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Abstracts 
German Version 
Hintergrund: Bis zu 90% septischer Patient*innen entwickeln eine Muskelschwäche, die 

früh im Krankheitsverlauf auftritt und mindestens 5 Jahre nach der Entlassung persistiert. 

Ursächlich ist eine Muskelatrophie mit reduzierter Proteinsynthese und gesteigertem          

-abbau. Dieser wird insbesondere durch das Ubiquitin-Proteasom-System mit der E3 

Ubiquitin Ligase Tripartite Motif Containing 63 (Trim63)/Muscle Really Interesting New 

Gene Finger 1 (MuRF1) und dem F-Box Protein F-box only Protein 32  (Fbxo32)/Atrogin-

1 vermittelt.  

Erhöhte Plasmawerte von Interleukin 6 (IL-6) sind ein Risikofaktor für die Entwicklung 

einer Muskelatrophie in kritisch kranken Patient*innen, die überdies eine 

Beeinträchtigung muskulärer Insulin-induzierter Signalwege zeigen. In Mäusen mit 

Tumorerkrankungen vermittelt IL-6 Muskelatrophie über den Glykoprotein 130 

(gp130)/Januskinase 2 (JAK2)/Signal Transducer and Activator of Transcription 3 

(STAT3) -Signalweg. Die hier vorgelegte Studie hatte zum Ziel, die Rolle der IL-6-

induzierten Signalwege in der Sepsis-assoziierten Muskelatrophie zu untersuchen.  

 
Methodik: Aus Skelettmuskelbiopsien kritisch kranker Patient*innen wurde eine 

quantitative Real-Time-Polymerase Kettenreaktion durchgeführt. Aus Skelettmuskeln 

septischer Mäuse wurde Ribonukleinsäure (RNA) isoliert und sequenziert (RNAseq). Die 

Effekte des gp130/JAK2/STAT3- und des Phosphoinositolkinase 3 (PI3K)/Proteinkinase 

B (AKT)-Signalweges auf Protein- und messenger RNA (mRNA)-Expression, sowie 

Muskelatrophie wurde in C2C12 Myotuben nach Behandlung mit IL-6 und/oder Insulin 

untersucht. In Mäusen mit einer muskelspezifischen Deletion von Interleukin 6 signal 

transducer (Il6st), dem kodierenden Gen für gp130, sowie Wildtyp Mäusen, die mit dem 

JAK2-Inhibitor Tyrphostin AG490 behandelt wurden, wurde mittels Ligatur und Punktion 

des Caecums (CLP) eine Sepsis induziert. In Muskeln wurde anschließend der Phänotyp 

der Atrophie, die induzierten Signalwege, die Protein- sowie mRNA-Expression 

analysiert. 

 
Ergebnisse: In Muskeln kritisch kranker Patient*innen zeigte sich eine erhöhte mRNA-

Expression des IL-6 Zielgens Suppressor of Cytokine Signaling 3 (SOCS3). Das RNAseq 

zeigte eine Aktivierung des JAK/STAT-Signalweges und eine Inhibition der 
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insulininduzierten Signalwege in Muskeln septischer Mäuse. IL-6 inhibierte die Insulin-

induzierte AKT-Phosphorylierung und induzierte Atrophie in Myotuben in vitro, die durch 

einen Knockdown von Il6st, sowie die Inhibition von JAK2 oder STAT3 attenuiert wurden. 

Eine muskelspezifische Deletion von Il6st blockierte die Reduktion der AKT-

Phosphorylierung in Muskeln septischer Mäuse. Tiere mit Il6st-Deletion zeigten eine 

Reduktion der sepsisinduzierten Muskelatrophie, der Aktivierung des JAK/STAT-

Signalweges und des MuRF1 Proteingehalts. Die JAK2-Inhibition reduzierte die 

Muskelatrophie in septischen Mäusen, sowie die Trim63/MuRF1 und Fbxo32/Atrogin-1 

Expression.  

 
Fazit: Der gp130/JAK2/STAT3-Signalweg vermittelt sepsisinduzierte Muskelatrophie.
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English Version 
Background: Up to 90% of critically ill patients with sepsis develop intensive care unit-

acquired weakness (ICUAW), which can persist for at least 5 years after discharge. 

Muscle atrophy occurs early in the course of the disease and is caused by a disturbed 

muscular protein homeostasis with impaired protein synthesis and increased breakdown, 

primarily via the ubiquitin-proteasome system with the E3 ligase Tripartite Motif 

Containing 63 (Trim63)/Muscle Really Interesting New Gene Finger 1 (MuRF1) and the 

F-Box protein F-box only Protein 32 (Fbxo32)/Atrogin-1. Increased interleukin-6 (IL-6) 

plasma levels are an independent risk factor for the development of ICUAW. In a murine 

model of cancer cachexia, the IL-6 receptor glycoprotein 130 (gp130) mediates muscle 

atrophy via the Janus kinase 2 / Signal transducer and activator of transcription 3 

(JAK2/STAT3) signaling pathway. The aim of this study was to investigate the role of IL-

6-induced signaling pathways in sepsis-induced muscle atrophy. 

 
Methods: Quantitative Real-Time Polymerase Chain Reaction was performed to 

measure Suppressor of Cytokine Signaling 3 (SOCS3) messenger ribonucleic acid 

(mRNA) expression in muscles of critically ill patients. The cecal ligation and puncture 

(CLP) procedure was used to induce sepsis in mice. Sequencing of bulk RNA (RNAseq) 

isolated from muscles of septic mice was performed. The effects of the 

gp130/JAK2/STAT3 and insulin/Phosphoinositide 3-kinase / Protein kinase B (PI3K/AKT) 

pathway were investigated by analyzing myotube diameter, mRNA expression, and 

protein levels in C2C12 myotubes after IL-6 and/or insulin treatment with and without 

pathway inhibition. Mice with a deletion of the Interleukin 6 signal transducer (Il6st), 

encoding gp130, in myocytes (Il6st-/-) were subjected to CLP. Additionally, mice were 

treated with the JAK2 inhibitor, Tyrphostin AG490. Muscle atrophy was investigated by 

morphological and molecular analyses. 

 
Results: The mRNA expression of the IL-6 target gene Suppressor of Cytokine Signaling 

3 (SOCS3) was increased in skeletal muscle of critically ill patients. RNAseq revealed an 

activation of JAK/STAT-signaling and a decrease in insulin-signaling in muscles of septic 

mice. IL-6-induced C2C12 myotube atrophy was attenuated by knockdown of Il6st and 

inhibition of JAK2- and STAT3. Co-treatment of C2C12 myotubes with IL-6 blocked 

insulin-induced AKT phosphorylation. Sepsis-induced activation of the JAK/STAT-
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pathway and muscle atrophy were reduced in Il6st-/- mice. Loss of Il6st in myocytes 

resulted in lower protein content of MuRF1. Sepsis-induced muscle atrophy was 

attenuated by treatment with AG490. Inhibition of the JAK/STAT-pathway was 

accompanied by a reduction in Fbxo32/Atrogin-1 and Trim63/MuRF1 mRNA and protein 

contents. Sepsis-induced attenuation of AKT phosphorylation was blocked by loss of 

Il6st.  

 
Conclusion: The gp130/JAK2/STAT3 pathway mediates sepsis-induced muscle 

atrophy. 
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1 Introduction 
 

Skeletal muscles constitute the largest organ system within the human body, serving a 

multitude of pivotal roles, that range from respiratory mechanics to locomotion and 

preservation of skeletal integrity. The function of skeletal muscles relies on the 

maintenance of muscle metabolism and mass, which is regulated by a tightly orchestrated 

homeostasis. Skeletal muscles possess dynamic capacities to balance requirements in 

contractile force and metabolic efficiency. Pathologic conditions, such as critical illness, 

can disrupt this homeostasis leading to compromised muscle structure and function. 

 

1.1 Anatomy and physiology of skeletal muscles 
 

Skeletal muscles facilitate movement through contractions, which result in joint 

movement of bones they are attached to via tendons. Muscles are surrounded and 

compartmentalized by fibrous sheaths, which divide each muscle into muscle bundles 

and fascicles, which contain tube-shaped syncytial muscle cells called myofibers (Fig. 1, 

left panels). The functional units responsible for muscle contraction, known as 

sarcomeres, are found within these myofibers. Between the myofiber cell membrane and 

the surrounding basal membrane, multipotent stem cells called muscle satellite cells 

(MSCs) are located [1]. 

Sarcomeres are cylindrical units organized in cellular organelles, called myofibrils, and 

consist of longitudinally spanned actin filaments attached to the Z line at both ends. Within 

the sarcomere, thick filaments, connected to the Z line by titin molecules, are located 

alongside the thin actin filaments. The shortening of myosin heavy chains (MyHCs) in the 

thick filaments leads to the shortening of the sarcomere, resulting in muscular contraction 

(Fig. 1 right upper panel) [1]. 

 

Various MyHC isoforms serve specialized functions in different muscle tissues. In skeletal 

muscles, MyHC I (slow-twitch), MyHC IIa (fast-twitch), MyHC IIb (fast-twitch) and MyHC 

IIx (fast-twitch) are the predominant isoforms [2].  

Skeletal muscles primarily involved in endurance exercise and postural maintenance, like 

the erector spinae muscles, have a higher abundance of slow-twitch / type I myofibers, 
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Figure 1 Muscle anatomy and histology. Left upper panel: Skeleton, biceps and triceps muscles with 
their according origin and insertion tendons of the human left upper extremity. Left mid panel: The 
macroscopic sub-structure of skeletal muscles with muscle fascicles separated by the fibrous perimysium. 
Left lower panel, right lower panel: The muscle fascicles contain syncytial muscle cells, termed muscle 
fibers. Right mid panel: The muscle fiber is further divided into myofibrils, that contain the functional unit 
of muscles, the sarcomere. Right upper panel: The sarcomere is confined by the Z lines containing the 
thin, actin containing, and thick, myosin containing filaments. Reprinted from Encyclopædia Britannica 
(https://www.britannica.com/science/human-muscle-system#/media /1/1346474 /46939) with permission of 
Encyclopaedia Britannica, Inc. 
 

primarily containing MyHC I. Conversely, muscles composed of fast-twitch (type II) 

myofibers, such as the vastus lateralis muscle, are rich in MyHC IIa, b and x. The 

composition of fiber types within muscles varies between species and individuals and are 

influenced by functional demand [1, 2]. 

 

1.2 Myogenesis and skeletal muscle plasticity 
 

During embryonic development, skeletal muscles, like other muscle tissues, originate 

from the mesoderm. Stem cells within the mesoderm differentiate into MSCs. These 

multipotent stem cells further differentiate into myoblasts, which then fuse to form 

myocytes, ultimately leading to the formation of myofibers. The size of the myofiber 

syncytium is mainly confined by the ratio of nuclei to cytoplasm, and additional myoblast 

fusion can increase this ratio [1, 3]. 
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In adult skeletal muscle, muscle mass is regulated by a homeostasis between protein 

synthesis and degradation of sarcomeric proteins. Upon demand, myofibers adapt 

through hypertrophy, involving the synthesis of structural sarcomeric components. 

Hypertrophy relies on the asymmetric division of MSCs to maintain the stem cell pool and 

the nuclei-to-cytoplasm ratio in the setting of increased intracellular structural proteins 

and hence intracellular volume [3]. 

 

During periods of inactivity and disease, myofibers undergo atrophy, a reduction in their 

content of structural proteins, leading to a decrease in volume. Muscle atrophy occurs in 

response to muscle disuse or pathological conditions such as loss of innervation or 

inflammatory diseases [4-6]. 

Mechanistically, a disrupted protein homeostasis in myofibers results in decreased 

protein synthesis and increased degradation, primarily mediated by the ubiquitin-

proteasome-system (UPS) [6-8].   

 

The UPS functions through a two-step process: proteins are tagged through 

polyubiquitination, and the ubiquitinated proteins are then selectively degraded by the 

26S proteasome. Ubiquitination is mediated through ubiquitin ligases. E1 and E2 ligases 

are responsible for the transfer of ubiquitin molecules to target proteins [9].  

E3 ligases play a pivotal role in substrate specificity, with RING (Really Interesting New 

Gene) and SCF (Skp1-Cul1-F-box protein) families being prominent structural families  

[7, 8]. In skeletal myofibers, the main E3 ligases involved in degradation of sarcomeric 

proteins are Muscle RING Finger 1 (MuRF1) and F-box protein Atrogin-1 [7, 8]. These E3 

ligases primarily target skeletal MyHC and are essential for muscle atrophy. Knockout 

(KO) of Tripartite Motif Containing 63 (Trim63), the encoding gene of MuRF1 or F-box-

only protein 32 (Fbxo32), the encoding gene of Atrogin-1, protect mice from muscle 

atrophy after denervation and lead to higher protein contents of different MyHC isoforms 

compared to wild-type (WT) controls [7, 10]. Patients with muscle atrophy show increased 

protein contents of these “atrogenes” (MuRF1 and Atrogin-1) in skeletal muscles.  

 

1.3 Interleukin 6-induced intracellular signaling 
 
Interleukin 6 (IL-6) was initially identified as a pro-inflammatory cytokine involved in the 

humoral immune system [11]. Over the past decades, diverse functions have been 
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elucidated, encompassing regenerative, hematopoietic and metabolic roles [12-14]. 

Notably, IL-6 is secreted by skeletal myocytes and plays key roles in the regulation of 

skeletal muscle integrity and plasticity [15-17].  

IL-6 exerts intracellular signaling through two mechanisms: the classical pathway, where 

it binds to membrane-bound Interleukin 6 receptor (IL-6R), and the trans-signaling 

pathway, where it binds to a soluble form of IL-6R (sIL-6R). These two signaling 

mechanisms induce dimerization of glycoprotein 130 (gp130), while exerting distinct 

cellular effects. While classical IL-6 signaling primarily mediates regenerative and 

metabolic effects, trans-signaling promotes pro-inflammatory effects. Most tissues exert 

low membrane-bound IL-6R expression levels. Thus IL-6-induced cellular effects mainly 

rely on trans-signaling, particularly during inflammatory states. The beta receptor gp130 

is ubiquitously expressed and exhibits high expression levels in skeletal muscles [18]. 

Endogenous inhibition of trans-signaling is primarily mediated by soluble gp130 (sgp130), 

which binds to circulating IL-6/sIL-6R complexes and prevents binding to membrane 

bound gp130 (Fig.2). Notably, sgp130 only inhibits trans-signaling [19]. 

Upon binding of IL-6 to IL-6R, gp130 dimerizes and can activate three signaling 

pathways: the Janus Kinase (JAK) / Signal Transducer and Activator of Cytokine 

Signaling (STAT), the Phosphoinositide 3-Kinase (PI3K) / Protein Kinase B (AKT) and 

the Rat Sarcoma (RAS) / Mitogen-Activated Protein Kinase (MAPK) signaling pathway 

(Fig. 2) [19].  

 

However, While there are conflicting data on systemic IL-6R antibody treatment, 

specifically inhibiting the trans-signaling pathway increases survival in septic mice [20, 

21]. 

 

1.4 Intensive Care Unit Acquired Weakness 
 

Skeletal muscle atrophy and weakness is a common and severe complication observed 

in critically ill patients, affecting up to 90% of those admitted to the intensive care unit 

(ICU) with severe sepsis. The condition, known as Intensive Care Unit Acquired 

Weakness (ICUAW) is associated with increased morbidity and mortality, occurs early in 

the disease course and persists for at least five years after discharge [22-24]. 
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Figure 2 Signaling mechanisms and intracellular signaling pathways induced by interleukin 6. Left 
upper panel: IL-6 can bind to membrane bound IL-6R (left section) or soluble IL-6R (mid section), both 
inducing intracellular signaling in target cells. The IL-6/sIL-6R complex can be captured by circulating 
sgp130, preventing intracellular signaling. Main panel: Binding of IL-6 to its receptor IL-6R induces 
dimerization of gp130. This can induce the JAK/STAT, PI3K/AKT and RAS/RAF/MAPK signaling pathways, 
subsequently resulting in altered gene expression. Gp130: glycoprotein 130; sgp130: soluble glycoprotein 
130; IL-6: Interleukin 6; IL-6R: Interleukin 6 receptor; sIL-6R: soluble Interleukin 6 receptor; PI3K: 
phosphoinositide-3-kinase; AKT: protein kinase B; TF: Transcription factor; JAK2: Januskinase 2; STAT3: 
Signal transducer and activator of Transcription 3; SHP-2: Src homology region 2 domain- containing 
phosphatase 2; RAS: Rat Sarcoma Virus; Raf: Rapidly Accelerated Fibrosarcoma; MAP: Mitogen-Activated 
Protein Kinase; ERK: Extracellular Signaling-Regulated Kinase. Created with biorender.com.  
 
ICUAW can involve pathologies of muscles, known as Critical Illness Myopathy (CIM) and 

peripheral nerves, known as Critical Illness Polyneuropathy (CIP). These mechanisms 

can occur independently or, more commonly, together to induce ICUAW [25].  

CIP is characterized by sensorimotor polyneuropathy and has been widely investigated 

[6]. CIM is characterized by early myofiber atrophy, primarily affecting  fast twitch / type II 

muscle fibers [22].  

 

Risk factors for ICUAW include disease severity indicators, such as high Sequential 

Organ Failure Assessment (SOFA) scores, prolonged mechanical ventilation and 

delayed return to physical activity, with inflammation emerging as a potentially modifiable 
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risk factor [5]. Diagnosing CIP or CIM is challenging due to the need for invasive 

diagnostic measures, complicated by the patients’ frequent inability to cooperate and 

comorbidities, including anasarca and hypothermia, which can interfere with the 

diagnostic signal quality [6].  

 

Strategies for preventing and treating ICUAW are limited, with only strict glycemic control 

and early mobilization showing beneficial effects [26]. The underlying mechanisms of 

ICUAW need further exploration to identify potential therapeutic targets.  

 

1.5 Regulating factors of Critical Illness Myopathy 
 

Various conditions, such as fasting, diabetes, immobility and glucocorticoid treatment, 

can induce muscle atrophy [6]. These conditions commonly show an induction of Atrogin-

1 and MuRF1, which associates with inhibition of the PI3K/AKT signaling pathway, that 

typically mediates anabolic effects. Inhibition of the PI3K/AKT signaling pathway induces 

myocyte atrophy, which can be rescued by Insulin like Growth Factor 1 (IGF1), indicating 

a role for insulin-induced signaling [10, 27, 28].  

 

Muscles of patients with CIM demonstrate signs of insulin resistance, such as missing 

translocation of the Glucose Transporter 4 (GLUT4) to the cell membrane and reduced 

mRNA expression of Insulin Receptor Substrate 1 (IRS1), a component of the insulin 

receptor complex (Fig. 2) [29].  

 

Impaired insulin signaling may additionally result from interactions with pro-inflammatory 

pathways, as evidenced by overexpression of the interferon 𝛾 and IL-6 target genes 

Suppressor of Cytokine Signalling 1 and 3 (SOCS1 and SOCS3) overexpression in vitro 

leading to UPS-mediated breakdown of IRS-1 (Fig. 2)  [19, 30].  

 

Various pro-inflammatory cytokines have been associated with muscle atrophy. Elevated 

levels of the acute phase protein serum amyloid A1 (SAA1) were observed in plasma of 

critically patients [15]. Muscles of ICUAW patients and septic mice exerted increased 

mRNA and protein levels of SAA1, which induced myocyte atrophy via toll like receptors 

2 and 4 (TLR2, TLR4) and Nuclear Factor kappa-light-chain-enhancer of activated B cells 
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(NF-𝜘B)-signaling in vitro. Inhibition of  NF-𝜘B attenuated muscle atrophy in septic mice 

(Fig. 2). Notably, SAA1 induced IL-6 expression in myocytes [31].  

 

Plasma levels of interleukin-1β (IL-1β) are elevated in septic patients, which induces 

atrophy in C2C12 myocytes in vitro [32, 33]. KO of the NLR Family Pyrin Domain 

Containing 3 (NLRP3) inflammasome, critical for IL-1β activation, protected mice against 

sepsis-induced muscle atrophy. Interestingly, the  KO results in lower plasma levels of 

not only IL-1β but also IL-6 during sepsis [33].  

 

These data strongly indicate a significant role of inflammation in CIM, with emerging 

evidence pointing to IL-6 as a central player in its pathogenesis. 

 

1.6 Interleukin 6 in muscle plasticity 
 

Recent findings demonstrated that IL-6 is directly secreted by myocytes and plays a 

pivotal role in the regulation of muscle mass [15]. Mice carrying a global deletion of the 

Il6 gene exhibit signs of impaired muscle hypertrophy following functional overloading, 

reduced STAT3- and AKT-phosphorylation in skeletal muscle, diminished MSC 

proliferation, and lower numbers of nuclei within myofibers [34]. In vitro studies showed 

that proliferating MSCs rely on autocrine IL-6 stimulation for sufficient proliferation [34]. 

These findings suggest that IL-6 is essential for adequate muscle hypertrophy as 

myofibers cannot undergo hypertrophy after muscle strain without maintaining the 

appropriate nuclei-to-cytoplasm ratio [1]. 

 

On the other hand, IL-6 induces protein degradation in myocytes in vitro and in vivo 

through degradation of sarcomeric proteins [17, 35]. Transgenic mice overexpressing IL-

6 develop muscle atrophy and show increased signs of UPS activation, which can be 

rescued by treatment with an IL-6R antibody [35].  

 

Notably, an observational cohort study of critically ill patients elucidated increased IL-6 

plasma levels as an independent risk factor for the development of CIM [5, 36].  

 

Recombinant IL-6 (rIL-6) stimulation of C2C12 myotubes induces Saa1 mRNA 

expression via NF-𝜅B signaling and treatment with SAA1 induces IL-6 expression [31]. 



Introduction 12 

Additionally, IL-1β enhances the expression levels of IL-6 [33]. Other inducers of IL-6 

expression in myocytes are tumor necrosis factor alpha (TNFα) and LPS (Fig. 2) [15].  

 

Considering that these cytokines share their ability to induce IL-6 expression and muscle 

atrophy, it is reasonable to speculate that the induced atrophic effects are partially 

induced indirectly by IL-6. This speculation is further corroborated by IL-6’s potential to 

induce muscle atrophy itself.  

 

1.7 The JAK/STAT-signaling pathway in muscle atrophy 
 

IL-6 induces the JAK/STAT-signaling pathway via IL-6R and gp130, which is encoded by 

the Interleukin 6 Signal Transducer gene (Il6st) [19].  

Loss of gp130-mediated signaling in myocytes via a myocyte-specific KO attenuates 

cancer-induced muscle atrophy in a mouse model of lung cancer. Il6st-/- mice exhibited 

reduced activation of NF-𝜅B- and JAK/STAT-signaling and attenuated muscle weight 

loss. This was associated with decreased protein contents of Atrogin-1, while no data on 

MuRF1 protein levels were presented [18]. In an adenocarcinoma model, muscle atrophy 

was attenuated by muscular overexpression of a dominant negative STAT3 allele. 

Conversely, overexpression of constitutively active STAT3 induced muscle atrophy in 

mice previously implanted with C26 cells and controls not bearing cancer cells [37]. 

In denervation-induced muscle atrophy, micro-array analyses unveiled IL-6-induced 

signaling to be upregulated in muscles. Inhibition of either JAK1/2 or STAT3 attenuated 

muscle atrophy in mice [4]. 

These studies provide comprehensive insights into the role of gp130 and JAK/STAT-

signaling in denervation-induced and cancer-associated muscle atrophy. However, the 

applicability of these findings to models of sepsis-induced muscle atrophy is limited due 

to different kinetics of serum IL-6 levels observed in models of cancer cachexia and 

muscle denervation. While in cancer cachexia, the observed levels of IL-6 rise moderately 

over weeks, denervation causes mild and chronic elevations of circulating IL-6 [4, 38]. In 

contrast, sepsis induces a rapid and strong increase in IL-6 plasma levels within hours 

after induction of bacteremia [20]. 

 

The described findings suggest that mild and short-term increases in serum IL-6 levels 

as well as paracrine activation of MSCs, are necessary for myofiber hypertrophy [34, 39], 
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while prolonged and severe increases in serum IL-6 levels induce muscle atrophy [35]. 

However, the role of IL-6-induced signaling in sepsis-associated skeletal muscle atrophy 

remains unknown. 

 

1.8  Aim and Hypotheses 
 

The available data suggests a central role of IL-6 and its induced signaling pathways in 

muscle atrophy. As IL-6 serum levels have been elucidated as an independent risk factor 

for the development of Critical Illness Myopathy, the aim of this study was to characterize 

the role of IL-6 in CIM [5]. Therefore, the hypotheses of this project were: 

 

1. Patients with ICUAW show signs of activated intracellular signaling downstream of 

IL-6 in skeletal muscles 

2. IL-6 induces myocyte atrophy via the JAK/STAT signaling pathway in vitro 

3. IL-6-induced signaling pathways mediate myocyte atrophy in a murine model of 

polymicrobial sepsis 
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2 Materials & Methods 
 
2.1 Materials 
 

Name Component Final concentration 

Protein lysis buffer 
 

 

TRIS 
NaCL 
Glycerol 
Triton X-100 

50 mM 
150 mM 
1 M 
1 % (w/v) 

Laemmli loading buffer SDS 
TRIS 
Bromophenol blue 
Glycerol 

39 mM 
50 mM 
250 µM 
800 mM 

TBS-T TRIS 
SDS 
Tween-20 

20 mM 
150 mM 
0.1% 

Acidic pre-incubation buffer Potassium acetate 

Calcium chloride dihydrate 

Acetic acid 

Distilled water 

50 mM 

18 mM 
Adjust pH to 4.4 

TRIS washing buffer TRIS 

Calcium chloride dihydrate 

Hydrochloric acid 
Distilled water 

100 mM 

18 mM 
Adjust pH to 7.8 

ATP incubation medium Glycine 

Calcium chloride dihydrate 

Sodium chloride 

Sodium hydroxide 

Hydrochloric acid 
ATP 

Distilled water 

53 mM 

29 mM 

65 mM 

47.5 mM 
Adjust pH to 9.4 

1% calcium chloride solution Calcium chloride dihydrate 

Distilled Water 

68 mM 

Table 1. Buffers 
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Primer Name  Sequence (5’ – 3’) 

Mm_Il6st_loxP forward TGG CTT GAG CCT CAG CTT GGC TAG 

Mm_Il6st_loxP reverse GTG AAC AGT CAC CAT GTA CTC TGT ACG C 

Pax7ICN forward GCT CTG GAT ACA CCT GAG TCT 

Pax7ICN forward mutant GGA TAG TGA AAC AGG GGC AA 

Pax7ICN reverse TCG GCC TTC TTC TAG GTT CTT GCT C 

Table 2. Primer sequences used for genotyping of Il6stloxP/loxP; Pax7-CRE mice. 

 

 

Name Sequence (5’- 3’) 

Hs_SOCS3 forward AGA CTT CGA TTC GGG ACC A 

Hs_SOCS3 reverse AAC TTG CTG TGG GTG ACC A 

Hs_GAPDH forward AGC CAC ATC GCT CAG ACA C 

Hs_GAPDH reverse GCC CAA TAC GAC CAA ATC C 

Mm_Socs3 forward GAA TTT CGC TTC GGG ACT AG 

Mm_Socs3 reverse AAC TTG CTG TGG GTG 

Mm_Il6st forward AAA GAT GGG CCG GAA TTC 

Mm_Il6st reverse CAC ACA GGC ACG ACT ATG G 

Mm_Trim63 forward CCT GCA GAG TGA CCA AGG A 

Mm_Trim63 reverse GGC GTA GAG GGT GTC AAA CT 

Mm_Fbxo32 forward AGT GAG GAC CGG CTA CTG TG 

Mm_Fbxo32 reverse GAT CAA ACG CTT GCG AAT CT 

Mm_Gapdh forward ATG GTG AAG GTC GGT GTG A 

Mm_Gapdh reverse AAT CTC CAC TTT GCC ACT GC 

Mm_Myh2 forward AAC TCC AGG CAA AAG TGA AAT C 

Mm_Myh2 reverse TGG ATA GAT TTG TGT TGG ATT GTT 

Mm_Myh4 forward GGG AAC ATG AAA TTC AAG CAA 

Mm_Myh4 reverse ATA GGC AGC CTT GTC AGC AA 

Table 3. Primer sequences used for quantitative real-time-PCR.  
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Antibody Clonality Dilution Species Manufacturer 

anti-GAPDH clone 6C5 Monoclonal 1:10 000 Mouse Merck-Millipore 

anti-IRS1 #2382 Monoclonal 1:1000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-phosphor IRS1 
S636/S639 #2580 

Monoclonal 1:1000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-STAT3 #12640 Monoclonal 1:2000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-phosphor STAT3 
Y715 #9145 

Monoclonal 1:1000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-AKT #4691 Monoclonal 1:1000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-phosphor AKT 
Ser473 #4060 

Monoclonal 1:1000 Rabbit Cell Signalling 
Technology, MA, USA 

anti-MuRF1 Polyclonal 1:200 Rabbit Marcel Nowak, MDC 
Berlin, Germany 

anti-Atrogin 1 Ab92281 Monoclonal 1:1000 Goat Abcam, UK 

anti-gp130 Ab202850 Monoclonal 1:1000 Rabbit Abcam, UK 

Table 4. Primary antibodies used for immunoblotting. 

 
 

Antibody Clonality Dilution Species Manufacturer 

anti-mouse-Fc HRP 
#7076 
 

Monoclonal 
 
 

1:2000 
 
 

Horse 
 
 

Cell Signalling 
Technology, MA, USA 
 

anti-rabbit-Fc HRP #7074 Monoclonal 1:2000 Goat Cell Signalling 
Technology, MA, USA 

anti-goat-Fc HRP 
ab97110 

Monoclonal 1:2000 Donkey Abcam, UK 

Table 5. Secondary antibodies used for immunoblotting. 

 
2.2 Human muscle biopsies 
 
Skeletal muscle biopsies were obtained from a single-center observational pilot study’s 

biobank, which involved 33 critically ill patients [22]. CIM was defined by non-excitability 

of muscle membranes as indicated by a compound muscle action potential after direct 
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muscle stimulation below 3.0 mV, as previously described [36]. The study was approved 

by the institutional ethics committee and institutional review board of the Charité – 

Universitätsmedizin Berlin, Germany. Written consent was obtained from the patients or 

their legal representatives prior to their inclusion in the study.  Patients who were 

mechanically ventilated and had a Simplified Acute Physiology Score II of ≥20 on three 

successive days within the first week after admission to the ICU met inclusion criteria.  

Muscle biopsies were obtained from the vastus lateralis muscle via open surgical excision 

in sedated patients on days 5 and 15 following ICU admission. Biopsies were snap-frozen 

in liquid nitrogen and stored at -80°C until further processing. Vastus lateralis muscle 

biopsies from otherwise healthy controls undergoing hip replacement surgery were used 

as controls. 

 

2.3 Cell culture experiments 
 

All cell culture experiments were conducted using the immortalized murine C2C12 

myoblast cell line (ATCC, VA, USA) in passages 5 to 15. The cells were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich, MO, USA) supplemented 

with 10% fetal bovine serum (FBS; Biochrom, Merck-Millipore, Germany) and 1% 

penicillin/streptomycin (Sigma-Aldrich), and maintained in a humidified incubator at 37°C 

with 5% CO2. Prior to experiments, 100,000 cells were seeded into each well of 6-well 

plates and allowed to grow until they reached near-confluence over a period of 2 days. 

To induce differentiation, the medium was replaced with DMEM supplemented with 2% 

FBS, and the medium was exchanged daily. Experiments were conducted using 

myotubes that had undergone 5 days of differentiation. 

Myotubes were treated with recombinant mouse interleukin 6 (R&D Systems, MN, USA). 

rIL-6 was dissolved in 0,1% bovine serum albumin (BSA) in phosphate-buffered saline 

(PBS) and added to the cells to a final concentration of 10 ng/ml. The cells were 

subsequently incubated for the designated time periods. As solvent control, 0,1% BSA in 

PBS was used.  

Small molecule inhibitors of JAK2 (Tyrphostin AG490, Sigma-Aldrich) and STAT3 (C188-

9, Merck-Millipore, Germany and S3I-201, Selleckchem, TX, USA) were employed. The 

inhibitors were reconstituted in dimethyl sulfoxide (DMSO) at 1 mM and further diluted in 

PBS. The inhibitors were added to the cells at a final concentration of 10 µM, 60 minutes 

prior to treatment with rIL-6. DMSO in PBS without inhibitors served as the solvent control. 



Materials & Methods 18 

 

To achieve knockdown of Il6st, a small interfering RNA (siRNA) targeting Il6st 

(Dharmacon, Thermo Fisher Scientific, MA, USA) was used at a final concentration of 50 

nM. Scrambled siRNA (Dharmacon, Thermo Fisher Scientific) served as the control. 

Three days differentiated C2C12 myotubes were transfected using the DharmaFECT 3 

reagent (Dharmacon) in Opti-MEM® Medium (Life Technologies, Thermo Fisher 

Scientific). The cells were incubated for an additional 48 hours before treatment with rIL-

6 or solvent, to complete five days of differentiation. Knockdown was confirmed via qRT-

PCR with self-designed primers (Eurofins Scientific, Luxembourg, Table 3) and 

immunoblots employing a gp130 antibody (Table 4).  

 

2.4 Animal models 
 

All animal experiments were approved by the Landesamt für Gesundheit und Soziales, 

Berlin, Germany (permit No. G207/13) and conducted in accordance with the guidelines 

of the Charité – Universitätsmedizin Berlin and the Max-Delbrück-Center for Molecular 

Medicine, as well as the Guide for the Care and Use of Laboratory Animals by the 

National Institutes of Health (Publication No. 85-23, 1985). Mice were kept at a 12 hour 

light-dark-rhythm with free access to chow and water. 

 

 
Figure 3. Schematic knockout strategy of Il6stloxP/loxP; Pax7-CRE mice. Exon 15, encoding for the 
transmembrane domain of gp130, was flanked by loxP sites which are recognized by the Cre recombinase. 
Cre is expressed under control of the Pax7 promoter, resulting in expression specifically in muscle satellite 
cells. Excision of the loxP-flanked regions results in a frameshift mutation and deficiency in gp130. Il6st: 
Interleukin 6 signal transducer; loxP: Locus of X-over P1; WT: wild-type; Pax7: Paired Box Protein Pax7; 
CRE: Cre Recombinase, KO: Knockout.  
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Using the Cre Recombinase (Cre) - Locus of X-over P1 (loxP) - system, a mouse line 

bearing a homozygous conditional Il6st allele (Il6stloxP/loxP) was utilized. Exon 15 of the 

Il6st gene was flanked by loxP sites, which are recognized by Cre, which was expressed 

under control of the Paired box protein Pax7 (Pax7) promoter. Excision of the region 

flanked by loxP sites results in a frame shift (Figure 3).  The mouse line was a kind gift 

from Klaus Rajewski, and the detailled KO strategy and baseline characteristics have 

been published previously [40].  

Since Pax7 is specifically expressed in MSCs, and all skeletal myofibers originate from 

these multipotent stem cells, the deletion of Il6st results in deficiency in all MSCs and 

myofibers. Mice bearing the conditional knockout (Il6stloxP/loxP; Pax7-Cre; ‘Il6st-/-‘) and 

littermate controls without the Cre recombinase (Il6stloxP/loxP; ‘WT’) were maintained until 

they reached 12 to 16 weeks of age before undergoing treatment. The knockout was 

confirmed through genotyping using ear punch biopsy specimens and qRT-PCR from 

muscle lysates (for genotyping primers, see table 1, for qRT-PCR primers, see table 3).  

 

For in vivo JAK2 inhibition experiments, 40 twenty-week-old C57/BL6J mice (Jackson 

Laboratory, ME, USA) were used. Tyrphostin AG490 (Sigma-Aldrich) was reconstituted 

in DMSO at 1 mM and further diluted in PBS, with the pH adjusted to 7.3 using sodium 

hydroxide. Solvent control littermates were treated with DMSO in PBS. The animals 

received intraperitoneal injections of 500µg of Tyrphostin AG490 or the solvent, 60 

minutes before CLP and every 24 hours thereafter, for a total of four injections. Inhibition 

of the JAK2/STAT3 signaling pathway was confirmed via immunoblotting with pSTAT3 

antibodies (Table 4) and qRT-PCR with self-designed primers for Socs3 (Table 3). 

Polymicrobial sepsis was induced using the Cecal Ligation and Puncture (CLP) 

procedure (24 hours Il6st cKO experiment: WT sham: n = 4, WT CLP = 6, cKO sham: n 

= 4, cKO CLP: n = 4; 96 hours Il6st cKO experiment: WT sham: n = 6, WT CLP = 11, cKO 

sham: n = 6, cKO CLP: n = 16; AG490 experiment: solvent sham: n = 5, solvent CLP: n 

= 15, AG490 sham = 5, AG490 CLP: n = 15).  

Under short-term general anesthesia with isoflurane, a longitudinal mini-laparotomy was 

performed (Fig. 4b) to expose the cecum (Fig. 4c). The middle section of the cecum was 

ligated using a Prolene 6-0 suture (Ethicon, Johnson & Johnson, NJ, USA; Fig. 4 d-g) 

followed by a single puncture with a 16-gauge canula (Fig. 4 h-k). A small quantity of 

intraluminal content was expressed from the lumen before repositioning the cecum back 

into the abdominal cavity. The peritoneum and skin were individually closed using a 
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Prolene 6-0 suture (Ethicon, Johnson & Johnson) (Fig. 4l; note that sutures were utilized 

instead of clamps as illustrated). As sham procedure, only laparotomy was performed 

without ligation and puncture of the cecum (Fig. 4 b, l). 

 

 
Figure 4. The cecal ligation an puncture technique. a: The abdominal wall is shaved. b: A longitudinal  
mini-laparotomy is performed. c: The cecum is exposed. d,e: Ligation of the cecum in the distal section. f, 
g: Ligation of the cecum in the mid-section. h, i: Puncturing of the cecum after ligation in the distal section. 
j, k: Puncturing of the cecum after ligation in the mid-section. l: Closure of the abdominal wall using metal 
clips. Taken from Rittirsch et al., Nat Protoc., 2009;4(1):31-6 [41]. Permission for usage granted by Nature 
Publishing Group (Permission No. 5571360097806). 
 

After surgery, mice were rehydrated by subcutaneous injection of 2 ml of Ringer’s lactate 

solution and placed in pre-warmed cages. Checks for survival were conducted every 12 

hours. At the designated time points of 24 or 96 hours, the mice were sacrificed by neck 

dislocation under isoflurane anesthesia. Blood samples were collected from the 

retroorbital venous plexus and the heart, lungs, liver and kidneys were harvested. The 

tibialis anterior (TA), gastrocnemius/plantaris (GP), soleus (SOL) and hind limb extensor 

digitorum longus (EDL) muscles were carefully removed.  
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For histological analysis, muscles were embedded in gum tragacanth (Merck, Germany), 

snap-frozen in isopentane followed by liquid nitrogen and stored at -80°C until further 

processing. All other tissues were immediately snap-frozen in liquid nitrogen after 

removal and stored at -80°C until subsequent processing.  

 

2.5 Bulk mRNA sequencing  
 

Tibialis anterior muscles were obtained from WT CLP or sham-operated mice, 24h or 96 

hours after surgery. Three mice were used for each condition and the harvested muscles 

subjected to bulk mRNA sequencing. The quality of the extracted RNA was assessed 

using an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., CA, USA). Subsequently, 

500 ng of RNA from each sample was used for library preparation using the Illumina 

TruSeq Stranded mRNA Kit (Illumina Inc., CA, USA). The complementary 

desoxyribonucleic acid (cDNA) obtained after reverse transcription was evaluated using 

the Agilent 2100 Bioanalyzer. Next generation sequencing was performed using the 

Illumina HiSeq 4000 platform. 

The quality of the sequencing was assessed using the FASTQC software (v0.11.5; 

Babraham Bioinformatics, UK). Alignment of the reads to the mouse genome GRCm38 

was performed using the STAR aligner (v2.5.3a) [42]. 

Read counts were extracted using the feature Counts software (v1.5.1) [43]. Genes with 

at least ten reads in each muscle specimen were included in further analyses. Differential 

gene expression between treatment groups was conducted using  the DESeq2 package 

for R (v1.16.1) [44]. Genes with a log2-fold change ≥2 and an adjusted p-value <0.05 

were considered differentially expressed (DEGs). 

The sequencing data has been deposited under EBI Annotare version 2.0 with the 

Project-ID E-MTAB-10960.  

Voronoi Treemaps of DEGs per KEGG (Kyoto Encyclopedia of Genes and Genomes) 

pathway were generated using the Paver software (DECODON, Greifswald, Germany) 

[45, 46], which employs a space proportional algorithm. The treemaps visually represent 

overexpressed genes and pathways, with larger sizes indicating higher expression levels, 

enabling comparison with other pathways or genes. Pathway enrichment analyses were 

conducted using the Database for Annotation, Visualization, and Integrated Discovery 

(DAVID) Bioinformatics Resources 6.8 [47, 48], with BP_ALL (all biological process 

terms) as the output for functional annotation and visualization. Venn diagrams were 
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created using the VENNY2.1 tool to show the number of genes that were increased or 

decreased in expression. Gene ontology (GO) term and KEGG pathway analyses were 

performed using the DAVID tool.  

 

2.6 Quantitative real-time PCR 
 

Biopsies from the cohort study (section 3.2.1) and mouse muscle specimens (section 

3.2.3) were homogenized using a FastPrep24TM homogenizer (MP, Fisher scientific, MA, 

USA) and ceramic beads (Precellys, Bartin, FR) in TRIzolTM reagent (Invitrogen, CA, 

USA) at 4°C. For in vitro experiments, cells were lysed with TRIzolTM reagent at 4°C and 

then harvested from the 6-well plates using a cell scraper. After transfer to vials, 

chloroform was added to the lysates, followed by centrifugation. The RNA-containing 

phase was transferred to a new vial, and nucleic acid precipitation was performed using 

isopropyl alcohol. After another centrifugation run, pellets were washed with ethanol, air-

dried and reconstituted in water. The concentration of RNA was measured using a 

NanoDropTM spectrophotometer (Thermo Scientific, MA, USA) with an absorbance ratio 

of 260 to 280 nm.  

For cDNA synthesis, 1 µg of RNA was used for cDNA synthesis with the SuperScript II 

reverse transcriptase (Invitrogen, Life Technologies Corporation, CA, USA). Quantitative 

real-time PCR was performed with the Power SYBR® Green PCR Master Mix (Thermo 

Fisher Scientific) and self-designed primers (Eurofins, Table 3). The StepOnePlusTM 

thermocycler (Applied Biosystems, Thermo Fisher Scientific) was utilized, and a cDNA 

standard curve normalization approach was employed. The reference gene, 

glyceraldehyde 3-phosphate dehydrogenase (Gapdh), was used for data normalization.  

 
2.7 Protein isolation and immunoblot analyses 
 
Muscle samples were lysed in 500µl of cold protein lysis buffer (Table 1) supplemented 

with protease (cOmpleteTM protease inhibitor cocktail, Roche Diagnostics, Germany) and 

phosphatase inhibitors (PhosStopTM, Roche Diagnostics). The samples were 

homogenized using a FastPrep24TM homogenizer with ceramic beads (Precellys). The 

samples were centrifuged and the soluble phase transferred to new vials. Protein 

quantification was performed using Pierce® BCA reagent (Thermo Fisher Scientific). The 

samples were stored at -80°C until further usage. 
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For immunoblot analyses, Laemmli buffer was added and the proteins denatured at 95°C 

for 10 minutes. 100 µg protein was loaded into 10 or 15% Sodium dodecyl sulfate (SDS) 

-Polyacrylamide gels, depending on the size of the protein of interest. For immunoblotting 

of GAPDH, IRS-1, pIRS1, STAT3, pSTAT3, AKT and pAKT nitrocellulose membranes 

(GE Healthcare, Germany) were used. PVDF membranes (GE Healthcare) were used for 

immunoblots of MuRF1, Atrogin1 and gp130. After protein transfer, the membranes were 

blocked with 5% skimmed milk or 5% BSA in TBS-T for one hour at room temperature. 

Primary antibodies (Table 4) were dissolved in 5% skimmed milk or 5% BSA in TBS-T, 

and the membranes were incubated with the antibodies at 4°C for 12 hours. Following 

incubation, the membranes were washed with TRIS-buffered saline Tween (TBS-T) and 

incubated with horseradish peroxidase-linked antibodies (HRP; table 5) in 5% skimmed 

milk or 5% BSA in TBS-T for one hour at room temperature. Chemiluminescence 

substrate (SuperSignal® West Pico, Thermo Fisher Scientific) was applied to the 

membranes for HRP-reaction, and chemiluminescence films (GE Amersham, UK) were 

used for signal detection. Films were developed with an Agfa CP1000 developer machine 

(Agfa-Gavaert NV, Belgium) and digitalized using a flat-bed scanner.  

Densitometry was performed on digitalized immunoblot films using the ImageJ software 

v1.6.0_24 (National Institutes of Health). The pictures were inverted, and the intensity 

values of protein bands were measured individually. To normalize for background noise, 

the intensity of areas not containing bands were measured and subtracted from each 

band.  

 

2.8 C2C12 myocyte diameter measurements 
 

Phase contrast images of myotubes were captured using a Leica CTR 6500 microscope 

equipped with a Leica DFC 360 FX camera (Leica Microsystems, Germany). The imaging 

was conducted on living cells before and at 24-hour intervals following the start of 

treatment with rIL-6. Blinding of treatment groups was carried out by a person not involved 

in subsequent analyses. 

For each well, five random areas were photographed. For myotube diameter 

measurements, 100 myotubes from each treatment group were measured in the middle 

and both distal sections using the ImageJ software v1.6.0_24 (National Institutes of 

Health). The means of the three measurements were used for further analyses. 
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2.9 Histologic staining and measurement of myocyte cross sectional areas 
 

Muscle cross sections measuring 5 µm were obtained from the TA, GP, and SOL muscles 

of mice from the 96 hour sepsis experiments using a cryostat microtome (CM3050S, 

Leica Microsystems). The sections were stained with metachromatic adenosine 5’-

triphosphatase (ATPase) staining to facilitate fiber type identification.  

Metachromatic ATPase staining was achieved by subjecting the sections to acidic pre-

incubation buffer (Table 1) for a duration of 8 minutes followed by 3 consecutive washing 

steps in TRIS washing buffer for 2 minutes each. Subsequently, the slides were incubated 

in Adenosine triphosphate (ATP) incubation medium for 25 minutes and then immersed 

in 1% calcium chloride solution. Following this, the slides were stained with 0.1% Toludine 

Blue for 1 minute, washed with water, consecutively dehydrated in 95% and 100% 

ethanol, cleared with 100% xylol and embedded using Vitro-Clud® embedding medium 

(R. Langenbeck, Germany) 

 

Ten random sections of the tissue slides were photographed using a Leica CTR 6500 

microscope and a Leica DFC 425 camera. To ensure blinding for treatment and genotype, 

a person not involved in subsequent analyses performed sample blinding. After verifying 

the quality of the sections for perpendicular orientation of the myocytes, individual cells 

were manually marked at the sarcolemma. Fast twitch / type II and slow twitch / type I 

myofibers were analyzed separately. A total of 500 myocyte cross sectional areas 

(MCSA) of each genotype and treatment group were measured using the ImageJ 

software version 1.6.0_24. To control for perpendicular section of myofibers, minimal 

Feret’s diameters were measured as control (data not shown). Quantification of fiber type 

distribution was performed by counting slow-twitch/type I and fast twitch/type II myofibers 

in 10 sections per animal.  

 

2.10 Measurement of plasma IL-6 concentrations 
 

Blood samples were collected from mice by puncturing the retroorbital plexus using 

Pasteur pipettes and heparin-coated vials (Sarstedt, Germany). The collected samples 

were immediately centrifuged at 1500 rpm for 20 minutes at 4°C. Following centrifugation, 

the plasma fraction was carefully transferred into new tubes and stored at -80°C until 

further processing.  
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Quantification of circulating IL-6 was performed using an IL-6 enzyme-linked 

immunosorbent assay (ELISA; R&D Systems, MN, USA).  

Each sample was analyzed in technical duplicates. After a 2-hour incubation of samples 

with the pre-coated 96-well plate at room temperature, the wells were washed, and 100 

µl of mouse IL-6 Conjugate was added to each well. Following another incubation and 

washing step, 100 µl of substrate solution was added and incubated for 30 minutes. The 

reaction was stopped and absorbance of each well was measured using a SPECTRAmax 

M5 plate reader (Molecular Devices, CA, USA) at a wavelength of 450 nm with a 

wavelength correction at 540 nm.  A standard curve was generated using the absorbance 

measurements of a IL-6 2:1 standard serial dilution, and sample concentrations were 

calculated accordingly. As CLP-treated animals frequently showed measurements out of 

range, the according plasma samples were diluted in PBS at a 2:1 dilution to facilitate 

accurate measurements. 

 

2.11 Statistical analyses 
 

All cell culture experiments were conducted in triplicates and repeated three times. Two 

tailed t-tests were employed for normally distributed data, such as mRNA expression, 

immunoblot densitometry, and myocyte diameter measurements in cell culture 

experiments, and MCSA measurements in mouse data. The normal distribution of the 

data was assessed through visual inspection of dot plots and the Shapiro-Wilk test. 

For non-normally distributed data, the non-parametric Mann-Whitney U test was 

employed. This test was used for analyzing mRNA expression, western blot densitometry, 

IL-6 ELISA data from human and mouse samples. Survival analyses were performed 

using the log-rank test, and the outcomes were visualized using Kaplan-Meier curves.  

 

Differences were considered statistically significant at p<0.05. Unless otherwise stated, 

values are presented as mean ± standard deviation (SD) for cell culture experiments and 

mean ± SEM for human and mouse samples.  

Statistical analyses and graph creation were performed using GraphPad Prism® 8.0 

software (GraphPad Software, CA, USA). Figure layouts were generated using Adobe 

Illustrator CS6, version 16.0.0 and Adobe Photoshop CS6, version 13.0 (Adobe Inc., CA, 

USA).  
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3 Results 
 
3.1 The JAK/STAT signaling pathway is active in muscles of critically ill patients 
 

Muscle tissue samples were available from 8 critically ill patients without signs of CIM at 

day 5 and 6 patients at day 15. From critically ill patients with CIM, 17 samples were 

available at day 5 and 13 on day 15. As controls, 6 muscle samples were available from 

otherwise healthy controls undergoing hip replacement surgery. 

 
Figure 5. Suppressor of Cytokine Signaling 3 mRNA expression in muscles of critically ill patients. 
SOCS3 mRNA contents were investigated in lateral vastus muscle biopsies from critically ill patients on 
days 5 (n = 25) and 15 (n = 19) after admission to the intensive care unit. Otherwise healthy controls 
underground hip replacement (n = 6) were used as controls. A: SOCS3 mRNA content according to the 
day of tissue sampling. B: SOCS3 mRNA content according to diagnosis of critical illness myopathy (day 
5 non-CIM: n = 8, day 5 CIM: n = 17, day 15 non-CIM: n = 6, day 15 CIM: n = 13). SOCS3: Suppressor of 
Cytokine Signaling 3; mRNA: messenger ribonucleic acid; ICU: Intensive Care Unit; CIM: Critical Illness 
Myopathy. * p < 0.05; ** p < 0.01 as determined by Mann-Whitney U test. Values are Median, boxes indicate 
the 25th and 75th percentile, whiskers indicate 1.5 interquartile ranges. Adapted from Zanders et al., J 
Cachexia Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative Commons 
Attribution 4.0 International License [49]. 
 

Critically ill patients exhibited a 5.63-fold and 4.51-fold increase in SOCS3 mRNA 

expression after 5 and 15 days, respectively, in comparison to healthy controls (Fig. 5A).   

Higher levels of SOCS3 mRNA expression were observed in patients with CIM on day 5 

when compared to critically ill patients without (Fig. 5B). Muscles from critically ill patients 

without signs of critical illness myopathy did not demonstrate  a significant increase in 

SOCS3 mRNA expression when compared to healthy controls (Fig. 5B). 
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3.2 Sepsis induces interleukin 6 signaling in murine skeletal muscle  
 

C57BL/6J mice were subjected to CLP or sham surgery and TA muscles were harvested 

24 or 96 hours later (n = 3 per group).  

In CLP-operated mice, RNAseq from TA muscle revealed 736 significantly upregulated 

genes after 24 hours and 1546 after 96 hours, compared to the sham-operated controls 

(Fig. 6). 714  downregulated genes were observed after 24 hours and 1509 after 96 hours 

in CLP-treated animals compared to sham-treated controls. In a pooled analysis 

combining data from both timepoints, 1036 upregulated and 1621 downregulated DEGs 

were observed in muscles of septic mice (Fig. 6, 7).  

 

 
Figure 6. Analysis of upregulated differentially expressed genes (DEGs). Wild-type C57BL/6J mice 
were subjected to CLP or sham surgery and sacrificed 24 or 96 hours after surgery. Tibialis anterior muscles 
were harvested and subjected to bulk RNA sequencing (n = 3 for each group). The Venn diagram shows 
upregulated DEGs between sham and CLP-treated mice. The bar graphs show the results with the highest 
consensus between DEGs and index gene sets of GO terms or KEGG pathways, sorted by p-values 
determined by Wald tests. Genes were considered differentially expressed at p < 0.01. GO: Gene Ontology; 
KEGG: Kyoto Encyclopedia of Genes and Genomes, CLP: Cecal Ligation and Puncture. Reprinted from 
Zanders et al., J Cachexia Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative 
Commons Attribution 4.0 International License [49]. 
 

GO-term analyses were conducted to examine biological processes, and KEGG-pathway 

analyses were performed. In the combined analysis of both timepoints, the results 

revealed the GO terms ‘positive regulation of JAK/STAT cascade’, ‘IL-6 mediated 

Figure 1 The IL-6 pathway is activated in skeletal muscle during sepsis. (A) SOCS3 mRNA expression in muscle of critically ill patients. Muscle biopsy
specimens from critically ill patients were obtained from the vastus lateralis muscle on Day 5 (n = 25) and Day 15 (n = 19) in intensive care unit
(ICU). Healthy individuals (n = 5) served as controls. Data are presented as fold change (mean ± SEM). *P< 0.05. (B–E) WT mice were subjected to cecal
ligation and puncture (CLP) or sham surgery. RNA sequencing analyses were performed 24 and 96 h after surgery (WT sham, n = 3; WT CLP, n = 3, for both
time points). (B) Gene expression of known IL6-family members and their receptors in TA muscle of sham- and CLP-operated mice after 24 and 96 h. (C)
Voronoi plot of differentially expressed genes (log2 fold change≥2, adjusted P value<0.05) from RNA sequencing analysis is shown. Voronoi-plots show
the respective GO terms (left panels) and the enriched genes (right panel) per time point (top panels 24 h, bottom panels 96 h) as indicated. Insets lo-
calize IL-6- and JAK/STAT pathway. (D) Venn diagram showing the number of genes that were increased (log2 fold change≥2, adjusted P value<0.01) in
the tibialis anterior muscle compared with sham treated mice after 24 h, 96 h or at both time points. The DAVID functional annotation tool was used for
gene ontology (GO) term-pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG)-pathway analyses of each individual time point, and 10 of the
most enriched biological processes and pathways are shown. (E) Heat map of genes contained in GO-term 0071354 cellular response to IL-6 that were
significantly regulated (P value <0.05) in TA muscle of septic mice 24 and 96 h after surgery when compared to TA of sham operated mice.
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signaling pathways’, as well as ‘insulin resistance’ and ‘cellular response to glucose 

starvation’ among the results with highest matching ranks. Additionally, an upregulation 

of the terms ‘proteasome’ and ‘Ub-dependent protein catabolic process’ was observed 

(Fig. 6). 

 

KEGG pathway analyses unveiled a downregulation of ‘PI3K/Akt signaling’ and ‘insulin 

signaling’ at both time points (Fig. 7). 

 

 
Figure 7. Analysis of downregulated differentially expressed genes (DEGs). Sepsis was induced via 
the CLP method in C57BL/6J wild-type mice. Animals (n = 3 per group) were sacrificed after 24 or 96 hours 
and tibialis anterior muscles of three mice per group subjected to bulk RNA sequencing. The Venn diagram 
depicts the downregulated DEGs at 24 and 96 hours as well as the analysis from both timepoints combined. 
The bar graphs show the GO terms and KEGG pathways with the highest consensus between DEGs and 
genes contained the respective gene sets, sorted by the p-values as determined by Wald tests. Genes 
were considered differentially expressed at p < 0.01. GO: Gene Ontology; KEGG: Kyoto Encyclopedia of 
Genes and Genomes, CLP: Cecal Ligation and Puncture. Reprinted from Zanders et al., J Cachexia 
Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative Commons Attribution 4.0 
International License [49]. 
 

To further focus on IL-6-induced signaling, GO-term analyses related to IL-6 signaling 

were performed. Components of GO-Terms 7259 ‘Positive regulation of JAK-STAT 

cascade’ and 70102 ‘IL-6-mediated signaling pathway’ were subsequently analyzed. 

Notable upregulated genes within these gene sets included Il6ra, Stat3, as well as the 

STAT3-target genes Icam1 and Gab1 [49-51]. 

 

To investigate the involvement of other members of the IL-6 cytokine family and their 

respective receptors, analyses of the components and their receptors were conducted. A 
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strong up-regulation of Il6 and Il6r, as well as the Interleukin 12 receptor (IL-12R) gene 

were observed. The other members were either marginally deregulated (Cardiotrophin 1 

(Ctf1), Ciliary neurotrophic factor (Cntf), Leukemia inhibitory factor receptor (Lifr), 

Oncostatin M (Osm), Oncostatin M receptor (Osmr), Interleukin 11 (Il-11), Interleukin 11 

receptor subunit alpha-1 (Il-11ra1), Interleukin 11 receptor subunit alpha-2 (Il-11ra2), 

Interleukin 27 (Il-27), Interleukin 27 receptor subunit alpha (Il-27ra), Interleukin 31 (Il-31), 

Interleukin receptor subunit alpha (Il-31ra)) or down-regulated (Cardiotrophin receptor 

(Cntfr), Leukemia inhibitory factor (Lif), Interleukin 12 subunit alpha (Il-12a)) (Fig. 8).  

 

 
Figure 8. mRNA regulation of members of the IL-6 cytokine family and their receptors in CLP-treated 
mice. Sepsis was induced by CLP in C57BL/6J mice and animals sacrificed after 24 or 96 hours. Sham 
operated littermates were used as controls. Tibialis anterior muscles from three animals per group were 
harvested and subjected to bulk RNA sequencing. Depicted are the changes of CLP vs sham treated 
animals of the members of the IL-6 cytokine family and their respective receptors. Values are presented as 
mean ± SD. Il6: Interleukin 6; Il6ra: Interleukin 6 Receptor Subunit alpha; Il6st: Interleukin 6 Signal 
Transducer; Ctf1: Cardiotrophin 1; Cntf: Ciliary Neurotrophic Factor; Cntfr: Ciliary Neurotrophic Factor 
Receptor; Lif: Leukemia Inhibitory Factor; Lifr: Leukemia Inhibitory Factor Receptor; Osm: Oncostatin M; 
Osmr: Oncostatin M Receptor; Il11: Interleukin 11; Il11ra1: Interleukin 11 Receptor Subunit alpha 1, Il11ra2: 
Interleukin 11 Receptor Subunit alpha 2; Il12rb1: Interleukin 12 Receptor Subunit beta 1, Il12a: Interleukin 
12A; Il27: Interleukin 27; Il27ra: Interleukin 27 Receptor Subunit alpha; Il31: Interleukin 31; Il31ra: 
Interleukin 31 Receptor Subunit alpha. Reprinted from Zanders et al., J Cachexia Sarcopenia Muscle. 2022 
Feb;13(1):713-727 with permission under a Creative Commons Attribution 4.0 International License [49]. 
 
 
3.3 Interleukin 6 induces atrophy in murine C2C12 myocytes 
 

Five days differentiated C2C12 myotubes were treated with 10 ng/ml rIL-6 for up to 96 

hours. Following 24 hours of IL-6 treatment, an 11.1% relative reduction in myocyte 

diameter was observed, which remained consistent at 48 (9.7%), 72 (7.1%) and 96 hours 

Figure 1 The IL-6 pathway is activated in skeletal muscle during sepsis. (A) SOCS3 mRNA expression in muscle of critically ill patients. Muscle biopsy
specimens from critically ill patients were obtained from the vastus lateralis muscle on Day 5 (n = 25) and Day 15 (n = 19) in intensive care unit
(ICU). Healthy individuals (n = 5) served as controls. Data are presented as fold change (mean ± SEM). *P< 0.05. (B–E) WT mice were subjected to cecal
ligation and puncture (CLP) or sham surgery. RNA sequencing analyses were performed 24 and 96 h after surgery (WT sham, n = 3; WT CLP, n = 3, for both
time points). (B) Gene expression of known IL6-family members and their receptors in TA muscle of sham- and CLP-operated mice after 24 and 96 h. (C)
Voronoi plot of differentially expressed genes (log2 fold change≥2, adjusted P value<0.05) from RNA sequencing analysis is shown. Voronoi-plots show
the respective GO terms (left panels) and the enriched genes (right panel) per time point (top panels 24 h, bottom panels 96 h) as indicated. Insets lo-
calize IL-6- and JAK/STAT pathway. (D) Venn diagram showing the number of genes that were increased (log2 fold change≥2, adjusted P value<0.01) in
the tibialis anterior muscle compared with sham treated mice after 24 h, 96 h or at both time points. The DAVID functional annotation tool was used for
gene ontology (GO) term-pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG)-pathway analyses of each individual time point, and 10 of the
most enriched biological processes and pathways are shown. (E) Heat map of genes contained in GO-term 0071354 cellular response to IL-6 that were
significantly regulated (P value <0.05) in TA muscle of septic mice 24 and 96 h after surgery when compared to TA of sham operated mice.
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(9.0%). No significant alterations in myotube size were detected between these time 

points. No changes in Fbxo32 or Trim63 mRNA expression were observed between rIL-

6 treatment and controls (Fig. 9C, D). 

 

3.4 Interleukin 6 induces the JAK/STAT3 signaling pathway in murine C2C12 
myocytes 
 

Following treatment with rIL-6 for 5, 10, 30 and 60 minutes, the phosphorylation of STAT3 

at Tyr705 was increased 1.2-fold at 5 minutes, followed by 2.1-fold at 10 minutes, 3.0-

fold at 30 minutes, and 1.5-fold at 60 minutes (Fig. 9A). 

After 24 hours, a 2.28-fold increase in Socs3 mRNA expression was observed compared 

to the control group. After 48 and 72 hours of treatment, Socs3 mRNA expression levels 

showed a 1.85-fold and 1.27-fold induction, respectively, while not meeting statistical 

significance at 72 hours (Fig. 9B). 

 

3.5 Interleukin 6-induced myocyte atrophy is mediated by the gp130/JAK/STAT 
signaling pathway 
 

Following transfection with siRNA targeting Il6st for 48 hours, a significant reduction in 

Il6st mRNA expression and gp130 protein content were observed after 48 hours (Fig. 

10A, B). Upon treatment with rIL-6, an 11.8-fold induction of STAT3 phosphorylation was 

observed after 30 minutes. Knockdown of Il6st attenuated this response to 8.0-fold 

(relative reduction: 32.2 %; Fig. 10B). Furthermore, the knockdown of Il6st resulted in a 

reduction in Socs3 mRNA expression from 3.58- to 3.16.fold (relative reduction; 11.7%; 

Fig. 19C).  

 

In myocytes transfected with scrambled siRNA, treatment with rIL-6 led to a 28.4% 

reduction in myocyte diameter. Knockdown of Il6st attenuated this atrophic effect to 8.3% 

(relative reduction: 70.8%; Fig. 10D).  
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Figure 9. Interleukin 6 induces the JAK/STAT signaling pathway in myotubes. C2C12 myoblasts were 
differentiated into myotubes for 5 days and subsequently treated with 10 ng/ml recombinant murine 
Interleukin 6 for the given timepoints (n = 3 per group). A: Immunoblots of cell lysates using primary 
antibodies targeting GAPDH, STAT3 and pSTAT Y705 and densitometry analyses of the shown 
immunoblot. B: Socs3 mRNA expression as determined by RT-qPCR. C: mRNA expression of Fbxo32 as 
determined by RT-qPCR. D: Trim63 mRNA expression as determined by RT-qPCR. * p < 0.05, ** p < 0.01 
as determined by Mann-Whitney U test. Bar graphs show mean ± SD. pSTAT3 Y705: phospho-Signal 
Transducer and Activator of Transcription 3 at tyrosine 705; STAT3: Signal Transducer and Activator of 
Transcription 3; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; Socs3: Suppressor of Cytokine 
Signaling 3; Fbxo32: F-Box Protein 32; Trim63: Tripartite Motif Containing 63. Adapted from Zanders et al., 
J Cachexia Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative Commons 
Attribution 4.0 International License [49]. 
 

The efficacy of JAK2-inhibition using Tyrphostin AG490 and STAT3-inhibition using 

C188-9 or S3I-201 was confirmed by an attenuation of IL-6-induced STAT3 

phosphorylation and mRNA expression of Socs3 (Fig. 10E, F, data for S3I-201 not 

shown).  

The atrophic effect of rIL-6 treatment was attenuated by inhibition of JAK2 and was 

blocked by STAT3 inhibition (relative diameter reductions: solvent: 32.4%, AG490: 5.2%, 

C188-9: 0.7%).  

 

 

expression (Figure 3F). IL-6-induced atrophy was attenuated
by AG490, C188-9, and S3i-201 (Figures 3G, 3H and S6). These
findings reveal that the gp130/JAK2/STAT3 pathway mediates
IL-6-induced myotube atrophy.

Skeletal muscle specific deletion of Il6st attenuates
sepsis-induced muscle atrophy in mice

To verify our data in vivo, we generated mice deficient
in Il6st in the myocyte lineage. Mice bearing a conditional

Il6stloxP/loxP allele were bred with mice expressing the
Cre-recombinase under the control of the Pax7 promoter
(Il6stloxP/loxP//Pax7Cre, cKO). Il6stloxP/loxP littermates not ex-
pressing Pax7-Cre served as controls (WT). We performed
CLP surgery to induce polymicrobial sepsis for 24 h (to ana-
lyse gp130 signalling; WT: n = 6; cKO: n = 4) and 96 h (to an-
alyse muscle atrophy; WT: n = 15; cKO: n = 10). Sham
operated littermates (24 h: WT: n = 4; cKO: n = 4; 96 h: WT:
n = 6; cKO: n = 6) served as controls. qRT-PCR analysis con-
firmed Il6st deletion in TA of cKO mice (Figure S7A). At base-
line, cKO mice showed no differences in survival, body

Figure 2 Interleukin 6 activates the JAK/STAT signalling pathway and induces atrophy in myocytes. Five days differentiated C2C12 myotubes were
treated with interleukin 6 (IL-6, 10 ng/mL, n = 3) or solvent control (0.1% bovine serum albumin in phosphate-buffered saline, n = 3) for the indicated
time points. (A) Western blot analysis with anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3 and anti-GAPDH antibodies, n = 3. GAPDH was used
as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected C. (B) Quantitative
real-time polymerase chain reaction (qRT-PCR) analysis of Socs3 expression. mRNA expression was normalized to Gapdh. Data are presented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. MW, molecular weight; min, minutes; IL-6, interleukin 6. (C) Representative light microscopy pic-
tures. Scale bar = 100 μm. (D) Frequency distribution histograms of cell width of IL-6 and solvent treated myotubes, n = 100 cells per condition. Mean
myotube width.
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by AG490, C188-9, and S3i-201 (Figures 3G, 3H and S6). These
findings reveal that the gp130/JAK2/STAT3 pathway mediates
IL-6-induced myotube atrophy.

Skeletal muscle specific deletion of Il6st attenuates
sepsis-induced muscle atrophy in mice

To verify our data in vivo, we generated mice deficient
in Il6st in the myocyte lineage. Mice bearing a conditional

Il6stloxP/loxP allele were bred with mice expressing the
Cre-recombinase under the control of the Pax7 promoter
(Il6stloxP/loxP//Pax7Cre, cKO). Il6stloxP/loxP littermates not ex-
pressing Pax7-Cre served as controls (WT). We performed
CLP surgery to induce polymicrobial sepsis for 24 h (to ana-
lyse gp130 signalling; WT: n = 6; cKO: n = 4) and 96 h (to an-
alyse muscle atrophy; WT: n = 15; cKO: n = 10). Sham
operated littermates (24 h: WT: n = 4; cKO: n = 4; 96 h: WT:
n = 6; cKO: n = 6) served as controls. qRT-PCR analysis con-
firmed Il6st deletion in TA of cKO mice (Figure S7A). At base-
line, cKO mice showed no differences in survival, body

Figure 2 Interleukin 6 activates the JAK/STAT signalling pathway and induces atrophy in myocytes. Five days differentiated C2C12 myotubes were
treated with interleukin 6 (IL-6, 10 ng/mL, n = 3) or solvent control (0.1% bovine serum albumin in phosphate-buffered saline, n = 3) for the indicated
time points. (A) Western blot analysis with anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3 and anti-GAPDH antibodies, n = 3. GAPDH was used
as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected C. (B) Quantitative
real-time polymerase chain reaction (qRT-PCR) analysis of Socs3 expression. mRNA expression was normalized to Gapdh. Data are presented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. MW, molecular weight; min, minutes; IL-6, interleukin 6. (C) Representative light microscopy pic-
tures. Scale bar = 100 μm. (D) Frequency distribution histograms of cell width of IL-6 and solvent treated myotubes, n = 100 cells per condition. Mean
myotube width.
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Figure 10. Effects of the gp130/JAK2/STAT3 signaling pathway on myotube atrophy after IL-6 
treatment. C2C12 myoblasts were differentiated into myotubes for five days and subsequently treated with 
10 ng/ml recombinant murine IL-6 with or without inhibitors for Januskinase 2 (AG490) or STAT3 (C188-9) 
or siRNA targeting Il6st (n = 3 per group). A: Il6st mRNA content in C2C12 myotubes after transfection with 
control siRNA or siRNA targeting Il6st. B: Immunoblots from C2C12 myotube lysates using primary 
antibodies targeting gp130, pSTAT3 Y705, STAT3 and GAPDH and according densitometry analyses of 
pSTAT Y705. C: Socs3 mRNA content from C2C12 myotubes as determined by RT-qPCR. D: C2C12 
myotube diameters of IL-6 treated C2C12 myotubes with or without transfection of siRNA targeting Il6st.  
Left and mid panel showing frequency distribution histograms, right panel showing mean diameters. E: 
Immunoblots using primary antibodies against pSTAT3 Y705, STAT3 and GAPDH and respective 
densitometry analyses of pSTAT3 Y705. F: Socs3 mRNA content as determined by RT-qPCR from C2C12 
myotubes. * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by Mann-Whitney U tests (A, C, E, F) or two-
tailed t-test (D). Bar graphs depict mean ± SD. Il6st: Interleukin 6 signal transducer; pSTAT3 Y705: 
phospho-Signal Transducer and Activator of Transcription 3 at tyrosine 705; STAT3: Signal Transducer 
and Activator of Transcription 3; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; Socs3: 
Suppressor of Cytokine Signaling 3. Reprinted from Zanders et al., J Cachexia Sarcopenia Muscle. 2022 
Feb;13(1):713-727 with permission under a Creative Commons Attribution 4.0 International License [49]. 
 

3.6 Loss of gp130 in muscle cells attenuates sepsis-induced muscle atrophy in 
mice 
 

Mice with a conditional knockout of Il6st (subsequently ‘Il6st-/-’) in the skeletal myocytes 

were subjected to CLP or sham surgery. At baseline, Il6st mRNA expression was reduced 

in Il6st-/- in TA and GP muscles. CLP-treated animals showed an induction of Il6st mRNA, 

which was attenuated in Il6st-/-mice (Fig. 12E).  

Figure 3 Interleukin 6 mediates atrophy through gp130/JAK2/STAT3 signalling in myocytes. (A–D) Five days differentiated C2C12 myotubes were
transfected with control siRNA (control siRNA, 50 nM) (n = 6) or siRNA targeting Il6st/gp130 (Il6st siRNA, 50 nM) (n = 6) followed by treatment with
IL-6 (10 ng/mL) or vehicle control, as indicated, for 24 h. (A) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Il6st expression.
mRNA expression was normalized to Gapdh. (B) Western blot analysis with anti-gp130, anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, and
anti-GAPDH antibodies, n = 3. GAPDHwas used as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein
contents as detected in (B). (C) qRT-PCR analysis of Socs3 expression. mRNA expression was normalized to Gapdh. (D) Frequency distribution histograms
of cell width of IL-6 and vehicle-treated myotubes, n = 100 cells per condition. Bar graph showing mean myotube width. (E–H) Five days differentiated
C2C12 myotubes were treated with the JAK2 inhibitor AG490 (n = 6), the STAT3 inhibitor C188-9 (n = 6) or vehicle control prior to treatment with IL-6
(10 ng/mL) or solvent control, as indicated, for 24 h. (E), Western blot analysis with anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, and anti-
GAPDH antibodies, n = 3. GAPDH was used as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein
contents as detected (E). Data are shown as mean ± SD. (F) qRT-PCR analysis of Socs3 expression. mRNA expression was normalized to Gapdh. (G) Rep-
resentative lightmicroscopy pictures. Scale bar = 100 μm. Data are presented asmean ± SD. *P< 0.05, **P< 0.01, ***P< 0.001.MW,molecular weight,
IL-6, interleukin 6. (H) Frequency distribution histograms of cell width of IL-6 and vehicle-treatedmyotubes in the absence or presence of JAK2 and STAT3
inhibitors, and Il6st siRNA or scrambled siRNA control, as indicated, n = 100 cells per condition. Bar graph showing mean myotube width.
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No significant differences in survival between treatment groups or genotypes were 

observed. One animal died within 96 hours after CLP (WT Sham: n = 6; WT CLP: n = 10; 

Il6st-/- sham: n = 6; Il6st-/- CLP: n = 15; Fig. 11). 

 

 
Figure 11. Survival of Il6st-/- and WT mice after CLP or surgery. Mice bearing a conditional deletion of 
Il6st in the skeletal myocyte lineage and WT controls were subjected to CLP or sham surgery. Survival was 
monitored for up to 96 hours and animals were subsequently sacrificed. The graph shows Kaplan-Meier-
Curves for the treatment groups and the log-rank test was used for survival analyses. WT: Wild-type; Il6st: 
Interleukin 6 Signal Transducer. 
 

IL-6 plasma levels were similar between WT and Il6st-/- animals in sham-operated controls 

(1.8±1.8 vs 2.4±2.4 pg/ml, p = 1.00) and septic animals (469±295 vs 351±170 pg/ml, p = 

0.40).  

 

After 96 hours of sepsis, WT mice exhibited a reduction of 22.3% and 19.7% in muscle 

weight in TA and GP muscle, respectively, compared to sham operated controls. A 

reduction in muscle weights of 13.5% and 7.7% was observed in TA and GP muscle of 

Il6st-/- mice, respectively (Fig. 11C, GP data not shown). This corresponded to a relative 

reduction in muscle weight loss of 39.46% in the TA muscle and 60.9% in the GP muscle 

of Il6st-/- animals. MCSAs of type II / fast twitch fibers from CLP-treated animals showed 

a 26.6% and 39.1% reduction in TA and GP, respectively. Il6st-/- mice showed a MCSA 

reduction of 6,0% in TA and 21,5% in GP (Fig. 11 D, GP data not shown). This translates 

to a relative reduction in MCSA loss of 77.4% in TA and 45.0% in GP muscle. Atrophy 

affected fast twitch/ type II fibers only, as slow twitch/type I myofibers did not exhibit 
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reductions in MCSA. No effect of genotype or treatment was observed on fiber type 

distribution.  

 
Figure 12. Analyses of muscle atrophy, signaling pathways and atrogene expression in tibialis 
anterior muscle of septic mice with a deletion of Il6st in myocytes. Mice bearing a specific deletion of 
Il6st in myocytes and according WT controls were subjected to CLP or sham surgery, sacrificed and tibialis 
anterior muscles harvested 24 (WT sham: n = 4, WT CLP: n = 6, Il6st-/- sham: n = 4, Il6st-/- CLP: n = 4) or 
96 hours (WT sham: n = 6, WT CLP: n = 10, Il6st-/- sham: n = 6, Il6st-/- CLP: n = 15) after surgery. A: 
Immunoblots from tibialis anterior muscle lysates 24 hours after CLP or sham surgery using primary 
antibodies against pSTAT Y705, STAT3, Atrogin-1, MuRF1 and GAPDH and according densitometry 
analyses of pSTAT Y705 signals. B: Socs3 mRNA content in tibialis anterior muscles 96 hours after 
surgery. C: Tibialis anterior muscle weights 96 hours after surgery. D: MCSA of fast-twitch / type 2 myocytes 
96 hours after surgery. E-F: mRNA contents of Il6st, Trim63 and Fbxo32 in tibialis anterior muscles 96 
hours after surgery as determined by RT-qPCR. * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by 
Mann-Whitney U test (A, B, E-G) or two-tailed t test (C, D). Data are presented as mean ± SEM (A, B, E-
G) or mean ± SD (C, D). pSTAT3 Y705: phospho-Signal Transducer and Activator of Transcription 3 at 
tyrosine 705; STAT3: Signal Transducer and Activator of Transcription 3; MuRF1: Muscle Really Interesing 
New Gene Finger 1; GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; Socs3: Suppressor of 
Cytokine Signaling 3; Il6st: Interleukin 6 signal transducer; Trim63: Tripartit Motif Containing 63; Fbxo32: 
F-Box Protein 32, MCSA: Myocyte Cross Sectional Area. Adapted from Zanders et al., J Cachexia 
Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative Commons Attribution 4.0 
International License [49]. 
 

While protein levels of Atrogin-1 were not altered by loss of muscular Il6st, 24 hours after 

CLP, those of MuRF1 were reduced in septic Il6st-/- mice (WT sham: n = 4, WT CLP: n = 

Figure 4 Deletion of Il6st in skeletal myocytes attenuates sepsis-induced muscle atrophy in mice. Twelve- to 16-week-old male Il6st cKO mice and
wildtype (WT) littermates were subjected to cecal ligation and puncture (CLP) or sham surgery. Analyses were performed 24 h (for Western blot:
WT sham, n = 4; WT CLP, n = 6; KO sham, n = 4; KO CLP, n = 4) or 96 h (for qRT PCR and morphological analyses: WT sham, n = 6; WT CLP, n = 15;
KO sham, n = 6; KO CLP, n = 10) after surgery in tibialis anterior (TA) and gastrocnemius and plantaris (GP). (A) Western blot analysis with anti-
phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, anti-Atrogin-1, anti-MuRF1, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control.
Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected in (A) as mean ± SD. Arrow denotes non-
specific (n.s.) signal. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Socs3. mRNA expression was normalized to Gapdh.
Data are presented as mean ± SEM; **P < 0.01, ***P < 0.001. (C, G) Analyses of TA and GP muscle weights normalized to tibia length of the same
animal. (D, H) Metachromatic ATPase staining of histological cross-sections from TA and GP of sham or CLP operated WT and Il6st cKO mice. (E, I) Mean
myofibre cross-sectional area (MCSA) of TA and GP muscle. (F, J) Frequency distribution histograms of fast/type II MCSA of sham-treated and
CLP-treated Il6st cKO and WT mice of TA and GP muscle. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (K–N) qRT-PCR
analysis of Trim63, Fbxo32, Myh2, and Myh4. mRNA expression was normalized to Gapdh. Data are presented as mean ± SEM; *P < 0.05,
**P < 0.01, ***P < 0.001.
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6, Il6st-/- sham: n = 4, Il6st-/- CLP: n = 4; Fig. 12A). Muscular Trim63 and Fbxo32 mRNA 

expression were not different between septic WT and Il6st-/- mice.  

 

3.7 gp130 mediates the activation of the JAK/STAT signaling pathway in muscles 
of septic mice 
 

After 24 hours of sepsis an induction of STAT3 phosphorylation at tyrosine 715 in TA and 

GP muscles was observed when compared to controls (Fig. 12A). This induction was 

attenuated in mice with loss of Il6st in myocytes. The upregulation of Socs3 mRNA 

expression in muscles of septic WT animals was attenuated in Il6st-/- mice (Fig. 12B). 

 

3.8 Inhibition of JAK2 attenuates sepsis-induced muscle atrophy in mice 
 

WT animals were injected with the JAK2 inhibitor Tyrphostin AG490 or solvent and 

subsequently subjected to CLP or Sham procedure. Treatment with Tyrphostin AG490 

did not result in different survival rates in septic mice (solvent sham: n = 5; solvent CLP: 

n = 11; AG490 sham: n = 5; AG 490 CLP: n = 12; Fig. 13).  

 

 
Figure 13. Survival rates after CLP- or sham-surgery according to treatment with solvent or 
Tyrphostin AG490. C57BL/6 mice were injected with Tyrphostin AG490 or solvent and subsequently 
subjected to CLP or sham surgery. Survival was monitored for 96 hours. The graph shows Kaplan-Meier-
Curves for survival. The log-rank test was used for survival analysis. Animal numbers indicate mice entering 
the experiment. 
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At 96 hours after CLP, mice that received solvent infections exhibited a significant 

reduction in muscle weights, with a decrease of 19.2% in TA muscle and 17.4% in GP 

muscle. Mice treated with AG490 showed a reduction in muscle weights of 13.5% in TA 

muscle and 11.6% in GP muscle. This corresponds to a relative reduction in muscle 

weight loss of 29.7% in TA and 33.3% in GP muscle compared to solvent treated septic 

mice (Fig. 14C, GP data not shown).   

 

 
Figure 14. Analyses of muscle atrophy, signaling pathways and atrogene expression in tibialis 
anterior muscle of septic mice treated with solvent or Tyrphostin AG490. C57BL/6J mice were 
intraperitoneally injected with the Januskinase 2 inhibitor Tyrphostin AG490 or solvent, subjected to CLP 
or sham surgery and sacrificed 96 hours later. Tibialis anterior muscles were harvested (Solvent sham: n 
= 5, solvent CLP = 11, AG490 sham = 5, AG490 CLP = 12). A: Immunoblot analyses from tibialis anterior 
muscle lysates using primary antibodies against pSTAT3 Y705, STAT3, Atrogin-1, MuRF1 and GAPDH 
with according densitometry analyses for pSTAT Y705 signals. B: Socs3 mRNA expression in tibialis 
anterior muscles as determined by RT-qPCR. C: Tibialis anterior muscle weights. D: Fast twitch / type 2 
MCSA from tibialis anterior muscles. E Trim63 mRNA expression in tibialis anterior muscles. F Fbxo32 
mRNA expression in tibialis anterior muscles. * p < 0.05, ** p < 0.01, *** p < 0.001 as determined by Mann-
Whitney U test (A, B) or two-tailed t test (C, D). Bar graphs show mean ± SEM (A, B) or mean ± SD (C, D). 
pSTAT3 Y705: phospho-Signal Transducer and Activator of Transcription 3 at tyrosine 705; STAT3: Signal 
Transducer and Activator of Transcription 3; MuRF1: Muscle Really Interesting New Gene Finger 1; 
GAPDH: Glyceraldehyde-3-Phosphate Dehydrogenase; Socs3: Suppressor of Cytokine Signaling 3, 
MCSA: Myocyte Cross Sectional Area; Trim63: Tripartite Motif Containing 63; Fbxo32: F-Box Containing 
Protein 32 Adapted from Zanders et al., J Cachexia Sarcopenia Muscle. 2022 Feb;13(1):713-727 with 
permission under a Creative Commons Attribution 4.0 International License [49]. 
 

Figure 5 The JAK2 inhibitor AG490 attenuates sepsis-induced muscle atrophy in mice. Twelve- to 16-week-old male Il6st cKO and wildtype (WT) mice
were treated with the JAK2 inhibitor AG490 (n = 20, 10 μM) or vehicle (n = 20) and then subjected to cecal ligation and puncture (CLP) or sham surgery
(solvent sham, n = 5; solvent CLP, n = 15; AG490 sham, n = 5; AG490 CLP, n = 15). Analyses were performed 96 h after surgery in tibialis anterior (TA)
and gastrocnemius and plantaris (GP) of sham-treated and CLP-treated AG490 and vehicle-treated animals. (A) Western blot analysis with anti-
phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, anti-Atrogin-1, anti-MuRF1, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control.
Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected in (A) as mean ± SD. Arrow denotes non-
specific (n.s.) signal. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Socs3. mRNA expression was normalized to Gapdh.
Data are presented as mean ± SEM; ***P < 0.001. (C, G) Analyses of TA and GP muscle weights normalized to tibia length of the same animal. (D,
H) Metachromatic ATPase staining of histological cross-sections from TA and GP of sham and CLP operated AG490- and solvent-treated mice. (E, I)
Mean myofibre cross-sectional area (MCSA) of TA and GP muscle. (F, J) Frequency distribution histograms of fast/type II MCSA of sham-operated
and CLP-operated AG490-treated and solvent-treated mice. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (K–N) Quanti-
tative real-time polymerase chain reaction (qRT-PCR) analysis of Trim63, Fbxo32, Myh2, and Myh4. mRNA expression was normalized to Gapdh. Data
are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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Solvent-treated mice with polymicrobial sepsis exhibited a significant reduction in MCSA, 

with a decrease of 20.7% in TA and 31.2% in GP muscle. Mice treated with AG490 

showed a MCSA decrease of 8.6% in TA muscle and 25.5% in GP muscle. This 

corresponds to a relative reduction of 58.5% in TA muscle and 18.3% in GP muscle 

compared to solvent-treated septic mice (Fig. 14D, GP data not shown).  

Treatment with AG490 resulted in a reduction in the mRNA expression of Fbxo32 and 

Trim63 as well as protein levels of Atrogin-1 and MuRF1 in septic mice (Fig. 14A, data 

on mRNA expression not shown). Solvent-treated septic mice exhibited an increase in 

STAT3 phosphorylation, which was attenuated by treatment with AG490 (Fig. 14A). No 

changes in Socs3 mRNA expression were observed (Fig. 14B). 

 

3.9 IL-6-induced signaling interferes with insulin signaling 
 
Twenty-four hours following CLP, WT mice exerted reduced muscular AKT 

phosphorylation when compared to sham controls. This reduction was blocked by loss of 

muscular Il6st (Fig. 15A).  

Five days differentiated C2C12 myotubes were treated with insulin with or without rIL-6 

for one hour. Insulin-treatment resulted in an increase in phosphorylation of pIRS1 

S636/639 and AKT S473. rIL-6 treatment induced STAT3 phosphorylation at Y705. Co-

treatment with insulin and rIL-6 blocked the insulin-induced phosphorylation of IRS1 and 

AKT (Fig. 15B) 
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Figure 15. IL-6 induced signaling interferes with insulin signaling in myocytes. A: Mice bearing a 
conditional deletion of Il6st in the skeletal muscle cell lineage and WT controls were subjected to CLP or 
sham surgery, sacrificed 24 hours later and tibialis anterior muscles harvested (WT sham: n = 4, WT CLP: 
n = 6, Il6st-/- sham: n = 4, Il6st-/- CLP: n = 4). Depicted are immunoblots from tibialis anterior muscle lysates 
using primary antibodies targeting pAKT S473, AKT and GAPDH with according densitometry analyses of 
pAKT S473 signals. B: C2C12 myoblasts were differentiated into myotubes for five days and subsequently 
treated with IL-6 for 30 minutes and subsequently with solvent or insulin for another 60 minutes (n = 3 per 
group). Immunoblots of cell lysates using primary antibodies against pIRS1 S636/639, IRS1, pAKT S473, 
AKT, pSTAT3 Y705, STAT3 and GAPDH with according densitometry analyses of pAKT S473. * p < 0.05, 
** p < 0.01 as determined by Mann-Whitney U test. Bar graphs show mean ± SEM. pIRS S636/639: 
phosphor-Insulin Receptor Substrate 1 at serines 636 and 639; IRS1: Insulin Receptor Substrate 1; pAKT 
S473: phospho-Protein Kinase B at serine 473; AKT: Protein Kinase B; pSTAT3 Y705: phospho-Signal 
Transducer and Activator of Transcription 3 at tyrosine 705; STAT3: Signal Transducer and Activator of 
Transcription 3; MuRF1: Muscle Really Interesting New Gene Finger 1; GAPDH: Glyceraldehyde-3-
Phosphate Dehydrogenase; Il6st: Insulin 6 Signal Transducer. Reprinted from Zanders et al., J Cachexia 
Sarcopenia Muscle. 2022 Feb;13(1):713-727 with permission under a Creative Commons Attribution 4.0 
International License [49]. 
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4 Discussion 
 

4.1 Brief summary of the findings 
 

The data presented and published in Zanders et al. [49] demonstrate increased activation 

of the JAK/STAT signaling in skeletal muscles of critically ill patients. Bulk RNA 

sequencing of TA muscles from septic mice revealed higher expression levels of genes 

associated with IL-6-induced and JAK/STAT signaling, while genes associated with 

insulin- and PI3K/AKT-signaling were downregulated.  

In vitro experiments showed that rIL-6-induced myocyte atrophy was mitigated by 

knockdown of Il6st or inhibition of either JAK2 or STAT3. Notably, rIL-6-induced myocyte 

atrophy was not associated with increased mRNA contents of Trim63 or Fbxo32.  

Loss of Il6st in myocytes reduced sepsis-induced muscle atrophy in mice and was 

associated with decreased JAK/STAT3 signaling pathway activation. While the 

expression of Fbxo32/Atrogin-1 remained unaffected by loss of Il6st, the content of 

MuRF1 was decreased without changes of Trim63 in skeletal muscles of septic Il6st-/- 

mice. 

Inhibiting JAK2 with the small molecule inhibitor Tyrphostin AG490 reduced the activation 

of JAK/STAT3-signaling, as well as the expression of Trim63/MuRF1 and 

Fbxo32/Atrogin-1 in muscles of septic mice. 

Muscles of septic WT mice displayed signs of impaired insulin signaling, which was 

alleviated by loss of Il6st in skeletal myocytes. Co-treatment with rIL6 attenuated insulin-

induced activation of the PI3K/AKT signaling pathway in myocytes in vitro. 

 

4.2 Interpretation of the findings and integration with the current state of research 
 

4.2.1 Cell type specificity of the observed effects 
 

The experimental models employed in this study aimed to investigate the specific impact 

of gp130/JAK/STAT signaling on myocytes during sepsis-induced muscle atrophy. This 

approach was chosen, because breakdown of sarcomeric proteins is specific to 

myocytes, making them a potential target for therapeutic intervention. 
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Accordingly, a myocyte specific conditional knockout model of Il6st was used. In whole 

tissue lysates of skeletal muscles, Il6st mRNA was still detectable in Il6st-/- mice, as 

skeletal muscles contain various other cell types expressing Il6st, including pericytes, 

endothelial cells, immune and smooth muscle cells [52]. 

 

Considering the use of whole tissue samples in the in vivo experiments and the cohort 

study, contributions of other cell types to the observed effects have to be considered. 

Other cell types within skeletal muscles may undergo transcriptional and functional 

changes during sepsis, potentially contributing to inflammation-induced muscle atrophy 

through secondary effects, such as paracrine stimulation of myocytes. These cells also 

contain gp130 and JAK/STAT signaling in Il6st-/- mice, likely contributing to the remaining 

induction of STAT3 phosphorylation and Socs3 mRNA expression in whole muscle 

lysates (Fig. 10 B, C) [53, 54]. Moreover, other receptors may have induced the 

JAK/STAT signaling pathway in myocytes. 

 

It is essential to consider cellular heterogeneity, especially in the interpretation of mRNA 

analyses using RT-qPCR and bulk RNA-Seq. While myocytes constitute the large 

majority of skeletal muscle by volume, the number of nuclei belonging to other cell types 

is more relevant due to their smaller cell size. Nuclei contain substantial amounts of 

mRNA, which influences expression profiles in whole tissue samples. 

 

However, since the deletion of Il6st was specific to myocytes, and gp130-mediated effects 

in other cell types would have attenuated the observed effects on mRNA and protein 

contents, it is reasonable to attribute the effects to gp130 in myocytes. 

 

4.2.2 Specificity of the in vivo models for interleukin 6 
 

Gp130 acts as a signal transducer for all members of the IL-6 cytokine family, raising the 

possibility that these other cytokines may contribute to the activation of gp130-mediated 

signaling and hence muscle atrophy. 

During sepsis, circulating levels of the pro-inflammatory cytokines OSM, CNTF and LIF 

are elevated [55]. Interestingly, treatment with an OSM-receptor II antibody improved 

survival rates in septic mice, indicating a role of OSM in sepsis [56, 57]. Conversely, anti-
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inflammatory members of the IL-6 family, such as CT-1 and IL-10, have demonstrated 

protective effects during sepsis [58, 59]. 

 

However, there are data suggesting IL-6 as the primary contributor to the observed 

effects. Plasma kinetics of IL-6 during sepsis are more pronounced than most of the other 

cytokines signaling through gp130 [55]. Additionally, the detrimental effects of IL-6 on 

skeletal muscle are well established, while other members of the IL-6 family have been 

associated with muscle regeneration and MSC differentiation [35, 60, 61]. Furthermore, 

the observed atrophic in vivo effects were replicated in vitro through rIL-6 treatment of 

myocytes. However, further research is needed to elucidate the role of individual 

members of the IL-6 cytokine family in inflammation-induced muscle atrophy, especially 

considering the potential involvement of OSM in muscle plasticity and inflammatory 

conditions [56, 60]. 

 

The utilized Il6st cKO model, while lacking specificity for IL-6-mediated effects, offers 

several advantages over alternative models. The expression level of membrane-bound 

IL-6R in skeletal myocytes remains uncertain, and myocyte-specific deletion of Il6ra 

would likely have minimal impact on systemic sIL-6R levels, while a global deletion could 

introduce secondary effects on myocytes. On the other hand, choosing a myocyte-

specific Il6 deletion would likely have minimal relevant effects on circulating plasma 

levels, while global deletion would blunt myocyte-specific effects. 

 

Considering that the aim of the study was to investigate IL-6-induced signaling pathways, 

a myocyte-specific deletion of Il6st was employed to investigate the role of IL-6-mediated 

signaling in sepsis-induced muscle atrophy. 

 

4.2.3 Sepsis model 
 

The cecal ligation and puncture (CLP) model was utilized to induce peritonitis and 

subsequent polymicrobial sepsis [62]. However, there are other modelsto investigate the 

effects of sepsis in mice. 

 

An alternative approach is Colon Ascendens Stent Peritonitis (CASP), which involves 

puncturing of the cecum and placement of a plastic stent into the cecal wall to facilitate 
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intraluminal content spillage into the abdominal cavity. CASP produces a more severe 

septic phenotype, with mortality rates reaching up to 100% after 48 hours [63].  

A modification of this technique is the Colon Ascendens Stent Peritonitis with Intervention 

(CASPI), which adds stent removal after a given time and closure of the induced 

perforation to simulate the treatment course of intraabdominal sepsis [64].  

 

CASP and CASPI offer better standardization through the selection of different stent sizes 

and explantation timepoints in the case of CASPI. In CLP, the severity of peritonitis can 

be controlled through the position of cecal ligation and the puncturing size [41, 63]. 

However, the CASP procedure is more time-consuming and, in the case of CASPI, 

requires an additional surgical intervention, which increases the likelihood of introducing 

confounding effects related to the procedures itself. Both CLP and CASP require large 

numbers of animals due to high mortality rates and interindividual variability in 

inflammatory responses [62]. 

 

Another commonly used model in sepsis research is endotoxin injection. This model 

induces endotoxemia, an inflammatory response and hemodynamic dysregulation, 

resembling septic shock [65]. However, since LPS signals through well-characterized 

signaling pathways, primarily activating TLR2 and TLR4 and does not induce bacteremia, 

it is to be considered more representative of septic shock rather than sepsis. LPS injection 

does not capture the complexity of sepsis as observed in the CLP and CASP techniques 

[66]. 

 

The CLP procedure is well-established in the host lab. Given the reliability of CLP in 

inducing sepsis and muscle atrophy and its established use in CIM research, it was 

selected for this project [15, 31, 67]. 

 

The CLP model can elicit varying phenotypes in different mouse strains. Mice used for 

the pharmacologic inhibitor experiment exhibited higher mortality compared to the Il6st 

cKO experiments. This difference is likely attributed to the distinct genetic backgrounds 

utilized in generating the loxP allele, whereby E14 embryonic stem cells from the 1290Ia 

mouse strain were implanted into C57BL/6 mice [40]. For the inhibitor experiment, 

C57BL/6J mice were used.  
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4.2.4 Mechanisms of muscle atrophy in different models 
 

In mice bearing a myocyte-specific Il6st deletion and those systemically treated with the 

JAK2-inhibitor AG490, distinct expression patterns of Fbxo32/Atrogin-1 and 

Trim63/MuRF1 mRNA and protein levels were observed.  

While no differences between mRNA expression levels were observed between muscles 

of septic WT and Il6st-/- mice, septic Il6st-/- mice exerted decreased protein levels of 

MuRF1 compared to WT littermates (Fig. 12A). Systemic inhibition of JAK2 on the other 

hand resulted in attenuated muscular mRNA expression levels of Trim63 and Fbxo32 as 

well as protein contents of MuRF1 and Atrogin-1 compared to solvent-treated controls 

(Fig. 14A). 

 

Given the myocyte specificity of Il6st loss and the systemic administration of AG490, it is 

expected, that global JAK2 inhibition introduces in secondary effects on skeletal muscles 

(Fig. 14A). This model lacks the specificity to distinguish between secondary and primary 

muscular effects. The observed expression profiles of atrogenes resemble those 

observed in other models investigating systemic regulatory factors of sepsis-induced 

muscle atrophy, such as global Nlrp3 KO or systemic NF-𝜅B inhibition. This suggests that 

the observed muscular effects are partly attributable to attenuated systemic inflammation 

[31, 33]. 

 

While the JAK2/STAT3 signaling pathway plays a role in mediating muscle atrophy during 

sepsis, its inhibition by loss of Il6st in myocytes did not block skeletal muscle atrophy 

entirely [4, 18, 37, 49]. Signaling pathways induced by other upstream regulators with 

known atrophic effects, such as IL-1β, LPS and SAA1, likely contribute to muscle atrophy 

in the absence of Il6st [15, 31, 33].  Moreover, while inhibition of JAK2  and 

phosphorylation of STAT3 was investigated, other members of the JAK/STAT signaling 

pathway might still be active and contribute to muscle atrophy. 

 

The most likely effector of the attenuated JAK2/STAT3 activation and muscle atrophy in 

Il6st-/- mice is MuRF1, which shows decreased protein contents despite unchanged 

Trim63 mRNA levels.  

This phenotype has not been reported previously and might be caused by post-

translational mRNA silencing by noncoding RNAs, as seen in a model of chronic kidney 
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disease (CKD)-induced muscle atrophy, where overexpression of the microRNAs 

(miRNA) 23a and 27a resulted in an attenuation of muscle weight loss and MuRF1 protein 

levels [68]. CKD is associated with increased Angiotensin II serum levels, which exerts 

skeletal muscle atrophy primarily through IL-6 [69].  

Treating C2C12 myotubes with rIL-6 results in increased MuRF1 protein content without 

affecting Trim63 mRNA expression, supporting the idea of a post-transcriptional 

mechanism [4]. Investigating these post-transcriptional mechanisms might elucidate 

targeted therapies not only for CIM, but also other types of muscle atrophy. 

Another potential explanation of the distinct Trim63/MuRF1 expression profile is an 

inhibitory effect of gp130-mediated signaling on MuRF1 protein degradation, although 

specific mechanisms of targeted MuRF1 proteolysis remain speculative. 

 

In myocytes of septic mice, loss of Il6st did not alter Atrogin-1 content in contrast to a 

previous study of cancer cachexia, in which loss of gp130 in skeletal myocytes attenuated 

Atrogin-1 contents in skeletal muscles [18]. In accordance with the here presented data, 

global deletion of Il6 did not affect Fbxo32 mRNA or Atrogin-1 levels in an intestinal 

cancer model [61]. In denervation-induced muscle atrophy, treatment with an IL-6R 

antibody attenuated Fbxo32 and Atrogin-1 induction [4].  

The effects of global Il6 KO and systemic IL-6R blockade introduce secondary effects and 

are not comparable to myocyte-specific deletions [4, 31, 33]. The different effects of 

myocyte Il6st loss in cancer cachexia and sepsis might indicate distinct mechanisms of 

gp130-mediated signaling on Atrogin-1 expression in these conditions. These differences 

might arise from different cytokine concentrations and expression patterns within the IL-

6 family [18, 49]. 

 

There is limited data on the expression profiles of Trim63 and MuRF1 in association with 

JAK/STAT signaling. While global deletion of Il6 does not alter Trim63 expression in an 

intestinal cancer model, treatment with an antibody targeting IL-6R reduced both Trim63 

mRNA and MuRF1 protein content in denervation atrophy [4, 61].  
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Figure 16. Suggested interactions of gp130-mediated intracellular signaling with other signaling pathways 
involved in sepsis-induced muscle atrophy. The depicted DNA binding sites (𝜅B, SRE and FHRE) are examples 
of possible binding sites for NF-𝜅B, STAT3 and FOXO3. gp130: glycoprotein 130; IL-6: Interleukin 6; IL-
6R: Interleukin 6 receptor; IRS1: Insulin Receptor Substrate 1; PI3K: phosphoinositide-3-kinase; AKT: 
protein kinase B; FOXO3: Forkhead Box O3; FHRE: Forkhead Response Element;  JAK2: Januskinase 2; 
STAT3: Signal transducer and activator of Transcription 3; SRE: Serum Response Element; LPS: 
Lipopolysaccharide; SAA1: Serum Amyloid A1; TLR4: Toll-Like Receptor 4; p38 MAPK: p38 Mitogen-
Activated Protein Kinase; IL-1β : Interleukin 1 beta; IL-1R: Interleukin 1 Receptor; NF-𝜅B: Nuclear Factor 
kappa-light-chain-enhancer of activated B cells, 𝜅B: Kappa B binding site; MuRF1: Muscle Really 
Interesting New Gene Finger 1. Created with biorender.com. 
 

4.2.5 The PI3K/AKT signaling pathway in Critical Illness Myopathy 
 

In skeletal muscles from septic WT mice, a reduced phosphorylation of AKT at S473 was 

observed, which was blocked by loss of Il6st in myocytes (Fig. 15A). Additionally, insulin-

treatment of C2C12 myotubes led to induced AKT-phosphorylation, which was attenuated 

by co-treatment with rIL-6 (Figs. 15B, 16).  

 

Previous studies have shown that the synergistic signaling of SAA1 and IL-6 can reduce 

AKT phosphorylation through IRS-1 degradation. During muscle atrophy, activation of 

AKT phosphorylation is suppressed [27, 28, 69]. The IL-6 target gene SOCS3 has been 

implicated in UPS-mediated degradation of IRS-1 in vitro (Fig. 16) [30]. In vivo, loss of 
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Il6st resulted in rescued AKT phosphorylation, which is in line with these reports. 

However, rIL-6 alone attenuated insulin-induced AKT phosphorylation without affecting 

IRS1 protein content but reducing IRS-1 phosphorylation in vitro, suggesting a distinct 

mechanism by which IL-6 interferes with the PI3K-AKT signaling pathway in myocytes. 

 

These findings are in contrast to the observation, that IL-6 can induce PI3K/AKT signaling 

itself [34, 70], which might be caused by differences in models or synergistic effects with 

other cytokines, as demonstrated for SAA1 [69].  

 

Notably, in a clinical cohort of critically ill patients, increased AKT-phosphorylation was 

observed in skeletal muscle biopsies, along with increased IL-6 plasma concentrations. 

However, given the decreased insulin sensitivity and high insulin doses administered to 

these patients, the increase in AKT phosphorylation might be a result therapeutic 

interventions [29]. 

 

A more comprehensive study including different IL-6 dosages, co-stimulation and 

inhibition of components of the signaling pathways involved are needed to further 

elucidate the underlying mechanisms. 

 

4.3 Strengths & Limitations 
 

The presented data, for the first time, show a pivotal role of muscular JAK/STAT signaling 

in sepsis-induced muscle atrophy. Using a comprehensive translational approach, 

including patient’s samples, in vivo and in vitro data, the study substantially contributes 

to the understanding of CIM. Using a small molecule inhibitor of JAK2 and demonstrating 

protective effects against muscle atrophy, the study provides a possible therapeutic 

approach in the treatment of ICUAW. 

 

However, the conducted experiments have certain limitations. With the exception of the 

analyses performed on the clinical cohort, all other experiments were conducted using 

mice and murine cell lines. Therefore, the applicability of these models to humans may 

be restricted and requires further validation using human cell lines and tissues. 

It should be noted that the in vivo experiments only utilized male mice aged between 12 

and 20 weeks, which limits the generalizability of the findings to females and older 
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subjects. Furthermore, the exact cytokine or combination of cytokines from the IL-6 family 

that induce the observed effects could not be determined conclusively. 

 

The small molecule inhibitors employed in the study exhibit high specificity at the dosages 

used. Tyrphostin AG490 does have off-target effects on JAK3 only at higher dosages 

than those administered in the experiments. C188-9 on the other hand, does not exert 

any known off-target effects. Although clinical inhibitors targeting the JAK/STAT signalling 

pathway possess less selective target profiles, the selected inhibitors were chosen in this 

study to specifically investigate the effects of the JAK2/STAT3 signaling pathway. 

However, further research is necessary to validate these findings using substances that 

are approved for clinical use. 

 

The analytic approach of muscle atrophy chosen in this study was an anatomic one and 

no functional assays, such as grip strength, have been performed. These measurements 

would have added valuable functional data and should be considered in future 

experiments in this field. 

 
4.4 Perspectives for clinical applications 
 

The data presented are in line with previous studies indicating that gp130 plays a role in 

different models of muscle atrophy, including cancer and denervation [18, 37, 71, 72]. 

Mice with these conditions demonstrate elevated phosphorylation of skeletal muscle 

STAT3. While these models show distinct atrogene expression profiles, inhibition of the 

JAK/STAT signaling pathway consistently showed anti-atrophic effects. 

 

Considering the involvement of the gp130/JAK2/STAT3 signaling pathway in cancer-, 

denervation-, and sepsis-induced muscle atrophy, it is tempting to speculate that these 

findings may have broader implications also for other forms of muscle atrophy and might 

represent a therapeutic target for use in patients.  

 

The presented data indicate that inhibition of JAK2 attenuates sepsis-induced skeletal 

muscle atrophy in vivo. Previous studies have shown that inhibition of JAK2 improved 
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survival rates after CLP and reduced signs of acute liver damage after LPS injections in 

mice  [73-75].  

 

In human umbilical vein endothelial cells (HUVEC), STAT3-inhibition after LPS 

stimulation resulted in lower expression levels of vascular cell adhesion molecule 1 

(VCAM-1) and intracellular adhesion molecule 1 (ICAM-1), which are key factors in the 

pathomechanism of sepsis-induced multi organ failure [51]. These data indicate that 

JAK2-inhibition may elicit beneficial effects beyond the attenuation of muscle atrophy in 

sepsis. 

 

Over the past years, several small molecule inhibitors of different JAK isoforms have 

entered clinical practice.  For example, inhibition of JAK1 and 2 resulted in improved 

clinical outcomes in rheumatoid arthritis and better survival in primary myelofibrosis and 

polycythemia vera, while being well tolerated [76-78].  

Patients with severe Covid-19 show similar cytokine storm dynamics as patients with 

sepsis [79]. A central role for IL-6/gp130/JAK/STAT3-signaling in Covid-19 has been 

elucidated [79]. In the ACTT-2 trial of patients with Covid-19, inhibition of JAK1 and JAK2 

using baricitinib in addition to remdesevir resulted in a shorter time to recovery and a 

trend towards lower mortality [80]. Notably, this effect was more pronounced in patients 

with more severe disease. In the COV-BARRIER trial, treatment of hospitalized Covid-19 

patients with or without baseline treatment with remdesevir resulted in a lower mortality 

in the baricitinib group, while showing a good safety profile. Again, the beneficial effect 

was more pronounced in patients on high-flow oxygen or non-invasive ventilation when 

compared to the overall cohort also including patients without need for oxygen 

supplementation or on normal flow oxygen supplementation [81]. These data implicate a 

more pronounced benefit in patients with higher inflammatory activity, which has been 

shown in more severe cases of Covid-19 [79].  

 

The clinically available inhibitors lack specificity for JAK2 that is observed with AG490. 

However, because of the partial functional redundancy between the different JAKs as 

well as the more specific inhibitors under development for clinical use, there is an 

opportunity of JAK-inhibition for the prevention of intensive care unit acquired weakness 

in critically ill patients. 
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5 Conclusion 
 
The presented data provides evidence for a key role of gp130/JAK2/STAT3-signaling in 

sepsis-induced muscle atrophy both in vivo and in vitro. Activation of the JAK/STAT 

signaling pathway was observed in skeletal muscle biopsies from critically ill patients and 

septic mice. Interference with this signaling pathway, either by deletion of Il6st or inhibition 

of JAK2 attenuated muscle atrophy in septic mice. 

 

This study adds a causal explanation for the effects of IL-6 on skeletal muscle during 

sepsis and introduces potential novel therapeutic approaches for critical illness myopathy. 
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Abstract

ORIG INAL ART ICLE

Background Sepsis and inflammation can cause intensive care unit-acquired weakness (ICUAW). Increased
interleukin-6 (IL-6) plasma levels are a risk factor for ICUAW. IL-6 signalling involves the glycoprotein 130 (gp130) re-
ceptor and the JAK/STAT-pathway, but its role in sepsis-induced muscle wasting is uncertain. In a clinical observational
study, we found that the IL-6 target gene, SOCS3, was increased in skeletal muscle of ICUAW patients indicative for
JAK/STAT-pathway activation. We tested the hypothesis that the IL-6/gp130-pathway mediates ICUAW muscle
atrophy.
Methods We sequenced RNA (RNAseq) from tibialis anterior (TA) muscle of cecal ligation and puncture-operated
(CLP) and sham-operated wildtype (WT) mice. The effects of the IL-6/gp130/JAK2/STAT3-pathway were investigated
by analysing the atrophy phenotype, gene expression, and protein contents of C2C12 myotubes. Mice lacking Il6st,
encoding gp130, in myocytes (cKO) and WT controls, as well as mice treated with the JAK2 inhibitor AG490 or vehicle
were exposed to CLP or sham surgery for 24 or 96 h.
Results Analyses of differentially expressed genes in RNAseq (≥2-log2-fold change, P< 0.01) revealed an activation of
IL-6-signalling and JAK/STAT-signalling pathways in muscle of septic mice, which occurred after 24 h and lasted at
least for 96 h during sepsis. IL-6 treatment of C2C12 myotubes induced STAT3 phosphorylation (three-fold,
P < 0.01) and Socs3 mRNA expression (3.1-fold, P < 0.01) and caused myotube atrophy. Knockdown of Il6st dimin-
ished IL-6-induced STAT3 phosphorylation (!30.0%; P < 0.01), Socs3 mRNA expression, and myotube atrophy.
JAK2 (! 29.0%; P < 0.01) or STAT3 inhibition (!38.7%; P < 0.05) decreased IL-6-induced Socs3 mRNA expression.
Treatment with either inhibitor attenuated myotube atrophy in response to IL-6. CLP-operated septic mice showed
an increased STAT3 phosphorylation and Socs3 mRNA expression in TA muscle, which was reduced in septic Il6st-
cKO mice by 67.8% (P < 0.05) and 85.6% (P < 0.001), respectively. CLP caused a loss of TA muscle weight, which
was attenuated in Il6st-cKO mice (WT: !22.3%, P < 0.001, cKO: !13.5%, P < 0.001; WT vs. cKO P < 0.001). While
loss of Il6st resulted in a reduction of MuRF1 protein contents, Atrogin-1 remained unchanged between septic WT
and cKO mice. mRNA expression of Trim63/MuRF1 and Fbxo32/Atrogin-1 were unaltered between CLP-treated WT
and cKO mice. AG490 treatment reduced STAT3 phosphorylation (!22.2%, P < 0.05) and attenuated TA muscle atro-
phy in septic mice (29.6% relative reduction of muscle weight loss, P < 0.05). The reduction in muscle atrophy was
accompanied by a reduction in Fbxo32/Atrogin-1-mRNA (!81.3%, P < 0.05) and Trim63/MuRF1-mRNA expression
(!77.6%, P < 0.05) and protein content.

© 2021 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of Society on Sarcopenia, Cachexia and Wasting Disorders.
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Conclusions IL-6 via the gp130/JAK2/STAT3-pathway mediates sepsis-induced muscle atrophy possibly contributing
to ICUAW.

Keywords gp130; IL-6 signalling; Inflammation; Sepsis; Muscle atrophy; Intensive care unit acquired weakness
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Introduction

Intensive care unit-acquired weakness (ICUAW) affects up to
90% of patients with severe sepsis increasing their morbidity
and mortality.1,2 ICUAW is characterized by a loss of muscle
mass, a reduction in myofibre size, and a decreased muscle
strength leading to persisting physical impairment.3 This phe-
notype results from a dysregulated protein homeostasis with
increased protein degradation and decreased protein synthe-
sis, eventually causing a decrease of muscle structural
proteins.4,5 In ICUAW, atrophy predominantly occurs in fast
twitch/type II myofibres6 and is mainly mediated by the
ubiquitin-proteasome system. The E3 ligase muscle RING-fin-
ger protein-1 (MuRF1), encoded by Trim63, and the F-Box
protein Atrogin-1, encoded by Fbxo32, are key factors for
ubiquitin-proteasome system-mediated protein degradation
in muscle atrophy.7 Both MuRF1 and Atrogin-1 are increased
early and persistently during critical illness and possibly medi-
ate muscle atrophy in ICUAW patients.4,6 Inflammation and
sepsis are major risk factors for ICUAW.8,9 Previously, we re-
ported that interleukin 1β (IL-1β)10 and the acute-phase pro-
tein serum amyloid A1 (SAA1)11,12 promote muscle atrophy in
sepsis, and that their inhibition attenuated sepsis-induced
muscle atrophy in mice. Both IL-1β and SAA1 signalling con-
verge on the transcription factor NF-ĸB (nuclear factor
‘kappa-light-chain-enhancer’ of activated B-cells) and in-
crease the expression of interleukin 6 (IL-6).10–12 IL-6 regu-
lates protein homeostasis in the skeletal muscle.13,14 While
an acute increase in systemic IL-6 promotes muscle growth
and hypertrophy, its sustained elevation, as occurring in can-
cer or diabetes, causes muscle atrophy.15,16 However, the role
of IL-6 signalling in sepsis-induced muscle atrophy is not well
understood.

IL-6 can signal through the canonical pathway, where IL-6
binds to its α-receptor (IL-6R) on the cell surface, and induces
homodimerization and association with the signal transduc-
ing β-receptor glycoprotein 130 (gp130, encoded by Il6st). Al-
ternatively, IL-6 can use the trans-signalling pathway, where it
binds to a soluble IL-6R, which associates with gp130. In both
pathways, the activated IL-6R-gp130 complex binds and acti-
vates the Janus kinase (JAK) family of tyrosine kinases, pri-
marily JAK1, JAK2, and TYK2, which phosphorylate the
cytoplasmatic tail of gp130, enabling the association of the
Signal Transducer and Activator of Transcription (STAT),

mainly STAT1 and STAT3. Phosphorylated STAT (i.e. STAT3
Y705) proteins dimerize and translocate to the nucleus where
they control the expression of their target genes, such as Sup-
pressor of Cytokine Signalling 3 (SOCS3).17,18 SOCS3 acts as a
negative feedback inhibitor of cytokine signalling by inhibi-
tion of JAK1, JAK2, and Tyk2.19 In vitro, SOCS3 also inhibits
the Insulin/PI3K/Akt pathway as a substrate recognition com-
ponent of an E3 ubiquitin ligase complex, degrading Insulin
Receptor Substrate 1 (IRS-1) that is essential for insulin
signalling.20 Insulin increases protein synthesis21 and de-
creases atrogene expression and protein degradation22 via
the PI3K/Akt pathway in mice. This promotes muscle growth
and inversely perturbations can aggravate muscle atrophy
that is frequently seen in critically ill patients.23 Based on
these data and together with our observation that increased
IL-6 plasma level is a risk factor for Critical Illness Myopathy
(CIM) in patients,8 we hypothesized that the IL-6/gp130/
JAK/STAT pathway plays a role in sepsis-induced muscle
atrophy.

Methods

Patient samples

The institutional review board of the Charité
Universitätsmedizin Berlin, Germany, approved the study,
and written informed consent was obtained from legal proxy
[intensive care unit (ICU) patients], or the patients them-
selves before inclusion in the study (Charité EA2/061/06;
http://www.controlled-trials.com, ISRCTN77569430). Clinical
data were reported previously.11 We analysed mRNA expres-
sion in biopsy specimens obtained from the vastus lateralis
muscle of patients at high risk to develop ICUAW. Accord-
ingly, these patients (n = 5) were critically ill, mechanically
ventilated with a SOFA score ≥8 on three consecutive days
within the first 5 days after ICU admission. Biopsy specimens
were taken at Day 5 and Day 15 after ICU admission. Five
age-matched and gender-matched patients undergoing elec-
tive orthopaedic surgery permitted muscle biopsies and were
used as controls. For more details on the clinical data, please
refer to Wollersheim et al. and Langhans et al.4,11
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Animal model of polymicrobial sepsis

All animal procedures were performed in accordance with
the guidelines of the Max-Delbrück Center for Molecular
Medicine and the Charité-Universitätsmedizin Berlin, and
were approved by the Landesamt für Gesundheit und Soziales
(LAGeSo, Berlin, Germany; permit number G 207/13). The
investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes
of Health (NIH Publication No. 85-23, revised 1985), as well
as the current version of German Law on the Protection of
Animals.

Klaus Rajewsky kindly provided conditional Il6st knockout
(KO) mice.24 Il6stloxP/loxP mice were crossed with Cre carrying
mice controlled by myoblast-specific Pax7-promotor (Pax7-
Cre) (cKO, Il6stloxP/loxP; Pax7-Cre). Pax7-Cre-negative littermates
were used as controls (WT, Il6stloxP/loxP). Genotyping was per-
formed as recently described10 using primer pairs shown in
Supporting information Table S1.

Cecal ligation and puncture (CLP) surgery was performed
in 12- to 16-week-old male Il6st cKO mice and WT littermate
controls, as recently described.10,25 Sham mice were treated
identically except for the ligation and puncture of the cecum.
The effects of AG490 treatment on sepsis-induced muscle at-
rophy were investigated in 20-week-old male C57BL/6J mice.
Animals received vehicle (10 μL DMSO in 240 μL normal sa-
line) or AG490 (16 mg/kg in 250 μL vehicle) 60 min prior to,
and every 24 h after surgery for 96 h.

Mice were sacrificed 24 or 96 h after surgery, as indicated,
and tibialis anterior (TA) and gastrocnemius/plantaris (GP)
muscles were harvested for analysis. Body, muscle, and organ
weight was measured and normalized to tibia length. Mea-
surements of plasma IL-6 were performed using the Mouse
ELISA Quantikine Kit for IL-6 (R&D Systems, MN, USA) accord-
ing to the manufacturers’ protocol.

RNA sequencing and statistical analyses

Three biological replicates of WT sham and WT CLP 24 and
96 h after surgery were sequenced. Total RNA analyses were
evaluated by an Agilent 2100 Bioanalyzer (Agilent Technolo-
gies, Inc., CA, USA). Library preparation of 500 ng RNA was
performed using the Illumina TruSeq Stranded mRNA Kit.
cDNA was evaluated and sequencing was performed using
an Illumina HiSeq 4000 sequencer. The transcriptome data
can be found under EBI Annotare v.2.0 (E-MTAB-10960).
Pathway enrichment analysis was performed using DAVID
(Database for Annotation, Visualization and Integrated Dis-
covery) Bioinformatics Resources 6.8 (https://david.ncifcrf.
gov) using the outputs BP_ALL (all biological process terms).
For further information, please refer to the supporting
information.

Histological analyses

Tibialis anterior and gastrocnemius/plantaris muscles were
flash frozen in liquid nitrogen with gum tragacanth (Merck
KGaA, Germany), cut with a thickness of 5 μm and stained
with metachromatic ATPase. One hundred myocyte
cross-sectional areas (MCSAs) were measured per mouse,
muscle and condition in a blinded fashion.

Myoblast culture, differentiation, and atrophy
assay

Cell culture experiments were performed in 5 days differenti-
ated C2C12 cells (American Type Culture Collection,Manassas,
VA, USA). Myocytes were treated with 10 ng/mL of recombi-
nant IL-6 (R&D Systems, MN, USA) or solvent (0.1% bovine se-
rum albumin in phosphate-buffered saline) for the indicated
times. The JAK2 inhibitor AG490 (10 μM, Sigma-Aldrich, MO,
USA), and two STAT3 inhibitors (C188-9; 10 μM, Merck-
Millipore, Germany; S3i-201, 10 μM, Selleckchem) were added
60 min prior to IL-6 treatment. For siRNA transfection we used
the Dharmacon SmartPool siRNA targeting Il6st (J-040007-09-
0005, Dharmacon/Fisher Scientific; control siRNA D-001810-
10-05). Transfection was performed as per the manufacturer’s
protocol. Light microscopy pictures were analysed using the
Leica CTR 6500 microscope and the Leica DFC 360 FX digital
camera. Out of 100 myotubes per condition, three diameters
per myotube were measured and averaged using the ImageJ
software in a blinded fashion.

RNA isolation, cDNA synthesis, and quantitative
real-time-polymerase chain reaction

RNA isolation was performed using TRIzol® Reagent
(Invitrogen™, Life Technologies Corporation, CA, USA) and
the FastPrep-24™ instrument (MP Biomedicals GmbH). Super-
Script® First-Strand Synthesis System (Invitrogen™, Life Tech-
nologies Corporation, CA, USA) was used for cDNA
synthesis. Quantitative real-time polymerase chain reaction
(qRT-PCR) was performed using Power SYBR® Green PCR
Master Mix (Thermo Fischer Scientific Inc., MA, USA) and
self-designed primers (for primer sequences, refer to Table
S2). PCR reactions were performed in a StepOnePlus™

thermocycler (Applied Biosystems). Gene expression was nor-
malized to glyceraldehyde-3-phosphate dehydrogenase
(Gapdh).

Protein extraction and Western blot assay

Muscle tissue was homogenized in lysis buffer using the
FastPrep-24™ instrument. Lysates were separated by

Sepsis and muscle wasting 3

Journal of Cachexia, Sarcopenia and Muscle 2021
DOI: 10.1002/jcsm.12867



Printed copy of the publication 65 

SDS-PAGE and transferred to PVDF or nitrocellulose mem-
branes (GE Healthcare, Germany). Membranes were incu-
bated with the indicated primary and secondary antibodies.
The antibodies used are indicated in the supporting informa-
tion. GAPDH was used as loading control. We used the
SuperSignal® West Pico Chemiluminescent substrate (Thermo
Fischer Scientific Inc., MA, USA) and Chemiluminescence de-
tection films (GE Amersham, UK) for protein visualization.

Statistics

All experiments were performed independently and at least
three times using biological triplicates each. For mRNA ex-
pression, myotube diameter and MCSA data from cell culture
experiments, a paired t test was used. Data on muscle weight
and mRNA expression were analysed using the Mann–Whit-
ney U test. In vitro data are shown as mean ± SD and
in vivo data are mean ± SEM. Frequency-distribution histo-
grams plotting myotube width or MCSA against its frequency.
Differences were considered statistically significant at
P ≤ 0.05. The GraphPad Prism® 8 program (GraphPad Soft-
ware, La Jolla, CA, USA), Adobe Illustrator CS6, version
16.0.0, and Photoshop CS6, version 13.0 were used to per-
form statistics and draw graphics, respectively.

Results

Interleukin 6 signalling is activated in skeletal
muscle during sepsis

We analysed SOCS3 mRNA expression in muscle biopsy spec-
imens of ICUAW patients and control subjects. qRT-PCR anal-
ysis showed an increased SOCS3 mRNA expression in the
vastus lateralis of critically ill patients at day five and day 15
after ICU-admission compared to controls (Figure 1A) indica-
tive for an activation of the IL-6/JAK/STAT pathway.

To confirm that the IL-6/JAK/STAT pathway is activated in
muscle during sepsis, we performed next generation se-
quencing of RNAs (RNAseq) isolated from TA muscles of CLP
and sham operated WT mice and analysed these data for
changes in the expression of the IL-6 cytokine family and its
receptors. Il6, Il6st, and Il6ra expression was significantly in-
creased in muscle after 24 and 96 h of sepsis, whereas the
other IL-6 family members showed only minor changes (i.e.
Ctf1 and Cntf) or a reduction of gene expression (i.e. Lif and
Lifr) (Figure 1B). Analyses of all differentially expressed genes
(DEG; ≥2-log2-fold change, adjusted P value <0.01) by
Voronoi plots showed an enrichment of IL-6 and IL-6 related
genes after 24 h, which was even more pronounced after
96 h of sepsis (Figure 1C, Figure S1). These data show that
IL-6 signalling is activated in the TA muscle of septic mice.

Further, gene ontology (GO) term analysis (biological pro-
cess) revealed a significant enrichment of genes belonging
to transcription, translation, autophagy, and proteasomal
protein degradation and a decrease in genes involved in
TGFβ-signalling and skeletal system development after 24
but not 96 h (Figure S2). Kyoto Encyclopedia of Genes and
Genomes (KEGG)-pathway analysis showed that insulin resis-
tance and tumour necrosis factor-signalling were increased
and TGFβ and insulin signalling were decreased after 24 h
but not 96 h (Figure S2). Next, we defined a subgroup
encompassing 1036 genes that were up-regulated (Figure
1D) and 1621 genes that were down-regulated at both time
points in sepsis (Figure S3). GO term analysis of
up-regulated DEG showed an enrichment of
ubiquitin-dependent protein degradation. In accordance with
our previous data,10,11 we found an increase in cellular re-
sponse to IL-1 and acute-phase response, as well as IL-6 sig-
nalling and positive regulation of JAK/STAT signalling. KEGG
pathway analysis revealed an increase in DEG involved in pro-
teasomal protein degradation, TNF-signalling and JAK/STAT-
signalling, and insulin resistance (Figure 1D). A strong dereg-
ulation of DEG contained in ‘cellular response to IL6’
(GO:0071354) (Figure 1E), ‘IL-6 production’ (GO:0032635)
(Figure S4), and ‘receptor signalling pathway via JAK-STAT’
(GO:0007259) (Figure S5) indicated an activation of IL-6 sig-
nalling in muscle of septic mice after 24 and 96 h. Collectively,
our data indicate that the IL-6 and JAK/STAT pathways are ac-
tivated in muscle of septic mice after 24 and 96 h.

Interleukin 6 induces atrophy via the gp130/JAK/
STAT pathway in C2C12 myotubes

To analyse IL-6 signalling in myocytes, we treated differenti-
ated murine C2C12 myotubes with recombinant IL-6 or sol-
vent. Western blot analysis showed an increased STAT3
Y705 phosphorylation after 5 to 60 min of IL-6 treatment
(Figure 2A). qRT-PCR revealed that IL-6 increased Socs3
mRNA expression after 24 to 72 h (Figure 2B). IL-6 induced
a reduction in myotube diameter by 11.1%, 9.7%, and 7.1%
at 24, 48, and 72 h, respectively (Figure 2C and 2D). These
data indicate that IL-6 activates the JAK/STAT3 pathway and
causes atrophy of myocytes in vitro.

We next reduced gp130, encoded by Il6st, by siRNA prior
to IL-6 treatment in C2C12 myotubes. Knockdown was con-
firmed by qRT-PCR (relative reduction 69%, P < 0.005; Figure
3A) and immunoblotting (Figure 3B). Knockdown of Il6st at-
tenuated IL-6-induced STAT3 Y705 phosphorylation (Figure
3B), Socs3 expression (Figure 3C) and IL-6-mediated reduc-
tion of myotube diameters compared to siRNA controls
(8.3% vs. 28.3%, P < 0.01; Figure 3D). C2C12 myotubes were
treated with the JAK2 inhibitor AG490 or the STAT3 inhibitor
C188-9 prior to IL-6 treatment. Both inhibitors attenuated IL-
6-induced STAT3 Y705 phosphorylation (Figure 3E) and Socs3
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Figure 1 The IL-6 pathway is activated in skeletal muscle during sepsis. (A) SOCS3 mRNA expression in muscle of critically ill patients. Muscle biopsy
specimens from critically ill patients were obtained from the vastus lateralis muscle on Day 5 (n = 25) and Day 15 (n = 19) in intensive care unit
(ICU). Healthy individuals (n = 5) served as controls. Data are presented as fold change (mean ± SEM). *P< 0.05. (B–E) WT mice were subjected to cecal
ligation and puncture (CLP) or sham surgery. RNA sequencing analyses were performed 24 and 96 h after surgery (WT sham, n = 3; WT CLP, n = 3, for both
time points). (B) Gene expression of known IL6-family members and their receptors in TA muscle of sham- and CLP-operated mice after 24 and 96 h. (C)
Voronoi plot of differentially expressed genes (log2 fold change≥2, adjusted P value<0.05) from RNA sequencing analysis is shown. Voronoi-plots show
the respective GO terms (left panels) and the enriched genes (right panel) per time point (top panels 24 h, bottom panels 96 h) as indicated. Insets lo-
calize IL-6- and JAK/STAT pathway. (D) Venn diagram showing the number of genes that were increased (log2 fold change≥2, adjusted P value<0.01) in
the tibialis anterior muscle compared with sham treated mice after 24 h, 96 h or at both time points. The DAVID functional annotation tool was used for
gene ontology (GO) term-pathway and Kyoto Encyclopedia of Genes and Genomes (KEGG)-pathway analyses of each individual time point, and 10 of the
most enriched biological processes and pathways are shown. (E) Heat map of genes contained in GO-term 0071354 cellular response to IL-6 that were
significantly regulated (P value <0.05) in TA muscle of septic mice 24 and 96 h after surgery when compared to TA of sham operated mice.
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expression (Figure 3F). IL-6-induced atrophy was attenuated
by AG490, C188-9, and S3i-201 (Figures 3G, 3H and S6). These
findings reveal that the gp130/JAK2/STAT3 pathway mediates
IL-6-induced myotube atrophy.

Skeletal muscle specific deletion of Il6st attenuates
sepsis-induced muscle atrophy in mice

To verify our data in vivo, we generated mice deficient
in Il6st in the myocyte lineage. Mice bearing a conditional

Il6stloxP/loxP allele were bred with mice expressing the
Cre-recombinase under the control of the Pax7 promoter
(Il6stloxP/loxP//Pax7Cre, cKO). Il6stloxP/loxP littermates not ex-
pressing Pax7-Cre served as controls (WT). We performed
CLP surgery to induce polymicrobial sepsis for 24 h (to ana-
lyse gp130 signalling; WT: n = 6; cKO: n = 4) and 96 h (to an-
alyse muscle atrophy; WT: n = 15; cKO: n = 10). Sham
operated littermates (24 h: WT: n = 4; cKO: n = 4; 96 h: WT:
n = 6; cKO: n = 6) served as controls. qRT-PCR analysis con-
firmed Il6st deletion in TA of cKO mice (Figure S7A). At base-
line, cKO mice showed no differences in survival, body

Figure 2 Interleukin 6 activates the JAK/STAT signalling pathway and induces atrophy in myocytes. Five days differentiated C2C12 myotubes were
treated with interleukin 6 (IL-6, 10 ng/mL, n = 3) or solvent control (0.1% bovine serum albumin in phosphate-buffered saline, n = 3) for the indicated
time points. (A) Western blot analysis with anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3 and anti-GAPDH antibodies, n = 3. GAPDH was used
as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected C. (B) Quantitative
real-time polymerase chain reaction (qRT-PCR) analysis of Socs3 expression. mRNA expression was normalized to Gapdh. Data are presented as
mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001. MW, molecular weight; min, minutes; IL-6, interleukin 6. (C) Representative light microscopy pic-
tures. Scale bar = 100 μm. (D) Frequency distribution histograms of cell width of IL-6 and solvent treated myotubes, n = 100 cells per condition. Mean
myotube width.
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Figure 3 Interleukin 6 mediates atrophy through gp130/JAK2/STAT3 signalling in myocytes. (A–D) Five days differentiated C2C12 myotubes were
transfected with control siRNA (control siRNA, 50 nM) (n = 6) or siRNA targeting Il6st/gp130 (Il6st siRNA, 50 nM) (n = 6) followed by treatment with
IL-6 (10 ng/mL) or vehicle control, as indicated, for 24 h. (A) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Il6st expression.
mRNA expression was normalized to Gapdh. (B) Western blot analysis with anti-gp130, anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, and
anti-GAPDH antibodies, n = 3. GAPDHwas used as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein
contents as detected in (B). (C) qRT-PCR analysis of Socs3 expression. mRNA expression was normalized to Gapdh. (D) Frequency distribution histograms
of cell width of IL-6 and vehicle-treated myotubes, n = 100 cells per condition. Bar graph showing mean myotube width. (E–H) Five days differentiated
C2C12 myotubes were treated with the JAK2 inhibitor AG490 (n = 6), the STAT3 inhibitor C188-9 (n = 6) or vehicle control prior to treatment with IL-6
(10 ng/mL) or solvent control, as indicated, for 24 h. (E), Western blot analysis with anti-phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, and anti-
GAPDH antibodies, n = 3. GAPDH was used as loading control. Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein
contents as detected (E). Data are shown as mean ± SD. (F) qRT-PCR analysis of Socs3 expression. mRNA expression was normalized to Gapdh. (G) Rep-
resentative lightmicroscopy pictures. Scale bar = 100 μm. Data are presented asmean ± SD. *P< 0.05, **P< 0.01, ***P< 0.001.MW,molecular weight,
IL-6, interleukin 6. (H) Frequency distribution histograms of cell width of IL-6 and vehicle-treatedmyotubes in the absence or presence of JAK2 and STAT3
inhibitors, and Il6st siRNA or scrambled siRNA control, as indicated, n = 100 cells per condition. Bar graph showing mean myotube width.
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weight, and IL-6 plasma levels (Table S3, Figure S7B). Septic
WT mice showed an increased STAT3 Y705 phosphorylation
in the TA, which was diminished in septic cKO mice 24 h after
CLP (Figure 4A). Socs3 expression was increased in the TA of
WT CLP, and this increase was attenuated in cKO after 24 h
(22-fold vs. 6-fold, P < 0.01; Figure S8A) and 96 h (22-fold
vs. 3.0-fold, P < 0.001; Figure 4B). These data indicate that
gp130 mediates STAT3 activation and Socs3 expression in
TA of septic mice. The observed reduction in TA (WT:
!22.3%, cKO: !13.5%; P < 0.001; Figure 4C) and gastrocne-
mius/plantaris (GP) weights (WT: !19.7%, cKO: !7.7%;
P < 0.001; Figure 4G, Table S3) after 96 h of sepsis, was less
pronounced for both muscles in cKO mice (P < 0.001 for
both). ATPase-stained histological cross sections showed a re-
duction in MCSA of fast twitch/type II myofibres of septic WT
mice that was attenuated in TA (WT: !26.7%, cKO: !6.0%;
P < 0.001; Figure 4D–4F) and GP (WT: !39.1%, cKO:
!21.5%; P < 0.001; Figure 4H–4J) of septic cKO mice. Immu-
noblotting of muscle protein lysates showed an increase in
MuRF1 protein levels in septic WT that was abolished in
cKO mice after 24 h (Figure S8B) and 96 h (Figure 4A). In con-
trast, we found no differences between the induction of
Trim63 and Fbxo32-mRNA expression in TA of WT CLP
(Trim63: 11.2-fold, P < 0.01; Fbxo32: 8.2-fold, P < 0.001)
and cKO CLP mice (Trim63: 9-fold, P < 0.001; Fbxo32: 8.4-
fold, P < 0.001) after 96 h of sepsis (Figure 4K and 4L). Ex-
pression of Myh2, encoding MyHC2a, was increased in TA
of septic cKO but not WT mice when compared with sham an-
imals (Figure 4M). In contrast, expression of Myh4, encoding
MyHC2b, was equally and significantly decreased in TA of WT
and cKO mice after 96 h of sepsis (Figure 4N). In summary,
these data indicate that gp130 activates STAT3/Socs3 in mus-
cle during sepsis and that Il6st deletion prevents
sepsis-induced muscle atrophy. This was associated with a re-
duction of MuRF1 protein levels in cKO mice.

JAK2 inhibition attenuates sepsis-induced muscle
atrophy in mice

To investigate the effect of pharmaceutical inhibition of the
JAK2/STAT3 pathway, we treated C57BL/6J mice with AG490
or solvent 1 h prior to CLP (AG490: n = 15; solvent: n = 15)
or sham surgery (AG490: n = 5; solvent: n = 5) and every
24 h until the experimental endpoint at 96 h after surgery.
Treatment with AG490 attenuated sepsis-induced STAT3
Y705 phosphorylation (P< 0.01, Figure 5A) and Socs3 expres-
sion (Figure 5B) in TA muscle. AG490 treatment reduced
sepsis-induced muscle weight loss (relative reduction 29.6%,
P < 0.05 in the TA, Figure 5C; relative reduction in GP
33.6%, P < 0.01, Figure 5G, Table S4) and reduction in MCSA
of fast twitch/type II myofibres (relative reduction 58.3%,
P < 0.001, in the TA, Figure 5D–5F; relative reduction
18.3%, P < 0.001 in GP, Figure 5H–5J). AG490-treatment at-

tenuated sepsis-induced increase in MuRF1 and Atrogin-1
protein contents (Figure 5A). Trim63 and Fbxo32 mRNA ex-
pression was increased in TA of vehicle-treated CLP mice
(CLP vs. sham: Trim63: 16.0-fold, P < 0.01; Fbxo32: 13.4-fold,
P < 0.001), which was attenuated by AG490 (CLP vs. sham:
Trim63: 3.0-fold; Fbxo32: 3.0-fold; both P < 0.05 vs. vehicle
CLP) (Figure 5K and 5L). Comparable results were obtained
in GP muscle (Figure S9A–S9D). Neither sepsis nor AG490
treatment had an effect on Myh2 mRNA expression in TA or
GP muscles (Figure 5M, Figure S9F). In contrast, sepsis de-
creased Myh4 mRNA expression in TA and GP, which was at-
tenuated by AG490 treatment (Figures 5N and S9G). In
summary, these data indicate that JAK2 inhibition attenuates
sepsis-induced skeletal muscle atrophy, which coincides with
Trim63/MuRF1, Fbxo32/Atrogin-1 and Myosin expression in
mice.

Interleukin 6 interferes with insulin-induced IRS-1/
Akt-signalling

RNAseq data from TA of septic WT mice showed a down-reg-
ulation of the gene signature of PI3K/Akt signalling (Figure
S2). Immunoblotting confirmed a decreased Akt S473 phos-
phorylation in TA of septic WT but not cKO mice (Figure
6A). To investigate the interaction between the IL-6 and insu-
lin pathways, we co-treated C2C12 myocytes with IL-6 and in-
sulin. Insulin treatment resulted in increased insulin receptor
substrate 1 (IRS-1) S636/639 and Akt S473 phosphorylation,
which was blocked by pretreatment with IL-6 (Figure 6B).
These data indicate that IL-6 inhibits insulin signalling, sug-
gesting that IL-6-induced atrophy is mediated by both an in-
creased protein degradation and a decreased protein
synthesis.

Discussion

Our novel findings are as follows. First, the IL-6/gp130/JAK2/
STAT3 target gene SOCS3 was increased in muscle of ICUAW
patients when compared with controls. Second, IL-6 caused
atrophy of C2C12 myotubes, which was attenuated by knock-
down of Il6st/gp130 and treatment with JAK2 or STAT3 inhib-
itors. Third, skeletal muscle specific deletion of Il6st and
pharmacological JAK2 inhibition by AG490 attenuated
sepsis-induced muscle atrophy in mice in vivo. Fourth, IL-6
promoted protein degradation and inhibited insulin signal-
ling, which might reduce muscular protein synthesis and
therefore protein homeostasis.

Recently, we showed that IL-1β and SAA1 are crucial for
muscle atrophy in sepsis and that both increased the mRNA
and protein expression of IL-6 as well as MuRF1/Trim63 and
Atrogin-1/Fbxo32.11,12,26 Together with our novel data, we
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Figure 4 Deletion of Il6st in skeletal myocytes attenuates sepsis-induced muscle atrophy in mice. Twelve- to 16-week-old male Il6st cKO mice and
wildtype (WT) littermates were subjected to cecal ligation and puncture (CLP) or sham surgery. Analyses were performed 24 h (for Western blot:
WT sham, n = 4; WT CLP, n = 6; KO sham, n = 4; KO CLP, n = 4) or 96 h (for qRT PCR and morphological analyses: WT sham, n = 6; WT CLP, n = 15;
KO sham, n = 6; KO CLP, n = 10) after surgery in tibialis anterior (TA) and gastrocnemius and plantaris (GP). (A) Western blot analysis with anti-
phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, anti-Atrogin-1, anti-MuRF1, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control.
Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected in (A) as mean ± SD. Arrow denotes non-
specific (n.s.) signal. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Socs3. mRNA expression was normalized to Gapdh.
Data are presented as mean ± SEM; **P < 0.01, ***P < 0.001. (C, G) Analyses of TA and GP muscle weights normalized to tibia length of the same
animal. (D, H) Metachromatic ATPase staining of histological cross-sections from TA and GP of sham or CLP operated WT and Il6st cKO mice. (E, I) Mean
myofibre cross-sectional area (MCSA) of TA and GP muscle. (F, J) Frequency distribution histograms of fast/type II MCSA of sham-treated and
CLP-treated Il6st cKO and WT mice of TA and GP muscle. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (K–N) qRT-PCR
analysis of Trim63, Fbxo32, Myh2, and Myh4. mRNA expression was normalized to Gapdh. Data are presented as mean ± SEM; *P < 0.05,
**P < 0.01, ***P < 0.001.
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Figure 5 The JAK2 inhibitor AG490 attenuates sepsis-induced muscle atrophy in mice. Twelve- to 16-week-old male Il6st cKO and wildtype (WT) mice
were treated with the JAK2 inhibitor AG490 (n = 20, 10 μM) or vehicle (n = 20) and then subjected to cecal ligation and puncture (CLP) or sham surgery
(solvent sham, n = 5; solvent CLP, n = 15; AG490 sham, n = 5; AG490 CLP, n = 15). Analyses were performed 96 h after surgery in tibialis anterior (TA)
and gastrocnemius and plantaris (GP) of sham-treated and CLP-treated AG490 and vehicle-treated animals. (A) Western blot analysis with anti-
phospho-STAT3-Tyr705 (pSTAT3 Y705), anti-STAT3, anti-Atrogin-1, anti-MuRF1, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control.
Bar graph showing the ratio of the relative densities of pSTAT3 Y705 and STAT3 protein contents as detected in (A) as mean ± SD. Arrow denotes non-
specific (n.s.) signal. (B) Quantitative real-time polymerase chain reaction (qRT-PCR) analysis of Socs3. mRNA expression was normalized to Gapdh.
Data are presented as mean ± SEM; ***P < 0.001. (C, G) Analyses of TA and GP muscle weights normalized to tibia length of the same animal. (D,
H) Metachromatic ATPase staining of histological cross-sections from TA and GP of sham and CLP operated AG490- and solvent-treated mice. (E, I)
Mean myofibre cross-sectional area (MCSA) of TA and GP muscle. (F, J) Frequency distribution histograms of fast/type II MCSA of sham-operated
and CLP-operated AG490-treated and solvent-treated mice. Data are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001. (K–N) Quanti-
tative real-time polymerase chain reaction (qRT-PCR) analysis of Trim63, Fbxo32, Myh2, and Myh4. mRNA expression was normalized to Gapdh. Data
are presented as mean ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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propose that the atrophic effect of IL-1β and SAA1 is partially
mediated by IL-6. Our data are in accordance with previous
reports showing that gp130 via the JAK/STAT pathway medi-
ates muscle atrophy in a cancer cachexia mouse
model.15,27,28 Specifically, increased IL-6 plasma levels are as-
sociated with cachexia in various models of cancer, such as
Lewis lung carcinoma, colon cancer, and melanoma. In accor-
dance with our data, STAT3 inhibition attenuated
cancer-associated muscle wasting in mice bearing colon-26
carcinoma.16 Mice devoid of Il6st in myocytes were protected
from cancer cachexia, which was attributed to a reduced
Atrogin-1 expression, while MuRF1 was not analysed.27 How-

ever, compared with this cancer-cachexia model where only
mildly elevated IL-6 plasma levels were reported,27 we mea-
sured 10 times higher IL-6 levels in septic mice. In addition,
while cancer is a chronic condition, the cytokine storm in sep-
sis is acute. These differences may explain the different kinet-
ics of muscle wasting that develops gradually in cancer but
occurs rapidly in sepsis.

The JAK2 inhibitor AG490 attenuated sepsis-induced
muscle atrophy in vitro and in vivo. This was associated
with a reduced Trim63/MuRF1 and Fbxo32/Atrogin-1 ex-
pression. Peña et al. showed that AG490 leads to a reduc-
tion in TNF plasma levels in septic mice.29 In addition,

Figure 6 IL-6 inhibits insulin signalling in myocytes in vitro. (A) Twelve- to 16-week-old male Il6st cKO and wildtype (WT) mice were subjected to cecal
ligation and puncture (CLP) or sham surgery (WT sham, n = 4; WT CLP, n = 6; KO sham, n = 4; KO CLP, n = 4). Analyses were performed 24 h after
surgery. Western blot analysis with anti-Akt, anti-pAkt S473, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control. Bar graph showing
the ratio of the relative densities of pAkt S473 and Akt protein contents as detected in (A) as mean ± SD. (B) Five days differentiated C2C12 myotubes
were treated with IL-6 (10 ng/mL) or vehicle for 30 min (n = 6) before insulin-treatment for 1 h (n = 3). Western blot analysis with anti-Akt, anti-pAkt
S473, anti-STAT3, anti-pSTAT3 Y705, anti-pIRS1 S636/639, anti-IRS1, and anti-GAPDH antibodies, n = 3. GAPDH was used as loading control. Bar graph
showing the ratio of the relative densities of pAkt S473 and Akt as well as pSTAT3 Y705 and STAT3 protein contents mean ± SD; *P < 0.05, **P < 0.01,
***P < 0.001.
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Gyurkovska and Ivanovska found decreased IL-6 and IL-12
plasma levels as well as decreased numbers of T-cells and
monocytes in the peritoneal lavage of AG490 treated
mice with LPS-induced toxic shock.30 AG490 treatment
protected against liver and lung injury and improved
survival in CLP-induced sepsis and LPS-induced toxic shock
in mice.29–31 Therefore, we suggest that the anti-atrophic
effects of AG490 are not only mediated by inhibition of
muscular gp130 signalling but also by its systemic
anti-inflammatory effect. Based on our data, JAK2 inhibition
might be useful to treat or prevent muscle atrophy in sep-
sis. Indeed, different JAK inhibitors received approval for
clinical use in patients with polycythemia vera and primary
myelofibrosis, in which somatic JAK2 mutations are com-
mon. Treatment with the JAK1/2 inhibitor ruxolitinib re-
sulted in clinical improvements in polycythemia vera and
an increased survival in primary myelofibrosis.32,33 Because
of the good tolerability of JAK inhibitors and the improved
outcomes of JAK inhibitor-treated septic mice, it seems
feasible to investigate their effects in septic patients.

Our RNAseq data revealed an increased expression of
genes involved in insulin resistance and a decreased expres-
sion of genes involved in insulin signalling, suggesting that in-
sulin resistance also occurs in skeletal muscle of septic mice.
Our data presented here indicate that insulin resistance in
sepsis occurs at the post-insulin receptor level. IL-6 attenu-
ated insulin-induced IRS-1- and Akt-phosphorylation indica-
tive for insulin resistance. We also found that sepsis-
mediated Akt-inactivation was prevented in muscle of cKO
mice. This indicates improved insulin signalling and suggests
that gp130 signalling contributes to insulin resistance in mus-
cle of septic mice. Our findings are in accordance with previ-
ous reports that IL-6 induces insulin resistance in hepatocytes
and skeletal muscle cells.34 However, contradictory results
have been reported about the effects of IL-6 on Akt phos-
phorylation. For example, IL-6 was shown to increase Akt
phosphorylation and protein synthesis in muscle and mye-
loma cells.34,35 Others showed that the combined treatment
of HepG2 cells with insulin and IL-6 had no effect on Akt
phosphorylation.36 These discrepancies could be explained

Figure 7 The IL-6/gp130/JAK2/STAT3-pathway mediates sepsis-induced muscle atrophy. IL-6 plasma levels are increased in critically ill human patients
and mice with polymicrobial sepsis. IL-6 acts on myocytes via the gp130 and IL-6Rα-complex and activates JAK2- and STAT3-signalling, which leads to
an increased expression of SOCS3. SOCS3 functions as a negative regulator of cytokine signalling and inhibits the growth promoting insulin/insulin-re-
ceptor/Akt pathway by degradation of IRS-1. Reduction of IRS-1 is paralleled by a decreased Akt-activity that results in a reduced protein synthesis and
an increased protein degradation, which eventually mediate muscle atrophy. Inhibition of IL-6/gp130 signalling by IL6st-knockdown (e.g. Il6st siRNA
and Il6st cKO), JAK2 (e.g. AG490), or STAT3 inhibition (e.g. C188-9 and S3i-201) prevents IL-6-induced SOCS3 expression as well as myocyte atrophy
in vitro and skeletal muscle atrophy in vivo. Red arrows indicate changes related to increased IL-6 plasma levels. Fbxo32 indicates F-box protein 32;
Gp130, glycoprotein 130; IRS-1, insulin receptor substrate-1; IL-6, interleukin 6; IL-6Rα, interleukin 6 receptor alpha; JAK2, Janus kinase-2; MuRF1,
muscle-specific RING finger protein 1; PDK1, 3-phosphoinositide-dependent protein kinase 1; PI3K, phosphatidylinositol 3-kinase; SOCS3, suppressor
of cytokine signalling 3; STAT3, signal transducer and activator of transcription 3; Trim63, tripartite motif containing 63. Created with BioRender.com.
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by the sensitivity of the model systems, the cell types and the
experimental setup used. In our hands, Akt phosphorylation
was significantly inhibited in the skeletal muscle of septic
mice. In addition, when we preincubated myocytes with
IL-6 prior to insulin treatment, insulin-induced IRS-1 and Akt
phosphorylation were attenuated, suggesting that IL-6 inter-
feres with insulin signalling in myocytes. Further studies are
needed to examine the mechanisms behind IL-6-induced in-
sulin resistance. Based on our data and the body of literature,
we conclude that in sepsis, IL-6 via the gp130/JAK2/STAT3/
SOCS3 pathway mediates skeletal muscle atrophy by increas-
ing protein degradation and decreasing protein synthesis.

Interestingly, we found a discrepancy between Trim63
mRNA expression and MuRF1 protein levels in muscle of sep-
tic cKO mice. Our data implicate that IL-6 does not increase
Trim63 expression, but possibly increases its translation or
its protein stability, or reduces its degradation. Further stud-
ies are needed to address this observation.

As a beta-receptor, gp130 is shared by the IL-6 cytokine fam-
ily consisting of IL-6, IL-11, CNF, LIF, OSM, CT-1, CLCF1, and IL-
27.37 Our RNAseq data showed that the expression of genes
involved in IL-6 signalling were increased in muscle of septic
mice, whereas the expression of the other IL-6 family mem-
bers and their receptors was not asmuch increased or even re-
duced. Increased IL-6 plasma levels are a risk factor for CIM,
and IL-6 strongly induces the JAK/STAT pathway and induces
myocyte atrophy in vitro. We therefore suggest that IL-6 plays
the predominant role among the IL-6 family for sepsis-induced
muscle atrophy. However, the involvement of other IL-6 family
members in ICUAW warrants further studies.

Conclusion

IL-6 plasma levels are increased in critically ill human patients
and mice with polymicrobial sepsis. IL-6 acts on myocytes via
the gp130 and IL-6Rα-complex and activates JAK2- and
STAT3-signalling, which leads to an increased expression of
SOCS3 (Figure 7). SOCS3 functions as a negative regulator of
cytokine signalling and inhibits the growth promoting insu-
lin/insulin-receptor/Akt pathway by degradation of IRS-1. Re-
duction of IRS-1 is paralleled by a decreased Akt-activity that
results in a reduced protein synthesis and an increased pro-
tein degradation, which eventually mediate muscle atrophy.
Inhibition of IL-6/gp130 signalling by IL6st-knockdown (e.g.
Il6st siRNA and Il6st cKO), JAK2 (e.g. AG490) or STAT3 inhibi-
tion (e.g. C188-9 and S3i-201) prevents IL-6-induced SOCS3
expression as well as myocyte atrophy in vitro and skeletal
muscle atrophy in vivo (Figure 7). In summary, IL-6 via the
gp130/JAK2/STAT3-pathway mediates sepsis-induced muscle
atrophy and possibly contributes to ICUAW. An inhibition of
this pathway in muscle could be beneficial to prevent
sepsis-induced muscle wasting.

Limitations

Our in vitro experiments were performed in murine C2C12
myotubes. Further analyses of primary murine and/or human
myocytes are needed to independently confirm our observa-
tions about the role of IL-6/gp130/JAK2/STAT3 signalling in
myocyte atrophy in vitro. In human patients, sepsis fre-
quently occurs at the extremes of ages, especially in elderly
patients. Here, we have used 12–20-week-old mice, which re-
lates to a young age in human patients. Although our data are
informative for a younger age, further studies on mature
(12-month-old) and aged mice (24-month-old) are needed38

to provide data that are more relevant to the elderly popula-
tion. Because, we have used only male mice for our experi-
ments, further sex-specific studies are needed to elucidate
if IL-6 signalling is equally important for sepsis-induced mus-
cle atrophy in female mice.

Acknowledgements

We thank Claudia Langnick for excellent technical assistance.
We are grateful to Klaus Rajewsky for providing the condi-
tional Il6st knockout mice, Daniele Sunaga-Franze for help
with bioinformatics, and Wei Chen and Bin Zhang for per-
forming RNA sequencing. This study was supported by the
Deutsche Forschungsgemeinschaft [FI 965/5-1, FI 965/5-2, FI
965/9-1 (to J.F.)] and the German Center for Cardiovascular
Research, partner site Greifswald [DZHK 81Z5400153 (to J.
F.)] and the Berlin Institute of Health [TRG3-1.2.3 400219 to
(J.F., C.B., and S.W.C.)]. The authors of this manuscript certify
that they comply with the ethical guidelines for authorship
and publishing in the Journal of Cachexia, Sarcopenia and
Muscle.39

Online supplementary material

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. Primer pairs for genotyping of Il6st cKO and Il6st
WT mice.
Table S2. Primer pairs for quantitative real-time-PCR.
Table S3. Body and organ weights 96 hours after CLP or sham
surgery of Il6st WT and Il6st KO mice
Table S4. Body and organ weights 96 hours after CLP or sham
surgery of AG490 and solvent treated WT mice

Figure S1. Differentially expressed genes in muscle of septic
mice. Voronoi tree map of differentially expressed genes
(log2 fold change ≥2, adjusted p-value<0.05) in TA muscles

Sepsis and muscle wasting 13

Journal of Cachexia, Sarcopenia and Muscle 2021
DOI: 10.1002/jcsm.12867



Printed copy of the publication 75 

of WT mice after 24 (left) or 96 hours (right) after CLP surgery
compared to sham treated controls (n = 3 for each condition).
Every tile (small polygon) represents one gene. Tiles are ar-
ranged and coloured according to the hierarchical KEGG
pathway maps (larger regions correspond to functional cate-
gories). The diagrams show three hierarchical KEGG pathway
levels (top three panels) and the level of individual genes
(bottom panel) per time point (24 hours: left panels, 96 hours:
right panels). Tile sizes represent changes in gene expression.
Figure S2. Genes up- and downregulated in muscle of septic
mice. Significantly up (top) or down (bottom) regulated
genes in TA muscle of WT mice 24 (left) or 96 hours (right)
after sham or CLP surgery. Analyses for GO-terms and
KEGG-pathways are shown (n = 3 for each condition). Data
are p-values and presented as -log10
Figure S3. Decreased Genes in muscle of septic mice. Venn
Diagram showing the number of genes that were decreased
(log2 fold change ≥2, adjusted p-value<0.01) in the tibialis
anterior muscle of CLP-treated compared to sham treated
mice after 24 (left) or 96 hours (right) or at both time points
(bottom) (n = 3 for each condition). Data are p-values and
presented as -log10.
Figure S4. Regulated genes involved in IL-6 production. Heat
map of genes contained in GO:0032635-IL-6 production that
were significantly regulated (p<0.05) in TA muscle of WT
mice 24 hours and 96 hours after CLP or sham surgery (n =
3 for each condition).

Figure S5. Regulated genes involved in JAK-STAT signalling.
Heat map of genes contained in GO:0007259-receptor signal-
ling pathway via JAK-STAT that were significantly regulated
(p<0.05) in TA muscle of WT mice 24 hours and 96 hours af-
ter CLP or sham surgery (n = 3 for each condition).

Figure S6. Inhibition of STAT3 attenuates IL-6 induced myo-
tube atrophy in vitro. Frequency distribution histograms
showing the width of differentiated C2C12 myocytes after
24 hours of treatment with solvent or IL6 after preincubation
with DMSO or S3i-201 (n = 100 cells for each condition). Bar
graph showing mean myotube width ± SEM. *P <0.05 (Stu-
dent’s t-test).

Figure S7. Deletion of Il6st in myocytes does not affect inter-
leukin 6 plasma levels in septic mice. (A) Quantitative

RT-PCR analysis of Il6st mRNA expression in TA muscle of
WT and Il6st cKO mice 96 hours after sham or CLP surgery
(WT: Sham n=6, CLP: n=15; cKO: Sham: n=6; CLP: n=10). (B)
IL-6 plasma concentrations from the same mice. Data infor-
mation: Data are presented as mean ± SEM. **P <0.01,
***P <0.001 (Mann-Whitney U test).

Figure S8. Deletion of Il6st in myocytes attenuates
sepsis-induced Socs3 expression and MuRF1 protein con-
tent. (A) Quantitative RT-PCR analysis of Socs3 mRNA content
in TA muscle of Il6st cKO and WT mice 96 hours after CLP or
sham operation (WT Sham, n=6; WT CLP, n=15; KO Sham,
n=6; KO CLP, n=10). Data are presented as mean ± SEM **P
< 0.01, ***P < 0.001 (Mann-Whitney U test). (B) Immuno-
blots with anti-Atrogin-1, anti-MuRF1 and anti-GAPDH anti-
bodies in TA muscle of Il6st cKO and WT mice 24 hours
after CLP or sham operation (n = 3 for each condition).

Figure S9. Inhibition of JAK2 attenuates sepsis-induced
Socs3 and Trim63 expression and MuRF1 protein content
in gastrocnemius and plantaris muscle. (A) Immunoblots
with anti-pSTAT3 Y705, anti-STAT3, anti-Atrogin-1,
anti-MuRF1 and anti-GAPDH antibodies in GP muscle of
AG490 or solvent treated WT mice 96 hours after CLP or
sham surgery (n = 3 for each condition). Bar graph showing
the ratio of the relative densities of pSTAT3 Y705 and STAT3
protein contents as detected in B. B-F Quantitative RT-PCR
analysis of Socs3 (B), Trim63 (C), Fbxo32 (D), Myh2 (E) and
Myh4 (F) mRNA expression in GP muscle of AG490 or solvent
treated WT mice 96 hours after CLP or sham surgery (AG490:
sham: n=5, CLP: n=15; solvent: sham: n=5, CLP: n=15). Data
information: (B-F) Data are presented as mean ± SEM. *P <
0.05, **P < 0.01 (Mann-Whitney U test).
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