L1
protects skeletal muscle cells from TNFa-induced insulin
resistance. It is has been demonstrated before that
stimulation of primary human skeletal muscle cells with
TNFa can directly induce insulin resistance [5]. This
effect can be inhibited by blocking the NF-kB signaling
pathway [40]. Based on our data we suggest that the
effects of CHI3L1 on TNFa-induced responses are
explained by activation of PAR2 resulting in impaired
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Figure 6: CHI3L1 normalizes TNFa-induced insulin resistance
Differentiated human skeletal muscle cells were treated with TNFo. (20 ng/ml), CHI3L1 (100 ng/ml) or simultaneous with both for
3 h followed by insulin stimulation (100 nmol/L) for 10 min. (A) Representative Western Blot images show phosphorylation of
Akt(Ser473), Akt(Thr308) as well as total Akt protein level after the indicated treatment. (B) Quantification of Akt(Ser473) and (C)
Akt(Thr308) phosphorylation. (D) Representative Western Blot images show phosphorylation of GSK-3a(Ser21) and GSK-
3B(Ser9) as well as total GSK-30/B protein level after indicated treatment. (E) Quantification of GSK-3a(Ser21) and (F) GSK-
3B(Ser9) phosphorylation. Data are normalized to -actin and expressed relative to control. Data are mean values + SEM, n=4-7,
*p<0.05 vs. corresponding basal and #p<0.05 vs. control insulin treatment. (G) Cells were treated with TNFa (20 ng/ml), CHI3L1
(100 ng/ml) or simultaneously with both agents for 3 h followed by insulin stimulation (100 nmol/L) for 30 min. Glucose uptake
was assessed for 2 h. Data are mean values + SEM, n=3, *p<0.05 vs. corresponding basal.

TNFa downstream signaling and thus reduced NF-«kB
signaling.

The induction of CHI3L1 in response to inflammatory
cytokines provides a negative feedback loop to control
the action of TNFa, and thereby to locally reduce the
inflammatory response in skeletal muscle (summarized in
Fig. 7). High TNFa concentrations induce insulin
resistance in skeletal muscle and impair whole-body
glucose sensitivity in humans. Thus, the identification
and characterization of novel molecules which are able to
reduce TNFa-mediated inflammation will certainly be an
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important approach to prevent the development of
peripheral insulin resistance.

In conclusion, the novel myokine CHI3L1 is induced by
pro-inflammatory cytokines and counteracts TNFa-
mediated inflammation and insulin resistance in human
skeletal muscle. CHI3L1 acts via a PAR2-dependent
mechanism potentially in an auto- and/or paracrine way.
Hence, we suggest CHI3L1 to be an autoprotective factor
that is induced to protect the skeletal muscle from
negative impact of TNFa.
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Figure 7: Proposed model for the negative feedback
control of TNFa by CHI3L1 in human skeletal muscle
cells

TNFa binds to the TNFR1 thus leading to activation of NF-
kB that results in the enhanced expression of CHI3L1, IL-6,
IL-8 and MCPI1. Increased levels of CHI3L1 then activate
PAR2 signaling leading to the inhibition of TNFa-induced
NF-kB activation by a yet unidentified mechanism. This
finally leads to a suppression of CHI3L1, IL-6, IL-8 and
MCP-1 expression.
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Suppl. Fig. 1: Induction of CHI3L1 mRNA expression and secretion by TNFa

(A) Difterentiated skeletal muscle cells were treated with TNFa (20 ng/ml) for the indicated time points. CHI3L1 mRNA
expression was analyzed by Real-Time PCR and normalized to B-actin expression. (B) CHI3L1 protein secretion was
analyzed by ELISA after treatment with TNFa (20 ng/ml). All data are mean values = SEM, n=3, * p<0.05 vs. corresponding
control and # p<0.05 TNFa-treatment 24 h vs. 48 h.
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Suppl. Fig. 2: Induction of CHI3L1 protein level and secretion by inflammatory cytokines

(A) Differentiated human skeletal muscle cells were treated with IFNy (10 ng/ml), TNFa (50 pg/ml), IL-1p (10 ng/ml) or IL-
6 (5 ng/ml), respectively, for 24 h, and CHI3L1 protein levels were assessed by Western Blot. Data are normalized to tubulin
and expressed as fold over control. (B) CHI3L1 secretion from primary human skeletal muscle cells after the indicated
treatments was assessed by Western Blot. CHI3L1protein levels in the supernatants are normalized to the protein level of the
corresponding lysates. All data are mean values = SEM, n=5-8, * p<0.05 vs. control.
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Suppl. Fig. 3: CHI3L1 expression and secretion is unaffected by IL-4 treatment

(A) Differentiated human skeletal muscle cells were treated with IL-4 (20 ng/ml) for the indicated time points, and
CHI3L1 mRNA expression was analyzed by Real-Time PCR and normalized to f3-actin expression. (B) Cells were
treated with IL-4 (20 ng/ml) for the indicated time points, and CHI3L1 protein secretion was analyzed by ELISA. All
data are mean values + SEM, n=4.
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Suppl. Fig. 4: PAR2-agonist and CHI3L1 reduce TNFo-mediated NF-kB activation

Differentiated skeletal muscle cells were treated for 10 min with TNFa (50 pg/ml), in combination with CHI3L1 (100 ng/ml)
and PAR2-agonist (PAR2-AP) (0.1 mmol/L), respectively. CHI3L1 and PAR2-agonist were added 30 min before TNFa
stimulation. Phosphorylation of p65 was assessed by Western Blot. Data are normalized to -actin and expressed relative to
TNFa treatment. Data are mean values + SEM, n=4, * p<0.05 vs. corresponding condition without TNFa treatment. # p<0.05
vs. control with TNFa treatment.
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Abstract— Skeletal muscle represents the largest organ in
non-obese subjects and is now considered as an active
endocrine organ releasing a host of so-called myokines.
These myokines are part of a complex multi-organ crosstalk
network that mediates communication between muscle, the
liver, adipose tissue, the brain and other organs. Recent data
suggest that myokines regulated by muscle contraction may
play a key role in mediating the health-promoting effects of
regular physical activity. Despite hundreds of myokines
recently described in proteomic studies, rather limited
knowledge currently exists regarding the specific role of
these myokines for preventing insulin resistance,
inflammation, and associated metabolic dysfunction. In
addition, several myokines exert both local and endocrine
functions, but in many cases the contribution of physical
activity to the systemic level of these molecules has remained
unexplored. Very recently, novel myokines like irisin which
is supposed to induce a white-to-brown shift in adipocytes,
have gained considerable interest as therapeutical targets.
In this review, we summarize the most recent findings on
the role of myokines in regulating substrate metabolism and
insulin sensitivity. We further explore the role of myokines
in the regulation of inflammation and provide a critical
assessment of irisin and other myokines regarding drug
target development.

Index Terms— Exercise, Inflammation, Insulin resistance,
Metabolism, Myokines, Skeletal muscle, Therapeutical
targets, Type 2 diabetes
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Insulin resistance and/or type 2 diabetes which are
characterized by a range of metabolic disturbances such
as hyperinsulinemia, enhanced hepatic gluconeogenesis,
impaired glucose uptake, metabolic inflexibility and
mitochondrial dysfunction, are often associated with a
deficit of regular physical exercise and a sedentary
lifestyle. Data from bed-rest studies performed in healthy
subjects support the hypothesis that physical inactivity
itself is one of the main causes in the development of
metabolic disturbances.

Skeletal muscle (SkM) accounts for ~40% of body
weight and constitutes the largest organ in non-obese
subjects. Nowadays, SkM is recognized as an endocrine
organ, and proteins expressed by and released from SkM
have been termed myokines [1]. In three studies using
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primary human myotubes and proteomic approaches,
hundreds of myokines have been identified including
more than 50 novel myokines [2-4].

It is supposed that contractile activity of SkM impacts on
its secretory function, which may link physical activity to
the health-promoting effects of exercise. Myokines are
part of a complex communication network within the
body and play a pivotal role in the crosstalk between
SkM and other organs such as adipose tissue, liver, and
pancreas. Although several hundreds of myokines have
been identified now, information about their regulation
by contraction or other stimuli is lacking in most cases.
However, for a number of myokines such as
angiopoietin-like 4, interleukin (IL)-6, IL-15, and
myostatin it has been shown that their expression in SkM
is enhanced and their concentrations in plasma are
increased after exercise [5].

An increased energy expenditure and hence an improved
energy balance may explain in part the positive effects of
regular exercise. However, myokines released by
contracting SkM may play a key role in mediating the
beneficial effects of physical exercise [6]. In support of
this idea, several studies investigating the effect of
physical inactivity have shown a rapid decline in insulin
sensitivity, decreased insulin-stimulated glucose uptake
and GLUT4 protein content in human SkM [7].
Moreover, physical inactivity was shown to impact on
partitioning of saturated fatty acids (FAs) towards storage
resulting in enhanced incorporation of palmitate into
intramuscular lipids and decreased palmitate oxidation
(reviewed in [8]). Interestingly, transcriptional analysis of
human SkM after nine days of bed-rest revealed
expression changes of >4500 genes, and a total of 54% of
genes in the oxidative phosphorylation pathway including
peroxisome proliferator-activated receptor (PPAR)
gamma coactivator la (PGCla) were downregulated [9].
These data support the notion that physical inactivity per
se is a main factor contributing to the onset of numerous
chronic diseases. So far, these studies mostly have
focused on expression changes of key players of insulin
signaling and glucose/FA metabolism. However, it would
be also very interesting to study how physical inactivity
impacts on expression and release of myokines, since
information on this topic is currently unavailable.

This review aims to summarize our current knowledge
about myokines and their role in mediating metabolic
regulation and adaptation to physical activity as well as
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their impact on inflammation. Finally, we will discuss the
potential of certain myokines as therapeutical targets to
treat metabolic disorders associated with a sedentary
lifestyle.

II. MYOKINES AND METABOLIC REGULATION

Myokines are very likely involved in the crosstalk
between SkM and other tissues such as liver, adipose
tissue, pancreas and gut. Therefore, their autocrine,
paracrine, and/or endocrine effects with regard to
metabolic regulation are an important focus of research
since they may help to overcome the above described
impairments associated with insulin resistance.

A.  Myokines and glucose metabolism

For only a few myokines effects on glucose metabolism
have been described so far. Most data are available for
IL-6 which has been intensively studied during the past
decades. Upon muscle contraction, IL-6 is released into
the circulation depending on intensity and duration of
exercise [10] and the energy status of a muscle, as
determined by pre-exercise glycogen content [11]. This
leads to an acute increase of IL-6 plasma levels during
exercise, and myofibers have been identified to be the
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suggest that contraction-induced IL-6 expression is
mediated by activation of c-Jun NH2-terminal kinase
(JNK) and activator protein-1 [14].

A study using C2C12 myotubes has shown that the effect
of IL-6 on muscle insulin sensitivity depends on the
duration of exposure [15]. Acute IL-6 treatment increased
glucose uptake while chronic exposure resulted in insulin
resistance due to activation of JNK and impairment of
insulin signaling on the level of IRS-1 [15]. Interestingly,
in vivo animal studies revealed that chronically elevated
IL-6 serum levels induced by either treatment with
recombinant protein [16] or using a transgenic approach
[17] surprisingly improved whole body glucose tolerance
and insulin sensitivity which might by linked to
augmentation of central leptin action.

In vitro studies have shown that in myotubes IL-6 signals
via gp130Rb/IL-6Ra which results in activation of AMP-
kinase (AMPK) and/or PI3-kinase. These pathways
mediate increased glucose uptake, GLUT4 translocation,
and glycogen synthesis upon acute exposure to IL-6 (Tab.
1) [18-20]. Interestingly, ingestion of glucose during
exercise blunts IL-6 secretion from contracting muscle
[21] and a low pre-exercise muscular glycogen level
augments the induction of IL-6 expression and release by

Table 1 Selected myokines and their effects related to metabolism

Myokine Auto /paracrine action Endocrine action
BDNF T fatty acid oxidation [46] no data availabe regarding
endocrine metabolic effects of
muscle-derived BDNF
IL-6 T GLUT4 translocation [19,20] Liver:
T glucose uptake [15,19] T glucose production [23]
T glycogen synthesis [18,20]
T fatty acid oxidation [18-20] Intestine:
T lipolysis [32-34] T GLP-1secretion of L-cells [562]
Pancreas:
T beta cell proliferation [52]
T GLP-1secretion of alpha cells [52]
T proliferation and | apoptosis of
alpha cells [51]
IL-13 T glucose uptake [28] Liver:
T glucose oxidation [28] 1 glucose production [29]
T glycogen synthesis [28]
IL-15 T fatty acid oxidation [43] Adipose tissue:
1 lipid accumulation [44,45]
T adiponectin secretion [44]
Irisin no dataavailabe Adipose tissue:
T white-to-brown shift [98,111]
No effect on browning [100]
FGF-21 T glucose uptake [99,136] Adipose tissue:
T white-to-brown shift [99]
T glucose uptake [99]
T adiponectin secretion[127,128]
Liver:
T fatty acid oxidation [137]
T gluconeogenesis[137]

main source of IL-6 under this condition [12].

It has been suggested that contraction-induced expression
of IL-6 is independent of the IKK/NFkB signaling
pathway [13]. Studies have shown that after exercise the
NF«B signaling pathway is not activated and binding of
p65 subunit of NF«B to the IL-6 promoter decreases with
skeletal muscle contraction [14], thus supporting this
idea. Results obtained in C2C12 myotubes and mice
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exercise [11,22]. Exercise-induced adaptation in SkM
also includes an increase of pre-exercise muscular
glycogen content. This observation may explain why the
increase of contraction-induced IL-6 expression and
secretion is diminished after a period of regular
endurance training. Moreover, regular training decreases
basal plasma level of IL-6 and increases basal IL-6
receptor mRNA expression in SkM resulting in enhanced
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IL-6 sensitivity [13]. Interestingly, Jiang et al. have
recently demonstrated that myotubes from type 2 diabetic
patients are resistant to the acute effect of IL-6 on glucose
metabolism [20].

Infusion studies in humans using recombinant IL-6 have
suggested a stimulation of endogenous glucose
production by IL-6 during exercise [23] (Tab.1).
However, this effect seems to be related to another yet
unidentified factor released during contraction because
IL-6 infusion alone is not able to increase hepatic glucose
production in resting subjects [24]. Interestingly, IL-6-
deficient mice displayed similar level of blood glucose
compared to wild-type controls after a non-exhaustive
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B.  Myokines and FA metabolism

Stimulation of FA oxidation is another important
metabolic adaptation to physical activity that may be
mediated via myokines. Human studies have shown that
an acute increase of circulating IL-6 by infusion results in
increased systemic FA oxidation followed by an increase
in systemic lipolysis [30,31]. Interestingly, no effect on
adipose tissue lipolysis was found [31] suggesting that
IL-6 primary acts locally within muscle tissue on FA
metabolism. As summarized in Tab. 1, in vitro studies
have shown that IL-6 increases myotube FA oxidation as
well as lipolysis via AMPK activation [32,33]. Recently,
a study using isolated mouse muscle reported that IL-6

Table 2 Comparison of three myokines which are discussed as therapeutical targets.

AT= adipose tissue

1 1.3fold [102]
1 1.4fold [103]
1 1.4fold [104]
1 2fold [98]

FNDC5/Trisin FGF21 FSTL1
Expression in muscle > heart > AT liver=>thymus [138] | heart>=AT [139]
multiple tissue [105] liver (48h fasted)=
panels heart > muscle > AT muscle [114]
[100]
Induction of — No effect (11 human | — No effect [117] T 1.7 fold [4]
mRNA by exercise | studies) T 2.6 fold [4]

Basal circulating
levels

0.04 — 2158 ng/ml
[108,110]

143-569 pg/ml
[116.118]

16.9 ng/ml [131]

Effect of exercise
on circulating
levels

— No effect (11 human
studies)
T 1.2 fold [104-106]

| 04fold [116]
= No effect [117]
1 1.7fold [118]

1 2fold [119]

712 fold [131]

exercise, suggesting that at least in mice IL-6 is not
necessary for hepatic glucose production during exercise
[25]. Furthermore, animal studies have shown that IL-6
impairs the ability of insulin to suppress hepatic glucose
production [26,27] while this is not the case in humans
[19].

IL-13 was recently identified as novel myokine that is
released by human myotubes [28]. Interestingly, type 2
diabetic subjects have significantly reduced serum levels
of IL-13 compared to controls, and myotubes from these
patients secrete 75% less IL-13 than myotubes from
controls. Furthermore, Jiang et al. suggested a role of IL-
13 for SkM glucose metabolism by showing that
treatment of myotubes with this protein increased basal
glucose uptake and oxidation, and glycogen synthesis
(Tab. 1) [28]. Moreover, a study using IL-13-deficient
mice has suggested an implication for IL-13 in
suppression of hepatic glucose production [29]. So far,
data regarding the regulation of IL-13 release and
expression by exercise are not available.

induces intramuscular lipolysis in glycolytic, but not in
oxidative muscle pointing towards a fiber-type specific
action of IL-6 [34]. The molecular background of this
observation still needs to be determined.

Furthermore, IL-15 which is expressed in SkM and
released by myotubes [2,35] potentially has a role in lipid
metabolism. Conflicting results have been reported
concerning the regulation of IL-15 expression in SkM
and circulating IL-15 upon exercise. While one study
reported no change of IL-15 mRNA expression after
acute resistance training [36], Nielsen et al. observed a
twofold increase in SkM which, however, was not
accompanied by increased muscular IL-15 protein level
or plasma IL-15 [37]. Other studies have reported
elevated circulating IL-15 level after a single bout of
resistance or endurance exercise and after eight weeks of
resistance training [38-40]. Lower levels of IL-15 have
been reported in type 2 diabetic patients compared to
controls [41]. Moreover, a negative association has been
found in humans between plasma IL-15 levels and total
adipose tissue mass [6] and IL-15 has been found to be
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decreased in obese subjects compared with lean controls
[42].

IL-15 was reported to increase FA oxidation in isolated
rat extensor digitorum longus muscle via induction of
PPARGS expression [43] and to inhibit lipid accumulation
in preadipocytes [44] (Tab. 1). Overexpression of IL-15
in SkM resulted in reduced body fat suggesting a
potential role in the regulation of fat mass [6,45].
Brain-derived neurotrophic factor (BDNF) is another
myokine that may impact on FA metabolism. BDNF
mRNA expression and protein has been detected in
human SkM and C2C12 cells [46], and our group
recently reported BDNF in the supernatant of human
myotubes [2]. While in patients with type 2 diabetes
circulating levels of BDNF are decreased independently
of obesity [47], exercise has been demonstrated to
increase serum BDNF level as well as mRNA and protein
expression in human SkM [46]. However, it has been
shown in humans that 70-80% of circulating BDNF
originates from the brain during both rest and after
exercise suggesting the brain as major source of this
factor [48]. In vitro studies using C2C12 cells have
shown that BDNF increases FA oxidation (Tab. 1) via
activation of AMPK and phosphorylation of acetyl-CoA
carboxylase [46]. While BDNF has no direct effect on
glucose uptake or gluconeogenesis in primary cultured
hepatocytes, L6 myotubes or 3T3-L1 adipocytes [49], a
potential impact on lipolysis has not been studied so far.

C. Myokines and insulin secretion

Recent studies have suggested a potential crosstalk
between SkM and pancreas. Using supernatants from
insulin-sensitive vs. insulin-resistant (due to TNFa
treatment) human myotubes for incubation of human and
rat primary beta cells, Boukazkri et al. found a
differential impact on these cells [50]. Supernatant of
normal myotubes increased proliferation of beta cells and
glucose-stimulated insulin secretion (GSIS). However,
supernatant of insulin-resistant myotubes increased
apoptosis and decreased proliferation independently from
TNFa while blunting of GSIS was shown to be a TNFa-
mediated effect. Further analyses revealed that the panel
of myokines expressed and released is different between
insulin-sensitive and insulin-resistant myotubes. Several
myokines were induced by TNFa-treatment such as
VEGF, CXCLI1, IL-8, and IL-6. However, the authors
were not able to show which myokines mediate the
observed effects on beta cells.

Recent data from Ellingsgaard et al. have shown that IL-6
increases proliferation of both alpha and beta cells and
prevents apoptosis of alpha cells due to metabolic stress
(Tab. 1) [51]. Moreover, IL-6 promotes glucagon-like
peptide-1 (GLP-1) secretion and production in intestinal
L-cells and pancreatic alpha cells thereby leading to
improved beta cell insulin secretion and glucose tolerance
[52]. These data could explain the increase of GLP-1
plasma level during exercise [52-54], which may be
mediated by SkM-derived IL-6. Since the effect of GLP-1
on insulin secretion is glucose-dependent, IL-6—induced
GLP-1 release will not acutely affect insulin secretion in
healthy subjects during exercise but rather promote
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insulin secretion during a post-exercise meal [52].
Furthermore, an interaction between GLP-1 and IL-6 in
the brain has been recently described showing that
activation of central GLP-1 receptors increase IL-6
expression in the hypthalamus and hindbrain. These data
point towards a role of central IL-6 in mediating the
anorexic and body weight loss effects of GLP-1 receptor
activation [55].

Fractalkine (CX3CL1) described by Henningsen et al. as
myokine [56] might also play a role in the crosstalk to the
pancreas. This chemokine has been reported to be
associated with obesity, insulin resistance, and type 2
diabetes [57]. However, another study has found no
differences in circulating fractalkine levels between type
2 diabetic patients and controls. Plomgaard et al. recently
reported increased fractalkine mRNA expression and
protein in SkKM of healthy subjects after an acute bout of
exercise as well as elevated circulating levels [58]. Data
from Lee et al. have shown that treatment of islets with
fractalkine increased intracellular Ca(2+) and potentiated
insulin secretion in both mouse and human islets.
Moreover, expression of fractalkine in islets of mice was
decreased by aging and high-fat diet/obesity [59]. Further
studies are needed to understand the impact of fractalkine
on pancreatic function.

The potential role of myokines in the regulation of
inflammation

Enlargement of adipose tissue as a consequence of a
sedentary lifestyle and excessive energy intake results in
a local inflammatory response in the visceral adipose
tissue, infiltration of immune cells, and local and
systemic increases of pro-inflammatory cytokines and
adipokines. Thus, obesity, insulin resistance and type 2
diabetes are associated with a chronic low-grade systemic
inflammation [60], and regular physical activity protects
against a number of chronic diseases which are
characterized by inflammation [61,62]. While regular
physical exercise has been shown to reduce basal levels
of inflammatory markers [63,64], physical inactivity
results in elevated levels of inflammatory markers
[65,66]. Whether certain myokines may be directly
implicated in the anti-inflammatory effects of exercise is
currently under investigation.

III. THE ANTI-INFLAMMATORY EFFECTS OF

EXERCISE

It is known that regular physical activity reduces
inflammation and improves insulin resistance. Cross-
sectional studies have shown a strong inverse association
between the level of physical activity and systemic low-
grade inflammation [67-70]. These observations might be
explained by an anti-inflammatory effect of regular
exercise which could be mediated via different
mechanisms. The scheme presented in fig. 1 summarizes
the impact of physical activity levels on the systemic
inflammation status and which mechanisms are
potentially involved. Regular physical activity and an
active lifestyle results in enhanced energy utilization thus
leading to reduction of body weight and visceral fat mass
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which is an important source of pro-inflammatory
cytokines [60,71]. This may explain in part the reduction
of inflammatory markers such as CRP following long-
term exercise [70,72]. In addition, it has been shown that
exercise decreases expression of toll-like receptor (TLR)
2 and TLR4 in immune cells and SkM [73-75] while even
short-term bed rest increases expression of TLR4 [66].
Importantly, activation of TLR in SkM by factors such as
lipopolysaccharide (LPS), heat shock protein 60 or free
FAs has been suggested to participate in the development
of insulin resistance [73,76]. Moreover, due to exercise-
induced increases of adrenaline, cortisol, and other
factors with immunomodulatory effects, physical activity
may also have beneficial effects on the function of the
immune system [75].

Sedentary lifestyle
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exercising subjects the TNFa response to LPS-endotoxin
was totally blunted, thus supporting the idea that physical
activity mediates an anti-inflammatory activity. These
data are further supported by in vitro experiments using
electrical pulse stimulation (EPS) of primary human
myotubes which induces contraction of the cells [78]. Our
group has demonstrated that EPS prevents inflammatory
responses induced by variuos treatments due to blocking
the pro-inflammatory NF«B signaling pathway [78].

A.  Mpyokines and anti-inflammatory effects

While IL-6 is acutely increased in the circulation in
response to exercise [79] patients with insulin resistance,
obesity and type 2 diabetes display chronically elevated
IL-6 serum levels. [80-82]. An important source of

Regular physical activity

Myokine secretion | | Visceral fat

ITLR expression

‘ others acute IL-6 i |ncrease 1 Cortisol and adrenaline
v / \
N v
Systemic, low-grade
inflammation | 1 IL-10, 1 IL-1ra, 1 sTNFR ‘ | | Pro-inflammatory cytokine production |
(chronically increased levels of
IL-6, TNFa, IL-16, etc.) l
J v
| Reduced systemic inflammation |
Increased risk for J’
insulin resistance and type 2 diabetes Reduced risk for insulin resistance and type 2 diabetes

Fig. 1 Impact of physical activity level on inflammatory status and risk of insulin resistance and/or type 2 diabetes. On the one
hand, a sedentary lifestyle combined with obesity is often associated with systemic low-grad inflammation and an increased risk of
insulin resistance and type 2 diabetes. On the other hand, an active lifestyle with regular physical activity decreases the risk to
develop insulin resistance and type 2 diabetes. This is in part mediated due to beneficial effects of exercise on systemic inflammation
status. Exercise-induced acute increase of IL-6 results in enhanced release of anti-inflammatory cytokines such as IL-10, IL-1ra and
STNFR that reduces systemic inflammation. Currently, it is not known whether other myokines may also impact directly or indirectly
on systemic inflammation. In addition, physical activity reduces visceral adipose tissue, TLR expression in immune cells and skeletal
muscle, and increases release of adrenaline and cortisol which is known to have potent anti-inflammatory effects. In summary, these
events finally result in reduced production of pro-inflammatory cytokines thereby contributing to reduced systemic inflammation and

decreased risk to develop insulin resistance and type 2 diabetes.

Starkie et al. investigated the hypothesis that acute
exercise induces a direct anti-inflammatory response [77].
Healthy subjects received LPS-endotoxin to induce low-
grade inflammation during resting or after 2.5h bicycling.
In resting subjects LPS-endotoxin administration resulted
in a strong increase of plasma TNFa. Interestingly, in the
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circulating IL-6 in conditions of obesity is the expanding
visceral adipose tissue. Expression of IL-6 by
macrophages within the adipose tissue is dependent on
activation of the NF«B signaling pathway, whereas
intramuscular IL-6 expression is regulated by different
signaling cascades involving Ca(2+), nuclear factor of



DIABETOLOGIA

activated T cells [83], calcineurin [84], p38 MAPK
signaling [85] and JNK/AP1 [14]. These observations led
to the question about the functional role of IL-6 after
exercise and in inflammatory conditions (reviewed in
detail by Pedersen et al. [13]).

It is known that IL-6 released by contracting SkM
triggers an anti-inflammatory cascade by inducing the
production of the anti-inflammatory cytokines IL-10, IL-
1 receptor antagonist (IL-1ra) and soluble TNF receptor
(sTNFR) [13]. Moreover, data suggest that IL-6 inhibits
the production of pro-inflammatory TNFa. Starkie et al.
has reported that in healthy humans elevation of plasma
IL-6 level by acute exercise or infusion of IL-6 blunts an
LPS-endotoxin-mediated increase of TNFa [77].

The presence of IL-10, IL-Ira, and sTNFR in the
circulation after exercise contributes to the anti-
inflammatory effect of exercise (Fig. 1). IL-10 inhibits
the production of pro-inflammatory factors such as IL-1a,
IL-1B, TNFa, IL-8 and MIPa. [86]. IL-1ra is a member of
the IL-1 family, binds to the IL-1 receptor, and inhibits
the intracellular signal transduction thereby reducing the
pro-inflammatory cascade induced by IL-18 [87]. sSTNFR
is the naturally occurring inhibitor of TNFa [86].

Very recently, our group identified chitinase-3-like
protein 1 (CHI3L1) as a novel myokine [88].
Interestingly, plasma CHI3L1 levels are up-regulated in
patients with insulin resistance and type 2 diabetes
independent of obesity [89]. However, the physiological
role and source of circulating CHI3L1 remains largely
unknown. Our in vitro experiments have shown that
expression and release of CHI3L1 is stimulated by pro-
inflammatory cytokines such as TNFa. We provide
evidence that CHI3L1 protects myotubes from TNFa-
induced insulin resistance and inflammation by inhibiting
NF«B activation, and therefore suggest CHI3L1 to be an
auto-protective factor that is induced upon demand to
protect SkKM from negative impact of TNFa [88].
Interestingly, similar effects were observed for
fractalkine. Data recently presented by Plomgaard et al.
have shown that fractalkine also prevents TNFa-induced
insulin resistance by blocking the NFkB signaling
pathway [58]. Furthermore, circulating levels were
increased by acute exercise and TNFa-infusion [58]. In
vitro data using human myotubes have shown that TNFa-
treatment induces fractalkine mRNA  expression.
However, analysis of myotube-conditioned media found
no elevated release of fractalkine after TNFa-treatment
[50] which could mean that SkM may not be the main
source of circulating fractalkine after TNFa-infusion.
Fractalkine is also produced by adipose tissue and its
serum level is positively associated with obesity, insulin
resistance, and type 2 diabetes [57]. Taken together, these
data indicate that myokines such as IL-6, CHI3L1 and
fractalkine may be involved in mediating the anti-
inflammatory effects of exercise and thus in mediating
the beneficial effect of exercise on health.

In contrast to the observation that regular moderate
exercise reduces chronic inflammation, high intensive
training causes a temporary depression of various aspects
of immune function and an increase in systemic
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inflammation for a certain post-exercise period (~3-24h)
[61]. After a very intensive exercise such as marathon
running, TNFa and IL-1f level increase in response to
muscle damage [79,90,91]. It is well established that
muscle repair and regeneration after acute muscle injury
involves tissue-remodeling and growth-promoting local
inflammation. The initial inflammatory response is
required for a positive outcome of muscle repair [92].

In conclusion, it is obvious that regular physical activity
is useful for prevention and therapy of various
pathological conditions. For type 2 diabetic patients, a
combination of both endurance and strength training was
suggested as the most beneficial exercise training to
improve glycemic control [93]. To understand the
underlying mechanism of the anti-inflammatory effect of
exercise in more detail, future efforts may also need to
focus on the endocrine effects of myokines on immune
cells.

IV. MYOKINES AS THERAPEUTICAL TARGETS

Due to improved understanding of myokine biology, the
interest in  contraction-regulated = myokines  as
therapeutical targets has grown significantly. One
additional strategy currently discussed is to increase
brown adipose tissue (BAT) mass, its activity or to
promote browning of white adipose tissue (WAT). This
idea is based on the finding that the activity of BAT
correlates with decreased BMI and adipose tissue mass
and augmented energy expenditure [94-97]. Two
myokines have been suggested to activate a white-to-
brown shift in adipocytes, namely irisin [98] and
fibroblast growth factor 21 (FGF21) [99]. Moreover,
FGF21 enhances insulin sensitivity, and follistatin-like 1
(FSTL1) has been described as a cardio-protective
myokine. Therefore, these three myokines are discussed
here regarding their potential as therapeutical targets (see
text box 1).

A. Irisin - does it keep its promises?

Bostrom et al. observed an enhanced FNDC5 mRNA
expression in SkM of a muscle-specific PGClao-
overexpressing mouse model [98]. Data of the group
indicated a cleaving of the extracellular part of this
protein which acts as a novel signaling peptide, called
irisin. Based on Western blot analysis circulating irisin
was detected in both mice and humans and found
increased after exercise. However, the antibody used in
these analyses is not able to detect irisin since it binds to
the non-secreted portion of FNDCS5 [100,101]. Therefore,
these data need to be reconsidered and re-assessed using
independent experimental approaches.

Up to now, a total number of nine publications have
described 15 different exercise studies in humans with
different duration and types of exercise. Out of these,
only in four cohorts an increase of FNDC5 mRNA
expression in SkM by 1.3-2fold was observed [98,102-
104] and three studies reported increased circulating irisin
levels after exercise [104-106] (Tab. 2).

Our group has recently published an analysis of genomic
DNA, mRNA and expressed sequence tags indicating that
FNDC5, the gene encoding the precursor of irisin, is
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present in rodents and most primates [100]. However, in
humans we observed a mutation in the conserved start
codon ATG to ATA. HEK?293 cells transfected with a
human FNDCS5 construct with ATA as start codon only
expressed 1% full-length protein compared to human
FNDCS5 with ATG. Thus, the mutation results in very low
translation efficiency of full-length FNDCS. Based on our
findings, we propose that irisin should be barely
detectable in human samples [100].

Nevertheless, at least 18 studies from various groups
quantified the level of irisin protein in plasma
[103,105,107-109]. All these studies have relied on
commercially available EIA kits which have not been
fully validated. Basal circulating irisin levels in control
subjects differ markedly ranging from 0.04 ng/ml [110] to
2158 ng/ml [108] (Tab. 2). Most importantly, none of the
antibodies has been tested for cross-reacting proteins in
plasma [101]. Future studies are urgently required to
identify FNDCS5 protein species potentially present in
human serum.

Nevertheless, the hypothesis described by Bostrom et al.
seems promising: irisin as a circulating factor that
induces a white-to-brown shift in adipocytes thereby
enhancing whole body energy expenditure. This principle
was described comprehensively for mouse-derived
preadipocytes and mice treated with recombinant FNDC5
[98,111]. Even though irisin might not be expressed in
human cells: could it be a potential drug for humans since
downstream signaling pathways might still exist?
Recently, we have shown that primary human
preadipocytes isolated from subcutaneous adipose tissue
exhibit differentiation and a white-to-brown shift when
treated with bone morphogenetic protein-7. However, we
and others have detected no effects of recombinant irisin
or FNDCS5 obtained from different sources on the
induction of a white-to-brown shift [100,112]. Therefore,
the original discovery proposing FNDCS5/irisin as a
contraction-regulated browning factor and its use as a
therapeutical needs to be reconsidered.

B. FGF21 — effects on insulin sensitivity and browning

FGF21 is a member of the fibroblast growth factor super
family, a large family of proteins involved in cell
proliferation, growth, and differentiation. In type 2
diabetic patients serum levels of FGF21 are significantly
higher compared to healthy controls [113]. Izumiya et al.
have described FGF21 as an Akt-regulated myokine due
to an insulin-mediated increase of FGF21 protein level
and secretion, and a PI3-kinase inhibitor-mediated
prevention of these effects using C2C12 myotubes [114].
Additionally, a hyperinsulinemic-euglycemic clamp study
in young healthy men has revealed an induction of
FGF21 mRNA in SkM and increased plasma levels [115].
These data may link insulin-activated Akt to enhanced
FGF21 secretion from SkM.

Circulating FGF21 serum levels have been studied in
three human exercise studies with diverging results (Tab.
2). While three months combined aerobic and resistance
exercise diminished FGF21 serum levels [116], two
months endurance training had no effect on FGF21 serum
levels and mRNA expression in SkM [117]. Most
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interestingly, two weeks of daily endurance training and
an acute bout of endurance exercise enhanced circulating
FGF21 levels accompanied by increased serum levels of
free FAs [118,119]. However, in mice Kim et al. have
observed no increase of FGF21 mRNA expression in
soleus and gastrocnemius muscle and epididymal WAT
after an acute bout of exercise while hepatic FGF21
mRNA expression was significantly enhanced. Therefore,
the authors have suggested that hepatic FGF21
contributes to increased serum levels after exercise most
likely due to exercise-induced lipolysis [119]. Thus,
future studies have to clarify whether FGF21 is a
contraction-regulated myokine by investigating changes
of FGF21 mRNA expression and protein level in SkM
which could result in increased FGF21 serum levels after
exercise.

Given that hepatic FGF21 mRNA expression is
dramatically induced by fasting [120,121], Izumiya et al.
used 48-h fasted liver tissues in comparison to
gastrocnemius muscle and reported similar levels of
FGF21 protein in both tissues [114]. Although it is a
challenge to determine the extact tissue or even the cell
type within a certain tissue as a major source of
circulating proteins, the current data presume that SkM
might may be an additional important source of
circulating FGF21. Most likely, FGF21 serum levels
depend on whole body metabolic status.

It has been demonstrated that FGF21 acts on several
tissues by affecting carbohydrate and lipid metabolism,
enhancing insulin sensitivity, decreasing triglyceride
concentrations and causing weight loss (reviewed by
Cuevas-Ramos et al. [122]). FGF21 administration
improves metabolic phenotypes such as increased fasting
glucose, insulin and triacylglycerol levels in different
obese mice model and diabetic rhesus monkeys [123-
126]. Additionally, experiments with FGF21-treated mice
indicated that it regulates whole-body insulin
responsiveness by enhanced glucose uptake in SkM,
WAT and BAT and improved suppression of WAT
lipolysis is [99]. Furthermore, FGF21 promotes a white-
to-brown shift of WAT in mice treated with recombinant
FGF21 [99] as demonstrated by increased oxygen
consumption in WAT and increased mRNA expression of
typical markers of brite adipogenesis [99].

The results of two recent studies indicate that the
beneficial effects of FGF21 are not merely mediated by
the protein itself [127,128] given that in mice FGF21
stimulates the production and secretion of the adipocyte-
specific hormone adiponectin in WAT. Adiponectin
seems to play a central role for the effects of FGF21 on
whole body metabolism and insulin sensitivity since these
effects were almost completely abolished in adiponectin
knockout mice [127,128]. Of note, IL-15 is another
contraction-regulated myokine that stimulates secretion
of adiponectin, and IL-15 treatment improves glucose
homeostasis and insulin sensitivity in obese mice [44].
Based on experimental data showing beneficial effects of
FGF21 in the context of obesity, a study was initiated to
investigate the effects of the FGF21 analog LY2405319
in obese type 2 diabetic patients [129]. LY2405319 has
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been shown to have favorable effects on both body
weight and fasting insulin levels. Moreover, it results in a
shift to a potentially less atherogenic apolipoprotein
concentration profile [129]. Thus, FGF21 or FGF21
analogs seem to be interesting therapeutical targets.

STUDY 3

However, currently no information are available
concerning circulating levels of FSTL1 in insulin
resistant and/or type 2 diabetic patients, and more data
obtained in human models are necessary to evaluate the
potential of FSTL1 as a therapeutical target.

Key facts: myokines as therapeutical targets

remains unclear.

type 2 diabetes.

= A new exercise-regulated myokine called irisin has been identified that induces

browning of subcutaneous WAT in mice. However, translation to the human situation

= FGF21 enhances insulin sensitivity by increasing circulating adiponectin levels.
Moreover, it promotes a white-to-brown shift in mice. The FGF21 analog LY2405319
is a promising candidate as novel therapeutical approach.

= The cardio-protective protein FSTL1 might play an important role in the

pathophysiological responses to cardiovascular stress which is closely associated with

Text box 1

C. Follistatin-like 1 — a cardio-protective cytokine

FSTLI, also known as TSC36, is a secreted glycoprotein
that has limited homology with other follistatin family
proteins that classically act as binding partners of the
TGFp protein family. FSTL1 is secreted by SkM and
based on initial data it has been discussed as a
contraction-regulated  myokine (Tab. 2). Most
interestingly, it is upregulated via Akt signaling. Ouchi et
al. have proposed that FSTL1 can be designated as a
myokine that acts on vascular endothelial cells [130]. In
murine SkM, overexpression of FSTL1 was shown to
promote endothelial cell function and revascularization in
ischemic tissue. Moreover, FSTL1 secretion of primary
human myotubes is enhanced by pro-inflammatory
cytokines such as IL-1B and interferon y [131]. It might
be speculated that enhanced FSTL1 secretion of
myotubes  counteracts the harmful effects of
proinflammatory adipokines on the muscular vasculature.
However, SkM is not the only tissue expressing and
releasing FSTL1. Proteomic approaches have identified
FSTL1 also in the supernatant of primary human
adipocytes [132], in supernatants of human endothelial
cells [130] and in lysates of murine cardiac myocytes
[133].

FSTL1 is described as a cardio-protective cytokine. Its
expression is induced in the heart by ischemic insults and
systemic administration of FSTL1 protects the heart from
ischemia/reperfusion injury [134]. Shimano et al. have
described that cardiac FSTLI1 functions as an auto-
/paracrine regulatory factor that antagonizes myocyte
hypertrophic growth and the loss of ventricular
performance in response to pressure overload [133]. In
preclinical animal models of ischemia/reperfusion FSTLI
was demonstrated to prevent myocardial ischemia/injury
by inhibiting apoptosis and inflammatory responses due
to modulation of AMPK [135]. Therefore, FSTLI1
appears to be a clinically relevant factor that participates
in pathophysiological responses to cardiovascular stress
which is closely associated with type 2 diabetes.

V. CONCLUSION

Myokines are key elements of the multi-organ crosstalk
communication network, and they play a prominent role
in mediating the health-promoting effects of regular
physical activity. This involves substrate oxidation, lipid
partitioning, reduced inflammation, and improved
pancreatic beta cell function. The list of new myokines is
continuously increasing, whereas the physiological
impact of this multitude of molecules remains largely
unexplored. This is complicated by differences in the
local and systemic concentrations of many myokines, and
additionally by a substantial overlap of myokines and
adipokines. The comprehensive analysis of the myokine
network will help to identify drugable targets in the
future.
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2.4 The exercise-regulated myokine CHI3L1
stimulates human myocyte proliferation
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Abstract—Chitinase-3-like protein 1 (CHI3L1) is involved in
tissue remodeling and inflammatory processes. Plasma
levels are elevated in patients with insulin resistance and
T2DM. We recently showed that CHI3L1 and its receptor
protease activated receptor 2 (PAR-2) are expressed in
skeletal muscle. Activation of PAR-2 by CHI3L1 protects
against TNFo-induced inflammation and insulin resistance.
However, the effect of exercise on CHI3L1 and PAR-2
signaling remains unknown. The aim of this work was to
study the impact of exercise on CHI3L1 production and the
effect of CHI3L1/PAR-2 signaling on skeletal muscle growth
and repair. Three human exercise studies were used to
measure CHI3L1 plasma levels (n = 32). In addition, muscle
and adipose tissue CHI3L.1 mRNA expression was measured
in response to acute and long-term exercise (n 24).
Primary human skeletal muscle cells were differentiated in
vitro and electrical pulse stimulation was applied. In
addition, myoblasts were incubated with CHI3L1 protein
and activation of MAP kinase signaling as well as
proliferation was measured. Circulating CHI3L1 levels and
muscle CHI3L1 mRNA were increased after acute exercise.
In addition, CHI3L1 mRNA expression as well as CHI3L1
secretion was enhanced in electrically stimulated cultured
myotubes. Incubation of cultured human myoblasts with
CHI3L1 protein leads to a strong activation of p44/42, p38
MAPK and Akt as well as enhanced myoblast proliferation.
Conclusion: Our findings suggest that CHI3L1 is a
contraction-induced myokine, potentially acting in an
autocrine or paracrine fashion to induce myocyte
proliferation for restructuring of skeletal muscle after
exercise.

Index Terms— Skeletal muscle, Exercise, Chitinase-3-like
protein 1, PAR-2
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L. INTRODUCTION

The health-promoting effects of physical activity are
well known, and regular exercise has been shown to
protect against development of various chronic diseases
such as obesity, insulin resistance and type 2 diabetes
(T2DM) (1;2). However, our knowledge on underlying
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mechanisms mediating the protective effects of physical
activity remains incomplete.

Skeletal muscle is an important endocrine organ
releasing hundreds of myokines upon contraction. These
molecules may be partly responsible for the beneficial
effects of exercise on health (1). Myokines can affect
skeletal muscle metabolism in an auto/paracrine fashion as
shown for IL-6 or IL-15 (3). Other myokines such as
myostatin, follistatin, decorin, LIF and IL-7 are involved
in the regulation and adaptation of skeletal muscle mass in
response to work load and regular exercise (3;4).
Moreover, regular physical activity has been shown to
reduce basal levels of inflammatory markers and
myokines, which may be at least partly responsible for the
anti-inflammatory effects of exercise. Thus, IL-6, which is
released by contracting skeletal muscle, triggers an anti-
inflammatory cascade by inducing production of the anti-
inflammatory cytokines IL-10, IL-1 receptor antagonist
(IL-1ra) and soluble TNF receptor (sSTNFR) (1).

Recently, our group identified chitinase-3-like protein 1
(CHI3L1) as a novel myokine (5). CHI3L1, also known as
YKL-40, was originally discovered in mouse breast
cancer cells (6) and is expressed in many cell types
including macrophages, chondrocytes, fibroblasts,
vascular smooth muscle cells and endothelial cells (7). We
have shown that expression and release of skeletal muscle
CHI3L1 is stimulated by pro-inflammatory cytokines such
as TNFa and IL-6 (5). Moreover, our data provide
evidence that CHI3L1 protects myotubes from TNFa-
induced insulin resistance and inflammation by inhibiting
NF«B activation. Hence, CHI3L1 could be an auto-
protective factor that is induced upon demand to protect
skeletal muscle cells from negative impact of TNFa (5).
The receptor for CHI3L1, namely PAR-2, is expressed in
human and rodent skeletal muscle cells (5;11).
Interestingly, it was shown that activation of PAR-2
mediates a proliferative response of murine skeletal
myoblasts, which is essential for muscle hypertrophy and
regeneration (11). Plasma CHI3L1 levels are elevated in
patients with insulin resistance and T2DM (8). However,
the physiological role and main sources of circulating
CHI3L1 wunder various conditions remain largely
unknown.
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We hypothesized that contraction-regulated CHI3L1
production and CHI3L1/PAR-2 signaling may impact
skeletal muscle growth and repair. Furthermore, we
assessed potential differences of CHI3L1 and PAR-2
expression in skeletal muscle and adipose tissue from
control and dysglemic subjects and the effect of exercise
intervention. We identify the CHI3L1/PAR-2 axis as a
novel player in muscle growth and repair.

II.  MATERIAL AND METHODS

Materials: Purified human CHI3L1 was provided by
Quidel Corporation (San Diego, CA). Primary human
skeletal muscle cells (hSkMC) and supplement pack for
growth medium were obtained from PromoCell
(Heidelberg, Germany). Anti-phospho p38 MAPK
(Thr180/Tyr182), anti-phospho Akt (Ser473) and anti-
phospho p44/42 MAPK (Thr202/Tyr204) were supplied
by Cell Signalling Technology (Frankfurt, Germany).
Anti-CHI3L1, anti-tubulin and anti--actin were obtained
from Abcam (Cambridge, U.K.). Anti-PAR-2 was
purchased by Santa Cruz Biotechnology (Heidelberg,
Germany). PAR-2 agonist (H-Ser-Leu-Ile-Gly-Lys-Val-
NH2) and the specific PAR-2 antagonist GB83 were
provided by Bachem (Bubendorf, Switzerland). All other
chemicals were of the highest analytical grade
commercially available and purchased from Sigma.
Culture of human skeletal muscle cells: Primary
hSKkMC isolated from 7 healthy Caucasian donors (3
males 16, 41 and 47 of age; 4 females 16, 25, 33 and 37
of age) were supplied as proliferating myoblasts and
cultured as described before (5). Myoblasts were seeded
in 6-well culture dishes and cultured in growth medium
(a-modified Eagle’s (eMEM)/Ham’s F-12 medium
containing skeletal muscle cell growth medium
supplement pack) up to near-confluence. The cells were
then differentiated in cMEM containing 2% horse serum
until day 5 of differentiation followed by overnight
starvation in aMEM without serum. Serum-free medium
was used during the complete differentiation period.
Electrical Pulse Stimulation (EPS): Differentiated
myotubes were subjected to EPS using a C-Dish in
combination with a C-Pace pulse generator (C-Pace 100,
IonOptix, Milton, MA, USA), as recently described (9).
Cells were stimulated with a frequency of 1 Hz, a pulse
duration of 2 ms, and an intensity of 11.5 V for 24 h.
Culture of skeletal muscle cells: Human myoblasts were
incubated with recombinant CHI3L1 (50, 100, 250 and
500 ng mL-1) for 10, 30 and 120 min and lysed to
generate protein samples for SDS-PAGE. In addition,
samples for isolation of RNA were prepared. For
proliferation studies, cells were incubated with CHI3L1
(250 ng mL-1) for 24 h with or without GB-83 (100 nmol
L-1). The specific PAR-2 inhibitor GB-83 was dissolved
in DMSO to produce a stock solution of 100 mmol L-1,
which was further diluted in sterile eMEM medium for a
final concentration of 100 nmol L-1. All controls for
experiments involving the PAR-inhibitor were incubated
with 0.1% (v/v) DMSO alone.

Immunoblotting: hSkMC were incubated as indicated
and lysed in a buffer containing 50 mmol L-1 HEPES
(pH 7.4), 1% TritonX, PhosStop, and Complete Protease

63

STUuDY 4

Inhibitor cocktail (Roche, Penzberg, Germany). After
incubation for 2 h at 4°C, the suspension was centrifuged
at 15,000 rpm for 15 min. 7 pg of total cell lysates were
separated by SDS-PAGE and transferred to a
polyvinylidene fluoride membrane. Then, membranes
were blocked with Tris-buffered saline (TBS) containing
0.1% (v/v) Tween-20 and 5% (wt/v) non-fat dry milk and
incubated over night with the appropriate antibodies to
analyze phosphorylation of p42/44, p38 and Akt. After
washing, membranes were incubated with secondary
horseradish peroxidase-coupled antibody and processed
for enhanced chemi-luminescence detection using
Immobilion Western detection reagents (Millipore,
Schwalbach, Germany). Signals were visualized and
evaluated on a VersaDoc 4000 MP BioRad (Munich,
Germany) work station and analyzed by Quantity One
analysis software (Version 4.6.7).

RNA isolation and RT-PCR: Cells were lysed with RLT
lysisbuffer (Qiagen) and total RNA was isolated using the
RNeasy kit from Qiagen (Hilden, Germany).
Concentration and purity were measured using a
NanoDrop 2000 (Thermo Scientific, Bremen, Germany).
1 pg of RNA was reversely transcribed using Omniscript
RT Kit (Qiagen). CHI3L1 (Hs CHI3L1 1 SG) and
PAR-2 (Hs_ F2RL1 1 SG) mRNA expression were
measured using pre-designed primers (Quantitect Primer
Assay, Qiagen) and GoTaq qPCR Master Mix (Promega,
Mannheim, Germany) in a SYBR Green-based
quantitative real-time PCR. All analyses were performed
in triplicates using a StepOne plus sequence detection
system for real-time PCR (Applied Biosystems). Melting
curve analyses of the PCR products were used to verify
their specificity and identity. Target mRNA levels were
normalized relative to 3-actin.

In vitro human myoblast proliferation: To monitor
DNA synthesis, 2.500 hSkMC per 15 mm? well were
seeded in 96-well culture dishes and allowed to attach for
24 h. Cells were incubated with CHI3L1 alone or in
combination with the PAR-2 antagonist GB-83 in the
presence of BrdU (10 uM) for 24 h. All controls for
experiments involving PAR-2 antagonist GB-83 were
incubated with DMSO (0.1% v/v) alone. A
chemiluminescent BrdU ELISA (Roche, Mannheim,
Germany) was used to determine proliferation according
to the manufacturer’s protocol. Signals were visualized
and evaluated on a LUMI Imager work station
(Boehringer, Mannheim, Germany).

In vitro human skeletal muscle scratch assay: Cells
were plated in 6-well plates and maintained in growth
medium. At 80 to 90% confluence, a scratch was created
in the center of the cell monolayer using a sterile plastic
pipette tip. Immediately thereafter, the cells were washed
with PBS to remove floating cell debris and re-incubated
for an additional 24 h with either serum-free aMEM
medium (control), growth medium (positive control), or
serum-free oMEM medium containing recombinant
CHI3L1 (250 ng mL-1). The ability of cells to proliferate
and migrate into the wounded area was assessed by
comparing phase-contrast micrographs captured at 0, 6
and 24 h of 8 marked points along the wounded area in
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each well. The wounded area was calculated by tracing
along the border of the wound using ImageJ 1.48v image
analysis software, and the percentage wound closure was
calculated using the following equation:

[Woundsd Area (0h) -Wounded Area (6or 24h)]
Wound Area [0h)
100 = % Wound Closure

4

Human exercise studies: All participants were informed
about the project, procedures and rights before signing an
agreement form. The studies were approved by the
Regional Committee for Medical and Health Research
Ethics, Region Ser-Ost-Norge, Norway (2011/927b).
Human study I - acute endurance exercise: Eight well-
trained healthy lean male volunteers (BMI 23.1+0.6
kg/m2) participated in the study. A baseline blood sample
was taken before start of the exercise. Subjects cycled at
70% VO2max for 60 min and blood was sampled
immediately after the exercise session.

Human study II — acute strength exercise: Eleven well-
trained healthy male volunteers (BMI 24.4+0.6 kg/m2)
were recruited for the study. A baseline blood sample was
taken before start of the exercise. A warm-up before the
strength training session was conducted by 5-7 min
cycling on stationary bike. The strength training session
was composed of 7 types exercises performed in three
sets at a load corresponding to 8 RM (the weight that
could be lifted maximal 8 times). The exercises were leg
press, leg curls, bench press, pull-down, sitting shoulder
press, cable-flies, and laying rowing. New set of exercises
started every 3 min. Blood was sampled immediately
after the exercise session.

Human study III - 12 weeks exercise intervention study:
Healthy, sedentary men (40—65 years) were recruited in
two groups I) participants with BMI of 23.5 = 2.0 kg/m2
and normal glucose metabolism (control group, n = 13)
and II) overweight participants (BMI 29.0 + 2.4 kg/m2)
with abnormal glucose metabolism (dysglycemic group, n
11). Abnormal glucose metabolism was defined as
fasting glucose > 5.6 mmol L-1 and/or impaired glucose
tolerance (2 h serum glucose > 7.8 mmol L-1). Two
subjects with a BMI>28 but with normal fasting and 2 h
serum glucose levels were excluded. The participants
were subjected to combined strength- and endurance-
training for 12 weeks as described previously (4;10). A
45 min bicycle session at 70% VO2max was performed
before and after the 12 weeks training intervention as an
acute exercise challenge (10). Blood and skeletal muscle
samples were taken before, directly after, and 2 h after
the acute exercise, before as well as after 12 weeks of
training. Blood samples were taken by standard
antecubital venous puncture, kept on ice until
centrifugation and stored at -80°C until further analysis.
Biopsies from m. vastus lateralis were taken and
immediately transferred to RNA-later (Qiagen, Limburg,
Netherlands), kept overnight at 4°C, and transferred to -
80°C. For one subject no muscle biopsies were taken at 2
h post exercise before as well as after the intervention. In
addition, a single subcutaneous adipose tissue biopsy in

64

STUuDY 4

the periumbilical region was taken ~30 min after the
acute exercise session, before as well as after the
intervention period. Subcutaneous abdominal adipose
tissue biopsies were obtained from 13 controls and 11
dysglycemic subjects before and after 12 weeks of
training, frozen immediately in liquid nitrogen and stored
at -80°C until further processing.

Sample analyses: CHI3L1 concentration in plasma was
assessed using a human CHI3L1 ELISA (R&D Systems)
according to the manufacturer’s protocol. Frozen human
muscle biopsies and subcutaneous adipose tissue biopsies
were crushed to powder in a liquid nitrogen-cooled
mortar using a pestle. QIAzol Lysis Reagent (Qiagen)
was added and the samples were homogenized using a
TissueRuptor (Qiagen). Total RNA was then isolated by
miRNeasy Mini Kit (Qiagen). All mRNA samples were
deep-sequenced using the Illumina HiSeq 2000 system
with multiplexed design. Illumina HiSeq RTA (real-time
analysis) v1.17.21.3 was used for real-time analysis
during the sequencing run. Reads passing Illumina’s
recommended parameters were demultiplexed using
CASAVA vl1.8.2. For pre-alignment quality checks we
used the software FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). The
mean library size was 44.1 millions unstranded single-
ended reads with no difference between groups or time
points. No batch effects are present. Reads alignment was
done using Tophat v2.0.8 (11), Samtools v0.1.18 (12) and
Bowtie v2.1.0 (13) with default settings against the
UCSC hgl9 annotated transcriptome and genome dated
14th of May 2013. Post-alignment quality checks were
done using the Integrative Genome Viewer 2.3 (14;15)
and BEDtools v2.19.1 (16). Reads counted by gene
feature were performed using the intersection strict mode
in HTSeq 0.6.1 (17).

Statistics: Statistical evaluation was done by Student’s t-
tests for paired or unpaired observations and one-way
ANOVA (post hoc Bonferroni multiple comparison test).
For differential expression analyses of CHI3L1 and PAR-
2 using mRNA sequencing, edgeR v3.4.2 (18) was used
to calculate statistical significance. A p-value of <0.05
was considered statistically significant. Normalized gene
expression levels are presented in fragments per kB
mapped reads (FPKM). Filtering strategies, quality
checks and generalized linear model construction were
performed in R v3.0.3 following the edgeR developers’
recommendations
(www.bioconductor.org/packages/release/bioc/vignettes/e
dgeR/inst/doc/edgeRUsersGuide.pdf). Correlation
analyses were performed in Prism5 (GraphPad, LA Jolla,
CA). Pearson’s correlations were used on normally
distributed parameters. Data are presented as means =+
SEM.

II1.

Acute exercise increases plasma CHI3L1 levels and
skeletal muscle CHI3L1 mRNA expression: To
investigate the effect of acute and chronic exercise on
circulating CHI3L1 levels, we analyzed samples of three
independent human exercise studies. In the first acute

RESULTUS
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endurance exercise study, the mean baseline level of  significantly increased plasma CHI3L1 levels from 19.5
plasma CHI3L1 was 16.6 + 1.2 ng mL-1 before the + 1.1 to 22.8 + 1.2 ng mL-1 in 32 subjects. The increase
exercise bout (Fig. 1A). Cycling at 70% VO2max for 60  of plasma CHI3L1 after acute exercise positively
min significantly increased plasma CHI3LI1 levels up to  correlates with the increase of plasma IL-6 (Fig. 1I). In
21.1 £ 19 ng mL-1 in well-trained healthy male  line with these results, muscle CHI3LI mRNA
volunteers (Fig. 1A). Similarly, in study II plasma  expression was 3.6-fold enhanced immediately after acute
CHI3L1 levels significantly increased immediately after ~ endurance exercise followed by a decline after 2 h of rest
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Figure 1: Acute exercise induced CHI3L1 in skeletal muscle and plasma in vivo. (A) Human study I - acute endurance exercise:
Nine well-trained healthy lean male volunteers cycled for 1 h at 70% VO,max and plasma levels of CHI3L1 were measured before
(pre-ex; white circles) and immediately after the exercise bout (post-ex; grey circles). CHI3L1 plasma levels are shown individually
for each subject. (B) Human study II — acute strength exercise: Eleven well-trained healthy lean male volunteers completed a
strength training session composed of 7 exercises performed in three sets at a load corresponding to 8 RM and plasma levels of
CHI3L1 were measured. (C-H) Human study III - 12 weeks exercise intervention study: Changes in skeletal muscle CHI3L1
and PAR-2 expression as well as CHI3L1 plasma concentrations in healthy sedentary men (40-65 years) in response to acute and
long-term exercise (n = 13). Skeletal muscle biopsies were obtained before (pre-ex), immediately after (post-ex 0 h) and 2 h after
exercise (post-ex 2 h) of 45- min ergometer cycling (70% VO,max). Biopsies were taken at baseline and after the long-term
training period of 12 weeks. Samples were processed for mRNA sequencing and normalized gene expression levels are expressed
in fragments per kB mapped reads (FPKM). Bars depict means £ SEM *P < 0.05, **P < 0.01 and ***P < 0.001 between pre-
exercise values and immediately after exercise. (I) Linear regression analysis of CHI3L1 increased immediately after exercise and
IL-6 increase. The r correlation coefficient and P values were obtained using Pearson’s correlation. Statistical evaluation is
indicated in the graph (n = 32).

an acute strength exercise session from 19.2 = 1.1 to 22.3 (Fig. 1E). In contrast, a combined strength and endurance
+ 1.7 ng mL-1 (Fig. 1B). Furthermore, cycling at 70%  training intervention for 12 weeks had no effect on
VO2max for 45 min significantly enhanced circulating  plasma CHI3L1 levels as well as skeletal muscle CHI3L1
CHI3L1 levels in control subjects (20.7 £ 2.3 vs. 23.8 +  mRNA expression (Fig. 1D and F).

1.2 ng mL-1, study III) (Fig 1C). Overall, acute exercise

65
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Likewise, skeletal muscle PAR-2 mRNA expression was
significantly up-regulated after acute exercise (1.9-fold),
whereas 12 weeks training intervention had no effect
(Fig. 1G-H).

Electrical pulse stimulation induces CHI3L1 expression
and secretion: In addition to our in vivo studies, we
monitored CHI3L1 expression and secretion in
contracting primary hSkMC. EPS for 24 h significantly
increased CHI3L1 mRNA expression levels as well as
CHI3LI protein levels (Fig. 2A and B). CHI3L1 levels in
the supernatant increased from 1.1 £ 0.1 to 1.9 + 0.2 ng
mL-1 after EPS (Fig. 2C). As expected, 24 h of EPS also
strongly increased IL-6 release and IL-6 mRNA
expression (Suppl. 1A and B). Interestingly, the increase
of CHI3L1 secretion was positively correlated with the
increase of IL-6 secretion after EPS (Fig. 2F). Moreover,
PAR-2 mRNA expression as well as PAR-2 protein
levels were significantly up-regulated after 24 h EPS
(Fig. 2D, E).

CHI3L1 induces MAPK and Akt signaling in a time- and
concentration-dependent manner: To investigate potential

A B
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auto- or paracrine effects of CHI3L1 on signaling in
primary hSKkMC, we incubated human myoblasts from
several donors with purified human CHI3L1 protein and
measured the activation of p44/42, p38 MAPK and Akt.
CHI3L1 incubation strongly enhanced phosphorylation of
all three kinases in a concentration-dependent manner
(Fig. 3A-D). 50 ng mL-1 CHI3L1 was sufficient to
increase significantly the phosphorylation of p42/44 after
10 min. By further increasing the concentration of
CHI3L1 we reached up to 6.5-fold activation of p44/42
compared to untreated cells (Fig. 3A, B). p38 MAPK and
Akt phosphorylation was significantly increased by either
100 or 250 ng mL-1 CHI3L1 (2.5-fold and 1.8-fold)
respectively (Fig. 3A, C, D). Furthermore, CHI3LI1-
induced phosphorylation of p44/42, p38 MAPK and Akt
was transient and declined after 30 and 120 min.

CHI3L1 induces myoblast proliferation and signaling
via PAR-2: Because myoblast proliferation is important
in the adaptation of skeletal muscle to altered work load
and repair, we assessed the functional consequences of
CHI3L1-induced signaling at the level of myoblast
proliferation. Incubation with 250 ng mL-1 CHI3L1 for
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Figure 2: Contraction-regulated expression and secretion of CHI3L1 in vitro. (A) Comparison of CHI3L] mRNA expression in
non-contracted hSkMC (control) and after 24 h EPS (EPS). CHI3L1 mRNA expression was analyzed by real-time PCR and data
were normalized to B-actin. (B) CHI3L1 protein levels of control and contracted myotubes were analyzed by Western blotting.
Representative images are shown. (C) Supernatants of non-contracted and contracted myotubes were analyzed by ELISA. CHI3L1
secretion is shown separately for each experiment. (D) PAR-2 mRNA expression was analyzed by real-time PCR and data were
normalized to B-actin. (E) PAR-2 protein levels of control and contracting myotubes. All data are mean values + SEM, n=6-8, *P <
0.05 and ***P < 0.001. (F) Linear regression analysis of CHI3L1 increase after EPS and IL-6 increase. The r correlation coefficient
and P values were obtained using Pearson’s correlation. Statistical evaluation is indicated in the graph (n = 8).
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24 h significantly increased the proliferation of human
myoblasts as assessed by BrdU incorporation, cell
number counting and total protein content (Fig. 4A, B,
D). Incubation with 500 ng mL-1 CHI3L1 as well as 5 %
fetal calf serum (FCS, positive control) induced a
significant ~1.8-fold increase in cell proliferation within
24 h. Furthermore, pre-incubation with the specific PAR-
2 antagonist GB-83 totally inhibited CHI3L1-induced
proliferation and phosphorylation of p44/42 and Akt (Fig.
4C, E and F). To further evaluate the importance of PAR-
2 for CHI3L1-mediated p44/42 and Akt signaling in
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human myoblast, we incubated the cells with a specific
PAR-2 agonist (SLIGKV) and the endogenous PAR-2
ligand trypsin for 10 min. As expected, the PAR-2
agonist as well as trypsin significantly induced p44/42
and Akt phosphorylation (Suppl. 2A, B).

Scratch wound closure of human skeletal muscle cells
is enhanced by CHI3L1 in vitro: To further assess the
physiological relevance of CHI3L1/PAR-2-induced
human myoblast proliferation, which is essential for
muscle development, regeneration and repair, we
examined the effect of CHI3L1 in a scratch assay in
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Figure 3: CHI3L1 induced MAPK and Akt signaling. (A-D) Undifferentiated hSkMC were incubated for 10 min with different
CHI3L1 concentrations (50, 100, 250 and 500 ng mL-1) and phosphorylation of p44/42, p38 and Akt was assessed by Western
blotting. (E-H) Undifferentiated hSkMC were incubated with 250 ng mL-1 CHI3L1 for different time points (10, 30 and 120 min)
and phosphorylation of p44/42, p38 and Akt was assessed by Western blotting. Representative images are shown. Data represent
mean values + SEM, n=5-8, *P < 0.05, **P <(0.01 and ***P < 0.001 between control and CHI3L1-incubated cells.
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undifferentiated and differentiated hSkMC.  Primary
human myoblast were grown to confluence in
monolayers, and their ability to proliferate or migrate into
and across an injured area of the monolayer was followed
up to 6 and 24 h. The percentage wound closure was 63%
in myoblasts grown in serum-free cMEM medium after
24 h. Both CHI3L1-incubated cells and cells cultured in

GB-83 (100nM) -

E F
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and B). Incubation with both CHI3L1 and growth
medium were able to induce p44/42 phosphorylation for
up to 6 h, while after 24 h only cells grown in growth
medium showed significantly enhanced p44/42 activation
(Suppl. 3A and B).

In addition to analyzing undifferentiated myoblasts,
migration of cells into a wounded area generated within a

A B Figure 4: CHI3L1/PAR-2
induced proliferation. (A)
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Data represent mean values +
SEM, n=5-8, *P < 0.05, **P <
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growth medium (positive control) significantly reduced
the wound size compared to control cells (79% and 96%,
respectively) (Fig. 5A and C). Accordingly, the number
of cells that migrated into the wounded areca was
significantly higher in CHI3L1-incubated cells and the
positive controls (1.9-fold and 5.1-fold, respectively) as
compared to control cells (Fig. SE).

To assess the role of p44/42 activation in CHI3LI1-
induced wound  healing, we  measured the
phosphorylation of p44/42 after 6 and 24 h (Suppl. 3A

0.01 and ***P < 0.001 between
control and CHI3L1-treated cells.
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monolayer of differentiated myotubes was also
investigated, which mimics in vivo skeletal muscle injury
to an even greater extent. Primary hSkMC were
differentiated for 5 days and their ability to migrate into
the injured area was followed for 6 and 24 h. Control
cells hardly migrated into the wounded area within 24 h
(37% wound closure), whereas both CHI3L1-treated cells
and cells grown in growth medium significantly reduced
the wound area size by 62% and 86%, respectively (Fig.
5B and D). In line with these results, cells incubated with
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CHI3L! and growth medium, the number of cells that
migrated into the wounded area within 24 h was
significantly increased compared to control cells (Fig.
5F). Interestingly, CHI3L1 protein levels were ~2-fold
higher in cells subjected to the scratch assay compared to
control cells (Fig. 5G).
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CHI3L1/PAR-2 signaling might have an effect on
myogenesis. We incubated primary hSKkMC during
differentiation with 250 ng mL-1 CHI3L1 and monitored
the expression of different markers of skeletal muscle cell
differentiation. CHI3L1-incubation had no effect on the
expression of selected differentiation marker (Fig. 6A-C).
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Figure 5: CHI3L1 treatment enhanced cell migration. (A) Scratch assay of undifferentiated hSkMC. Wounding (~1 mm wide) was
performed after cells became confluent, and cells were incubated with CHI3L1 or growth medium as a positive control. Migration
was followed over time (0 h, 6 h and 24 h). (C) Quantification represents the percentage wound closure as means = SEM compared
to the original wound (set as 0 %). (E) Quantification of cell number migrating into the wounded area after 24 h shown as fold
change over control. (B) Scratch assay of differentiated hSkMC. Wounding was performed after 5 days of differentiation and cells
were incubated with CHI3L1 or growth medium. Migration was followed over time (0 h, 6 h and 24 h). (D) Graphic represents the
wound width as the means = SEM of the % of the closure of original wound. (F) Quantification represents the number of cells
migrating into the wounded area after 24 h. (G) Differentiated hSkMC were scratched and CHI3L1 protein level in cell lysates
were analyzed by Western blotting. Data represent mean values £ SEM, n=4-6, *P < 0.05, **P < 0.01 and ***P < 0.001 as

indicated.

CHI3L1 has no effect on human skeletal muscle
differentiation: Based on the observation that CHI3L1
and PAR-2 were strongly regulated by skeletal muscle
differentiation (5), we investigated whether induction of

69

During differentiation, we observed a significant increase
of protein levels of insulin receptor B subunit (IR-8
subunit), total myosin heavy chain (MHC) and a
characteristic expression of myogenin in both CHI3L1-
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incubated cells as well as in control cells (Fig. 6A-C).
Furthermore, myogenin and MHCIla mRNA expression
were unaffected by CHI3L1-incubation (Fig. 6E and F).
CHI3L1 protein level declined strongly during
differentiation and CHI3L1-incubation had no effect on
its own expression (Fig. 6D).

Skeletal muscle CHI3L1 mRNA expre ssion is altered
in dysglycemic subjects: Circulating CHI3L1 levels are
elevated in patients with chronic inflammation and
therefore might be useful as a potential biomarker for
insulin resistance and T2DM (19). However, the effect of
an abnormal glucose metabolism before onset of T2DM
on CHI3L1 expression has not been investigated so far.

A B
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intervention period we observed no significant difference
between the groups with respect to acute exercise-
induced CHI3L1 mRNA expression in skeletal muscle
(Suppl. 4C).

However, no difference in basal circulating CHI3L1
levels was observed between the two groups (Fig. 7C). In
addition, plasma CHI3L1 levels significantly increased in
the dysglycemic group in response to acute exercise to
the same extent as in the control group (Suppl. 4B).
Skeletal muscle PAR-2 mRNA expression was slightly
but not significantly lower in the dysglycemic group as
compared to control group (Fig. 7D). Interestingly, PAR-
2 mRNA expression was not detectable in biopsies from
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Thus, we measured skeletal muscle and adipose tissue
CHI3L1 mRNA expression as well as plasma levels in
dysglycemic subjects and controls. Skeletal muscle
CHI3L1 mRNA expression was lower in the dysglycemic
group compared to the control group at baseline (P =
0.056). In contrast, adipose tissue CHI3L1 mRNA
expression was slightly, but not significantly, higher in
dysglycemic subjects at baseline, and after 12 weeks of
training (Fig. 7B). Acute induction of skeletal muscle
CHI3L1 mRNA expression immediately after exercise
tended to be delayed in the dysglycemic group before the
12 weeks exercise intervention (Suppl. 4A). After the

day 0

mean values = SEM, n=3, *P
<0.05, **P <0.01 and ***P
<0.001 as indicated.
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periumbilical region in any of the subjects.

IV. DISCUSSION

In the present study we show that acute endurance and
strength exercise increase circulating CHI3L1 Ievels.
These observations are in accordance with a recent study
showing that marathon running increased the levels of
circulating CHI3L1 (20). However, Johansen et al.
observed no effect on circulating CHI3L1 levels after
physical exercise at moderate intensity for 20 min (21). It
is possible that a higher intensity and/or a longer duration
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are necessary for induction of circulating CHI3L1 levels
in response to acute exercise. Interestingly, we observed
that the increase of plasma CHI3L1 levels positively
correlates with the increase of plasma IL-6. Recently, we
reported that IL-6 was able to induce CHI3L1 production
in human skeletal muscle cells (5). Moreover, Nielsen et
al. observed that IL-6 but not TNFa infusion increased
plasma levels of CHI3L1 in healthy young men (22).
Thus, it is possible that the increase of IL-6 after exercise
indirectly enhances skeletal muscle-derived CHI3L1
release. Further experiments are necessary to elaborate
the exact molecular mechanism and pathways promoting
enhanced secretion of skeletal muscle-derived CHI3L1
during exercise. Overall, we measured an average plasma
CHI3L1 concentration of 21 ng mL-1 with a maximum
value of 52 ng mL-1. There are no established normal
ranges for circulating CHI3L1 in healthy persons. The
two most extensive studies of healthy subjects both agree
on a maximum serum value of about 125 ng mL-1
(23;24). Several studies have reported significantly higher
CHI3LI1 values in serum compared to plasma (25). The
difference is probably caused by a small release of
CHI3L1 from activated neutrophils during coagulation
(26). Moreover, also different immunoassays can give
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mRNA expression is enhanced after acute exercise,
whereas 12 weeks of training do not alter CHI3L1 mRNA
expression in control subjects. To our knowledge there is
no other study monitoring short- or long-term effects of
exercise on skeletal muscle CHI3L1 mRNA expression.
To validate further CHI3L1 as a contraction-induced
myokine, we monitored its regulation in vitro by our
well-established EPS model for human skeletal muscle
cell contraction (9). The finding that CHI3L1 is released
from differentiated contracting myotubes in culture
supports the notion that CHI3L1 is indeed a contraction-
regulated myokine.

Skeletal muscle hypertrophy and regeneration depend on
the addition of new myonuclei by activation,
proliferation, and fusion of satellite cells to adult muscle
fibers (27). Molecules released from skeletal muscle itself
have been shown to increase satellite cell proliferation
(28). Here we show that physiological concentrations of
CHI3L1 induced p44/42, p38 MAPK and Akt signaling,
promoting enhanced myoblast proliferation. Recently, we
showed that CHI3L1 signals via PAR-2 in human skeletal
muscle cells (5). Indeed, using a specific PAR-2
antagonist we were able to abolish completely CHI3L1-
induced p44/42, p38 MAPK and Akt activation. In line
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Figure 7: Long-term exercise induced CHI3L1 differently in skeletal muscle and adipose tissue of healthy controls and dysglycemic
subjects. (A and B) Changes of CHI3LI expression in m. vastus lateralis and subcutaneous fat in healthy (control; white bars) and
dysglycemic men (dysglycemic; grey bars) in response to chronic exercise. Samples were obtained before (baseline) and after the
training period of 12 weeks. (C) CHI3L1 plasma levels were analyzed by ELISA before and after 12 weeks of training in controls
and dysglycemic subjects. (D) Changes of PAR-2 mRNA expression in skeletal muscle of controls and dysglycemic subjects were
analyzed. Samples were processed for mRNA expression analysis by mRNA sequencing and normalized gene expression levels are
presented in fragments per kB mapped reads (FPKM). n=24, *P < (.05 as indicated.

different CHI3L1 levels. We also investigated a potential
regulation of CHI3L1 mRNA expression in skeletal
muscle of subjects participating in acute and chronic
exercise programs. Our results indicate that CHI3LI

with our results, Bara et al. demonstrated that CHI3L1
increased bronchial smooth muscle cell proliferation and
migration through PAR-2-, Akt-, p44/42-, and p38-
dependent mechanisms (29). As activation of p44/42 has
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been closely associated with cellular proliferation, protein
synthesis, and wound healing (30), it is tempting to
speculate that the p44/42 pathway is critically involved in
mediating enhanced myoblast proliferation and improved
skeletal muscle wound healing induced by CHI3LI.
These observations are in accordance with previous
studies showing that activation of PAR-2 mediates
proliferative responses in murine skeletal muscle cells
(30;31). In addition, we showed that CHI3L1 is induced
by inflammation and counteracts TNFa-mediated
inflammation and insulin resistance in hSkMC (5). It is
well established that muscle repair and regeneration
following acute muscle injury involves a tissue-
remodeling, growth-promoting, local inflammation (1).
The initial inflammatory response is required for a
positive outcome of muscle repair (32). Hence, it is
possible that CHI3L1 operates locally in skeletal muscle
tissue to induce myoblast proliferation and reduce
inflammation, hereby providing a feedback loop for
skeletal muscle to regulate its own growth and
regeneration for adaptation to exercise.

Muscle regeneration has not been studied in detail in
obese and type 2 diabetic humans, and mechanisms
leading to decreased muscle regeneration in obesity
remain elusive. Here we show that CHI3L1 expression is
slightly reduced in skeletal muscle of dysglycemic
subjects, hence providing a possible explanation how
disturbed glucose metabolism negatively impacts skeletal
muscle maintenance.

Notably, CHI3L1 serum levels are increased in patients
with insulin resistance and T2DM independent of BMI
(8;19;33). However, the main source causing the systemic
elevated CHI3L1 levels in this pathological condition has
not been identified so far. Interestingly, we observed a
higher CHI3L1 mRNA expression in the adipose tissue
compared to the skeletal muscle. This observation might
be related to an increasing accumulation of macrophages
within adipose tissue occurring in the early development
of obesity (34). Iwata et al. has shown that CHI3LI is
exclusively secreted from macrophages among the cells
of the stromal vascular fraction (SVF) obtained from
human adipose tissue (35). Therefore, the adipose tissue
could be responsible for the chronic systemic elevated
CHI3LI levels in pathological conditions, whereas acute
exercise-mediated induction of CHI3L1 might be acting
within the skeletal muscle tissue to induce myoblast
proliferation and reduce inflammation.

In conclusion, CHI3L1 is produced during exercise and
might contribute to muscle adaption following exercise
by stimulating myoblast proliferation, a process important
for muscle regeneration. In consequence, we hypothesize
that the function of CHI3L1, as a contraction-induced
myokine, is that of a mitogenic growth factor affecting
myoblasts in an auto- or paracrine fashion.
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Supplement Figure 1: Contraction-regulated expression and secretion of 1L-6 in vitro. (A) Comparison of IL-6 mRNA expression in non-
contracted hSkKMC (control) and after 24 h EPS (EPS). IL-6 mRNA expression was analyzed by real-time PCR and data were normalized to -
actin. (B) Supernatants of non-contracted (white circles) and contracted myotubes (grey circles) were analyzed by ELISA. IL-6 secretion is
shown separately for each experiment. Data represent mean values = SEM, n=4-7, *P < 0.05 and **P < 0.01 as indicated.
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Supplement Figure 2: CHI3L1, SLIGKYV and trypsin-induced MAPK and Akt signaling. (A, B) Undifferentiated hSkMC were incubated for

10 min with CHI3L1 (250 ng ml-1), SLIGKV (200 umol/L) and trypsin (50 nmol/L) and phosphorylation of p44/42 and Akt were assessed by
Western blotting. Representative images are shown. Data represent mean values = SEM, n=4-6, *P < 0.05 and **P < 0.01 vs control.
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Supplement Figure 3: CHI3L1 and growth medium enhanced MAPK signaling. (A, B) Undifferentiated hNSkMC were cultured in growth
medium or with CHI3L1 (250 ng mL-1) for 6 or 24 h and phosphorylation of p44/42 was analyzed by Western Blot. Representative images are
shown. Data represent mean values + SEM, n=3, *P < 0.05 as indicated.
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Supplement Figure 4: Human study III - 12 weeks exercise intervention study: Changes in skeletal muscle CHI3L1 and PAR-2 expression in
sedentary healthy controls and dysglycemic subjects in response to acute and chronic exercise. (A, C) Skeletal muscle biopsies were obtained
before (pre-ex), immediately after (post-ex 0 h) and 2 h after exercise (post-ex 2 h) of 45- min ergometer cycling (70% VO,max) both at
baseline and after 12 weeks of training (12 weeks). Samples were processed for mRNA sequencing and normalized gene expression levels are in
fragments per kB mapped reads (FPKM). Bars depict means + SEM. (B) CHI3L1 plasma levels of the dysglycemic group were measured by
ELISA before (pre-ex) and after exercise (post-ex) and are shown separately for each subject (n=11, **P < 0.01 as indicated).
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Abstract— Skeletal muscle and white adipose tissue are the
largest organs in the human body and both tissues act as
endocrine organs capable of secreting many bioactive
molecules. There has been some confusion about
nomenclature and we suggest that the name myokine be
restricted to a protein or molecule secreted from myocytes,
whereas the term adipokine should be used to describe
proteins and molecules secreted from adipocytes. In fact,
many myokines are also produced by adipocytes and we
propose to name them adipo-myokines. Many adipo-
myokines produced by skeletal muscle or adipose tissue are
influenced by exercise. Therefore, it is likely that adipo-
myokines may contribute in the mediation of the health
benefits of exercise and physical inactivity probably leads to
an altered adipo-myokine profile, which could provide a
potential mechanism for the association between sedentary
behavior and many chronic diseases. Within this review, we
evaluate the effects of acute and chronic exercise on
myokine, adipokine and adipo-myokine production. By
using the adipo-myokine concept and including both skeletal
muscle and adipose tissue, an attempt is made to gain a
global view on the beneficial effects of different exercise
programs and the underlying pathways.

Index Terms— Adipokines, Myokines, Adipo-myokines,
Exercise, Skeletal muscle, Adipose tissue

Jirgen Eckel, German Diabetes Center, Paul-Langerhans-Group
for Integrative Physiology, Auf‘m Hennekamp 65, D-40225
Diisseldorf, Germany, Tel: +49 211 3382561, Fax: +49 211
3382697, Email: eckel@uni-duesseldorf.de

L. INTRODUCTION

Skeletal muscle plays a key role in postural control,
locomotion and other physiological tasks requiring
mechanical activity based on muscle fiber contraction. As
the largest organ in the body, the energy production and
consumption by skeletal muscle is fundamental for
metabolic control and homeostasis. More recently,
skeletal muscle has gained considerable interest as an
endocrine organ and the release of myokines from
contracting muscle is assumed to be at least partly
responsible for the health-promoting effects of physical
activity', that protects against major chronic, low-grade
inflammatory diseases like type 2 diabetes, insulin
resistance, the metabolic syndrome and many others.
Myokines are part of a complex network of inter-organ
communication and exert both auto-/paracrine and
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endocrine effects'. The most extensively studied myokine
is IL-6, which is profoundly up-regulated during acute
exercise and assumed to play a key role in the anti-
inflammatory effect of acute exercise’. However, it is
now evident that skeletal muscle secretes hundreds of
myokines, with many of them being regulated by muscle
contraction’. At present, for the majority of these
molecules the biological function has remained elusive.
An additional complexity results from the broad spectrum
of physical activity used in lifestyle intervention studies
and profound differences in the exercise training
programs. The textbox summarizes some of the major
acute and chronic exercise training programs that were
used in the studies considered for this review.

In addition to being the paradigm myokine, IL-6 is a pro-
inflammatory adipo-cytokine and produced by adipose
tissue in substantial amounts. In fact, many myokines are
also produced by adipose tissue and we suggested to call
them adipo-myokines® (see Figure 1). These molecules
are mediators of exercise and mediators of inflammation,
most likely exerting as of yet incompletely understood
time- and concentration-dependent functions. To gain a
more comprehensive view on the molecular pathways
involved in physical activity, studies of myokines,
adipokines and adipo-myokines, including those
produced by adipose tissue are required. In fact, exercise
training has been reported to reduce central adiposity
independent of overall weight changes’, and this may
represent an additional mechanism of the anti-
inflammatory action of acute exercise. Unfortunately,
only very limited information is available regarding direct
effects of exercise on adipokine and adipo-myokine
production.

In this review, by focusing on the adipo-myokine concept
and including both skeletal muscle and adipose tissue, an
attempt is made to gain a more global view of the
beneficial effects of different exercise programs and the
underlying pathways. The general approach for selecting
published studies is outlined in Figure 2. Thus, we only
considered human studies and molecules that are
detectable in the circulation. This does not exclude auto-
/paracrine effects of adipo-myokines, but emphasizes the
crosstalk between fat and muscle and the potential
mediators of this process.



PROGRESS IN MOLECULAR BIOLOGY AND TRANSLATIONAL SCIENCE

II. SKELETAL MUSCLE AS THE SOURCE OF
MYOKINES AND ADIPO-MYOKINES AFTER ACUTE AND
CHRONIC EXERCISE

Interleukin 6 (IL-6) is the prototype of an adipo-myokine
meaning that it is expressed and released by both skeletal
muscle and adipose tissue’. It acts in an auto-/paracrine
fashion within skeletal muscle and endocrine in a
hormone-like fashion to mediate metabolic and anti-
inflammatory effects®. IL-6 has been shown to trigger an
anti-inflammatory cascade by promoting the induction of
anti-inflammatory factors, such as IL-10 and IL-1ra (IL-1
receptor agonist), and to inhibit the production of the pro-
inflammatory cytokines IL-1B and TNFa'. Moreover, IL-
6 plays a role in hypertrophic muscle growth’. Skeletal
muscle releases IL-6 into the circulation in response to
acute muscle contractions. The increase of circulating IL-
6 in response to acute exercise occurs in an exponential
manner and the maximum is reached at the end of the
exercise session’. The magnitude by which IL-6 levels
increase is related to the type of exercise, its duration,
intensity, and the amount of muscle mass engaged in the
exercise but is not affected by muscle damage®™®’.
Moreover, pre-exercise muscle glycogen stores impact on
the amount of IL-6 released during exercise'”'!. The most
pronounced increase of plasma IL-6 has been observed
with running, which involves several large muscle
groups®’. Based on data from several epidemiological
studies, a negative association between the extent of
regular physical activity and the basal plasma IL-6 levels
have been described; basal plasma IL-6 concentration is
more closely associated with physical inactivity than
other cytokines associated with the metabolic syndrome®.
However, data on the effect of regular exercise on
circulating IL-6 concentrations are more controversial.
Aerobic training for 10 months with overweight elderly
subjects (age > 64) reduced basal plasma levels of IL-6,
whereas strength training had no effect'>. A study with
severely obese humans that used a combination of
hypocaloric diet and regular physical activity for 15
weeks, reported decreased basal plasma levels of IL-6
and IL-6 mRNA expression in skeletal muscle along with
a 13% reduction of body weight . However, other
studies observed no changes in circulating IL-6
concentrations in response to chronic exercise'*'”. In
summary, IL-6 is released from contracting human
skeletal muscle, and exercise-induced IL-6 has metabolic
effects in human, and those include effects on insulin-
stimulated glucose disposal and fatty acid oxidation.

Another member of the IL-6 superfamily has been
classified as a myokine, namely leukemia inhibitory
factor (LIF). LIF has multiple biological functions such
as induction of satellite cell proliferation, which is
essential for muscle hypertrophy and regeneration after
muscle damage'®. Broholm et al. reported in young
healthy volunteers that LIF mRNA expression in skeletal
muscle increased following acute aerobic exercise (4.5-
fold)'” and heavy resistance exercise (9—fold)'®. However,
LIF protein level in skeletal muscle tissue was not
changed'”, and LIF could not be detected in plasma in the
same study'®. Due to the paucity of data, future studies
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should address regulation of plasma LIF levels during
acute or chronic exercise to determine whether the
increased LIF mRNA expression in the muscle also is
reflected in the circulation.

More recently, interleukin 7 (IL-7) was described as a
novel exercise-regulated myokine. It belongs to the
interleukin superfamily 2 and is required for T-cell and
B-cell development but its relevance in non-immune cells
has not been sufficiently explored. A study by Haugen et
al. has shown that IL-7 is expressed and secreted by
primary human skeletal muscle cells'. In vitro
experiments suggested that IL-7 increased migration of
satellite cells without affecting their proliferation'®. There
are only a few studies which have examined the effect of
acute or chronic exercise on circulating IL-7
concentrations. Andersson et al. observed a robust
increase in plasma IL-7 levels following a 90-min soccer
games in elite female soccer players'’. In young healthy
men, acute resistance exercise increased plasma IL-7
levels 30 min post-exercise, while 12 weeks of chronic
resistance training had no effect on circulating IL-7
concentrations™. Skeletal muscle mRNA expression of
IL-7 was reported to be increased after 11 weeks of
strength training in healthy males'®. It has been concluded
that IL-7 is an exercise-regulated myokine and that it may
play a role in the regulation of muscle cell development.
Another member of the interleukin superfamily 2 is
interleukin 15 (IL-15). The potential effect of exercise on
IL-15 expression and secretion by skeletal muscle is still
unclear. In marathon runners, Nieman et al. found no
alteration of IL-15 mRNA expression in skeletal muscle
immediately after a 3-hour treadmill run®. Similarly,
another study performed with healthy, physically active
men reported no difference in skeletal muscle IL-15
mRNA expression and circulating IL-15 after 3 hours of
cycling®. Furthermore, chronic endurance training for 12
weeks had no effect on plasma IL-15 levels and skeletal
muscle mRNA expression. Interestingly, increased IL-15
protein content was found in skeletal muscle in this
study®. In contrast, Tamura et al. have shown that 30-
min treadmill running at 70% of maximum heart rate
promoted a significant increase in circulating IL-15 levels
in untrained healthy young men®. Another study reported
increased  plasma IL-15 levels directly after acute
resistance exercise in young, healthy but previously
inactive volunteers, whereas no change of plasma IL-15
concentrations was observed after chronic resistance
training for 10 weeks®*. In support of these results, a
study by Nielsen et al. described increased skeletal
muscle mRNA expression of IL-15 after acute heavy
resistance exercise in healthy, normally active men.
However, no changes in skeletal muscle IL-15 protein
content or plasma IL-15 were found *°. Studies
investigating the effect of exercise on IL-15 in
overweight and obese humans are still missing. So far, it
remains an open question which type of exercise is able
to impact on IL-15 and how important are duration and
intensity of the training program, as well as pre-exercise
activity level and health status of the participants.
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Myostatin is a member of the transforming growth factor
beta (TGF-B) superfamily that negatively regulates
skeletal muscle size, and was the first described
myokine™.

Myokines
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chronic exercise and are playing a role in exercise-related
restructuring processes of skeletal muscle.

Brain-derived neurotrophic factor (BDNF) also has been
described as an exercise-induced myokine®', although the

Adipokines

b

BDNF L6
P MCP-1
Y/ AUF ANGPTL4
/X Decorin TNFa
‘ : Visfatin
== Myostatin

Figure 1: The adipo-myokine concept

A search of original articles in PubMed was performed for the major exercise-regulated myokines and adipokines to identify
molecules that were produced and secreted in both tissues. The term adipo-myokines was used for proteins fulfilling both of these

criteria. The search terms we used were “skeletal muscle” or “adipose tissue”,

When subjected to moderate aerobic exercise training for
6 months, overweight or obese men displayed a reduction
of skeletal muscle expression and circulating levels of
myostatin®’. Moreover, acute endurance™ or resistance
exercise ! was shown to attenuate myostatin mRNA
expression in skeletal muscle. Importantly, myostatin is
antagonized by different factors such as follistatin®® and
decorin®. Following acute resistance exercise, Dalbo et
al. have found no effect on skeletal muscle follistatin
mRNA expression in lean young and old men’' while
another study performed with postmenopausal women
reported enhanced follistatin mRNA expression®’. In
addition, it was recently shown that decorin mRNA
expression is enhanced in skeletal muscle after chronic
exercise combining strength and endurance training™. A
study by Heinemeier et al. reported increased decorin
mRNA expression in skeletal muscle following an acute
endurance exercise™, and decorin plasma levels were
increased after acute resistance exercise’”.

Another antagonist of proteins of the TGF-f3 super family
is follistatin-like (FSTL1) which is a secreted
glycoprotein belonging to the follistatin family of
proteins®. Studies indicate that FSTL1 may have
beneficial effects on ischemia—reperfusion injury in
muscle and heart tissue associated with anti-
apoptosis® . We have recently shown that FSTLI is a
myokine expressed and secreted by primary human
skeletal muscle cells. Moreover, FSTL1 plasma levels
were increased after acute endurance exercise performed
by young healthy men®. In line with these results,
Norheim et al. reported elevated FSTLI mRNA
expression in skeletal muscle from healthy male
volunteers after chronic strength training”’. We can
conclude that members of TGF-§ superfamily and their
specific antagonist are strongly regulated by acute and
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myokine” or”adipokine” and “exercise”.

protein and its receptor are most abundantly expressed in
the brain*. Acute endurance exercise increases plasma
BDNF levels"™¥*  specifically with high-intensity
exercise®. In addition, Matthews et al. found
significantly increased BDNF mRNA and protein
abundance in skeletal muscle after acute endurance
exercise''. Moreover, circulating BDNF concentrations
increased in response to chronic endurance training*®. On
the other hand, a study using resistance exercise could not
find an effect on BDNF plasma levels after acute or
chronic exercise”’. In humans, it should be noted that 70—
80% of plasma BDNF originates from the brain during
both rest and after exercise, suggesting the brain as the
major source of this factor®®. It might be that muscle-
derived BDNF acts primarily within skeletal muscle
tissue, e.g. inducing lipid oxidation via AMPK
activation®', whereas brain-derived BDNF may act more
systemically and is potentially involved in the apparent
beneficial effects of exercise with regard to Alzheimer’s
disease, depression or impaired cognitive function®.

Angiopoietin-like protein 4 (ANGPTL4) is detected in
skeletal muscle as well as in adipose tissue and is
therefore classified as adipo-myokine which 1is also
regulated by exercise”. Importantly, the induction of
plasma ANGPTL4 after exercise may depend on the
increase of free fatty acids. In healthy, untrained male
volunteers circulating ANGPTL4 was increased after
acute endurance exercise’’. Catoire et al. observed
significantly increased plasma ANGPTL4 levels in
healthy men after one-legged cycling exercise’'.
Interestingly, ANGPTL4 mRNA is more highly induced
in the non-exercising leg than in the exercising leg’'.
However, plasma ANGPTL4 levels were not changed
after 2 weeks of intense endurance exercise training, or
by 12 weeks of endurance training”'. In line with these
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results, Norheim et al. reported that acute endurance
exercise significantly increased plasma ANGPTL4 levels
and skeletal muscle ANGPTL4 mRNA. However, a
chronic exercise intervention combining strength and
endurance training for 12 weeks had no effect on basal
plasma ANGPTL4 concentrations and skeletal muscle
ANGPTL4 mRNA content™. In conclusion, ANGPTL4 is
highly induced in muscle in response to exercise.
However, adipose tissue and the liver may contribute
more than muscle to the exercise-induced increase in
circulating ANGPTL4™,

The chemokine MCP-1 is another adipo-myokine which
is regulated by exercise in muscle. Among other
functions, it plays an important role in the recruitment of
monocytes and T lymphocytes into tissues™. Acute
resistance exercise strongly increased MCP-1 mRNA
expression in skeletal muscle of young male volunteers
two hours post-exercise®. These results are supported by
another study that observed a significant increase in
MCP-1 protein level in skeletal muscle after acute
resistance training in young and elderly healthy
subjectsss. Furthermore, cycling at 70% VO, for 40
min enhanced MCP-1 mRNA expression in skeletal
muscle of lean, obese and type 2 diabetic subjects.
Kraemer et al. observed in young lean males increased
plasma MCP-1 levels after an acute bout of resistance
exercise that was normalized 30 min post-exercise®.
Another study found increased MCP-1 plasma levels after
acute treadmill running at different intensities with
significantly higher plasma levels of MCP-1 following
high-intensity compared to moderate-intensity trials’’.
These results suggest that the exercise-induced
production of MCP-1 is more influenced by the intensity
of exercise than by exercise-induced muscle damage, but
it is not clear what role MCP-1 plays under exercising
conditions. With regard to chronic resistance training, no
effect on MCP-1 protein expression in the muscle of
young and elderly healthy subjects was observed after 12
weeks™. Moreover, plasma MCP-1 levels were not
changed after 12 weeks of low-intensity resistance
training in a study with sedentary, lean, elderly women’®.
However, other studies observed a decrease in MCP-1
plasma levels after chronic strength training which could
be related to the observed reduction of body fat mass'**’.
The pro-inflammatory molecule TNFo is an early
mediator of local inflammatory responses as well as
initiator of the systemic acute phase response. It is
produced by adipose tissue, and circulating TNFa levels
are positively correlated with body fat mass®. However,
TNFa mRNA is also detectable in skeletal muscle but no
difference in its expression was found between
overweight and lean subjects® or type 2 diabetics and
BMI-matched controls® while elevated TNFa mRNA
content in skeletal muscle was reported in elderly
compared to young humans®. Interestingly, Febbraio et
al. demonstrated that TNFa is not released by skeletal
muscle after acute exercise in either healthy subjects or
patients with type 2 diabetes®. In contrast, chronic
resistance or endurance training significantly reduced
TNFa mRNA and protein in skeletal muscle but had no
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effect on circulating TNFo concentrations®*®. More

importantly, a large body of evidence shows an inverse
relationship between plasma TNFa levels and the amount
of physical activity even in healthy lean subjects as
reviewed by Golbidi et al.%. In contrast to the observation
that regular moderate exercise reduces pro-inflammatory
cytokines such as TNFa, high intensive training cause a
temporary depression of various aspects of immune
function and an increase in systemic inflammation during
the post-exercise period (~3-24 hours). TNFa levels
increase only during a very intensive exercise (such as
marathon running) in response to muscle damage®’. It is
well established that muscle repair and regeneration
following acute muscle injury involves a tissue-
remodeling, growth-promoting local inflammation. The
initial inflammatory response seems to be required for the
positive muscle repair process®®.

Nicotinamide phosphoribosyl transferase (NAMPT) is an
ubiquitously expressed NAD biosynthetic enzyme that
occurs either in an intracellular (iNAMPT) or
extracellular (eNAMPT/visfatin) form®. In mammals,
NAMPT is responsible for the first and rate-limiting step
in the conversion of nicotinamide to nicotinamide
dinucleotide (NAD") in the NAD" salvage pathway.
Costford et al. reported a twofold higher NAMPT
expression in skeletal muscle of athletes as compared to
sedentary obese, non-obese, and type 2 diabetic
subjects”’. Moreover, 3 weeks of endurance training
enhanced NAMPT mRNA expression and protein content
more than twofold in skeletal muscle of non-obese
sedentary individuals. A study by Brandauer et al. using
one-legged endurance exercise training for 3 weeks
confirmed these results and reported a specific up-
regulation of NAMPT in the exercising leg’"
Interestingly, acute exercise (3 hours of cycling at 60%
VO,max) had no effect on skeletal muscle NAMPT
expression and circulating eNAMPT/visfatin was found
unchanged’”. However, an acute bout of high-intensity
exercise was shown to increase plasma eNAMPT/visfatin
immediately after the challenge” suggesting that acute
release of  eNAMPT/visfatin could be intensity-
dependent. Interestingly, Costford et al. found that
skeletal muscle NAMPT protein was negatively
correlated with body fat, while in obesity and type 2
diabetes circulating eNAMPT/visfatin were reported to
be elevated compared to controls’. In addition, several
chronic exercise intervention studies conducted with
obese volunteers reported reductions in plasma
eNAMPT/visfatin levels’*"®. Taken together, these
observations suggest a potential impact of the adipose
tissue on circulating levels of eNAMPT/visfatin and an
independent regulation of intracellular NAMPT and
circulating eNAMPT/visfatin, which awaits further
investigations.

Although adiponectin is a classical adipokine, and
therefore will be discussed in more detail in the next
section, it is also expressed in skeletal muscle’””®. In
obesity and insulin resistance, plasma adiponectin levels
are lower, whereas skeletal muscle expression of
adiponectin receptors AdipoR1 and AdipoR2 are
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increased”. A study by Bluher et al. found that chronic
endurance training increased both plasma adiponectin
levels as well as expression of AdipoR1 and AdipoR2 in
skeletal muscle of overweight/obese subjects with
impaired glucose metabolism and in lean healthy
controls. However, in severely obese subjects a
combination of endurance exercise and diet increased
plasma adiponectin levels but had no effect on AdipoR1
and AdipoR2 mRNA expression in skeletal muscle".
Interestingly, patients with chronic heart failure displayed
elevated adiponectin and lower AdipoR1 mRNA
expression in skeletal muscle which was normalized by a
combined endurance and resistance exercise training for
four months*. So far, no other studies have investigated
the regulation of adiponectin expression in skeletal
muscle with exposure to various types of exercise in
different groups of patients.

Molecule is reported
in human studies

Molecule is
detectable in serum
or plasma

Circulation

Molecule is regulated
by acute or chronic
exercise

Chronic effects

Acute effects

mRNA of the
molecule is altered in
skeletal muscle or
adipose tissue

Muscle or
adipose tissue

Release of the
molecule by skeletal
muscle cells or
adipocytes

Figure 2: Scheme for the approach to selecting published
studies

A search of original articles in PubMed was performed to
identify myokines, adipokines or adipo-myokines, which
satisfied all of the following criteria: The molecule must be
human and detectable in serum or plasma. Furthermore, the
molecule must be regulated by either acute or chronic exercise
and expressed in skeletal muscle or adipose tissue. The protein
has to be secreted by adipocytes or myocytes. The search terms
we used were “skeletal muscle” or “adipose tissue”,“myokine”
or”adipokine” and “exercise”.

Leptin is a classical adipokine that has also been found to
be expressed in skeletal muscle®. More importantly,
release of leptin by human skeletal muscle has been
described by two studies. Wolsk et al. have shown that
leptin is released by human skeletal muscle in vivo* and
reported a release of ~0.8 ng per min per 100 g tissue
from adipose tissue and ~0.5 ng per min per 100 g tissue
from skeletal muscle. These data suggest that the
contribution of skeletal muscle to whole-body leptin
production could be substantial in lean humans because
of the greater muscle mass compared to fat mass. In
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contrast, Lappas et al. observed a more than 10-fold
higher release of adiponectin from adipose tissue explants
as compared to skeletal muscle explants™.

Another set of genes that are highly expressed in cultured
myotubes encodes proteins related to extracellular matrix
(ECM) in the resting state. In particular p roteoglycans
and proteins related to their metabolism like secreted
protein, acidic and rich in cysteine (SPARC), collagen
alpha-1, lumican, gelsolin, cathepsin B, D, H, and LI,
fibronectin, tissue inhibitor metalloproteinase 1 and
extracellular matrix protein 1, are expressed also in
muscle biopsies and are enhanced during strength
training’. The enhanced expression of these ECM-related
proteins is likely due to restructuring of the muscle tissue
in response to increased mechanical demands. Moreover,
some glycoproteins like serglycin may regulate storage of
numerous proteases, growth factors and chemokines and
could Dbe important in addition to their structural
functions in ECM*.

In summary, skeletal muscle tissues produce a wide range
of different molecules in vivo that can be classified as
myokines or adipo-myokines.

III. EXERCISE AND THE PRODUCTION OF ADIPOKINES

BY ADIPOSE TISSUE

While numerous studies have investigated the effect of
different types of exercise training on circulating levels of
adipose tissue-derived factors, only a few have addressed
the adipose tissue-specific expression of these factors.

Adiponectin is one of the best characterized classical
adipokines and has been shown to increase fatty acid
oxidation and glucose uptake in skeletal muscle and
inhibit gluconeogenesis in liver*. In macrophages,
adiponectin inhibits expression and secretion of TNFa
while increasing the production of anti-inflammatory
cytokines such as IL-10%. Moreover, it exerts cardio-
protective effects and is inversely related to BMIY.
Studies on the regulation of adiponectin by exercise have
shown divergent results, although most studies indicate
no effect of exercise. Two reports have investigated
adiponectin  mRNA expression in adipose tissue
following acute exercise and found either increased™ or
decreased®' expression after cycling in overweight, obese
and lean subjects with no difference between the groups.
Also, plasma adiponectin levels remained unchanged
after acute exercise atmoderate intensity in healthy®**’ or
overweight/obese participants”®. On the other hand,
Saunders et al. reported increased adiponectin plasma
levels following an acute bout of exercise in sedentary
obese men”. With regard to chronic exercise
intervention, most studies using endurance type training
with moderate intensity reported no change in plasma
levels of adiponectin®”**, while mRNA expression in
adipose tissue was found either increased™’ or
unmodified”. In contrast, two studies that used chronic
endurance exercise protocols reported increased plasma
adiponectin levels in obese young women’ and in
overweight patients with impaired glucose metabolism’
after the intervention period. In studies using resistance
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exercise for chronic intervention, the expression of
adiponectin  mRNA in adipose tissue as well as
circulating levels were found unchanged in obese men'”
and women'"'. Interestingly, Fatouros et al. reported in
overweight elderly men that resistance training at high
intensity for 6 months increased plasma adiponectin
levels while a moderate intensity training had no effect'®.
Similar results were reported for acute resistance exercise
in overweight elderly men'®. These data suggest that the
intensity of exercise may be an important factor in the
regulation of adiponectin concentration in plasma.

Leptin is another classical adipokine predominantly
secreted from adipocytes into the circulation to regulate
energy homeostasis'”*. Following acute endurance
exercise, leptin mRNA in adipose tissue was found
unchanged'” or decreased in lean and overweight
subjects®’. Moreover, plasma leptin levels analyzed
immediately after an exercise challenge were found to be
no different compared to pre-exercise levels™'%%!%7,
while several studies have shown a delayed decrease of
circulating leptin levels in healthy active men 24 and 48
hours post-exercise'”'®"'°. On the other hand, acute
resistance exercise at different intensities had no effect on
circulating leptin levels in overweight elderly men'®.
Also, pre-exercise training status of the participants has
no effect on leptin levels after a single weight training
session'”’. Following chronic intervention of > 12 weeks
leptin mRNA expression in adipose tissue remained
unchanged after endurance training in obese subjects”**.
Leptin plasma concentrations are mostly found to be
decreased”™””!%!!! byt also body weight and fat mass of
the participants were reduced after the intervention
periods. However, Polak et al. reported declined leptin
plasma level which remained significant after adjusting
for BMI and fat mass’, suggesting independent effects of
the training besides reduction of body weight. Moreover,
studies using resistance training reported decreased
plasma leptin levels without changes in body weight and
fat mass and no effect on adipose tissue mMRNA
expression of leptin'®'"". So far, the available data
suggest that plasma leptin levels are decreased in
response to exercise training while adipose tissue mRNA
expression seems to be not affected.

TNFa is a major inflammatory cytokine that is highly
expressed in adipose tissue in obese conditions and plays
a role in the pathogenesis of insulin resistance. Following
acute exercise, TNFa mRNA expression in adipose tissue
was found to be unchanged in overweight, obese and lean
subjects® ™. Interestingly, Christiansen et al. reported
higher TNFo mRNA expression in the post exercise
period, 2.5 hours after completing the exercise bout. With
regard to circulating TNFa levels either no effect of acute
exercise was found®**!'"? or increased plasma TNFa
concentrations were reported®™”’. Several studies on
chronic exercise using either endurance’”® or resistance
training'” found no effect on adipose tissue mRNA
expression of TNFa, whereas one study reported lower
TNFa mRNA expression in obese humans' . Circulating
TNFa levels were mostly reported to be reduced” "
by chronic exercise. However, not all studies conducted
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on obese humans have found an effect of long-term
exercise on plasma TNFa concentrations”™ "', In
summary, chronic exercise seems to be able to reduce
circulating TNFa levels without an effect on adipose
tissue expression.

As discussed above, IL-6 is the proto-type of an adipo-
myokine. It is well established that the increase of
circulating IL-6 upon exercise is mainly due to its release
from skeletal muscle’. However, subjects with insulin
resistance, obesity and type 2 diabetes display chronically
elevated serum levels of IL-6'""""*. An important source
of circulating IL-6 in obesity is the expanding visceral
adipose tissue mass. Expression of IL-6 by macrophages
within the adipose tissue is dependent on activation of the
NF«B signaling pathway whereas intramuscular IL-6
expression is regulated by different signaling cascades'.
To clarify a potential contribution of adipose tissue to
increased IL-6 levels after acute endurance exercise,
Hojbjerre et al. have analyzed microdialysates from
abdominal adipose tissue in overweight and lean males®.
Interestingly, they observed increased IL-6 release from
adipose tissue in the post-exercise phase but not during
exercise in both groups. Moreover, IL-6 mRNA
expression in adipose tissue was increased during and
post-exercise. Similar results were observed by
Christiansen®™. Following chronic endurance training
with moderate weight loss, no reduction of IL-6 mRNA
expression in adipose tissue of obese subjects was found
and basal IL-6 concentrations remained unaffected’>”. In
the case of chronic resistance exercise, no reduction of
adipose tissue IL-6 mRNA expression or basal circulating
IL-6 in obese subjects was observed'*'°'. Another study
that combined chronic endurance training and a
hypocaloric diet reported decreased IL-6 mRNA
expression in adipose tissue as well as reduced plasma
IL-6 levels'. However, it has to be mentioned that this
lifestyle intervention also decreased body weight by 13%
and that the reduction of IL-6 mRNA expression and
circulating levels could be related to the reduced fat mass.
In addition to the above discussed adipokines/adipo-
myokines, only a few studies have investigated other
adipose tissue-derived factors in response the exercise.
Resistin is an inflammatory biomarker and potential
mediator of obesity-associated diseases. It is positively
correlated to percent fat mass and waist circumference,
and evidence suggests that this adipokine causes
endothelial dysfunction by promoting oxidative stress and
down-regulating the production of nitric oxide'*"'"’,
Acute endurance training had no effect on circulating
resistin levels up to 48 h post-exercise in overweight
males’’. Similarly, in another study with lean and
overweight volunteers, resistin mRNA expression in
adipose tissue was not affected®’. A lifestyle intervention
combining chronic endurance training and hypocaloric
diet with obese patients for three months had also no
effect on plasma resistin concentrations'*’. Interestingly,
a study using acute resistance exercise observed that the
exercise effect on plasma resistin levels was dependenton
the training status of the subjects. While a reduction was
observed in participants that performed regular weight
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training (> 1 h, three times / week, for 6 months before
the study), no effect was found in sedentary males or in
active runners (running > 15 miles / week for 6 months

before the study)'”’.

Single exercise bout

< 3 hours

Secretion of muscle-derived
adipo-myokines

> . |

STUDY 5

The expression of NAMPT/Visfatin in human adipose
tissue has been shown by several groups’>'*'. So far, only
one study has investigated adipose tissue NAMPT
expression after exercise and reported an increase after an

Chronic exercise training

oo fr

)

Reduction of adipose tissue-derived
pro-inflammatory adipo-myokines

> 8 weeks

1 Muscle repair and growth

1 Endothelia function and vasculogenesis
4 Adipocyte lipolysis

1 Hepatic glucose release into circulation

4 Inflammation

Figure 3: Differential effects of acute and chronic exercise

4 Insulin sensitivity
4 Physical fitness
4 Visceral fat mass

4 Inflammation

After acute exercise, a high number of myokines are secreted by skeletal muscle exerting a variety of endocrine effects. Acute
induction of myokines like myostatin, IL-7, decorin and LIF are involved in the regulation of muscle hypertrophy and may play a
role in exercise-related restructuring of skeletal muscle. The high level of circulating IL-6 after exercise induces an anti-
inflammatory environment by inducing the production of IL-1ra and IL-10, but also inhibits TNFa production. Furthermore, I1L-6
has metabolic effects, by affecting insulin-stimulated glucose disposal and fatty acid oxidation. The myokine FSTL1 has protective
effects on ischemia—reperfusion injury in muscle and heart tissue. One the other hand, regular exercise training induces a reduction
of adipose tissue-derived pro-inflammatory cytokines like IL-6, TNFo and MCP-1, which are associated with low-grade systemic
inflammation and a reduction of whole-body insulin sensitivity. Exercise training has been reported to reduce central adiposity
independent of overall weight changes, and this may represent an additional mechanism of the anti-inflammatory action of chronic

exercise training.

With regard to MCP-1, which has been discussed above
in more detail, studies have found no effect of chronic
endurance training on adipose tissue mRNA expression
despite reductions of circulating MCP-1 levels™. Also,
chronic resistance training in obese women left MCP-1
mRNA expression in adipose tissue unaltered but

circulating levels were not measured in this study'®".
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acute bout of endurance training which was not
accompanied by elevated plasma eNAMPT/visfatin
concentrations. Reports on the effect of chronic exercise
on circulating eNAMPT/visfatin levels are not consistent.
Obese non-diabetic subjects were reported to have higher
eNAMPT/visfatin levels compared to controls which
were reduced by 12 weeks of aerobic”>”’ or aerobic plus
resistance exercise’* accompanied by decreased body
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weight. However, Jorge et al reported increased plasma
eNAMPT/visfatin levels after 12 weeks of exercise
(endurance training, resistance training or a combination
of both) in obese type 2 diabetic patients. Importantly,
body weight was not changed in the course of this study.
Based on these data it is most likely that exercise-induced
reduction of plasma eNAMPT/visfatin is the result of
weight loss and body composition changes.

Few reports are available on ANGPTL4 in human
adipose tissue with exercise. In a study by Norheim et al.,
it was reported that 30 min after an acute bout of
endurance exercise, ANGPTL4 mRNA expression was
significantly higher in overweight dysglycemic subjects
compared to lean controls at the beginning of the
intervention study’’. Interestingly, they found that
ANGPTL4 mRNA expression was much higher in
adipose tissue than muscle. Following 12 weeks of
combined endurance and resistance training, adipose
tissue mRNA expression of ANGPTL4 as well as basal
plasma levels were unchanged in both groups. In contrast,
another chronic endurance training study in obese but
otherwise healthy participants found significantly reduced
mRNA expression in adipose tissue but increased
circulating ANGPTL4 levels'*. Clearly, more studies are
required to understand the regulation of ANGPTL4 in
response to various types of exercise in different types of
subjects as well as the contribution of the different tissues
to circulating ANGPTLA4.

IV. CONCLUSION

There are hundreds of secretory proteins released from
skeletal muscle as well as adipose tissue with an array of
biological effects on most organs in the body. It is a
striking observation that many of the myokines and
adipokines are expressed and secreted from many
different tissues. It seems as if there are very few of these
adipo-myokines that are exclusively expressed in one
organ. However, considering that both adipose tissue and
skeletal muscle tissues are often closely associated with
the same phenotypes or outcomes, it is likely that the
pattern of signal molecules released from these two
tissues have marked physiological effects of essential
importance for health as well as well-being. The original
expectation that we would be able to describe discrete
signatures of secretory proteins from muscle and adipose
has to be replaced by a much more complicated model.

A single bout of exercise is predominantly characterized
by the secretion of myokines and adipo-myokines by the
working skeletal muscles, which exert a variety of
autocrine and endocrine effects (Figure 3). Acute
induction of myokines like myostatin, IL-7, decorin and
LIF are involved in the regulation of muscle growth and
may play a role in exercise-related restructuring of
skeletal muscle. Muscle-derived IL-6 has metabolic
effects on insulin-stimulated glucose disposal and fatty
acid oxidation. Furthermore, acute high levels of
circulating IL-6 provide an anti-inflammatory
environment after exercise by induction of IL-1ra and IL-
10, and inhibition of TNFa production. One the other
hand, regular exercise training is associated with reduced
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levels of adipose tissue-derived pro-inflammatory
cytokines, which are linked tolow-grade systemic
inflammation and low whole-body insulin sensitivity
(Figure 3).Chronic exercise reduces visceral fat mass and
has been reported to reduce central adiposity independent
of overall weight changes. The anti-inflammatory effects
of regular exercise training may be mediated by both, the
reduction of body fat mass and the induction of an anti-
inflammatory environment associated with each single
bout of exercise. In summary, regular exercise reduces
the risk of chronic metabolic diseases and various
mechanism may contribute to this beneficial effect,
including decreased production of adipose tissue-derived
pro-inflammatory cytokines and increased production of
anti-inflammatory myokines from contracting muscle.
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Abstract— Skeletal muscle insulin resistance is the hallmark
of type 2 diabetes, and develops long before the onset of the
disease. It is well accepted that physical activity improves
glycemic control but the knowledge on underlying
mechanisms mediating the beneficial effects remains
incomplete. Exercise is accompanied by a decrease in
intramuscular oxygen levels resulting in induction of HIF-
lo. HIF-1a is a master regulator of gene expression and
could play an important role in skeletal muscle metabolism.
We examined the role of O2 in insulin- and contraction-
stimulated glucose metabolism in primary human skeletal
muscle cells. We show that exposure to 7% O2 in
combination with electrical pulse stimulation (EPS)
improves insulin action. Furthermore, the combination of
7% O2 and EPS resulted in an enhanced IL-6 secretion as
well as HIF-1a and GLUT4 protein expression. Knockdown
of HIF-1o totally inhibits the insulin- and contraction-
induced glucose uptake, whereas up-regulation of HIF-1a
by CoCl2, strongly enhanced insulin signaling. Moreover,
human skeletal muscle HIF-lo. mRNA expression was
enhanced after acute and chronic exercise and negatively
correlated with fasting blood glucose levels. In conclusion,
we demonstrate that HIF-1a is involved in the regulation of
glucose metabolism in human skeletal muscle induced by
both insulin and contraction.

Index Terms— Skeletal muscle, Exercise, Hypoxia, HIF-1a

Jirgen Eckel, German Diabetes Center, Paul-Langerhans-Group
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L INTRODUCTION

The health-promoting effects of physical activity are well
known, and regular exercise has been shown to protect
against the development of various chronic diseases such
as obesity, insulin resistance and type 2 diabetes (T2DM)
(1;2). However, our knowledge on underlying
mechanisms mediating the beneficial effects of physical
activity remains incomplete.

Skeletal muscle is the largest organ involved in
postprandial peripheral glucose disposal and hence a
target for approaches that aim to improve insulin
sensitivity in conditions of insulin resistance such as
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obesity and T2DM (1). Binding of insulin to the insulin
receptor on the surface of skeletal muscle cells induces
insulin receptor substrate-1 (IRS-1) phosphorylation and
IRS-1-asscociated  phosphatidyl-inositol ~ 3-phosphate
kinase activation. This cascade affects activation of
downstream targets such as protein kinase B (Akt), which
further activates the translocation of glucose transporter 4
(GLUT4) (3). Moreover, in skeletal muscle GLUT4
translocation occurs in response to contractile activity,
even in the absence of insulin (4). The most prominent
GLUT4 translocation and resulting glucose uptake is
observed when insulin and muscle contraction act
together, indicating an additive effect of both stimuli (5).
Therefore, an adequate GLUT4 expression and
translocation is fundamental for skeletal muscle glucose
uptake.

The GLUT4 gene regulatory region is well described and
contains several responsive elements to transcriptional
factors. An E-box domain, which can bind members of
the basic helix loop helix (bHLH) family including the
hypoxia inducible factor la (HIF 1a), is also present (6).
HIF-1a is a heterodimeric transcription factor composed
of HIF-la and HIF-1B subunits (7). In response to
cellular hypoxia HIF-la is activated to regulate the
transcription of more than 1000 target genes, e.g. vascular
endothelial growth factors (VEGF), glycolytic enzymes
and glucose transporters (8). The detailed mechanism for
activation of HIF-la and its regulation by oxygen has
been reviewed in detail by Schofield and Ratcliffe (9).
One particular aspect of skeletal muscle is that HIF-1a
protein is highly expressed in this tissue even in normoxic
conditions, suggesting that HIF-1a could have functional
impact on in muscle homeostasis in normoxia (10). We
investigated the effect of different oxygen levels in
combination with electrical pulse stimulation (EPS) on
insulin-stimulated signaling and glucose uptake in
primary human skeletal muscle cells, to identify
conditions which are associated with enhanced insulin
action. Furthermore, we examined the role of HIF-1a in
insulin- and contraction-stimulated glucose uptake, and
analyzed the effect of an exercise intervention on the
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expression of HIF-la in skeletal muscle in control and
dysglycemic subjects. Our data suggest that HIF-1a is a
critical determinant for glucose metabolism in human
skeletal muscle cells, and that the insulin-sensitizing
effect of exercise is at least partly a result of HIF-la
regulated gene expression of the insulin signaling cascade
and related downstream metabolic targets.

II.  MATERIAL AND METHODS

Materials: 2-deoxy-D-[14C] glucose (2-DOG) and L-
[14C] glucose were purchased from GE Healthcare
(Uppsala, Sweden). Liquid scintillation Aquasafe 300
plus from Zinsser Analytic (Frankfurt, Germany) was
used for glucose uptake assays. Primary human skeletal
muscle cells (hRSkMC) and supplement pack for growth
medium were obtained from PromoCell (Heidelberg,
Germany). All other chemicals were of the highest
analytical grade commercially available and purchased
from Sigma or Applichem.

Culture of human skeletal muscle cells: Primary
hSKkMC isolated from 8 healthy Caucasian donors (4
males 16, 21, 41 and 47 of age; 4 females 16, 25, 33 and
37 of age) were supplied as proliferating myoblasts and
cultured as described before (11). For an individual
experiment, myoblasts were cultured in growth medium
(a-modified Eagle’s (eMEM)/Ham’s F-12 medium
containing growth medium supplement pack) up to near-
confluence. The cells were then differentiated in cMEM
until day 6 of differentiation.

Electrical Pulse Stimulation (EPS): Differentiated
myotubes were subjected to EPS treatment using a C-
Dish in combination with a C-Pace pulse generator (C-
Pace 100, IonOptix, Milton, MA, USA), as recently
described (12). Cells were stimulated with a frequency of
1 Hz, a pulse duration of 2 ms and an intensity of 11.5 V
for 24 h.

Combination of EPS and reduced oxygen tension:
Differentiated myotubes were cultured for 24 h with or
without EPS in an atmosphere containing 21%, 7% or 2%
02 supplemented with 5% CO2 and respective
concentrations of nitrogen in an Xvivo hypoxia chamber
system (Biospherix, US).

Glucose uptake: Differentiated hSkMC were stimulated
with 100 nmol/L insulin for 30 min. Then, 2-DOG (9.25
kBg/ml per well) was added and uptake was measured for
2 h. The radioactivity of the lysates was counted in a
liquid scintillation  counter (Beckman, Munich,
Germany). Values were corrected for non-specific uptake
as measured after incubation with L-[14C] glucose.
RT-PCR and Western Blotting: These studies were
performed as previously described (11). Total RNA was
isolated using the RNeasy kit from Qiagen (Hilden,
Germany). GLUT4 (Hs SLC2A4 1 SG), GLUTI
(Hs SLC2A1 1 SG) and HIF-1A (Hs HIF1A 1 SG)
mRNA expression were measured using pre-designed
primers (Quantitect Primer Assay, Qiagen) and GoTaq
qPCR Master Mix (Promega, Mannheim, Germany) in a
SYBR Green-based quantitative real-time PCR. HIF-1q,
anti-phospho Akt (Ser473), anti-phospho AMPKa
(Thr172), anti-phospho Akt (Thr308), anti-phospho
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AS160 (Thr642), total Akt and total AS160 were supplied
by Cell Signalling Technology (Frankfurt, Germany).
Silencing of HIF-la: Silencing experiments were
performed by using FlexiTube siRNA HIF1A
(S105073250) and HiPerfect (Qiagen) according to the
manufacturers’ instructions. At day 4 of differentiation
hSKkMC were incubated with 40 nM siRNA and
HiPerfect. To control for unspecific effects, control cells
were treated with AllStars Negative Control siRNA
(QIAGEN, 1027280).

Human study - 12 weeks exercise intervention study:
All participants were informed about the project,
procedures and rights before signing an agreement form.
The studies were approved by the Regional Committee
for Medical and Health Research Ethics, Region North,
Norway (2011/927b).

Physically inactive men (40—65 years) were recruited in
two groups I) healthy participants with a BMI of 23.5 +
2.0 kg/m2 and normal glucose metabolism (control
group, n = 12) and II) participants with a BMI of 29.0 +
2.4 kg/m2) with abnormal glucose metabolism
(dysglycemic group, n 11). Abnormal glucose
metabolism was defined as fasting glucose > 5.6 mmol/L
and/or impaired glucose tolerance (2 h serum glucose >
7.8 mmol/L). Two subjects with a BMI>28 kg/m2 but
with normal fasting and 2 h serum glucose levels were
excluded. One control subject was excluded from the
statistical analyses, because HIF-la mRNA expression
deviated strongly (Grubbs' test; p<0.0001). The
participants were subjected to a combined strength and
endurance training program for 12 weeks as described
previously (13;14). A 45 min bicycle session at 70%
VO2max was performed before and after the 12-weeks
training period as an acute exercise challenge (13). Blood
and skeletal muscle samples were taken before, directly
after, and 2 h after the acute exercise before as well as
after 12 weeks of training. Biopsies from m. vastus
lateralis were taken and immediately transferred to RNA-
later (Qiagen, Limburg, Netherlands), kept overnight at
4°C, and transferred to -80°C. For one subject no muscle
biopsies were taken at 2 h post exercise before as well as
after the intervention.

High throughput mRNA sequencing and differential
expression analysis: Skeletal muscle biopsies sampled
before the start of acute exercise at baseline and after 12
weeks of training were deep-sequenced in 6 batches using
the Illumina HiSeq 2000 system (Illumina, San Diego,
USA) with multiplexing at the Norwegian Sequencing
Centre, University of Oslo. Samples in different groups
and time points were multiplexed between batches to
avoid batch effects. Illumina HiSeq RTA (real-time
analysis) v1.17.21.3 (Illumina) was used for real-time
analysis during the sequencing. Reads passing Illumina's
recommended parameters were demultiplexed using
CASAVA v1.8.2 (Illumina). For prealignment quality
checks we used the software FastQC v0.10.1. (Babraham
Bioinformatics, Cambridge, UK). To avoid low quality
data negatively influencing downstream analysis, reads
were trimmed on the 3’-end and only the first 51 bp from
the 5'-end of each read were kept for further analysis. The
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mean library size was ~44 million unstranded 51 bp
single-ended reads with no difference between groups or
time points. Base composition in bases 1-12 showed
patterns typical for RNA-seq and bases 13-51 were
evenly distributed. All base positions were of high quality
(Phred score >30). Alignment of sequenced cDNA reads
to the RefSeqGene database as transcriptome reference
and quantitative analysis of the transcripts was performed
as described by Li et al. (2014) (16).
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endpoint assay at different oxygen levels, alone or in
combination with EPS, to assess the effect of different O,
levels on human skeletal muscle insulin sensitivity.
Therefore, we cultured differentiated myotubes (Suppl.
Fig. 1) at four different oxygen levels (21%, 14%, 7%
and 2%) with or without EPS for 24 h and analyzed basal
and insulin-stimulated glucose uptake (Fig. 1 a, ¢ and e).
EPS at 21% O, significantly increased basal and insulin-
stimulated glucose uptake (Fig.l1 a). However, the

a) b) Figure 1: EPS in combination
21% O, 7% O, with  lower oxygen levels
— 60-1 - enhanced insulin-stimulated
ES g glucose uptake: (a, ¢ and e)
~ s 504 & . .
W7 g Differentiated  myotubes  were
£E 5z 40 * cultured at 21%, 14%, 7% or 2%
S+ £3 907 O, with or without EPS for 24h
8= EE followed by insulin stimulation
as E 201 (100 nmol/L) for 30 min. Glucose
2 Obasal 5 104 uptake was assessed for 2 h. (b)
2 ! Insulin ° o Lactate concentrations were
con | EPS | con | EPS measured in the supernatants after
EPS at 21% and 7% O,. (d)
Representative Western Blot image
c) d) and  quantification  of  the
21% O, 7% 0, 21%0,  T%0, phosphorylation .. of
AMPKo(Thr172) after indicated
5;? PAMPKa(Thr172) -. - . treatment. Data are mean values +
% SEM, n=4-7, *p<0.05 vs. basal
g5 total AMPKo | s A S — control 21% O, and *p<0.05 as
;ﬂ-:_gu B-actin | — indicated. AU = arbitrary units.
Q8
24
A g 21% 0, 7%0,
e oasal 2.0+
) B insuiin 5 "
=4 *
= 154
=~
£ 10l
e) |:R_ 1.0
21% O, 2% 0, & s
o 0.0-
£E con | EPS | con | EPS
£ c
oo
2
w
S =
a5
™ 2 Db
i asal
g !Insulin
Presentation of data and statistics: Statistical = combination of EPS and a reduced oxygen level of 14%

evaluation was done by Student’s t-tests for paired or
unpaired observations and two-way ANOVA (post hoc
Bonferroni multiple comparison test). Correlation
analyses were performed in Prism5 (GraphPad, LA Jolla,
CA). Pearson’s correlation coefficient was used on
normal distributed parameters. Data are presented as
means = SEM.

I11.

Changes in oxygen tension alters insulin action in
human skeletal muscle cells: We first performed
insulin-stimulated glucose uptake studies as a biological
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had no additive effects on basal and insulin-stimulated
glucose uptake compared to EPS at 21% O, (Fig. 1 a).
Also, 14% O, without EPS showed no significant
differences compared to 21% O, (Fig. 1 a). EPS in
combination with 7% O, strongly increased insulin-
stimulated glucose uptake compared to EPS at 21% O,,
whereas the basal glucose uptake showed no significant
difference (Fig. 1 c¢). Cells cultured at 2% O, showed no
response to insulin with respect to glucose uptake (Fig. 1
e). Moreover, using the combination of 2% O, and EPS
we observed a total inhibition of insulin- and EPS-
induced glucose uptake (Fig. 1 e).
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a) 21% Q, 7% 0, b)

21%0,
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7%0, Figure 2: EPS and 7% O,
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Because the combination of 7% O, and EPS significantly
increased insulin-stimulated glucose uptake, all further
experiments were performed using these conditions. To
exclude that 7% O, had any effect on the contractile
activity, we measured phosphorylation of AMPKa and
the production of lactate (Fig. 1 b and d). AMPKa
activation was significantly increased at both O,
conditions after EPS (Fig. 1 d). However, EPS in
combination with 7% O, enhanced the EPS-induced
lactate release (Fig. 1 b).

To elucidate the underlying mechanism of regulation of
insulin-stimulated glucose uptake by combination of 7%
0O, and EPS, we analyzed the key components of insulin
signal transduction in skeletal muscle cells. In accordance
with an enhanced insulin-stimulated glucose uptake, we
also observed increased insulin signaling (Fig. 2 a-e). 7%
O, in combination with EPS enhanced insulin-stimulated
Akt(Serd73),  Akt(Thr308), GSK-3o(Ser21) and
AS160(Thr642) phosphorylation compared to EPS at

21% 0,

21% 0,

EPS

treatment.  Quantification of
Akt(Ser473) and Akt(Thr308)
phosphorylation. (b and d)
Representative Western Blot
images show phosphorylation of
GSK-3a(Ser21) and  GSK-
3B(Ser9) as well as total GSK-
3a/B protein level after indicated
treatment.  Quantification of
GSK-3a(Ser21) and  GSK-
3B(Ser9) phosphorylation. (e)
Representative Western Blot
images and quantification of
AS160(Thr642) phosphorylation
after indicated treatment. Data
are normalized to B-actin and
expressed relative to control.
Data are mean values + SEM,
n=4-5, *p<0.05, **p<0.005 and
*#*p<0.0001 vs. corresponding
basal, "p<0.05 as indicated. AU
= arbitrary units.
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21% O, (Fig 2 a-e). However, insulin-stimulated GSK-
3B(Ser9) phosphorylation was not altered at 7% O, (Fig.

2 d).
EPS and 7% O, induce HIF-lo and GLUT4
expression: Reduced oxygen levels and muscle

contraction are well known stimuli for HIF-1a induction.
Therefore, we analyzed HIF-la protein level as well as
HIF-lo mRNA expression (Fig. 3 a-c). After 8h
incubation we observed a significant increase of HIF-1a
protein levels at 7% O, and in the combination of 7% O,
with EPS (Fig. 3 a). The elevated HIF-1 a protein levels
remained high up to 24h in the combined setting (Fig. 3
b) while HIF-1o. mRNA expression was decreased (Fig.
3 ¢). The well-known HIF-1a target gene GLUT1 was not
regulated at these conditions (Fig. 3 d). Interestingly,
GLUT4 protein level as well as GLUT4 mRNA
expression were significant up-regulated in the combined
setting of 7% O2 and EPS (Fig. 3 e and f).
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EPS and 7% O, alter myokine secretion: To further
characterize the impact of reduced oxygen levels in
combination with EPS, we analyzed the secretion of
various myokines via a human cytokine antibody array
(Fig. 4 a and b). 40 of the 80 cytokines were detectable in
all experiments (Fig. 4 a and b; Suppl. Fig. 2). The
strongest effects were observed for IL-6 and the well-
known HIF-1a target gene VEGF-A (Fig. 4 a and b). EPS
at 7% O, enhanced the secretion of IL-6 ( ~14-fold) and
VEGF-A (~9-fold) compared to EPS at 21% O, (Fig. 4
b). Validation by ELISA confirmed the enhanced IL-6
secretion (Fig. 4 c). In addition, IL-6 mRNA expression

IL-6 secretion (pg/mi)

21% 0,

21% 0,

(% of actin control 21%03)
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Figure 3: EPS and 7% O, induced HIF-1a
and GLUT4: (a and b) Quantification and
representative Western Blot images show HIF-
la protein level after 8 and 24h (d)
Representative Western Blot images and
quantification of GLUTI protein level after
indicated treatment. (e) Quantification and
representative Western Blot images show
GLUT4 protein level after indicated treatment.
Data are normalized to B-actin and expressed
relative to control. (¢ and f) Comparison of HIF-
la and GLUT4 mRNA expression. mRNA
expression was analyzed by real-time PCR and
data were normalized to B-actin. Data are mean
values = SEM, n=3-5, *p<0.05 and **p<0.001
as indicated. AU = arbitrary units.

7%0,

Figure 4: EPS and 7%O0O, altered
myokine secretion: Supernatants of
EPS-treated cells at 21% or 7% O,
were collected after 24h and
analyzed as described in Material
and Methods. (a) Cytokine antibody
array membranes #5 after incubation
with supernatants of EPS-treated
cells are shown. The encircled areas
reflect spots corresponding to the
myokines shown in Fig.4 b. 1
positive control; 2 negative
control; 3 = Eotaxin-2; 4 = IGFBP2;
5 = Gro alpha; 6 = Gro; 7 = IL-8; 8
VEGF and 9 IL-6. n 4,
*p<0.05 vs. EPS at 21% O,. (¢) IL-6
protein concentration was
additionally analyzed by ELISA. (d)
IL-6 mRNA  expression was
analyzed by real-time PCR and data
were normalized to B-actin. Data are
mean values =+ SEM, n=7-8,
*p<0.05, **p<0.005 and
***p<(0.0001 vs. corresponding
condition without EPS, *p<0.05 as
indicated.

21% 0, 7% 0,

#

’—**

*

21% O3 % 0; = — —

#

was significantly higher in the combined setting of 7% O,
and EPS vs. 21% O, and EPS (Fig. 4 d).

Loss of HIF-lo impairs insulin action in human
skeletal muscle cells: To characterize HIF-lo as an
important regulator of human skeletal muscle
metabolism, we silenced HIF-1a and analyzed insulin
signaling and glucose uptake in hSKkMC. Silencing of
HIF-la by siRNA strongly down-regulated HIF-1a
protein level (~60%) and mRNA expression (~50%) (Fig.
5 a and d). Also, the HIF-1a target genes GLUT1 and
GLUT4 were down-regulated after silencing of HIF-1a
(Fig. 5 b, ¢, e and f) whereas the untargeted siRNA
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control (scramble) had no effect on HIF-1a, GLUTI1 or
GLUT4 protein expression (Fig. a-f). Furthermore,
insulin receptor B-subunit and 14-3-3 protein expression
was not effected by HIF-1a silencing (Suppl. Fig. 4 a and
b).

STUDY 6

we observed a strong increase in insulin-mediated Akt
phosphorylation (Suppl. Fig. 3 b).

Exercise intervention increases HIF-1alpha
expression: We analyzed HIF-la mRNA expression in
skeletal muscle biopsies after acute and chronic exercise

Figure 5: Knock-down of HIF-1a reduced

GLUT1 and GLUT4 expression: (a, b and

¢) Quantification and representative Western
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To examine the effect of HIF-la silencing on insulin
action, we treated the cells with insulin for 10 min and
analyzed the insulin signaling pathway and glucose
uptake. Interestingly, insulin-induced Akt(Ser), Akt(Thr)
and AS160 phosphorylation were significantly reduced in
siHIF-1a treated cells (Fig 6 a-c). In accordance with the
decreased signaling, insulin-stimulated glucose uptake
was totally inhibited by HIF-1a silencing (Fig. 6 d). To
clarify if HIF-1a silencing has any effect on contraction-
induced glucose uptake, we analyzed basal and insulin-
stimulated glucose uptake after 24 h EPS. Interestingly,
in addition to the insulin-induced glucose uptake also
EPS-stimulated glucose uptake was totally blunted after
HIF-1a silencing (Fig. 6 e). Moreover, insulin-treatment
after EPS was not able to further increase the glucose
uptake (Fig. 6 ¢). To exclude that HIF-1a has any effect
on contractile activity, we measured phosphorylation of
AMPKaoa and IL-6 secretion (Suppl. Fig. 5 a and b). EPS-
induced IL-6 secretion as well as activation of AMPKa
after EPS treatment was not affected by the loss of HIF-
la (Suppl. Fig. 5 a and b).

To verify that HIF-la mediates the enhanced insulin
action in the combined treatment of reduced O, levels and
EPS, we silenced HIF-1a and cultured the cells for 24 h
at 7%0, with or without EPS. Again, the combined
setting of 7% O2 and EPS strongly induced insulin-
stimulated glucose uptake whereas siHIF-1a-treated cells
showed no response to insulin or muscle contraction
(Fig. 6 1).

Finally, we tested whether an elevated HIF-a protein
level improves insulin signaling. By using cobalt chloride
(COCl,) we were able to substantially augment the HIF-
la protein level (Suppl. Fig. 3 a). Under these conditions,
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Blot images show HIF-la, GLUTI1 and
GLUT4 protein levels of untreated cells
(control) or after treatment with 40 nM
AllStars Negative Control siRNA (scramble)
or HIF-la siRNA (siHIF-1a). Data are
normalized to B-actin and expressed relative
to control. Data are mean values £ SEM, n=5,
*p<0.05 and **p<0.005 as indicated. (d, e and
f) HIF-la, GLUT1 and GLUT4 mRNA
expression was analyzed by real-time PCR
and data were normalized to B-actin. Data are
mean values + SEM, n=5, *p<0.05 as
indicated.

N
L

from healthy subjects (control) and subjects with
abnormal glucose metabolism (pT2D). Baseline HIF-1a
mRNA expression was not different between both groups
(Fig. 7 a). Interestingly, 12 weeks training composed of
two endurance bicycle sessions (60 min) and two
whole-body strength-training sessions (60 min) per week,
significantly increased HIF-1a mRNA expression in both
groups (Fig. 7 a). However, the expression of HIF-la
mRNA was slightly but not significantly reduced in the
pT2D group (Fig. 7 a). To analyze acute induction of
muscle HIF-la, a 45-min bicycle session at 70% of
VO,max was performed before and after the 12-week
training period as an acute work challenge. At baseline,
HIF-1a mRNA expression was significantly up-regulated
after acute exercise (Fig. 7b). Moreover, the acute
induction of HIF-1a was significantly higher after the 12-
week training period (Fig.7b). To confirm our
hypothesis that HIF-1a is an important factor for glucose
metabolism in vivo, blood glucose and insulin levels of
all subjects were related to HIF-lo. mRNA expression.
Skeletal muscle HIF-laa mRNA expression was
negatively correlated with fasting blood glucose levels
and showed a tendency for fasting insulin levels and
HOMAR-IR (Fig. 7 c, d and e).

IV. DISCUSSION

By using a combination of 7% O, and EPS, we
established and characterized a novel in vitro model for
human skeletal muscle contraction at reduced oxygen
levels which results in improved insulin sensitivity of the
cells. The normal tissue O, level in adult skeletal muscle,
measured by direct microelectrode analysis, varies
between 1.8 to 10.5% depending on exact electrode
placement (17). Csete et al. have shown that both skeletal
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muscle satellite cell proliferation as well as survival of
mature muscle fibers was increased at more physiologic
(6%) O, levels compared to normal (21%) O,
concentration used in most cell cultures (18). In addition,
Storch et al. have shown that myogenesis of primary fiber
cultures after 5-azacytidine treatment was enhanced at
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and EPS, which resulted in enhanced insulin action,
indicating that HIF-loa plays a potential role in the
glucose metabolism in human skeletal muscle cells. In
addition, knockdown of HIF-la resulted in a severe
reduction of insulin- and contraction-induced glucose
uptake as well as insulin signaling, whereas up-regulation

B-actin

-
n
)

=) #
< *ekk
& i ek
= 7
P4 *%
=
=
2 0.5
= Dbasal
)
< -insulin
0.0-
control scramble siHIF1o
2.0 #
g X T ‘
b i
% 5 15
2%
=]
@ 5 107
&=
=1
N g 05 [Jbasal
3 -insulin
0.0-
control scramble siHIF-1a
7% O, 7% O,
. 5.04 #
g *
T 4.04
£E
[ =]
B2 3.01
oT *
o8 *
Qo= 2.04
Q5
N
g 1.0 Obasal
£ Insulin
o0 [

scramble siHIF-1a

Figure 6: Knock-down of HIF-l1a inhibited insulin- and contraction-induced glucose uptake: (a and c¢) Representative
Western Blot images show phosphorylation of Akt(Ser473), Akt(Thr308) as well as total Akt protein level after indicated treatment.
Quantification of Akt(Ser473) and Akt(Thr308) phosphorylation after indicated treatment. (b) Representative Western Blot images
show phosphorylation of AS160(Thr642) and total AS160 protein levels after indicated treatment. Quantification of
AS160(Thr642) phosphorylation. Data are normalized to B-actin and expressed relative to control. Data are mean values = SEM,
n=4. (d) Glucose uptake was assessed for 2 h. Data are mean values + SEM n=7. (e) Glucose uptake after silencing experiments in
combination with EPS-treatment. (f) siRNA-transfected cells were cultured at 7% O, with or without EPS for 24h followed by
insulin stimulation (100 nmol/L) for 30 min. Glucose uptake was assessed for 2 h. Data are mean values + SEM n=4, *p<0.05,
#%p<0.005 and ***p<0.0001 vs. corresponding basal and “p<0.05 as indicated.

reduced O, levels compared to traditional cell culture O,
conditions (19). Taken together, these observations
indicate that the reduction of O, levels in vitro improves
skeletal muscle function and metabolism which may be
partly explained by the more physiological O,
concentrations (2-11%) compared to the hyperoxic O,
levels (20-21%) which are used in traditional cell
cultures.

Interestingly, we show here that HIF-la protein levels
were elevated in the combined setting of reduced O, level
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of HIF-1a protein by COCI, enhanced insulin signaling.
Furthermore, HIF-lo siRNA-treated cells showed a
reduced expression of GLUT1 and GLUT4. In line with
our results, Sakagami et al. have demonstrated that
knockdown of HIF-lo strongly reduced insulin-
stimulated glucose uptake in murine skeletal muscle cells
(20). Furthermore, AS160 phosphorylation and GLUT4
trafficking was increased in C,C;, cells overexpressing
constitutively active HIF-1a (20). In excellent agreement
with in vitro analysis, HIF-la+/- mice show reduced
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glucose uptake under insulin-stimulated conditions (24).
In addition, phosphorylation of AS160 in skeletal muscle
isolated from HIF-la+/- mice was reduced compared
with specimens from wild-type animals (24). In
summary, these data indicate HIF-la as an important
regulator of insulin-mediated glucose metabolism in

STUDY 6

glucose uptake in human skeletal muscle cells. However,
the EPS-mediated AMPK activation was not affected by
loss of HIF-1a. In accordance, it could be demonstrated
that knockout of HIF-1a abolished glucose uptake by the
AMPK activator AICAR in mouse skeletal muscle cells
(24). AMPK-mediated AS160 phosphorylation and

skeletal muscle. GLUT4 translocation are involved in
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Figure 7: HIF-1o. mRNA in m. vastus lateralis is regulated by exercise: Changes in m. vastus lateralis of HIF-1lo. mRNA
expression in healthy (control; with bars, n=12) and pre-diabetic men (pT2D; black bars, n=11) in response to acute and chronic
exercise. Samples were obtained before (pre), immediately after (Oh), and after 2 h after exercise (2h) of 45-min ergometer cycling
(70% VO,max) at baseline and after 12 weeks training. Muscle biopsies were processed for mRNA expression analysis by mRNA
sequencing. (a) Muscle HIF-1oo mRNA expression at baseline and after 12 weeks training in control and pT2D group. (b) Changes
in muscle HIF-1a. mRNA expression after acute exercises at baseline and after 12 weeks of training. *p<0.05 and **p<0.005
between pre-exercise values and immediately (Oh) or 2 h (2h) post exercise. “p<0.05 as indicated. Correlation of muscle HIF-1a
mRNA and (¢) fasting blood glucose levels, (d) fasting insulin levels as well as (e) HOMAR-IR. Statistical evaluation is indicated
in the graphs. The r correlation coefficient and P values were obtained using Pearson’s correlation.

The mechanism underlying HIF-1la-mediated regulation
of Akt or AS160 phosphorylation is still unknown. The
well-known recognized function of HIF-la is its
transcriptional regulation, and therefore it is most
unlikely that HIF-1a directly affects the phosphorylation
process of Akt or downstream targets like AS160. More
than one thousand target genes were reported to be
regulated by HIF-la (7). Interestingly, 14-3-3 proteins,
which interact with AS160 to regulate its function, might
be regulated by hypoxia and therefore maybe also a target
gene of HIF-la (21;22). Therefore, we analyzed the
expression of all seven 14-3-3 (B/a, v, €, 1, {/5, 0/1 and o)
isoforms in HIF-1a siRNA-treated and EPS-treated (7%
0,) cells. However, we observed no significant
differences (Suppl. Fig. 2 b). Further experiments are
necessary to evaluate the underlying mechanism of how
the transcription factor HIF-la impacts the insulin
signaling cascade.

Furthermore, we demonstrated for the first time that the
loss of HIF-1a totally abolished the contraction-induced
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contraction/exercise-induced glucose uptake by skeletal
muscle (25). Therefore, HIF-1oo might play a role in
glucose uptake by exercising muscles as well.

One of the aims of this study was to investigate the effect
of acute and chronic exercise on skeletal muscle HIF-1a
mRNA expression in healthy normoglycemic and
dysglycemic subjects. Others have shown that skeletal
muscle HIF-lo mRNA was up-regulated after a single
bout of exercise (23;24). In line with these results, we
observed a significant increase in muscle HIF-1ao mRNA
expression after a single bout of exercise as well as after
long term exercise in control subjects. In contrast, we
show that chronic induction of muscle HIF-1lo mRNA
expression by exercise was slightly reduced in subjects
with abnormal glucose metabolism. Alterations of
hypoxia-sensitive genes have been reported previously in
diabetic rats (25). In addition, Fadini et al. have shown
that streptozotocin-treated rats were not able to induce
HIF-1a in skeletal muscle after ischaemia, whereas
control animals showed a strong up-regulation (26).
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Furthermore, we observed a correlation between skeletal
muscle HIF-la mRNA expression and fasting blood
glucose levels, which might suggest that skeletal muscle
HIF-1la expression is coupled to whole body glucose
metabolism in humans. Interestingly, Gunton et al.
showed that patients with T2D have decreased HIF-1
mRNA levels in pancreatic tissue, which results in
changes of HIF-1 activity (27). In addition, a human
genetic polymorphism that results in the substitution of
serine for proline at residue 582 of HIF-1a is associated
with T2D (28). Hence, it might be speculated that the
inability to induce HIF-la or changes in HIF-1 activity
may contribute to the pathogenesis of diabetes.

Exercising is accompanied with severe oxygen
deprivation in the muscle, and thus it is easy to imagine a
central role for HIF-lo during muscular response to
endurance training (29). Furthermore, growth factors like
the HIF-1a target gene VEGF, have been proposed to be
of importance in the angiogenesis process in skeletal
muscle (30). It is well accepted that endurance training
increases the capillarization of skeletal muscle (31;32).
Therefore, skeletal muscle HIF-1a is a potential target to
promote improvements in perfusion of ischemic limb in
patients with peripheral artery disease and intermittent
claudication (33). The implication of our results could
extend the therapeutic possibilities of overexpressing
constitutively active HIF-1a in the skeletal muscle with
respect to the improvements in insulin sensitivity.

One the other hand, HIF-1a is implicated in many cancers
where it frequently promotes the expression of pro-
tumorigenic pathways (34;35). Furthermore, HIF-1a is
directly linked to metabolic dysfunction in adipose tissues
under hypoxic conditions and HIF-1a inhibition in the
adipocytes leads to significant metabolic improvement
(36). It is important to keep in mind that HIF-1o has
different biological functions depending on the target
tissue or organ and the physiological or
pathophysiological condition in which it is enrolled.

In summary, we demonstrate that a reduction of the
oxygen level to 7% and the combination with muscle
contraction improves insulin action in human skeletal
muscle cells. Furthermore, we have shown that HIF-1a
plays a critical role in this setting and our data indicate
that HIF-1a is an important determinant in insulin- and
contraction-induced glucose uptake in human skeletal
muscle cells. Additionally, we observed that muscle
HIF-1a. mRNA is regulated by acute and chronic exercise
and muscle HIF-1a expression negatively correlated with
blood glucose levels. Therefore, we hypothesize that
skeletal muscle HIF-1a could be used as a therapeutically
relevant target to improve insulin sensitivity in human.

V. REFERENCES

1. Eckardt,K, Gorgens,SW, Raschke,S, EckelJ:
Myokines in insulin resistance and type 2 diabetes.
Diabetologia 57:1087-1099, 2014

2. Knowler, WC,  Barrett-Connor,E,  Fowler,SE,
Hamman,RF, Lachin,JM, Walker,EA, Nathan,DM:
Reduction in the incidence of type 2 diabetes with

10.

11.

12.

13.

14.

15.

16.

STUDY 6

lifestyle intervention or metformin. N Engl J Med
346:393-403, 2002

Leto,D, Saltiel, AR: Regulation of glucose
transport by insulin: traffic control of GLUT4. Nat
Rev Mol Cell Biol 13:383-396, 2012

Nesher,R, KarL,IE, Kipnis,DM: Dissociation of
effects of insulin and contraction on glucose
transport in rat epitrochlearis muscle. Am J Physiol
249:C226-C232, 1985

Richter,EA, Hargreaves,M: Exercise, GLUT4, and
skeletal muscle glucose uptake. Physiol Rev
93:993-1017,2013

Santalucia, T, Moreno,H, Palacin,M, Yacoub,MH,
Brand,NJ, Zorzano,A: A novel functional co-
operation between MyoD, MEF2 and TRalphal is
sufficient for the induction of GLUT4 gene
transcription. J Mol Biol 314:195-204, 2001
Semenza,GL: Hypoxia-inducible factors:
mediators of cancer progression and targets for
cancer therapy. Trends Pharmacol Sci 33:207-214,
2012

Semenza,GL: Oxygen sensing, homeostasis, and
disease. N Engl J Med 365:537-547, 2011
Schofield,CJ, Ratcliffe,PJ: Oxygen sensing by HIF
hydroxylases. Nat Rev Mol Cell Biol 5:343-354,
2004

Lundby,C, Calbet,JA, Robach,P: The response of
human skeletal muscle tissue to hypoxia. Cell Mol
Life Sci 66:3615-3623, 2009

Gorgens,SW, Eckardt,K, Elsen,M, Tennagels,N,
Eckel,J: Chitinase-3-like protein 1 protects skeletal
muscle from TNFalpha-induced inflammation and
insulin resistance. Biochem J 459:479-488, 2014
Lambernd,S, Taube,A, Schober,A, Platzbecker,B,
Gorgens,SW, Schlich,R, Jeruschke, K, Weiss,J,
Eckardt,K, Eckel,J: Contractile activity of human
skeletal muscle cells prevents insulin resistance by
inhibiting pro-inflammatory signalling pathways.
Diabetologia 55:1128-1139, 2012

Norheim,F, Hjorth,M, Langleite,TM, Lee,S,
Holen, T, Bindesboll,C, Stadheim,HK, Gulseth,HL,
Birkeland,KI, Kielland,A, Jensen,]J, Dalen,KT,
Drevon,CA: Regulation of angiopoietin-like
protein 4 production during and after exercise.
Physiol Rep 2: 2014

Kanzleiter,T, Rath,M, Gorgens,SW, Jensen,],
Tangen,DS, Kolnes,AJ, Kolnes,KJ, Lee,S, Eckel,J,
Schurmann,A, Eckardt,K: The myokine decorin is
regulated by contraction and involved in muscle
hypertrophy. Biochem Biophys Res Commun
450:1089-1094, 2014

DeFronzo,RA, Tobin, JD, Andres,R: Glucose
clamp technique: a method for quantifying insulin
secretion and resistance. A4m J Physiol 237:E214-
E223, 1979

Li,H, Handsaker,B, Wysoker,A, Fennell, T, Ruan,J,
Homer,N, Marth,G, Abecasis,G, Durbin,R: The
Sequence Alignment/Map format and SAMtools.
Bioinformatics 25:2078-2079, 2009



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

DIABETES
Greenbaum,AR, Etherington,PJ, Manek,S,
O'Hare,D, Parker,KH, Green,CJ, Pepper,JR,

Winlove,CP: Measurements of oxygenation and
perfusion in skeletal muscle using multiple
microelectrodes. J Muscle Res Cell Motil 18:149-
159, 1997

Csete,M,  Walikonis,J, Slawny,N,  Wel,Y,
Korsnes,S, Doyle,JC, Wold,B: Oxygen-mediated
regulation of skeletal muscle satellite cell
proliferation and adipogenesis in culture. J Cell
Physiol 189:189-196, 2001

Storch,TG: Oxygen concentration regulates 5-
azacytidine-induced myogenesis in C3H/10T1/2
cultures. Biochim Biophys Acta 1055:126-129,
1990

Sakagami,H, Makino,Y, Mizumoto,K, Isoe,T,
Takeda,Y, Watanabe,J, Fujita,Y, Takiyama,Y,
Abiko,A, Haneda,M: Loss of HIF-lalpha impairs
GLUT4 translocation and glucose uptake by the
skeletal muscle cells. Am J Physiol Endocrinol
Metab 306:E1065-E1076, 2014

Chen,S, Synowsky,S, Tinti,M, MacKintosh,C: The
capture of phosphoproteins by 14-3-3 proteins
mediates actions of insulin. Trends Endocrinol
Metab 22:429-436, 2011

Cao,WD, Kawai,N, Miyake, K, Zhang, X, Fei,Z,
Tamiya,T: Relationship of 14-3-3zeta (zeta), HIF-
lalpha, and VEGF expression in human brain
gliomas. Brain Tumor Pathol 31:1-10, 2014
Ameln,H, Gustafsson,T, Sundberg,CJ,
Okamoto,K, Jansson,E, Poellinger,L., Makino,Y:
Physiological activation of hypoxia inducible
factor-1 in human skeletal muscle. FASEB J
19:1009-1011, 2005

Lima,GA, Anhe,GF, Giannocco,G, Nunes,MT,
Correa-Giannella, ML, Machado,UF: Contractile
activity per se induces transcriptional activation of
SLC2A4 gene in soleus muscle: involvement of
MEF2D, HIF-la, and TRalpha transcriptional
factors. Am J Physiol Endocrinol Metab 296:E132-
E138, 2009

Marfella,R, D'Amico,M, DiFC, PiegariFE,
Nappo,F,  Esposito,K,  Berrino,L,  Rossi,F,
Giugliano,D: Myocardial infarction in diabetic
rats: role of hyperglycaemia on infarct size and
early expression of hypoxia-inducible factor 1.
Diabetologia 45:1172-1181, 2002

Fadini,GP, Sartore,S, Schiavon,M, Albiero,M,
Baesso,I, Cabrelle,A, Agostini,C, Avogaro,A:
Diabetes impairs progenitor cell mobilisation after
hindlimb ischaemia-reperfusion injury in rats.
Diabetologia 49:3075-3084, 2006

Gunton,JE, Kulkarni,RN, Yim,S, Okada,T,
Hawthorne, WJ, Tseng,YH, Roberson,RS,
Ricordi,C, O'Connell,PJ, Gonzalez,FJ, Kahn,CR:
Loss of ARNT/HIFlbeta mediates altered gene
expression and pancreatic-islet dysfunction in
human type 2 diabetes. Cell 122:337-349, 2005
Yamada,N, Horikawa,Y, Oda,N, Ilizuka,K,
Shihara,N, Kishi,S, Takeda,J: Genetic variation in

101

29.

30.

31.

32.

33.

34.

35.

36.

STUDY 6

the hypoxia-inducible factor-lalpha gene is
associated with type 2 diabetes in Japanese. J Clin
Endocrinol Metab 90:5841-5847, 2005
Richardson,RS, Noyszewski,EA, Kendrick KF,
Leigh,JS, Wagner,PD: Myoglobin O2 desaturation
during exercise. Evidence of limited O2 transport.
J Clin Invest 96:1916-1926, 1995

Hoier,B, Hellsten,Y: Exercise-induced capillary
growth in human skeletal muscle and the dynamics
of VEGF. Microcirculation 21:301-314, 2014
Andersen,P, Henriksson,J: Capillary supply of the
quadriceps femoris muscle of man: adaptive
response to exercise. J Physiol 270:677-690, 1977
Ingjer,F: Effects of endurance training on muscle
fibore ATP-ase activity, capillary supply and
mitochondrial content in man. J Physiol 294:419-
432, 1979

Creager,MA, OlinJW, Belch,JJ, Moneta,GL,
Henry,TD, Rajagopalan,S, Annex,BH, Hiatt, WR:
Effect of hypoxia-inducible factor-lalpha gene
therapy on walking performance in patients with
intermittent claudication. Circulation 124:1765-
1773,2011

Koh,MY, Spivak-Kroizman,T, Venturini,S,
Welsh,S, Williams,RR, Kirkpatrick,DL, Powis,G:
Molecular mechanisms for the activity of PX-478,
an antitumor inhibitor of the hypoxia-inducible
factor-1alpha. Mol Cancer Ther 7:90-100, 2008
Palayoor,ST, Mitchell,JB, Cerna,D, Degraff,W,
John-Aryankalayil,M, Coleman,CN: PX-478, an
inhibitor of hypoxia-inducible factor-lalpha,
enhances radiosensitivity of prostate carcinoma
cells. Int J Cancer 123:2430-2437, 2008

Sun,K, Halberg,N, Khan,M, Magalang,UJ,
Scherer,PE: Selective inhibition of hypoxia-
inducible factor lalpha ameliorates adipose tissue
dysfunction. Mol Cell Biol 33:904-917, 2013



DIABETES

FUNDING

This work was supported by the Ministerium fiir
Wissenschaft und Forschung des Landes Nordrhein-
Westfalen (Ministry of Science and Research of the State
of North Rhine-Westphalia), the Bundesministerium fiir
Gesundheit (Federal Ministry of Health), and the German
Academic Exchange Service (Project No 57068553).
K.Eckardt is  supported by the  Deutsche
Forschungsgemeinschaft (EC 440/1-1, EC 440/2-1). The
MyoGlu study was supported by grants from Institute of
Basic Medical Sciences, UiO, Helse Ser-@st, Johan
Throne-Holst Foundation for Nutrition Research, Freia
Medical Research Foundation and EU-financed FP7
project, NutriTech grant agreement no: 289511.

ACKNOWLEDGMENT

We thank A. Heck and B. Nellemann for taking the
biopsies and A.R. Enget, A. Kielland, K.J. Kolnes, D.S.
Tangen, T.I. Gloppen, T. Dalen, H. Moen, M. A. Dahl, G.
Grothe, E. Johansen, K.A. Krog, O. Skattebo and E.N.
Rise for being responsible for and helping out on
different aspects of the human strength and endurance
intervention. The technical assistance of Andrea Cramer,
Marlis Koenen and Anne Randi Enget and the secretarial
assistance of Birgit Hurow are gratefully acknowledged.

CONTRIBUTION STATEMENT

SWG contributed to the concept, acquired, analyzed and
interpreted data, wrote the manuscript and had the main
responsibility together with JE. KE, MH, JF, FN, TH, SL,
TML, KIB, and CAD performed research and contributed
to analysis and interpretation of data. JE and KE
contributed to the concept, analysis of the data, and the
discussion and revision of the manuscript. All authors
approved the final version of the manuscript.

102

STUDY 6



DIABETES STUDY 6

Supplement

a) b) c)
IRB | s — MHC total | e— - Myogenin -
tubulin tubulin tubulin
3 25, 5 20 - = 3- *
2 " 2 . 2
k: 20 % 15 %
[= = = 24
= 15 * = x E
° < 10 4 2
P o
2 104 [ B
£ - c 14
2 & |_'I'_I £ 5 Z
= = @
e o I I
e — I —
x 0 T T T T = 0 T T T T = 0 T T T T
= 0 2 4 6 0 2 4 6 0 2 4 6
day of differentiation day of differe ntiation day of differe ntiation

Supplement Figure 1: Differentiation of primary human skeletal muscle cells. (a - c¢) Primary human skeletal muscle cells were
differentiated for the indicated time points and insulin receptor subunit § (IR-53), total myosin heavy chain (MHC) and myogenin protein levels
were analyzed by Western Blot. Data are mean values + SEM, n= 5, * p<0.05 vs. day 0. AU = arbitrary units. Representative photos were taken
at day 0, day 2, day 4 and day 6 following start of the differentiation process.
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Nr. Gene symbol Protein name Shortname Foldvs.EPS21%0,
1 IL6 Interleukin 6 IL-6 14.89 (18.66)*
2 VEGFA Vascularendothelial growth factor A VEGF-A 8.99 (¥2.11)*
3 CXCL12 Stromal cell-derived factor 1 SDF-1 5.06 (£4.92)
4 CXCL9 Monokine induced by interferon-gamma MIG 3.64 (£2.53)
5 IL8/CXCLS Interleukin 8 IL-8 2.31(0.37)*
6 CXCL1/CXCL2/CXCL3Growth-regulatedalpha protein alphalbetal deita GRO 2.06 (+0.33)*
7 LTA Tumer necrosis factor alpha TNFR 2.03(£1.33)
8 OSM Oncostatin M OSM 1.96 (+0.58)
9 CXCL1 Growth-regulatedalpha proteinalpha GRQa 1.94 (£0.37)*
10 IL1A Interleukin 1 alpha IL-1a 1.64 (£0.37)
11 IFNG Interferon gamma IFNy 1.55 (+0.64)
12 CCL17 Thymus and activation-regulated chemokine TARC 1.54 (£0.67)
13 CCL2 Monocyte Chemoattractant Protein 1 MCP-1 1.47 (£0.20)
14 CSF1 Macrophage colony-stimulating factor M-CSF 1.45 (0.39)
15 KITLG Stem cell factor SCF 1.42 (+0.53)
16 IL2 Interleukin 2 IL-2 1.35 (+0.39)
17 TNFSF14 Tumor necrosis factor ligand superfamily member 14 LIGHT 1.22(£0.58)
18 CCL5 Regulated on activation, normal T cell expressedand secreted RANTES 1.21(£0.16)
19 IL1B Interleukin 1 beta IL-18 1.16 (£0.23)
20 IL10 Interleukin 10 IL-10 1.10(x0.11)
21 HGF Hepatocyte growth factor HGF 1.08 (£0.20)
22 FGF9 Fibroblastgrowth factor 9 FGF-9 1.03 (+0.30)
23 CCL23 CK-beta-8 CKB-8 1.02 (x0.31)
24 TIMP1 Tissue inhibitor of metalloproteinases 1 TIMP-1 1.02 (£0.32)
25 TGFB2 Transforming growth factor-beta 2 TGFR-2 1.00 (x0.21)
26 IL3 Interleukin 3 IL-3 0.97 (£0.14)
27 BDNF Brain-derived neurotrophic factor BDNF 0.95(£0.15)
28 GDNF Glial cell line-derived neurotrophic factor GDNF 0.92 (£0.24)
29 TNF Tumor necrosis factor alpha TNFa 0.90 (£0.36)
30 LIF Leukemia inhibitory factor LIF 0.90 (£0.26)
31 Ppbp Neutrophil activating peptide 2 NAP-2 0.89 (+0.13)
32 IGFBP1 Insulin-like growth factor binding protein 1 IGFBP1 0.89 (£0.08)
33 PGF Placental growth factor PLGF 0.85 (£0.22)
34 CCL4 Macrophage inflammatory protein 1 beta MIP-1R 0.83 (X0.05)*
35 TIMP2 Tissue inhibitor of metalloproteinases 2 TIMP-2 0.83 (£0.23)
36 CXCL10 Interferon gamma-induced protein 10 IP-10 0.79 (£0.23)
37 IGFBP2 Insulin-like growth factor binding protein 2 IGFBP2 0.78 (X0.05)***
38 IL16 Interleukin 16 IL-16 0.78 (£0.08)*
39 NTF3 Neurotrophin 3 NT-3 0.77 (£0.11)
40 CCL24 Eosinophil chemotactic protein 2 Eotaxin-2 0.75 (X0.06)**

mean (+sem)
Supplement Figure 2: List of all detectible cytokines. Supernatants of EPS-treated myotubes cultured at 21% or 7% O, were collected after

24 h and analyzed as described in Material and Methods.
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Supplement Figure 3: Up-regulation of HIF-1a by COCIl, enhanced insulin signaling: (a and b) Quantification and representative Western
Blot images show HIF-1a protein level and Akt(Ser473) phosphorylation of untreated cells (control) or after treatment with 300 nM cobalt
chloride (COCl,) for 24 h followed by insulin stimulation (100 nM) for 10 min. Data are normalized to -actin and expressed relative to control.
Data are mean values £ SEM, n=4, ***p<0.0001 as indicated.
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Supplement Figure 4: Knock-down of HIF-1a does not influence insulin receptor B-subunit or 14-3-3 protein abundance: (a and b)
Quantification and representative Western Blot images show insulin receptor B-subunit and 14-3-3 protein levels of untreated cells (control) or
after treatment with 40 nM AllStars Negative Control siRNA (scramble) or HIF-1a siRNA (siHIF-1a). Data are normalized to B-actin and
expressed relative to control. Data are mean values + SEM, n=5.
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Supplement Figure 5: Knock-down of HIF-lo does not influence EPS-induced AMPKa phosphorylation or IL-6 secretion: (a)
Quantification and representative Western Blot images show phosphorylation of AMPKa of untreated cells (control) or after treatment with
40 nM AllStars Negative Control siRNA (scramble) or HIF-1a siRNA (siHIF-1a), with or without EPS treatment for 24 h. Data are normalized
to B-actin and expressed relative to control. Data are mean values + SEM, n=5, *p<0.05, vs. corresponding control. (b) IL-6 levels in the
supernatants were measured by human IL-6 ELISA. Data are normalized to total protein level. Data are mean values £ SEM, n=5, **p<0.005,
vs. corresponding control.
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3 General Discussion

3.1 Identification and characterization of novel contraction-induced
myokines

It is well accepted that physical activity exerts multiple beneficial effects on the prevention of
chronic diseases, both due to an improved energy balance and due to effects independent of
obesity. Recently, a novel research concept has been suggested that proposes the skeletal
muscle as an endocrine organ releasing so-called myokines, which might in part be
responsible for the beneficial effect of exercise on health (2;190;201). Several myokines are
known to have both local and endocrine functions, however, in many cases the contribution of
physical activity to systemic levels of these molecules remains incompletely unexplored. For
providing a relevant contribution to answer this open question we aimed to identify myokines
released by contracting myotubes followed by in vitro characterization. Finally, we analyzed
the impact of exercise on systemic levels. In the present thesis, we identified and
characterized two novel exercise-regulated myokines, namely follistatin-like protein 1 (Fstll)
and chitinase-3-like protein 1 (CHI3L1), which are produced, expressed and released by
skeletal muscle. Our findings may provide a better understanding for the endocrine role of the
skeletal muscle producing and releasing myokines, which potentially influence skeletal
muscle metabolism itself and/or contribute to regulate the functions of other tissues in an

inter-organ crosstalk.

The following chapter will provide a summary of some of the major findings and associate
them to the context of recent findings. I will briefly introduce Fstll as an exercise-regulated
myokine followed by a more detailed statement about the novel myokine CHI3L1 and its

functions on skeletal muscle homeostasis.
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3.1.1 Follistatin-like protein 1

Fstll is the smallest member of the SPARC protein family and a secreted glycoprotein of 45-
55 kDa that, despite limited homology, has been grouped into the follistatin family of proteins
(236). Recently, Kenneth Walsh has identified Fstll as a novel myokine (237). Myogenic Akt
signaling or ischemic hind limb surgery led to the induction of Fstll in murine skeletal muscle
and increased circulating levels of Fstll (237). However, the expression and secretion of Fstll
by human skeletal muscle cells as well as the impact of exercise on circulating Fstll levels

have not yet been investigated.

Applying RT-PCR, Western Blot and ELISA analyses of supernatant our data clearly
demonstrate that Fstll is expressed and secreted by human skeletal muscle cells (238). In
addition, Fstll expression and secretion is up-regulated during differentiation and pro-
inflammatory cytokines like interferon gamma (IFNy) and interleukin 1 beta (IL-18)

significantly induce Fstll secretion.

Similar to exercising skeletal muscle in vivo, electrical pulse stimulation (EPS) induced
contractile activity in human skeletal muscle cells in vitro as well as activation of AMPK and
induction of IL-6 secretion (189). Furthermore, EPS of human skeletal muscle cells results in
clearly visible contraction and formation of striated patterns typical of sarcomeric structures,
as visualized by immunofluorescence staining of a-actinin and electron microscopy (figure 4).
However, electrical pulse stimulation (EPS) of primary human myotubes revealed no

regulation of Fstl1 expression by in vitro contraction.

In contrast, we demonstrated that an acute bout of exercise performed by healthy young men
increased Fstll serum levels significantly (238). Plasma Fstll concentration increased from
16.9£3.5 ng/ml pre-exercise to 20.1£3.1 ng/ml immediately after exercise. Additionally,
Norheim et al. observed a significant increase of Fstll mRNA expression in m. vastus
lateralis and m. trapezius after 11 weeks of strength training (239). Taken together, these data
indicate that Fstll is regulated by exercise in vivo, but future studies are necessary to
demonstrate whether the contracting skeletal muscle itself is the source of elevated circulating

levels during exercise.
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control 8 h of EPS 24 h of EPS

Figure 4: Effect of EPS on sarcomere structure assembly in human skeletal myotubes. a) The
cells were fixed and analysed for localization of sarcomeric a-actinin without (control), and after 8 (b) and 24 h
(c) of EPS (1 Hz, 2 ms, 11.5 V) by immunofluorescence staining. Red, sarcomeric a-actinin; green, sytogreen.
Magnificationx100. Sarcomeric a-actinin was evenly distributed in the cytoplasm without EPS (a). Sarcomeres
became rapidly visible after EPS, with (b, ¢) Z-lines appearing as a series of red lines. These findings were
confirmed by electron microscopy (d—f). Magnificationx10,000. MT, mitochondria; N, nucleus. Adapted from
(183).

Based on data by Ouchi et al. who observed increased Akt phosphorylation in endothelial
cells after adenoviral transduction with Fstll (237) we hypothesized that Fstll might have an
insulin-sensitizing effect. Akt is required for the insulin-induced translocation of GLUT4 to
the plasma membrane. Furthermore, glycogen synthase kinase 3 (GSK-3) is inhibited upon
phosphorylation by Akt, which results in increased glycogen synthesis. Therefore, Akt is an
important determinant of skeletal muscle glucose metabolism regulated by insulin. However,
treatment of human myotubes with different concentrations of recombinant Fstll had no
effect on basal or insulin-stimulated Akt or GSK-3 phosphorylation (238). Despite using
recombinant Fstll proteins obtained from three independent companies we observed no

effect. In contrast, Shimano et al. demonstrated that treatment of cardiac myocytes with
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recombinant Fstl enhanced AMPK and ACC phosphorylation in a dose- and time dependent
manner (240).

It might be speculated that increased Fstll serum levels after exercise may be involved in
further activation of AMPK in target tissues and enhance downstream signaling. It has been
shown that Fstll also promotes endothelial cell migration and differentiation into vascular-
like structures and hence could support enhanced vascularization of skeletal muscle after
exercise (237). It is well accepted that increased skeletal muscle vascularization is associated
with improved glucose tolerance and insulin sensitivity (241). We identified Fstlll to be an
exercise-regulated myokine which is increased in serum levels after acute exercise and

suggest that it may contribute to the health benefits associated with physical activity.
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3.1.2 Chitinase-3-like protein 1

In a search for new bone proteins, the glycoprotein CHI3L1 was identified in 1989 to be
secreted in vitro in large amounts by the human osteosarcoma cell line MG63 (242;243). The
protein is also named YKL-40 based on its three N-terminal amino acids tyrosine (Y), lysine
(K) and leucine (L) and its molecular weight of 40 kDa (242). In the last few years there have
been a growing number of publications concerning CHI3L1/YKL-40, which is complicated
by the fact that the protein has several names including CHI3L1, YKL-40, human cartilage
glycoprotein-39 (HC gp39), breast regressing protein 39 Kd (brp-39), 38-kDa heparin-binding
glycoprotein (gp38k), Chondrex, and 40 kDa mammary gland protein (MGP-40) (244). In this
thesis the protein is named CHI3L1.

Molecular mechanism leading to CHI3L1 production

In 1997 the human gene encoding CHI3L1 was isolated (245). It is assigned to chromosome
1q31-q32, consists of 10 exons and spans about 8§ kilo bases of genomic DNA (245). There
are probably two independent transcription start sites and the promotor sequence contains
binding sites for several known factors such as PU.1, Spl, Sp3, USF, AML-1 and C/EBP
proteins (245). It was further described that the Sp1-family transcription factors seem to have
a predominant role in controlling CHI3L1 promotor activity (246). The transcriptional up-
regulation of CHI3L1 during human macrophage differentiation has been described (246). In
addition, we demonstrated that CHI3L1 transcription is also down-regulated during human
skeletal muscle differentiation (247). Interestingly, it has been shown that differentiation of
skeletal muscle cells and MyoD down-regulate Sp1 (248). Therefore, the down-regulation of
CHI3L1 is potentially related to down-regulation of Spl during myogenesis leading to
decreased CHI3L1 promoter activity and hence decreased CHI3L1 levels in myotubes. In
addition, the expression of CHI3L1 is regulated by various cytokines and hormones, including
IL-6, IL-13, IFNy, vasopressin, and parathyroid hormone-related protein (249). The
inflammatory cytokines TNF-a and IL-18 also stimulate the expression of CHI3L1 in articular
chondrocytes (250). Furthermore, the constitutive expression and secretion of CHI3L1 is
controlled by NF-«B activity in chondrocytes (250). Additionally, the authors have described
an active binding site for NF-kB in the human CHI3L1 promotor region (250). In line with
these findings, Baht et al. have shown that CHI3L1 expression is regulated by TNFa-

stimulated NF-kB activation in different cancer cell lines (251). TNFa causes recruitment of
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the p65 and p50 subunits of NF-xB to the CHI3L1 promotor in all cell types (251). In
accordance, we demonstrated that CHI3L1 expression and enhanced secretion are controlled
by NF-kB activity in primary human skeletal muscle cells (247). Taken together, CHI3L1
transcription is regulated by a variety of pro-inflammatory cytokines and these mechanisms
may contribute to the dysregulation of CHI3L1 seen in a number of human diseases

characterized by acute or chronic inflammation and tissue remodeling.

Systemic levels

There is no established normal range for circulating CHI3L1 in healthy humans (252). Several
studies have used serum CHI3L1 with maximum value set at the 95% percentile. The two
largest studies of healthy subjects both agree on a maximum serum value around 125 ng/mL
(252). In another study the value was higher but the controls in this study were older when
compared to the two other studies (253). Since CHI3L1 increases with age, it is important to
compare CHI3L1 with an age-corrected CHI3L1 scale (243;254). The currently published
levels of circulating CHI3L1 can differ between comparable patient populations which could
be related to the use of either plasma or serum samples. Several studies have reported
significantly higher CHI3L1 values in serum compared to plasma (255). The difference is
probably caused by a small release of CHI3L1 from activated neutrophils during coagulation

(249). Moreover, the use of different immunoassays can give different CHI3L1 levels.

Increased circulating levels of CHI3L1 in plasma or serum samples have been found in
different cancer types, diabetes mellitus, pulmonary, and chronic inflammatory, pulmonary
and acute infectious diseases (256). Circulating CHI3L1 levels are a predictor of all-cause
mortality in the elderly and have a significant association with rates of overall and
cardiovascular mortality (257). Several studies have documented elevated CHI3L1 levels in
both patients with type 1 and type 2 diabetes (T2D) independent of body mass index (BMI),
and CHI3L1 is associated with increasing albuminuric levels as a measure of impaired kidney
function (258-260). It is interesting that a recent study demonstrated identically increased
CHI3LI levels in patients with T2D with or without ischemic heart disease (IHD), and in
patients with IHD alone (261). This indicates that probably the underling vascular disease and
not the diabetes could cause elevated CHI3L1 levels (261). In addition, circulating CHI3L1
has been demonstrated to be associated with degree of obesity and CHI3L1 decreased after
weight loss (258). In line with these findings, we observed a positive correlation between

adipose tissue CHI3L1 mRNA expression and circulating levels (unpublished data).
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Moreover, the expression of adipose tissue CHI3L1 mRNA positively correlates with BMI
and weight, whereas skeletal muscle CHI3L1 mRNA expression shows no correlation with
any maker of obesity (unpublished data). Finally, circulating CHI3L1 levels positively
correlate with BMI and weight (unpublished data). These data indicate that adipose tissue
may contribute to systemically elevated circulating levels of CHI3L1 in conditions of obesity.
Moreover, expansion of the visceral adipose tissue may contribute to increased inflammation
within the tissue (144). This could be due to an accumulation of macrophages within adipose
tissue, in particular the hypertrophic type of obesity, which is associated with reduced
production of the anti-inflammatory factor adiponectin (144). The number of macrophages
within adipose tissue has been shown to correlate with insulin resistance, indicating a link

between inflammation, insulin resistance and T2D (144;262).
Sources of CHI3L1

Several different cell types of ectodermal, mesodermal, and endodermal origin express
CHI3L1 mRNA and protein in vitro and in vivo under specific conditions (263).
Macrophages, neutrophils, chondrocytes, fibroblast, vascular smooth muscle cells, endothelial
cells, hepatic cells as well as colonic, ductal, and airway epithelia cells have been shown to
express CHI3L1 (249). CHI3L1 is not expressed in monocytes and marginally expressed in
monocyte-derived dendritic cells, but is strongly induced at late stages of macrophage
differentiation (246). In vivo CHI3L1 mRNA and protein expression are found in a
subpopulation of macrophages in different tissues with inflammation and extracellular matrix
remodeling, e.g. macrophages in inflamed synovial membranes from patients with rheumatoid
arthritis or osteoarthritis express high levels of CHI3L1 mRNA and protein (264;265). In
addition, CHI3L1 expression in cells of the stroma vascular fraction originating from visceral
adipose tissue 1is higher compared to those from subcutaneous adipose tissue.
Immunofluorescence staining revealed that CHI3L1 is exclusively expressed in macrophages
among stroma vascular fraction cells and is not expressed by adipocytes (266). Recently, we
added human skeletal muscle cells to the list of cell types which express and release CHI3L1
(247). Interestingly, CHI3L1 levels decline during skeletal muscle differentiation but
inflammatory cytokines or mechanical stress strongly induce CH3L1 expression (247;267). In
conclusion, CHI3L1 is derived from different cells types and tissues and is regulated by a
variety of physiological and pathophysiological conditions indicating that the induction and

function of CHI3L1 seems to be restricted to a local auto-/paracrine function.

113



GENERAL DISCUSSION

Sources of contraction-induced CHI3L1

Our data clearly demonstrated that CHI3L1 is a novel myokine, produced, expressed, and
released by human skeletal muscle cells (267). Furthermore, we show that circulating CHI3L1
was increased after acute exercise in three independent exercise studies (267). Also skeletal
muscle CHI3L1 mRNA expression was strongly up-regulated after a single bout of exercise
(267). To further validate CHI3L1 as a contraction-induced myokine we analyzed its
regulation in vitro by using our well-established EPS model for human skeletal muscle cell
contraction. The finding that CHI3L1 is released from differentiated contracting myotubes in
culture supports the notion that CHI3L1 is indeed a contraction-regulated myokine. These
observations are in accordance with a very recent study showing that marathon running
increased the levels of circulating CHI3L1 (268). In contrast, Johansen et al. observed no
effect on serum CHI3L1 levels after physical exercise at moderate intensity for 20 min (269).
It is possible that a higher intensity and/or a longer duration are necessary for the induction of
elevated plasma CHI3L1 levels in response to acute exercise. Interestingly, unpublished data
show that heavy exhausting exercise strongly induces circulating CHI3L1 levels. These data
support the notion that the intensity and/or the duration of exercise are important determinants

for the increase of circulating CHI3L1.

Table 1. Effect of acute exercise on plasma CHI3L1 in humans

Type of Pre-exercise Post-exercise  Increase

Literature exercise Duration Intensity (mean + sem) (mean + sem) (%)

Gorgens SW et

al. 2015 (tuy 4 bicycling 45 min T0% VO max 19.1+ 1.8 ng/ml 223124 ng/ml 16 %

Vuolteenaho K

et al 2014 @62 marathon run 320—-342h ND 63.2+93 ng/mi 99.2+ 112 ng/ml 56 %

Shown is the relation between exercise mode (bicycling and marathon running), exercise duration, and plasma
CHI3L1 increase (fold change from pre-exercise level in percentage). N/D = no data.

Table 1 summarizes all available human exercise studies that measured CHI3L1 in plasma

before and after exercise. These data indicate that the response of CHI3L1 to exercise is
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sensitive to the exercise duration. The strongest effect was observed after bicycling until
exhausting, which lasts in some cases up to 2.5 hours. In addition, marathon running which

lasts several hours was also a strong stimulus for the increase in circulating CHI3L1.

The CHI3L1-response is also sensitive to the exercise intensity, which indirectly represents
the muscle mass involved in the contractile activity. Since our in vitro data demonstrated that
the contracting myotube per se is a source of CHI3L1, it is not surprising that bicycling,
which involves several large muscle groups of the lower extremities, seems to be the type of
exercise in which the most prominent CHI3L1 increase has been found. In addition, we
observed that the increase of plasma CHI3L1 levels positively correlates with the increase of
plasma IL-6. Recently, we published that IL-6 is able to induce CHI3L1 production in human
skeletal muscle cells (247). In addition, Nielsen et al. observed that IL-6 but not TNFa
infusion increased plasma levels of CHI3L1 in healthy young men (270). It is known that
exercise duration is the single most important factor determining the post-exercise IL-6
plasma amplitude (271). Therefore, it could be possible that the increase of IL-6 after exercise

indirectly enhances skeletal muscle-derived CHI3L1 release.

Biological role of CHI3L1

CHI3L1 is a secreted glycoprotein suggesting that its sites of actions are most likely to be
extracellular (272). The protease activated receptor 2 (PAR-2) has been proposed as a specific
cell-surface receptor for CHI3L1 (272). The biological function of CHI3L1 is not yet clear but

several possible functions, especially growth promoting properties, have been proposed (249).

In vitro studies have shown that CHI3L1 in physiological concentrations increases
proliferation of guinea pig chondrocytes, rabbit chondrocytes and synovial cells, and that
CHI3L1 increases proteoglycan synthesis of guinea pig and rabbit chondrocytes (273).
Recklies et al. found that CHI3L1 increased growth rates of three fibroblastic cell lines
derived from human osteoarthritic synovium, fetal lung and adult skin (274). The magnitude
of the response of CHI3L1 stimulation on synovial cells and skin fibroblast on incorporation
of [H*]thymidine into cellular DNA was similar to that elicited by insulin-like growth factor 1
(IGF-1), and CHI3L1 and IGF-1 work synergistically in stimulating the growth of fibroblasts
(274). CHI3LI initiates MAP kinase and PI-3K signaling cascades in fibroblasts leading to
phosphorylation of both ERK1/2 MAP kinase and Akt-mediated signaling cascade, which are
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associated with control of mitogenesis (274). This suggests a role of CHI3L1 as an anti-
apoptotic protein (274). The PI-3K pathway, and in particular the phosphorylation of Akt, is
strongly associated with cell survival (275). In the beginning of 2012, Bara et al. proposed
that PAR-2 could be a potential receptor for CHI3L1. They demonstrated that CHI3L1
increased bronchial smooth muscle cell proliferation and migration through PAR-2, Akt-,
ERK-, and p38-dependent mechanisms (272). In addition, Liu et al. found that CHI3L1
increased mRNA and protein expression of mucinSAC in a dose- and time-dependent manner,
in association with phosphorylation of ERK and NF-kB reflecting their activation (276).
These responses were significantly suppressed by knockdown of PAR-2 with specific small

interfering RNA (276).

Protease-activated receptors (PARs) comprise a family of receptors (PAR-1, PAR-2, PAR-3
and PAR-4) that are uniquely activated by the proteolytic cleavage of their extracellular
portion (277). This cleavage unmasks a new N-terminus, which serves as a tethered ligand
that binds to the second extracellular domain of the protein resulting in a variety of cellular
responses (278). PAR-2 can be activated by tryptase and trypsin, but not thrombin.
Experimentally, PAR-2 can also be activated by synthetic peptides that mimic the neo-amino
terminus of the cleaved receptor (279). Such agonist peptides are useful for the study of PARs
without using proteases that also have biological functions unrelated to PAR activation. Once
activated, PAR-2 can elicit a variety of cellular responses through multiple signaling cascade

pathways (280).
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Figure 5: Different mechanisms of PAR-2 activation: Proteases cleave the peptide bond, liberating the new N-terminus,

which then serves as a tethered ligand that binds to the receptor thereby triggering transmembrane signaling. In addition, a
synthetic peptide corresponding to the tethered ligand for PAR-2 specifically activates PAR-2 in the absence of proteases.
PAR-2, protease-activated receptor; (modified from (274))

PAR-2 has been proposed to be important in inflammation and proliferation processes (281-
286). Based mainly on the properties of exogenous peptide agonists together with some
knockout mouse studies, activation of PAR-2 has been predicted to be pro-inflammatory in
arthritis (287-290), pancreatitis (291;292), gastric and kidney cells (293-296). One the other
hand, PAR-2 activation also triggered anti-inflammatory effects in airways inflammation
(297-299). Increased expression of PAR-2 associated with proliferation has been found in
many types of cancer cells (300;301). In 2000, Chinni et al. demonstrated for the first time
that PAR-2 is expressed by murine skeletal muscle cells both in vivo and in vitro (302).
Furthermore, they show that activation of PAR-2 leads to stimulation of myoblast
proliferation (302). In line with these findings, our data clearly demonstrate that PAR-2 is also
expressed in human skeletal muscle cells. Therefore, we hypothesize that muscle-derived

CHI3L1 increased after exercise may be related to induction of myoblast proliferation via

PAR-2 signaling.
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Muscle-derived CHI3L1 promotes myoblast proliferation

Our data have shown that CHI3L1 is primarily expressed by myoblasts and not by mature
myotubes (247). Thus, it seems that CHI3L1 has the potential to affect satellite cells or

myoblasts rather than mature muscle fibers.

The ability for skeletal muscle regeneration in response to exercise, injury or diseases is of
crucial importance (303). Skeletal muscle regeneration depends on the addition of new
myonuclei by activation, proliferation, and fusion of satellite cells to adult skeletal muscle
fibers (304-306). Satellite cell myogenesis is a complex process that begins with the
commitment of an embryonic precursor to the myogenic lineage followed by the proliferation
of these committed myoblasts, the differentiation of myoblasts, and finally fusion of several
myoblasts to form a multinucleated myotube (307 ;308). The myotube matures and becomes
specialized for its particular function with the contractile apparatus and forms the myofibre.
The common hypothesis is that satellite cells in mammals are derived from somites, transitory
mesoderm-derived structures formed in pairs on either side of the neural tube (307;308).
Somites then differentiate into dermomyotome and sclerotome, and mesodermal cells become
specified as skeletal muscle (309;310). The process of satellite cell myogenesis is controlled
by several myogenic transcription factors (muscle regulatory factors, MRFs) (308). Paired-
box protein 7 (Pax7) maintains a population of quiescent satellite cells and together with
myogenic factor 5 (Myf5) plays a determining role in the expansion and activation of
myoblasts (308;311;312). When satellite cells are activated they rapidly raise the expression
of myoblast determination protein (MyoD) (313). Afterwards, myogenin and myocte
enhancer factor 2 (Mef2) drive the differentiation and fusion to form a multinucleated
myotube together with a variety of regulatory and structural muscle genes typical for skeletal
muscle myocytes (313;314). Finally, muscle-specific regulator factor 4 (Mrf4) acts as a
myogenic determination factor and is necessary for the hypertrophy of the growing myofiber

(311). This highly ordered sequence of different transcription factors is illustrated in figure 6.
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Figure 6: Scheme of satellite cell myogenesis and transcription factors typical for each stage. Satellite cells are quiescent
in adult muscle and can be activated by several stimuli. Once activated, satellite cells divide to produce satellite cell-derived
myoblasts that further proliferate before committing to differentiation and fusing to myotubes, which then mature into
myofiber. Pax7 and Myf5 transcription factors are expressed in quiescent and activated satellite cells. MyoD is highly
expressed in proliferative myoblast, whereas myogenin later marks the commitment of differentiation. Finally, the expression
of Mrf4 is typical for the late stage of satellite cell myogenesis and promotes the maturation and hypertrophy of the growing

muscle myofiber. Adapted from (315) and (316) with own modifications.

Maintenance of the balance between satellite cell differentiation and self-renewal is required
for muscle homeostasis (303). A defect in self-renewal ability leads to a decrease in satellite
cell number, resulting in depletion of the satellite cell pool as well as in reduced muscle
regeneration capacity (303). Molecules released from skeletal muscle itself have been shown
to increase satellite cell and myoblast proliferation (193;214). Here, we show that muscle-
derived CHI3L1 induced p44/42, p38 MAPK and Akt signaling resulting in enhanced
myoblast proliferation. Recently, we have shown that CHI3L1 signals via PAR-2 in human
skeletal muscle cells (247). Indeed, using a specific PAR-2 antagonist we were able to
completely abolish CHI3L1-induced p44/42, p38 MAPK and Akt activation. In line with our
results, Bara et al. demonstrated that CHI3L1 increased bronchial smooth muscle cell
proliferation and migration through PAR-2-, Akt-, p44/42-, and p38-dependent mechanisms
(272). As activation of p44/42 has been closely associated with cellular proliferation and
protein synthesis, it is tempting to speculate that the p44/42 pathway is critically involved in

mediating the enhanced myoblast proliferation induced by CHI3L1. These observations are in
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accordance with previous studies showing that activation of PAR-2 mediates proliferative
responses in murine skeletal muscle cells (302). Thus, the possibility exists that proliferative
effects of CHI3L1 on myoblasts are closely linked to a role of CHI3L1 in muscle repair and

regeneration.

In conclusion, depending on the type and duration of exercise, muscle adaptations may
involve processes such as muscle growth and regeneration. CHI3L1 is produced during
exercise and might contribute to muscle adaption following exercise by stimulating myoblast
proliferation, a process important for muscle hypertrophy and regeneration. In consequence,
we hypothesize that the function of CHI3L1, as a contraction-induced myokine, is that of a

mitogenic growth factor affecting nearby myoblast in a paracrine function (Figure 7).

v
@@ Activated satellite cell

Acute CHI3L1 increase
promotes myoblast proliferation

v

@ Proliferating myoblasts
=

l Differentiated myotubes

Figure 7: Skeletal muscle injury and repair. Satellite cells are muscle-resident stem cells which are located underneath the
basal lamina of myofibers and are normally quiescent. Upon muscle injury, e.g. induced by heavy exercise, satellite cells
become activated, start to proliferate as myoblasts, and subsequently fuse and differentiate into myotubes that later grow
thereby replacing damaged muscle. Acute induction of CHI3L1 by exercise or muscle damage promotes the proliferation of

myoblasts.
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The anti-inflammatory effect of CHI3L1/PAR-2

It is widely recognized that PAR-2 signaling is implicated in various pathological conditions
including chronic arthritis, inflammatory pain and colitis as well as skin disorders such as type
IV and contact dermatitis, as mentioned above (291;295;296;301). However, there are also
evidences supporting an anti-inflammatory role of PAR-2 signaling. A study by McIntosh et
al. has shown that activation of PAR-2 mediates inhibition of TNFa-stimulated JNK
activation by disrupting the binding of tumor necrosis factor receptor 1 (TNFR1) to receptor-
interacting serine/threonine-protein kinase 1 (RIP) and tumor necrosis factor receptor type 1-
associated DEATH domain (TRADD) in the human skin epithelial cell line NCTC2544 (317).
Nichols et al. have suggested that PAR-2-enhanced inflammatory processes are B-arrestin-
dependent, whereas the protective effect of PAR-2 may be B-arrestin independent (318). We
characterized CHI3L1 as a novel myokine which is up-regulated by exercise and pro-
inflammatory cytokines, and show its protective function regarding TNFa-induced
inflammation and insulin resistance in primary human skeletal muscle cells (247;267).
Recklies et al. have shown that CHI3L1 reduces TNFa- and IL-1B-mediated activation of p38
and SPAK/JINK MAPKs as well as cytokine-induced MMP1, MMP3 and IL-8 production in
fibroblasts (274). However, they did not observe effects on TNFa-induced NF-xB activation.
In our studies using primary human skeletal muscle cells, we report that CHI3L1 inhibits
TNFa-induced NF-«kB activation as shown by p65 phosphorylation. In addition, we clearly
demonstrate that the effect of CHI3L1 on TNFa-induced NF-kB activation is PAR-2-
dependent. However, the exact mechanism by which CHI3L1 activates PAR-2 is still

unknown.

The physiological response of most cell types to TNFa involves enhanced production of
cytokines such as IL-6, IL-8 and MCP1 which play a key role in inflammatory processes
associated with conditions of insulin resistance (319). We demonstrate that treatment of
human skeletal muscle cells with TNFa in the presence of CHI3L1 for 24 h prevents the
inflammatory response induced by TNFa. In addition, we show that CHI3L1 protects skeletal
muscle cells from TNFa-induced insulin resistance. It is has been demonstrated before that
stimulation of primary human skeletal muscle cells with TNFa can directly induce insulin
resistance (319;320). This effect can be inhibited by blocking the NF-«B signaling pathway
(321). Based on our data we suggest that the effects of CHI3L1 on TNFa-induced responses
are explained by activation of PAR-2 resulting in impaired TNFa downstream signaling and
thus reduced NF-kB signaling. The induction of CHI3L1 in response to inflammatory
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cytokines provides a negative feedback loop to control the action of TNFa, and thereby to
locally reduce the inflammatory response in skeletal muscle. High TNFa concentrations
induce insulin resistance in skeletal muscle and impair whole-body glucose sensitivity in
humans. Thus, the identification and characterization of novel molecules which are able to
reduce TNFa-mediated inflammation will certainly be an important approach to prevent the
development of peripheral insulin resistance. In conclusion, the novel myokine CHI3LI is
induced by pro-inflammatory cytokines as well as exercise and counteracts TNFa-mediated
inflammation and insulin resistance in human skeletal muscle. CHI3L1 acts via a PAR-2-
dependent mechanism potentially in an auto- and/or paracrine way. Hence, we suggest
CHI3L1 to be an auto-protective factor that is induced to protect skeletal muscle from a

negative impact of TNFa.

Q CHI3L1

CHI3L
IL-6
MCP-1
IL-8

Figure 8: Proposed model for the negative-feedback control of TNFo by CHI3L1 in human skeletal muscle cells.
TNFa binds to the TNFR1 thus leading to the activation of NF-KB that results in the enhanced expression of CHI3L1, IL-6,
MCP-1 and IL-8. Increased levels of CHI3L1 then activate PAR-2 signaling leading to the inhibition of TNFa-induced NF-
KB activation by an yet unidentified mechanism. This finally leads to a suppression of CHI3L1, IL-6, MCP-1 and IL-8
expression. Tumor necrosis factor receptor 1 (TNFR1); receptor-interacting serine/threonine-protein kinase 1 (RIP); tumor

necrosis factor receptor type 1-associated DEATH domain (TRADD); inhibitor of NF-kB (IKB); IKB kinase (IKK).
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In contrast to the observation that regular moderate exercise reduces chronic inflammation,
high intensive training causes a temporary depression of various aspects of immune function
and an increase in systemic inflammation for a certain post-exercise period (~3-24h) (322).
After a very intensive exercise such as marathon running, TNFa and IL-1p levels increase in
response to muscle damage (323;324). It is well established that muscle repair and
regeneration after acute muscle injury involves tissue-remodeling and growth-promoting local
inflammation (324). The initial inflammatory response is required for a positive outcome of
muscle repair (325). Hence, it is possible that CHI3L1 operates locally in skeletal muscle
tissue to induce myoblast proliferation and reduce inflammation, hereby providing a feedback
loop for skeletal muscle to regulate its own growth and regeneration for adaptation to

exercise.

123



GENERAL DISCUSSION

3.2 HIF-1a and skeletal muscle function

In this thesis experiments are presented that were performed to gain a better understanding of
the role of HIF-1a in skeletal muscle homeostasis, metabolism and function. This chapter will
give a brief summary of major findings and set them in context with recent literature. It will
finish with an outlook on current and future studies aimed to better understand the activity of

HIF-1a in skeletal muscle with regard to insulin action and glucose metabolism.
HIF-1a in skeletal muscle

Like in virtually all cells, skeletal muscle tissue is able to respond to hypoxia through the
HIF-1 pathway (87;88). Animal studies have demonstrated that 1 h of systemic hypoxia is
sufficient to increase HIF-1a protein expression in skeletal muscle (326). In accordance with
this, when leg oxygen delivery is impaired following blood flow restriction in humans, HIF-
la protein levels are known to be increased (327). In addition to this classical mode of
activation of HIF-la by hypoxia, evidence suggests that various cellular stimuli such as
cytokines, metabolites in the tricarboxylic acid cycle such as fumarate, reactive oxygen
species, and various kinase cascades activate HIF-1a even under normoxic conditions (328-
332). However, it is worth noting that the contribution of these regulators is only partially
understood and that their influence on HIF-1 stabilization is far less than the dramatic
induction caused by hypoxia (330; 331). One particular important aspect of skeletal muscle is
a high HIF-1a protein level even in normoxic conditions (92). Therefore, it is very plausible
that HIF-1 plays a critical role in the regulation of cellular functions not only at hypoxic
conditions, but also in conditions such as metabolic disturbance and inflammation. Insulin has
been shown to induce HIF-1a and its target gene expression in skeletal muscle cells under
normoxic conditions, indicating an involvement of HIF-la in mediating a part of insulin

action (99).

The normal tissue O, level in adult skeletal muscle, in general measured by direct
microelectrode analysis, varies between 1.8 to 10.5% depending on exact electrode placement
(333). Csete et al. have shown that both skeletal muscle satellite cell proliferation as well as
survival of mature muscle fibers was increased at more physiologic (6%) O, levels compared
to normal (21%) O, concentration used in most cell cultures (334). In addition, Storch et al.
have shown that myogenesis of primary fiber cultures after 5-azacytidine treatment was
enhanced at reduced O, levels compared to traditional cell culture O, conditions (335). By

using a combination of 7% O, and EPS we established and characterized a novel in vitro
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model for human skeletal muscle contraction at reduced oxygen levels resulting in improved
insulin sensitivity of the cells, which is accompanied by induction of HIF-1a. Taken together,
these observations indicate that the reduction of O, levels in vitro improves skeletal muscle
function and metabolism which may be partly explained by the more physiological O,
concentrations (2-11%) compared to the hyperoxic O, levels (20-21%) which are used in

traditional cell cultures.
Skeletal muscle HIF-1a expression in response to exercise

Physical exercise per se may also challenge muscle oxygen homeostasis (336). Accordingly,
an alteration in HIF-1 signaling is expected. In support of this increased HIF-la protein
expression in human skeletal muscle following an acute bout of normoxic exercise as reported
(327). In line with these results, we observed an increase in skeletal muscle HIF-1ao mRNA
expression after a single bout of normoxic endurance exercise. If a single bout of exercise is
associated with muscle hypoxia, it may be suggested that the repetition of exercise potentially
challenges muscle oxygen homeostasis even more. The effect of chronic exercise on skeletal
muscle function has been extensively investigated. Angiogenesis and alterations of metabolic
control are well-known adaptations to endurance training (337). HIF-1 may play a central role
in this setting, since HIF-1 modulates vascular endothelial growth factor as well as several
glycolytic enzymes (337). We demonstrated that 12 weeks training composed of two
endurance bicycle sessions and two whole-body strength-training sessions per week
significantly increased skeletal muscle HIF-1a. mRNA expression. In contrast, Lindholm et al.
demonstrated that HIF inhibitors (prolyl hydroxylase PHD1-3) are up-regulated in skeletal
muscle of elite endurance athletes (338). They propose that an up-regulation of these negative
regulators may lead to a subsequent attenuation of the HIF response, which may represent a
functional switch toward a higher capacity to activate the oxidative system in response to
endurance training. Moreover, a recent study shows that endurance training actually reduces
muscle HIF-1a signaling (339). In this study skeletal muscle biopsies were obtained from a
trained (5 days/week during 4 weeks) and untrained leg from the same human subject before
and immediately after a 3 hour two-legged knee extensor exercise bout, where legs exercised
at the same absolute workload. Interestingly, in the untrained leg the exercise bout induced an
increase of HIF-1a mRNA expression, whereas HIF-1oo mRNA levels were not altered at any
time point in the trained leg. These data could explain our observation that HIF-1o. mRNA
expression was increased after long-term exercise because the subjects in our study were

sedentary before the exercise intervention.
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Furthermore, in HIF-la null and wild-type mice, skeletal muscles were shown to respond
similarly to endurance training, suggesting that the HIF-1 pathway is not essential for
endurance training (92;339;340). To draw clear-cut conclusions regarding the effect of long-
term endurance exercise on the induction of HIF-1, future studies are needed to clearly clarify

if HIF-1a is essential for endurance training.

However, how does skeletal muscle respond to exercise in hypoxia if exercise 1is
superimposed and hence combines the effects of exercise and hypoxia on HIF-1 signaling?
Combining acute hypoxia and acute exercise results in higher HIF-1a protein expression than
with exercise alone (327). The effect of hypoxic exercise training on HIF-1a mRNA content
in human skeletal muscle has been investigated in two studies (341;342). Vogt et al.
demonstrated that HIF-1o. mRNA was increased by hypoxic but not by normoxic training
measured in muscle biopsies obtained 24 h after the last exercise stimulus. In accordance, we
show that HIF-1a protein levels were elevated in the combined setting of reduced O, level
and EPS, whereas EPS under normoxic conditions was not able to enhance HIF-1a expression

or stabilization.

Taken together, these data indicate that HIF-1a can be activated in skeletal muscle during
muscle contraction in hypoxia, highlighting its possible functional role on target genes
involved in angiogenesis and/or energy metabolism. The acute response of hypoxia and
exercise on gene expression in human skeletal muscle is at present poorly described.
Therefore, our in vitro model of human skeletal muscle contracting under reduced oxygen
levels gained a better understanding of the role of HIF-1a in skeletal muscle. This in vitro

model represents a unique platform to analyze the HIF-1 pathway at the molecular level.

HIF-1a and skeletal muscle glucose metabolism

Additionally, we investigated the role of HIF-la for insulin- and contraction-stimulated
glucose uptake in skeletal muscle cells and demonstrated an implication of HIF-la in
regulation of insulin signaling as well as glucose uptake, which may indicate a previously
unknown aspect of HIF-1a in determination of glucose metabolism in skeletal muscle. By
using a combination of 7% O, and EPS we established and characterized a novel in vitro
model for human skeletal muscle contraction at reduced oxygen levels which results in

improved insulin sensitivity of the cells. Insulin signaling at the level of Akt, GSK-3 and
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AS160 phosphorylation was increased in contracting cells cultured at more physiological
(7%) O, concentration compared to non-physiologic (21%) O, concentration as used in
traditional cell cultures. Furthermore, combination of 7% O, and EPS enhanced insulin-
stimulated glucose uptake, whereas basal glucose uptake was unaffected. Interestingly,
GLUT4 and not the well-known HIF-1a target gene GLUT1, was significantly up-regulated
in the combined treatment. In addition, knockdown of HIF-1a resulted in severe reduction of
insulin-induced glucose uptake as well as impaired insulin signaling. In line with our results,
Sakagami et al. have demonstrated that knockdown of HIF-la strongly reduced insulin-
stimulated glucose uptake and AS160 phosphorylation in murine skeletal muscle cells (343).
Furthermore, AS160 phosphorylation and GLUT4 trafficking was increased in C,Cy, cells
overexpressing constitutively active HIF-la (343). In excellent agreement with in vitro
analysis, HIF-1¢”" mice show reduced glucose uptake under insulin-stimulated conditions
(99). In addition, phosphorylation of AS160 in skeletal muscle isolated from HIF-1o'" mice

was reduced compared with specimens from wild-type animals (99).

Furthermore, we have demonstrated that loss of HIF-la in human skeletal muscle cells
resulted in reduction of contraction-induced glucose uptake. EPS treatment doubled the
glucose uptake in control cells, whereas HIF-1a siRNA-treated cells showed no increased
glucose uptake in response to EPS. However, the EPS-mediated AMPK activation was not
affected by loss of HIF-1a. In accordance, it could be demonstrated that knockout of HIF-1a
abolished glucose uptake by the AMPK activator 5-aminoimidazole-4-carboxamide
ribonucleotide (AICAR) in mouse skeletal muscle cells (99). AMPK-mediated AS160
phosphorylation and GLUT4 translocation are involved in contraction/exercise-induced
glucose uptake by skeletal muscle (56). Therefore, HIF-1o might play a role in glucose uptake

by exercising muscles as well.

Taken together, our data indicate HIF-1a as an important regulator of glucose metabolism in
skeletal muscle. The mechanism underlying HIF-lo-mediated up-regulation of Akt and
AS160 phosphorylation is still elusive. The most widely recognized functional aspect of HIF-
la is a transcriptional regulation, and so far evidence demonstrating kinase activities in HIF-
la has not been found. Therefore, it is unlikely that HIF-la directly affects the
phosphorylation process of Akt and AS160. Given the fact that introduction of a
constitutively active form of HIF-1a mimics enhanced phosphorylation of AS160, we may
speculate about a rather indirect model in which a HIF-1 target gene product may regulate

phosphorylation of AS160, e.g. via an allosteric mechanism. More than one thousand target
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genes were reported to be regulated by HIF-1a (344). Interestingly, 14-3-3 proteins, which
interact with AS160 to regulate its function, might be regulated by hypoxia and therefore may
also be a target gene of HIF-1a (345;346). Therefore, we analyzed the expression of all seven
14-3-3 (B/a, vy, €, m, /0, 6/t and o) isoforms in HIF-la siRNA-treated and EPS-treated
(7% O,) cells. However, we observed no significant differences. Further experiments are
necessary to evaluate the underlying mechanism of how the transcription factor HIF-la

impacts the insulin signaling cascade.

One of the aims of this study was to investigate the effect of acute and chronic exercise on
skeletal muscle HIF-la mRNA expression in healthy normoglycemic and dysglycemic
subjects. Others have shown that skeletal muscle HIF-1o mRNA was up-regulated after a
single bout of exercise in lean healthy controls (347;348). In line with these results, we
observed a significant increase in muscle HIF-1o. mRNA expression after a single bout of
exercise as well as after long term exercise in control subjects. In contrast, to the best of our
knowledge, we show for the first time that the induction of muscle HIF-1a. mRNA expression
by long term exercise is inhibited in subjects with abnormal glucose metabolism. Alterations
of hypoxia-sensitive genes have been reported previously in diabetic rats; e.g. it was shown
that myocardial infarct size in rats was increased in hyperglycemic conditions and was
associated with a reduced expression of the HIF-1a gene (349). In addition, Fadini et al. have
shown that streptozotocin-treated rats were not able to induce HIF-1a in skeletal muscle after
ischaemia, whereas control animals showed a strong up-regulation (350). Furthermore, we
observed a strong correlation between skeletal muscle HIF-1ao mRNA expression and whole
body insulin sensitivity. High skeletal muscle HIF-1o mRNA expression was associated with
lower blood glucose and higher glucose infusion rate (GIR). Interestingly, Gunton et al.
showed that patients with T2D have decreased HIF-1B mRNA levels in pancreatic tissue,
which results in changes of HIF-1 activity (351). In addition, a human genetic polymorphism
that results in the substitution of serine for proline at residue 582 of HIF-1a is associated with
T2D (352). Hence, it might be speculated that the inability to induce HIF-1a or changes in
HIF-1 activity may contribute to the pathogenesis of diabetes.

In summary, we demonstrated that a reduction of the oxygen level to 7% and the combination
with muscle contraction improved insulin action in primary human skeletal muscle cells.
Furthermore, we have shown that HIF-1la plays a critical role in this setting and our data
indicate that HIF-1a is an important determinant in insulin- and contraction-induced glucose

uptake in human skeletal muscle cells. Moreover, skeletal muscle HIF-1oo mRNA expression

128



GENERAL DISCUSSION

was up-regulated by acute and chronic exercise in healthy subjects. In contrast, the exercise-
induced up-regulation of HIF-lo was blunted in pre-diabetic subjects. Additionally, we
observed that muscle HIF-la mRNA expression is positively correlated with whole body
insulin sensitivity. Therefore, we hypothesize that skeletal muscle HIF-lo is a critical
determinant for insulin- and exercise-regulated glucose metabolism in human skeletal muscle

and could be used as a therapeutically relevant target to improve insulin sensitivity in human.
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3.3  Perspectives

The myokine follistatin-like protein 1

In this thesis we characterized Fstll as a novel exercise-regulated myokine, which is
expressed, produced and secreted by human skeletal muscle cells. However, muscle-
contraction in vitro induced by electrical pulse stimulation was not able to enhance Fstll
expression or release. Furthermore, stimulation of human skeletal muscle cells with
recombinant protein did not lead to the activation of Akt, AMPKa or ACC. Therefore future
studies are necessary in order to clarify the following points:

e There is a need to clarify which organ, tissue or cell type is responsible for the
enhanced circulating Fstll levels after exercise. In this respect it may be helpful to
analyze biopsies from different tissues (e.g. skeletal muscle or adipose tissue) before
and after exercise to investigate the expression of Fstll. Furthermore, blood samples
obtained from the arterial-femoral venous of the exercising leg could be examined
with regard to clarify whether the working muscle is responsible for the exercise-
induced increase in Fstll plasma concentration.

e The biological function of Fstll in skeletal muscle is still unknown. Therefore, the
identification of the specific receptor could be helpful to understand the biological
function of Fstll in more detail and could provide information of relevant target

tissues.
The myokine chitinase-3-like protein 1

We show for the first time, that CHI3L1 is expressed, produced and released from contracting
muscle cells and circulating CHI3L1 levels are up-regulated by acute exercise. Therefore, we
classified CHI3L1 as a novel contraction-regulated myokine. Furthermore, we show that
CHI3LI induces myoblast proliferation and protects the skeletal muscle cells from TNFa-
induced inflammation and insulin resistance. However, elevated CHI3L1 levels are found in
many diseases characterized by acute and chronic inflammation. In addition, CHI3L1 is
produced by several cell types and the expression is up-regulated in many pathological
conditions indicating that CHI3L1 has multiple functions depending on the target tissue and
the physiological or pathological state. Therefore, future studies are needed to assess the

following issues:

e [t is necessary to clarify which tissue or organ is responsible for chronically elevated

CHI3L1 circulating levels in various pathological conditions. To figure this out, it
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would be helpful to use tissue-specific CHI3L1 knock-out mice (e.g. adipose tissue or
macrophages) to gain a better understanding of depot-specific CHI3L1 on systemic
levels.

e The biological role of CHI3L1 in many tissues and organs is still unknown, therefore
future studies should investigate the impact of CHI3L1 in other cell types like
adipocytes, hepatocytes or macrophages under physiological and pathological

conditions.
HIF-1a and skeletal muscle glucose metabolism

In this thesis we established a novel model to study skeletal muscle contraction under reduced
oxygen tensions. We demonstrated that 7% O, and the combination with muscle contraction
improved insulin action in primary human skeletal muscle cells. Furthermore, we provide
clear evidences that HIF-1a is an important regulator for insulin- and contraction-mediated
glucose metabolism in human skeletal muscle cells. However, the mechanism underlying
HIF-1o-mediated regulation of the insulin signaling pathway is still unknown. Furthermore,
the impact of HIF-1a on skeletal muscle glucose metabolism in vivo in addition to enhanced
vascularization has never been investigated. Therefore, we actually plan to focus on the

following:

e A genome-wide gene expression profiling approach will be used based on total
RNA-sequencing of HIF-la overexpressing cells to identify novel targets,
connecting HIF-1a to the insulin signaling pathway.

e Overexpression of HIF-1a in murine skeletal muscle will be performed to confirm

the role of HIF-1a as a key regulator of skeletal muscle function in vivo.
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