
39

CHAPTER 3 DIAPHRAGM MUSCLE FIBERWEAKNESS AND UBIQUITIN-PROTEASOMEACTIVATION IN CRITICALLY ILL PATIENTS



40



Chapter 3

41

3. DIAPHRAGM MUSCLE FIBER WEAKNESS AND UBIQUITIN-PROTEASOME ACTIVATION
IN CRITICALLY ILL PATIENTSPleuni E. Hooijman, MSc1; Albertus Beishuizen, MD, PhD2,11; Christian C. Witt, PhD7;Monique C. de Waard, PhD2; Armand R. J. Girbes, MD, PhD2; Hans W.M. Niessen, MD,PhD3,5; E. Manders, MSc1; Hieronymus W.H. van Hees, PhD13; Charissa E. van den Brom,PhD4; Vera Silderhuis, MD, PhD11; Michael W. Lawlor, MD, PhD8; Siegfried Labeit, PhD9;Ger J.M. Stienen, PhD1,6; Koen J. Hartemink, MD, PhD5,10; Marinus A. Paul, MD, PhD5; LeoM.A. Heunks, MD, PhD12; and Coen A.C. Ottenheijm, PhD1,14

Departments of 1Physiology, 2Intensive Care, 3Pathology, 4Anesthesiology,
5Cardiothoracic Surgery, ICaR-VU, VU University Medical Center, Amsterdam, the
Netherlands; 6Faculty of Science, Department of Physics and Astronomy, VU
University, Amsterdam, the Netherlands; 7Department of Anesthesiology and
Operative Intensive Care, Medical Faculty Mannheim, University of Heidelberg,
Germany; 8Division of Pediatric Pathology, Department of Pathology and
Laboratory Medicine, Medical College of Wisconsin, Milwaukee, USA;
9Department of Integrative Pathophysiology, Universitatsmedizin Mannheim,
University of Heidelberg, Germany, 10Department of Surgery, Netherlands Cancer
Institute – Antoni van Leeuwenhoek Hospital, Amsterdam, the Netherlands;
11Intensive Care and Medisch Spectrum Twente, Enschede, the Netherlands;
12Department of Intensive Care Medicine, 13Pulmonary Diseases, Radboud
University Medical Centre, Nijmegen, the Netherlands; 14University of Arizona,
Department of Physiology, Tucson, AZ, USA.

Published as Research ArticleMarch 2015, Am J Respir Crit Care Med



DIAPHRAGM MUSCLE FIBER WEAKNESS AND UBIQUITIN-PROTEASOME ACTIVATION IN CRIT. ILL PATIENTS

42

AbstractRationale: The clinical significance of diaphragm weakness in critically ill patients isevident: it prolongs ventilator dependency, and increases morbidity and duration ofhospital stay. To date, the nature of the diaphragm weakness and its underlyingpathophysiological mechanisms are poorly understood.Objectives. We hypothesized (1) that diaphragm muscle fibers of mechanicallyventilated critically ill patients display atrophy and contractile weakness, and (2) thatthe ubiquitin-proteasome pathway is activated in the diaphragm.Methods: We obtained diaphragm muscle biopsies from twenty-two critically illpatients who received mechanical ventilation prior to surgery, and compared thesewith biopsies obtained from patients during thoracic surgery for resection of asuspected early lung malignancy (controls). In a proof-of-concept study in a MuRF-1knockout mouse model, we evaluated the role of the ubiquitin-proteasome pathway inthe development of contractile weakness during mechanical ventilation.Measurements and main results: Both slow-twitch and fast-twitch diaphragm musclefibers of critically ill patients had a ~25% smaller cross sectional area, and a >50%lower contractile force. Markers of the ubiquitin-proteasome pathway weresignificantly upregulated in the diaphragm of critically ill patients. Finally, MuRF-1knockout mice were protected against the development of diaphragm contractileweakness during mechanical ventilation.Conclusions: These findings show that (1) diaphragm muscle fibers of critically illpatients display atrophy and severe contractile weakness and (2) in the diaphragm ofcritically ill patients the ubiquitin-proteasome pathway is activated. This studyprovides rationale for the development of treatment strategies that target thecontractility of diaphragm fibers to facilitate weaning.
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Introduction

Patients with critical illness experience substantial skeletal muscle weakness andphysical disability. This leads to functional impairment of survivors of the IntensiveCare Unit (ICU), an impairment that can last for years2–4. In particular, weakness of thediaphragm – the main muscle of inspiration – is of major concern in critically illpatients: it prolongs ventilator dependency, increases morbidity and duration ofhospital stay, and it is associated with long term functional limitations after hospitaldischarge 1,5–7.Diaphragm weakness in mechanically ventilated (MV) critically ill patients has beenestablished with non-invasive measurements; ultrasound revealed reduced motion andthinning of the diaphragm57–59, and by magnetic stimulation of the phrenic nerves areduced capacity to generate pressure was observed 60–63. The cellular changes thatunderlie diaphragm weakness in critically ill patients are unclear. For instance, changesin phrenic nerve function, in neuromuscular transmission, or in the contractility ofindividual muscle fibers all may explain the reduction in pressure generation by thediaphragm.Critical illness-associated phenomena, such as mechanical ventilation-induceddiaphragm inactivity 38–43, malnutrition 52, and inflammation 49 are associated withweakness of diaphragm fibers and activation of proteolytic pathways in animal models.Whether these findings translate to humans is unknown, although several studies 67–69,but not all 101, in brain dead organ donors who received mechanical ventilation prior toorgan harvest revealed atrophy and activation of the ubiquitin-proteasome pathway indiaphragm muscle fibers. Based on these observations, it was suggested that changesat the level of the individual diaphragm fibers play a critical role in the development ofdiaphragm weakness in critically ill patients. However, brain dead organ donors do notexhibit the clinical features of critically ill patients; complete absence of neuralactivation of the diaphragm, metabolic stress and brain ischemia differentiates them.Consequently, it is unknown whether these findings translate to critically ill patients.Establishing whether in critically ill patients the individual diaphragm muscle fibersexhibit contractile weakness is of utmost importance, as this will provide rationale fortreatment strategies that specifically improve the contractility of diaphragm fibers tofacilitate weaning70–72.Therefore, in the present study we hypothesized that in the diaphragm of critically illpatients (1) muscle fibers display atrophy and contractile weakness, and (2) theubiquitin-proteasome pathway is activated. To test these hypotheses, we obtainedbiopsies of the diaphragm of twenty-two critically ill patients who received MV prior tosurgery, and compared these biopsies with those obtained from patients undergoingresection of an early lung malignancy (controls).
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We determined the size and the contractile strength of individual muscle fibers, whichwere type-identified. Additionally, we evaluated critical components of the ubiquitin-proteasome pathway, and performed proof-of-concept studies in MuRF-1 knockoutmice to evaluate the role of this pathway in the development of contractile weaknessduring mechanical ventilation. Some of the present findings were published as pilotdata in a letter 72.
Results

PatientsThe demographic and clinical characteristics of all patients are shown in Table 1.Control and critically ill patients were mechanically ventilated for, on average, 1.5±0.8hours and 170±38 hours (p<0.0001) respectively. The control and critically ill groupdid not significantly differ with respect to age (61 ±4years vs. 58±4years, respectively,p=0.13), body mass index (25.2±1.8 kg/m2kg/m2  vs. 24.7±2.0, respectively, p=0.72)or gender (male/female: 8/6 vs. 10/12, p=0.73).
Diaphragm fiber cross sectional area and inflammatory cellsFigure 1A shows representative examples of diaphragm cryosections stained with H&Eand Figure  1B with antibodies specific for fast MyHC. Quantification of CSA showed thatdiaphragm muscle fibers are atrophied in critically ill patients: slow-twitch fibers were22% smaller (control vs. critically ill 3013±845μm2 vs. 2335±728μm2 p=0.02) and fast-twitch fibers were 30% smaller (control vs. critically ill 2899±820μm2 vs.1998±580μm2 p=0.001) (Figure 1C). The fraction of slow- and fast-twitch fibers did notdiffer between control and critically ill patients (data not shown). Figure 1D showsexamples of stainings with inflammatory cell markers. The number of neutrophilicgranulocytes and macrophages were significantly higher in diaphragm cryosections ofcritically ill patients, but the number of lymphocytes did not differ between groups(Figure 1E).
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ResultsTable 1A. Medical History, reason admission ICU patients# Age G M Medical History Reason admission ICU Surgery S B AP1 48 F LD COPD Respiratory failure afterVATS lobectomy Re-thoracotomy:lobectomy necroticmiddle lobe N 18 22
2 67 M RA Concentric LVhypertrophywith decreasedEJ, DM II

Hemorrhagic shock dueto retroperitonealhematoma Final closure ofabdominal woundafter  re-re-laparotomy
N 28 38

3 67 F RA Rheumatoidarthritis, CVA Septic shock due tointestinal perforation.Small bowel resection Re-laparotomy:second look, drainageabdomen Y 22 18
4 53 M LD None Thoracic endovasc. aorticrepair type B dis-section,hemorrhagic shock Thoracotomy withsurgical re-evacua-tion hematothorax N 30 29
5 47 F RA None Severe trauma Re-laparotomy:removal of gauze N 22 286 67 F RA Hypertension,cigarettesmoker, thyroiddysfunction

Gastro-enteric ischemia,thrombosis of celiac trunkand AMS/ endovasculartreatment
Re-laparotomy fordrainage abdominalabscess Y 23 28

7 26 F RA Thalassemia Severe trauma Re-Re-laparotomy:removal gauze N 25 448 66 M RA Hypertension Abdominal sepsis due toappendicitis perforation Laparotomy forremoval Bogota-bag Y 29 119 70 M LD None Esophageal rupture,Boerhaave syndrome Thoracotomy N 22 2710 51 M RA None Severe trauma, traumaticshock Re-re-re laparatomyfor removal gauze N 29 3011 46 F RA Asthma,dysrhythmia,cigarette smoker Hemorrhagicshock from abdominalorigin Re-re-laparatomy forremoval gauze N 19 37
12 52 M RA None Severe trauma Relaparotomy forclosing abdomen Y 29 2013 81 F PM Hypertension Severe trauma Thorax surgeryreconstruction ribs N 24 3214 77 F RA DMII Cecal perforation, sepsis,acute kidney failure Re-re-laparotomy forremoval Bogota bag Y 28 2115 71 M RA COPD, coloncarcinoma Duodenal perforationwith sepsis Re-laparotomy forcholecystectomy Y 20 1916 77 F RA Spinal cordinjury L4-L5 Gastro-intestinalperforation Re-re-laparotomy forremoval Bogota bag Y 23 2217 74 M RA Hypertension,atrial fibrillation Respiratory failure due topneumonia, bowelperforation Re-laparotomy forevacuationhematoma Y 25 19
18 83 M RA Hypertension,polyposis, SAH,rectumcarcinoma

Abdominal sepsis,Hartmann procedure Re-laparotomy forremoval Bogota bag,hemicolectomy Y 24 35
19 68 M RA COPD,Radiotherapy forprostatecarcinoma

Aortic dissection,hematothorax, ribfracture after cardio-pulmonary resuscitation
Thoracotomy forfixation of ribfractures N 24 16

20 68 F - Hypertension,DMII, Cerebralinfarction Respiratory failure due toupper airway obstructioncomplicated by type II MI Coronary arterybypass graft surgery,hemistrumectomy N 27 18
21 69 F RA Hypertension,smoker, aorticvalvereplacement

Progressive HF, aftersurgery aortic valvereplacement, perforationtransverse colon
Re-laparotomy fordrainage ascites N 34 16

22 22 F RA none Severe trauma Re-re-relaparotomyfor closing abdomen N 20 31
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Table 1B Medical History, reason surgery control patients

*Lungfunction of these patients was measured after surgery where biopsy was obtained
Table legend. #= patient number S=septic yes/no, B= body mass index (kg/m2); EJ= ejection fraction,
CVA = cerebrovascular accident, MI=myocardial infarction, HF=heart failure, Sep. =septic yes/no;
Mus= Muscle biopsy from non-inspiratory muscle (RA: m. rectus abdominis; LD: m. latissimus dorsi;
SA: m. serratus anterior, P.M.: pectoralis major), Age= age  in years, AP=Acute Physiology and
Chronic Health Evaluation II score at first 24h of admission to ICU, LV=left ventricle, VATS= Video
Assisted Thoracic Surgery, N.A.=not available, MI=Myocardial Infarct, SAH=subarachnoid
hemorrhage, PCI= Percutaneous coronary intervention, LAD= Left Anterior Descending artery,
Y=yes, N=no, total MV = sum of hours on mechanical ventilation from moment of intubation until
biopsy, see table E2 for details, FEV1= Forced Expiratory Volume in 1s, FVC= Forced Vital Capacity;
VC=Vital Capacity, %pred= Percentage of predicted value.

# G Mus Age111111 Removed tumor Relevant MedicalHistory MV(h) B FEV1 FEV1% FEV1/FVC % FVC FVC% VC%1* M SA 52 pT3N0M0 (ex)Cigarette smoker,diabetes mellitus II,hypertension 1.5 25 2.3 68 0.69 3.3 76 NA
2* M SA 22 pT1bN0M0 Cigarette smoker 2.0 23 4.7 103 0.71 6.7 121 NA3 M LD 66 pT2aN1M0 (ex)Cigarette smoker,hypertension,prostate cancer, COPD 2.0 24 2.7 82 0.66 4.2 NA 97
4 F LD 58 pT1aN0M0 None 2.0 28 2.9 104 0.77 3.7 NA 1165 M LD 60 pT1aN1M0 (ex)Cigarette smoker,s/p T1 N0 M0 lungcancer, pulmonarytuberculosis s/psuccessful therapy

1.5 24 3.8 97 0.67 5.6 113 108
6 M LD 56 pT4N2M0 (ex)Cigarette smoker ,COPD 2.0 21 3.1 78 0.52 5.9 118 NA
7 M LD 70 pT1bN1M0 Cigarette smoker, s/pbasal cell cancer skin 1.5 30 2.9 89 0.69 4.3 NA 96
8 F LD 60 pT2aN0M0 Hypertension 0.75 26 2.9 127 0.86 3.4 NA 1209 F LD 59 Cyst Cigarette smoker 0.75 28 2.0 79 0.75 NA NA NA10 F LD 64 pT1bN0M0 Cigarette smoker,cholecystectomy 1.25 26 1.9 76 0.62 3.1 NA NA
11 F LD 59 Adenocarcinoma CT2BN2M1A Cigarette smoker 0.75 21 2.1 76 0.64 3.2 101 94
12 M LD 52 pT2N0M0 Cigarette smoker 1.0 23 3.2 81 0.73 4.7 110 NA13 M LD 64 Bronchiectasisandinflammation,benign

Hypertension, 6yr agoMI with PCI of LADartery, diabetesmellitus  II
1.0 31 2.4 92 0.72 3.3 86 86

14 F LD 74 Inflammationwith centralnecrosis,benign Bronchiectasis andallergic bronchopulmonaryaspergillosis
2.5 21 1.8 82 0.67 2.7 103 NA
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Figure 1.  (A) Representative examples of hematoxylin and eosin staining. (B) immuno-
histochemically stained cross sections of diaphragm muscle fiber biopsies. Thin light lines: wheat
germ agglutinin indicating membranes, light grey surfaces: MY32 antibody specific for fast-twitch
fibers. (C) Diaphragm fiber CSA (μm2) was significantly smaller in slow- and fast-twitch fibers of
critically ill patients, indicating atrophy. (D) Representative examples of staining for macrophages
(CD68), neutrophil granulocytes (MPO) and lymphocytes (CD45).(E) In critically ill patients, the
number of macrophages and neutrophil granulocytes was significantly higher compared with
control subjects.

Diaphragm muscle fiber contractilityThe vast majority of fibers expressed exclusively MyHC I (referred to as slow-twitch)or MyHC 2A (fast-twitch). In line with previous work on human diaphragm 89,90,102, only~6% of the total number of fibers in both patient groups expressed MyHC 2X, and thedata from these fibers were pooled with those from fibers expressing MyHC 2A. Fibersthat co-expressed MyHC isoforms were classified according to the dominant isoform.Note that our findings do not indicate that the percentage of fibers that co-expressedMyHC isoforms increased in critically ill patients.Figure 2 shows a typical force measurement. The maximal absolute force wassignificantly lower in muscle fibers of critically ill patients;. control vs. critically ill:slow-twitch fibers respectively 0.42 (0.36-0.48)mN vs. 0.19 (0.13-0.25)mN, p<0.0001and fast-twitch fibers respectively 0.52 (0.39-0.67)mN vs. 0.23 (0.16-0.40)mN, p=0.005(Figure 3A). Thus, individual diaphragm fibers of critically ill patients show severecontractile weakness.
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Figure 2. An example of a force trace to determine the contractile performance of an individual
single muscle fiber (fiber of control patient #1 is shown). First, the fiber is maximally activated by
exposure to a saturating calcium concentration to determine maximal force (Fmax, results in Figure
3). Second, the fiber is rapidly shortened by 30% and restreched to initial length (L0) to determine
the rate constant of fore redevelopment (ktr, dashed line, results in Figure 4A). Finally, the fiber is
slightly shortened and lengthened (-0.3, -0.6, -0.9 and 0.3, 0.6, 0.9% of L0) at high speed to study the
number of attached

By normalizing absolute force to the CSA of the muscle fiber (i.e. tension), wedetermined whether the reduction of force was proportional to the reduction of theCSA. Maximal tension was significantly lower in slow-twitch fibers of critically illpatients; control vs. critically ill: respectively 125±18mN/mm2 vs. 94±31mN/mm2,p=0.004. Fast-twitch fibers showed a trend towards a reduction in maximal tension,control vs. critically ill respectively 156±25mN/mm2 vs. 132±41mN/mm2, p=0.06(Figure 3B).

Figure 3. (A) The maximal absolute force generation of both slow- and fast-twitch diaphragm
muscle fibers of critically ill patients was significantly lower compared to control patients. (B)
Maximal tension, which is the absolute maximal force normalized to fiber CSA, was significantly
lower in slow-twitch fibers of critically ill patients compared to control fibers, and fast-twitch fibers
showed a trend towards a lower maximal tension.
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The active force generated by sarcomeres in permeabilized single muscle fibers islargely determined by 1) the fraction of strongly bound cross bridges; 2) the number ofavailable cross bridges; and 3) the force per cross bridge 103,104. A reduction in maximaltension should be accompanied by a change in one or more of these three determinants.The rate constant for force redevelopment (ktr) provides information on theattachment and detachment rate of the cross-bridges during activation and reflects the
fraction of strongly bound cross-bridges. Ktr did not differ between control and criticallyill patients; slow-twitch fibers respectively 5.5 (5.0-6.2)s-1 vs. 4.8 (4.4-6.3)s-1, p=0.18:fast-twitch fibers respectively 12.9±2.6s-1 vs. 10.9±3.6s-1, p=0.12 (Figure 4A).The number of attached cross bridges during activation is estimated by measuring theactive stiffness (Figure 4B). Active stiffness, normalized to fiber size, was significantlyreduced, control vs. critically ill respectively 75±11 mN/mm2/ΔL vs. 50±17mN/mm2/ΔL, p=0.002 and fast-twitch fibers 62±13 mN/mm2/ΔL vs 46±10mN/mm2/ΔL, p=0.003 (Figure 4C).In a situation in which all myofibrils in the individual muscle fiber are intact, the force
generated per cross-bridge is reflected in the tension/stiffness ratio. Thetension/stiffness ratio was not significantly different between control and critically illpatients, respectively 1.9±0.2 vs. 2.2±0.6, p=0.16 in slow-twitch fibers and 2.9±0.6 vs.3.1±0.6, p=0.53 in fast-twitch fibers (Figure 4D).

Figure 4. (A) The rate constant of force redevelopment did not differ between control and critically
ill patients in both fiber types, which suggests there is no reduction in the fraction of strongly
bound cross-bridges. (B) Amplitude of the force response (normalized to CSA) during fiber
shortening and lengthening; the slope of this line is the normalized active stiffness (shown are
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representative single diaphragm fibers of critically ill patient #1 and control patient #1). (C)
Normalized active stiffness was significantly lower in slow- and fast-twitch fibers of critically ill
patients. (D) Ratio of maximal tension over normalized active stiffness, which is a measure of the
force generated per cross-bridge, did not differ between critically ill and control patients.Thus, together, our findings indicate that the reduced tension of diaphragm musclefibers of critically ill patients is caused by a reduction in the number of attached crossbridges during activation. To determine whether the reduced number of attachedcross-bridges is caused by a reduction in the concentration of contractile protein, fiberswere demounted following the contractility experiments, and the abundance of MyHCwas analyzed with SDS gel electrophoresis using known standards of MyHC (Figure 5A).The MyHC concentration did not differ between control and critically ill patients; slow-twitch fibers: respectively 64±21 μg/mL vs. 80±22 μg/mL, p=0.09; fast-twitch fibers:respectively 66±16μg/mL vs. 69±21 μg/mL vs. p=0.67 (Figure 5B). Thus, whereas thenumber of attached cross-bridges was reduced in fibers of critically ill patients (Figure5C), the MyHC concentration was not. This suggests the presence of myofibrillardamage in these diaphragm fibers. To verify whether diaphragm fibers of critically illpatients indeed contained damaged contractile material, we investigated theultrastructure by electron microscopy in one critically ill patient and in one controlsubject. Figure 6 shows that in the control subject myofibrils were well-aligned withwell-defined Z-disks, I-bands and A-bands. However, diaphragm fibers of the criticallyill patient  contained areas of myofibrillar disarray.Overall, our findings reveal that individual diaphragm fibers of critically ill patients areseverely weakened, both by atrophy and by dysfunction of the remaining contractileproteins.
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Figure 5. (A) Example of SDS-gel electrophoresis with known amounts of rabbit MyHC (M-1636
Sigma) to determine the amount of MyHC per fiber volume. (B) MyHC concentration of slow- and
fast-twitch fibers did not differ between control and critically ill patients.

Figure 6. Electron microscopy images of longitudinal sections of diaphragm muscle fibers, (A) & (C)
control patient, (B) & (D) critically ill patient. The diaphragm samples of the control patient show
intact structure with mostly well-aligned myofibrils. The diaphragm sample of the critically ill
patient shows myofibrils that are disarranged ( and indicate, respectively, well-arranged and
disarranged myofibrils and z-disks, and indicate, respectively, well arranged and disarranged
M-lines).

The ubiquitin-proteasome pathwayFigure 7A shows that the ubiquitin ligases MuRF-1 and MAFbx, two important markersof atrophy, are present in diaphragm muscle homogenates of control patients,indicating that these ligases are part of the common protein turnover system. Usingquantitative Western blotting, we observed that diaphragm muscle homogenates ofcritically ill patients had two-fold higher MuRF-1 levels: control vs. critically ill: 1.0 (0.4-1.1) vs. 2.1 (1.5-4.0), p=0.001 (Figure 7B); and more than three-fold higher MAFbx
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levels; controls vs. critically ill patients: respectively 0.6 (0.3- 1.1) vs. 2.2 (1.0- 3.7),p=0.002 (Figure 7C).Figure 7D shows a representative example of Western blotting with anti-ubiquitinantibodies. In diaphragm fibers of critically ill patients, the level of proteinubiquitination was more than four-fold higher compared to controls: control vs.critically ill respectively 1.0(0.5-2.6) vs. 4.4 (3.7-5.6), p=0.011 (Figure 7E).

Figure 7. (A) Example of Western blot, each lane represents diaphragm muscle homogenates of
control and critically ill patients with antibodies for the ubiquitin ligases MuRF-1 (top), MAFbx
(middle), and α-actin (bottom, loading control). (B) In critically ill patients compared to controls,
there was a significant increase in protein levels of MuRF-1 (two-fold, left figure ) and MAFbx (more
than three-fold, right figure ) relative to α-actin (note that each sample was normalized to a
reference control sample that was run on each gel). (D) Example of a Western blot with an anti-
ubiquitin antibody to detect ubiquitinated proteins; each lane represents a diaphragm muscle
homogenates of a control or a critically ill patient (E) the relative level of ubiquitinated proteins
was more than four-fold higher in critically ill patients compared to controls.

Role of MuRF-1 in the development of diaphragm weakness during
mechanical ventilationThe common denominator in the critically ill patients is that they are exposed tomechanical ventilation. Animal studies have indicated that mechanical ventilationinduces activation of the ubiquitin-proteasome pathway, and that MuRF-1 specificallytargets sarcomeric proteins. Therefore, we mechanically ventilated (for 6h) MuRF-1wildtype and MuRF-1 KO-mice and compared the contractile strength of intactdiaphragm muscle bundles to non-ventilated (control) mice. In wildtype mice,mechanical ventilation induced a 30% reduction in the maximal tetanic force of intactdiaphragm bundles; control vs. MV respectively 241±12 mN/mm2 vs. 165±36 mN/mm2(p=0.03). However, in MuRF-1 knockout mice no effect of mechanical ventilation on
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diaphragm strength was observed: MV vs. control respectively 231±31 mN/mm2 vs.241±32mN/mm2 (p=0.586) (Figure 8A). Furthermore, there was a rightward shift ofthe force-stimulation frequency relation in diaphragm bundles of MV wildtype micecompared to control wildtype mice (Figure 8B). Such shift was not observed aftermechanical ventilation in MuRF-1 KO-mice (p=0.76) (Figure 8C). Thus, in mice, MuRF-1 is critical to the development of diaphragm weakness during mechanical ventilation.

Figure 8. Intact diaphragm muscle strips were isolated from wild-type and MuRF-1 knockout mice.
(A) Maximal tetanic force was significantly lower in wild-type mice that received MV compared with
wild-type mice that not received MV (control). Diaphragm muscle strength of MV MuRF-1 knockout
mice did not differ from control MuRF-1 knockout mice. (B) Compared to the control group, in MV
wild-type mice a rightward shift of the force-stimulation frequency relation was present; (C) this
rightward shift was not present in MV MuRF-1 knockout mice.

Non-inspiratory muscles in critically ill patientsTo determine whether the changes in diaphragm fibers were part of a generalizedmuscle weakness, we also studied biopsies of non-inspiratory muscles of the samepatients. The CSA of slow-twitch fibers of non-inspiratory muscles in control andcritically ill patients was, respectively, 2878 (2256-3704)µm2 vs. 2388 (1801-3606)µm2 (p=0.41); And fast-twitch fibers 3311 (1918-4759) µm2 vs. 2757 (1287-3983) µm2, p=0.27 (Figure 9).Ubiquitin ligase levels and protein ubiquitination were upregulated in non-inspiratorymuscle homogenates of critically ill patients compared to controls (Figure 10); MuRF-1: controls vs. critically ill respectively 3.9 (1.1-6.5) vs 29.0 (16.2-49.0), p=0.005;MAFbx: controls vs. critically ill respectively 1.0 (0.4-2.2) vs. 9.5 (2.6-14.1), p=0.020.Levels of protein ubiquitination also significantly differed between control andcritically ill patients; respectively 0.7±0.1 vs. 2.8±0.6 (p=0.005). Thus, the ubiquitin-proteasome pathway was activated in non-inspiratory muscles of critically ill patients,but no significant difference in fiber CSA was observed.
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Figure 9. (A) Representative examples of immuno-histochemically stained cross sections of biopsies
of m. latissimus dorsi. Light lines: wheat germ agglutinin indicating membranes; light grey surfaces:
MY32 antibody specific for fast-twitch fibers. (B) Fiber CSA (μm2) of non-inspiratory muscles did not
differ between control and critically ill patients.

Figure 10. (A) Example of a Western blot. Each lane represents diaphragm muscle homogenates of
control and critically ill patients with antibodies for the ubiquitin ligases MuRF-1 (top), MAFbx
(middle), and α-actin (bottom, loading control). (B) In critically ill patients compared to controls,
there was a significant increase in protein levels of MuRF-1 (more than seven-fold, left figure ) and
MAFbx (more than nine-fold, right figure ) relative to α-actin (note that each sample was
normalized to a reference control sample that was run on each gel). (D) Example of a Western blot
with an anti-ubiquitin antibody to detect ubiquitinated proteins; each lane represents a diaphragm
muscle homogenates of a control or a critically ill patient. (E) The relative level of ubiquitinated
proteins was more than four-fold higher in critically ill patients compared to controls.

Discussion

This study shows that both slow-twitch and fast-twitch diaphragm muscle fibers ofmechanically ventilated critically ill patients display atrophy and severe contractileweakness. These findings were associated with marked activation of the ubiquitin-proteasome pathway in the diaphragm of critically ill patients.
Contractile weakness of individual diaphragm fibers in critically ill
patients.Investigation of diaphragm muscle biopsies is indispensable to elucidate the nature ofdiaphragm weakness in critically ill patients. The biopsies provide ways to study
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muscle fiber structure and size, and, importantly, they enable the determination of thecontractile properties of individual diaphragm fibers. As diaphragm biopsies areobtained from the belly of the muscle, the fiber ends are disrupted, which precludeselectrical activation of the fibers. Therefore we permeabilized the fibers, andsubsequently activated them with exogenous calcium. We observed a >50% reductionin the force generating capacity of diaphragm fibers of critically ill patients, a reductionwhich was observed in both slow- and fast-twitch muscle fibers. This weakness wascaused by fiber atrophy, and by dysfunction of the sarcomeric proteins. Considering themagnitude of contractile weakness, we propose that these changes at the diaphragmmuscle fiber level largely account for the 30-50% reduction in in vivo diaphragmstrength in critically ill patients, as measured by bilateral phrenic nerve stimulation60,62,63,105–107.
Our results from biopsies cannot exclude that mechanisms residing outside thediaphragm fibers, such as phrenic nerve dysfunction, contribute to diaphragmweakness in critically ill patients. Only little information is available on phrenic nervefunction in critically ill patients. Demoule et al.108 reported prolonged phrenic nerveconduction time in some critically ill patients. However, the majority of patients theystudied experienced prolonged weaning failure, whereas the study populations inwhich in vivo diaphragm strength was determined did not represent such severeclinical status. Data from MV animal models indicated reduction of diaphragm strength
in vivo 40 despite normal phrenic nerve function. In these animals, reduction of in vitrostrength of diaphragm strips was of the same magnitude as the strength reductionobserved in vivo, indicating that changes at diaphragm fiber level were the main causefor the loss of contractility. Thus, our findings indicate that abnormalities in thecontractility of individual diaphragm fibers contribute to the diaphragm weakness incritically ill patients.
Activation of the ubiquitin-proteasome pathway in the diaphragm.Activation of the ubiquitin-proteasome pathway may – at least partially – explain thedevelopment of diaphragm weakness in critically ill patients. In this pathway, proteinsare labeled with ubiquitin molecules, which targets them for degradation by theproteasome(31,32). The conjugation of ubiquitin to proteins is under control ofubiquitin ligases. MuRF-1 and MAFbx are striated muscle-specific ubiquitin ligases, andboth are considered important markers of atrophy23. Protein levels of MuRF-1 andMAFbx were markedly elevated in diaphragm tissue of critically ill patients. Asexpected, the increased ubiquitin ligase activity resulted in increased levels ofubiquitinated proteins. The contribution of other proteolytic mechanisms to diaphragmweakening in critically ill patients cannot be excluded. For instance protein kinase B(AKT) regulates transcription of MAFbx and MuRF-1 27 during atrophy, but
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simultaneously regulates the autophagy pathway69,109–111, and before the ubiquitin-proteasome pathway can be effective, myofibrils have to be dismantled by caspasesand/or calpains 112. Also, activation of proteolytic pathways occurs simultaneously withdeactivation of anabolic pathways to limit the energy expenditure for the production ofnovel proteins 113. Accordingly, in a comparable group of critically ill patients, adecrease in MyHC mRNA expression was found in vastus lateralis and rectus femorismuscle biopsies105,106, indicating decreased protein synthesis rates. Future studiesshould address whether such anabolic pathways also are affected in the diaphragm ofcritically ill patients.Activation of the ubiquitin-proteasome pathway and the development of diaphragmmuscle fiber weakness may be caused by several phenomena that are associated withcritical illness, including malnutrition, lung injury, inflammation and inactivity. Theheterogeneity of the patient population studied here warrants caution whenspeculating regarding the main phenomena at play. A common denominator in thecritically ill patients was their exposure to mechanical ventilation. Therefore, weevaluated the specific role of MuRF-1 in diaphragm weakening during mechanicalventilation, since MuRF-1 is known to target myosin114, and myosin is essential forproper contractile function of skeletal muscle fibers. Earlier studies showed thatdiaphragm weakness develops during controlled mechanical ventilation of mice 43, butwe show that weakness does not develop in the absence of MuRF-1 (Figure 8). Thissuggests that MuRF-1 is important for the development of diaphragm weakness duringMV. Whether mechanical ventilation contributed to MuRF-1 activation and diaphragmweakness in our patients cannot be established, since ventilatory settings differedgreatly per patient and as a result their level of diaphragm activity as well. In animals,low levels of diaphragm activity are known to mitigate the detrimental effects ofmechanical ventilation on diaphragm strength 46. To gain more insight into whethersystemic factors contributed to the changes observed in the diaphragm, we also studiedbiopsies of non-inspiratory muscles from the same patients. Our rationale was that ifsystemic factors are at play, a generalized muscle weakness ought to develop. Weobserved activation of proteolytic machinery in non-inspiratory muscles while fiberatrophy had not (yet) developed.Previous work revealed that during atrophic stimuli E3 ligase levels first increase butsubsequently decrease although fiber atrophy continues 24. In line with theseobservations, Wollersheim et al. 106 revealed upregulation of E3 ligases in m. quadricepsfive days after ICU admission, a time point at which atrophy had not developed yet,whereas after fifteen days the E3-ligase levels were back to control levels but fiberatrophy had started to develop. Our findings may be consistent with these studies, ifone assumes that in the critically ill patients the atrophic stimulus was stronger in thediaphragm than in the non-inspiratory muscles: diaphragmatic E3 ligase levels werealready on the descending limb of their relation with time (and atrophy was evident),
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whereas in the non-inspiratory muscles the E3 ligase levels were still on the ascendinglimb of this relation and fiber atrophy had not yet developed. Note that this assumptionis based on recent work in animal models showing that, compared to peripheralmuscles, the diaphragm is more susceptible to systemic inflammation 48, and that theinteractive effects of mechanical ventilation and systemic inflammation exacerbatediaphragm weakness 115.Thus, a combination of mechanical ventilation and systemic phenomena may accelerateweakening of the diaphragm. However, to firmly establish whether changes in thediaphragm precede those in non-respiratory muscles requires serial biopsies of bothmuscle types within critically ill patients. Clearly, the acquisition of serial diaphragmbiopsies poses a considerable challenge.
Study limitationsSeveral limitations of our study should be noted. First, the group of critically ill patientsincluded was rather heterogeneous in admission diagnosis, duration of mechanicalventilation, past medical history, et cetera. This, in combination with the sample size,precludes the identification of meaningful associations between clinical entities anddiaphragm atrophy or weakness. However, this is the typical mix of patients admittedto a medical-surgical ICU, and therefore the data of this study are relevant for typicalICU patients.Second, four of the fourteen control patients had mild obstructive lung disease, acondition which has been associated with diaphragm dysfunction 90. Consequently, themagnitude of diaphragm fiber weakness in critically ill patients might beunderestimated.Third, the non-inspiratory muscle biopsies were mostly obtained from m. rectusabdominis in the critically ill patients (Table 1A), and from m. latissimus dorsi in thecontrol patients (Table 1C). Caution is warranted when comparing different muscles.However, a post-mortem study in healthy humans 106 showed that the m. rectusabdominis has a slightly smaller fiber diameter than m. latissimus dorsi. Thus, it ishighly unlikely that differences between muscle types masked the presence of fiberatrophy in the non-inspiratory muscles of the critically ill patients. Furthermore,reports suggest that m. latissimus dorsi and pectoralis major may aid in deepinspiration, which warrants caution when extrapolating the results from these musclesto ‘true’ non-inspiratory muscles.
Clinical implicationsIn recent years, the focus on developing therapies to combat diaphragm weakening andweaning failure in critically ill patients has expanded. The present findings indicate thattargeting the contractility of sarcomeres might be a powerful therapeutic approach.Indeed, levosimendan, a drug that sensitizes the sarcomeres for calcium,  improves
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fiber strength 70 and neuro-mechanical efficiency 71 in the human diaphragm. In a pilotstudy on critically ill patients we recently showed that the fast skeletal troponinactivator CK-2066260, an analogue of tirasemtiv which is tested in clinical trials foramyotrophic lateral sclerosis, significantly augments the ex vivo contractile strength ofdiaphragm muscle fibers 72. Future studies should test the efficacy of these drugs inimproving success of weaning in critically ill patients.An alternative approach might be to inhibit proteasome activity. Proteasome inhibitorshave been successfully used to block atrophy in various animal models 116–120. However,prolonged inhibition of general protein degradation is likely to have a major impact onprotein quality control, and may ultimately be detrimental for several cell types. A moreelegant approach is to target ubiquitin ligases, as they are tissue-specific and theiractivity is the rate-limiting step in the ubiquitin-proteasome pathway 23. Earlier studiesshowed that MuRF-1 knockout mice are resistant to denervation-induced muscleatrophy 24 and that knockdown of MAFbx spares muscle mass in fasted animals 121. Ourfinding of preserved diaphragm strength in MuRF-1 deficient mice during MV furtherstrengthens the idea that slowing down of proteolysis by targeting ubiquitin-ligasesmight be a successful therapeutic approach to facilitate weaning. To date, inhibitors ofubiquitin ligases, such as MuRF-1, are not available.
SummaryOur findings are the first to show contractile weakness and activation of the ubiquitin-proteasome pathway in diaphragm fibers of critically ill patients. The severity of theweakness suggests that changes at the diaphragm fiber level can largely account for the
in vivo diaphragm weakness in the critically ill. Accordingly, clinical interventionsaimed at improving diaphragm fiber contractility should be considered when designingfuture weaning trials.
Methods

PatientsDiaphragm and non-inspiratory muscle (lattisimus dorsi, pectoralis major, rectusabdominis or serratus anterior, see table 1A for the type of muscle obtained from eachpatient) biopsy specimens were obtained from MV critically ill patients (n=22) andfrom patients undergoing resection of a suspected early lung malignancy (controls,n=14). The biopsy protocol was approved by the institutional review board at VUUniversity Medical Center Amsterdam (#2010/69). Written informed consent wasobtained from the patient or a legal representative. Exclusion criteria were COPD(GOLD III, IV), CHF, neuromuscular disease, chronic metabolic disorders, pulmonaryhypertension, chronic use of corticosteroids (>7.5 mg/day for at least 3 months beforehospital admission), and >10% weight loss within the last 6 months.
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Biopsy handlingBiopsies of the diaphragm and of a non-inspiratory muscle were obtained duringsurgery and cut into smaller sections. One part was directly frozen in liquid nitrogenand stored at -80°C for histology experiments and Western blot analysis. Another part(this only applies to the diaphragm samples) of the biopsy – destined for contractilityexperiments - was placed for 24h at -20°C in 4 mL relax-glycerol solution containinghigh concentrations of protease inhibitors (RxGlychigh); for the composition ofsolutions, see below. Subsequently, the biopsy was placed on a roller band for 24h at4°C. Finally, RxGlychigh was substituted with a relax-glycerol solution with lowerconcentrations of protease inhibitors (RxGlyc, for composition, see section ‘solutioncomposition’ on page 3) and stored at -20°C until further use.
HistologySerial cryosections were cut from the frozen biopsies (perpendicular to diaphragmfiber direction, 8µm thick) and stained to study (1) general structure using hematoxylinand eosin (H&E), (2) cellular infiltrates using specific antibodies and (3) cross sectionalarea using myosin heavy chain antibodies (1, 2).Microscope sections for H&E staining were analyzed with a Leica DM 4000Bmicroscope with a Leica DC500 high resolution digital microscope camera at 200xmagnification. Images were taken from the clearest sections using IM50 andqualitatively analyzed.Microscope slides for analysis of muscle inflammation were performed withquantitative microscopy. Eight µm sections were dewaxed, rehydrated and incubatedin methanol/H2O2 (0,3%) for 30 minutes to block endogenous peroxidases. Next,antigen retrieval was performed either by heat inactivation in Citrate buffer (pH6.0)(myeloperoxidase (MPO) and CD68). CD45 required no antigen retrieval. Slideswere then incubated with either rabbit-anti-human MPO (1:700, Dako) or mouse-anti-human CD68 (1:400, Dako) or CD45 (1:50, Dako) for 1 hour at room temperature (RT).Followed by incubation with Envision (undiluted, anti-mouse/rabbit, Dako) for 30minutes at RT. Sections were visualized using 3,3’-diaminobenzidine (0,1 mg/ml,0,02% H2O2) and counterstained with hematoxylin, dehydrated and covered. Witheach staining a PBS control was included. All these controls yielded negative results(data not shown).Microscope slides to determine cross sectional area were rehydrated for 10 min inphosphate buffer (PBS) and subsequently blocked with phosphate buffer containing0.5% (wt/vol) bovine serum albumin (PBS-0.5%BSA, Molecular Probes). Subsequently,cryosections were incubated with primary antibodies for slow MyHC (1:100;NOQ7.5.4D, Abcam) and for fast MyHC (1:50 MY-32, Abcam) followed by appropriatefluorescent labelled secondary antibodies (Molecular Probes, Eugene, OR). Finally,plasma membranes were visualized by embedding the sections in fluorescent WGA(1:25 diluted in PBS-0.5%BSA, Molecular Probes) which selectively recognizes sialic
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acid and N-acetylglycosaminyl sugar residues. Following each incubation, cryosectionswere washed three times for 3 min with PBS. Samples were washed and protected witha layer of Vector Shield and a cover glass. Sections were analyzed with use of an inverteddigital imaging microscopy workstation [Intelligent Imaging Innovations (3i)]equipped with a motorized stage and multiple fluorescent channels. A cooled charge-coupled device camera (Cooke Sensicam; Cooke, Eugene, OR) was used to recordimages. Exposures, objective, montage, and pixel binning were automatically recordedand stored in memory. Dedicated imaging and analysis software (SlideBook, version4.2, 3i) was obtained from Intelligent Imaging Innovations (Denver, CO). Per patientapproximately 130 diaphragm fibers were analyzed per fiber type. Cross sectionalareas were calculated by ImageJ software.
Contractility experiments
Experimental procedureFor contractility experiments the protocol  was adapted from Ottenheijm et al. (33).Segments of single diaphragm fibers of approximately 1-1.5 mm were isolated in arelaxing solution at 5ºC. At both ends, two aluminum clips were attached. Thediaphragm fibers were incubated for 10 minutes in cold (5°C) skinning solution topermeabilize the plasma membrane enabling activation of myofilaments withexogenous calcium. Subsequently, the fibers were mounted horizontally on twostainless-steel hooks in a relax solution filled chamber (200 μL) with a glass coverslip-bottom on the stage of an inverted microscope (Zeiss, The Netherlands). One of hookswas attached to a force transducer (model 403A Aurora Scientific Inc, Ontario, Canada),which has a resonance frequency of 10 kHz, whereas the other end was attached to aservo-motor (model 315C, Aurora Scientific Inc.; Aurora, Ontario, Canada) which has astep time of 250 μs. Diaphragm fiber dimensions were measured by means of a cameradevice coupled to the objective. Diaphragm fiber length was determined with 100xmagnification, depth and width were measured with 400x magnification (an ellipticalcross section of the diaphragm muscle fiber was assumed). Injury was examinedmicroscopically; in case of severe damage, loss of striation and other irregularities thefibers were excluded. Diaphragm fibers were stretched to optimal length by settingsarcomere length at 2.5 μm with dedicated Aurora software.To ensure stable attachment of the diaphragm fiber in the clips throughout themechanical protocol, the fiber was briefly maximally activated prior to the experiment,and when necessary restreched to sarcomere length 2.5μm. Note that this briefactivation was done before the determination of diaphragm fiber dimensions. Fiberswere sequentially transferred from relax, to pre-activation solutions and finally to anactivation solution with pCa 4.5, in which steady-state force was measured (expressedas mN, or when normalized to fiber cross sectional area as mN/mm2). During theexperiment, data were automatically collected by a data acquisition board (samplingrate 10 kHz). All measurements were performed at 20°C.
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Figure 2 gives an example trace of force and length signals. When maximal force wasreached, cross-bridge cycling kinetics were determined by means of rate of tensionredevelopment as described previously (3). Briefly, to determine the rate of tensionredevelopment, the slack/restretch approach (4) was used to disengage forcegenerating cross-bridges from the thin filaments. A slack equivalent to 70% of the initialmuscle fiber length (thus -30%) was rapidly induced at one end of the muscle fiberusing the motor. This was followed by an unloaded shortening of the muscle fiber for30 msec. The remaining bound cross-bridges were mechanically detached by rapidly (1msec) restretching the muscle fiber to its original length, after which tensionredeveloped. The rate constant of the two-exponential tension redevelopment (ktr)was determined by fitting the rise of tension to the following equation:F=Fss((1−ektr.t)+	(1-e(-k*t)))+c, where F is force at time t, Fss is steady state force, k isconstant for slow phase of force redevelopment, where sarcomeres are homogeneouslyrearranged (5). Subsequently, active stiffness was determined as following.Directly after the ktr protocol, the relative proportion of attached and non-attachedcross bridges within activate contraction of fibre was determined by measuring changein force induced by small amplitude length perturbations, i.e. the active stiffnessprotocol – assuming that cross-bridge binding is not affected and that the rate ofimposing length perturbations far exceeds that of cross-bridge cycling. Therefore, eachcross-bridge acts as a spring with an incremental force opposing the imposed strain,such that each strongly-bound cross-bridge contributes an element of stiffness, andthereby the total stiffness reflects the number of strongly-bound cross-bridges. For this,we subsequently shortened and lengthened the fiber with -0.3, -0.6, -0.9 and 0.3, 0.6,0.9% of fiber length. Subsequently, tension change (ΔF) was plotted as a function of thelength change (ΔL)(6) (7) (Figure 4B). The slope of this instantaneous tension responseto stretch during maximal activation divided by length change provides a measure ofdiaphragm muscle fiber active stiffness, which is an estimate of the number of cyclingcross bridges during activation.
Solution compositionThe composition of solutions was as described previously (30–32). All solutions had anionic strength of 180mM and pH 7.1. The relaxing solution had a negative logarithm offree calcium concentration (pCa) of 9.0 and comprised of (in mM): 5.89 Na2ATP, 6.48MgCl2, 40.76 Kprop, 100 BES, 6.97 EGTA, 14.50 CrP and low concentration of freshlyadded protease inhibitors. Pre-activating solutions consisted of (in mM): 5.87 Na2ATP,0.1 EGTA, 6.42 MgCl, 41.14 Kprop, 100 BES, 14.50 CrP and 6.9 HDTA. Activatingsolutions consisted of (in mM) 5.97 Na2ATP, 7.0 CaEGTA, 6.28 MgCl, 40.64 Kprop, 100BES and 14.50 CrP. By accurate mixing of relaxing solutions and maximal activatingsolutions, sub-maximal activating solutions with pCa 7, 6.2, 5.8, 5.6 and 5.4 were made.Relax-glycerol solution (RxGlyc) consisted of 50% (v/v) glycerol and relaxing solution,and in addition the following protease inhibitors (in mM) 1.0 DTT, 0.24 PMSF, 0.04
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leupeptin, 0.01 E64. RxGlychigh contained higher concentrations of leupeptin and E64(in mM): 1.0 DTT, 0.24 PMSF, 0.4 leupeptin, 0.1 E64. Skinning solution consisted ofrelaxing solution with 1% Triton X-100 and protease inhibitors (in mM) 1.0 DTT, 0.24PMSF, 0.04 leupeptin, 0.01 E64.
Protein analyses
Myosin heavy chain isoform composition and concentrationFollowing the contractile experiments, myosin heavy chain (MyHC) isoformcomposition of the single diaphragm fiber were identified by SDS-PAGE as describedpreviously with minor modifications 90. Briefly, single diaphragm fiber were detachedfrom the force transducer and servo-motor and placed in 25 µl of SDS sample buffercontaining 62.5 mM Tris.HCL, 2% (wt/vol) SDS, 10% (vol/vol) glycerol, and 0.001%(wt/vol) bromophenol blue at a pH of 6.8 and stored at -20°C until assayed. Thestacking gel contained 4% acrylamide pH 6.8 and the separating gel 7% at pH 8.8 with30% glycerol (v/v). Prior to gel electrophoresis, the samples were denaturated byboiling for 2 min. Loaded sample volumes were 10 µL per lane. We used humanreference samples of diaphragm bundles in a 1:200 dilution of SDS sample buffer (~9.0ng/µL) to asses migration patterns and verify isoforms of the myosin heavy chain.Known amounts of purified rabbit MyHC (M-1636 Sigma) were run on every gel, so thata standard curve was constructed to determine MyHC content in the human fibers. Thegels were silver stained with alkaline phosphatase (VectastainABC kit, Vector Labs)according to the procedure described by Oakley et al 100 and subsequently imaged by ahigh-resolution scanner (600 dpi; Microtek Scan Maker 5). Fibers expressing the slowisoform were classified as slow-twitch fibers and fibers expressing the 2a and 2xisoform were classified as fast-twitch fibers.
Assay of ubiquitin ligases and ubiquitin-conjugated proteinsThe levels of MuRF-1, MAFbx and ubiquitin-protein conjugates in diaphragm and non-inspiratory muscles were analyzed by Western blotting. Muscle samples werehomogenized in RIPA buffer containing 25mM Tris-HCl (pH 7.6), 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 5mM NaF, 0,2mM PMSF andProtease Inhibitors (Roche, # 04693132001). The crude extract was heated for 10minat 70°C in lithium dodecyl sulfate (LDS) 4X sample buffer (pH 8.4) including glyceroland 500 mM dithiothreitol (DTT) 10X sample reducing agent (Life technologies, #NP0007 and # NP0004). The proteins present in the crude extract were separated by aSDS-PAGE Gel Bis-Tris 4-12% (Life Technologies, #NP0322BOX). Each lane was loadedwith approximately 15 µg protein, SeeBlue Plus2 Pre-Stained Standard was used as aprotein molecular weight marker (Life technologies, #LC5925), Proteins weresubsequently transferred to a nitrocellulose membrane (Life Technologies, # IB301001) using the iBlot Dry Blotting System. The blots were blocked with 5 % milkpowder in PBS, and incubated with first antibody overnight at 4°C and a dilution of
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1:1000 MuRF1 (chicken polyclonal, Myomedix #MuRF1-3); 1:2500 MAFbx/Atrogin(rabbit polyclonal, Dr. Volker Adams, Herzzentrum Leipzig); 1:500 monoclonalantibody against mono- and polyubiquitinylated conjugates (Enzo Life Sciences, mAB(FK2) #BML-PW8810); 1:1000 sarcomeric actin (mouse monoclonal, Dako # M0874)in PBS. After washing three times with 1X PBS (10min), the blots were incubated for 2hours with horseradish-labelled secondary antibodies at 4°C and RT, respectively (anti-chicken-HRP). The dilution of anti-chicken-HRP was 1:5000 (Jackson ImmunoResearch, #111-035-003), 1:1000 anti-rabbit-HRP and anti-mouse-HRP (JacksonImmuno Research, #03-035-003 and #15-035-003). After incubation, the blots wereagain washed three times with 1X PBS 10min at RT. The proteins on the blot werevisualized by chemiluminescence, generated by the horseradish peroxidase (HRP)activity from the antibodies with the enhanced chemiluminescence (ECL) substrate(Pierce ECL Western Blotting substrate # 32106). For quantifiable chemiluminescenceimaging of the western blots, the FUSION-FX7 Advance-SkyLight (Vilber Lourmat)detection system and the 3FUSION-CAPT analysis software for band quantificationswere used. This system is based on 16 Bit Imaging (65.536 greyscales) with a highsensitive b/w CCD-Sensor. It is able to calculate greyscale signals which appear innormal figure s like bands reaching the plateau phase. Also, we used different exposuretimes to avoid overexposure. In rare occasions where MAFbx levels in the critically illpatients were very high, signals were used that were just beyond the linear detectablerange (note that less exposure would have resulted in undetectable control levels).However, this affected the result only negligibly. Determination of the total ubiquitin-protein conjugates is a summation of all single bands in the whole molecular range. Theexpression of sarcomeric α-actin was used to normalize protein expression levels (10).To enable comparison between different gel results, the homogenate of one referencecontrol patient was run on each gel.
Electron MicroscopyElectron microscopy was performed at the Electron Microscopy Core Facility at theMedical College of Wisconsin (USA). At the time of biopsy, specimens were placed into2.5% glutaraldehyde in 0.1M Sodium Cacodylate buffer (Electron Microscopy Sciences,Hatfield, PA, USA) for fixation and shipped to the Medical College of Wisconsin.Specimens were embedded in Epon resin using standard techniques and one-micronsections of the tissue were stained with toluidine blue to provide scout sections toevaluate tissue quality. Epon blocks containing tissue fragments of appropriate qualitywere then sectioned at 30 nanometers in thickness and stained with 2% uranyl acetateand Reynold’s lead citrate and electron microscopy was performed using a HitachiH600 transmission electron microscope. Electron micrographs were then taken at arange of magnifications to provide a survey of the contractile apparatus, sarcotubularsystem, stored glycogen and lipid, and mitochondria for each specimen. These imageswere reviewed blindly by a board-certified neuropathologist and pertinentabnormalities were reported to the study investigators.
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Animal ExperimentsWildtype and MuRF-1 KO mice were randomly split into two groups: one underwentmechanical ventilation for 6 hours (MV KO-mice n=6, MV wildtype mice n=6) and theother group, not receiving MV, served as control (Control KO-mice n=8, Controlwildtype mice n=6). The contractile properties of intact diaphragm muscle bundleswere measured as described previously87.
Animals and mechanical ventilationIn the MuRF-1 KO mouse model the MuRF-1 gene was inactivated by homologousrecombination 122. All animal experiments were approved by the Institutional AnimalCare and Use Committee of the VU University, and were conducted following theEuropean Convention for the Protection of Vertebrate Animals used for Experimentaland Other Scientific Purposes, and the guide for the Care and Use of Laboratory Animals.Male Wildtype and MuRF-1 KO mice were randomly split into two groups: oneunderwent mechanical ventilation for 6 hours (MV MuRF-1 KO mice n=6, MV wildtypemice n=6) and the other group, not receiving MV, served as control (Control MuRF-1KO mice n=8, Control wildtype mice n=6).
MV mice were anesthetized with bolus injection of a mixture of 0.47 mg/kg fentanyl,9.38 mg/kg midazolam and 9.38 mg/kg acepromazine intraperioteneally andintubated. MV mice were ventilated with a tidal volume of 8 ml/kg bodyweight, positiveend-expiratory pressure of 1.5 cm H2O and FiO2 0.45 with a respiratory rate of 170breaths/min with oxygen-enriched air (50%N2/40% O2) (SAR-830/P ventilator, CWE,PA, USA). Anesthesia was maintained by continuous infusion of 0.06 mg/kg/h fentanyl,1.17 mg/kg/h midazolam and 1.17 mg/kg/h acepromazine intravenously via the tailvein. Body temperature was maintained stable (37°C) by using a heating pad. The leftcarotid artery was cannulated for blood sampling for blood gas analyses (ABL50,radiometer, Copenhagen, Denmark). The respiratory rate was adjusted to maintain pHand carbon dioxide within physiological limits. ECG and heart rate were continuallyrecorded using powerLab software (Powerlab 8/35, Chart 8.0; AD instuments Pty, Ltd.,Castle Hill, Australia). The non MV mice were anesthetized with 5% isoflurane . All micewere killed via cervical dislocation.
Diaphragm muscle strip preparation and stimulationContractile properties of intact diaphragm muscle-bundles were measured asdescribed previously 87. In brief, directly after sacrificing the mice, the diaphragm wasremoved and muscle fiber bundle (including tendon and ribs) was excised from thecentral costal region of the left hemi- diaphragm. Silk suture was attached to the centraltendon and to the ribs.  Muscle bundles were bathed in continuously oxygenated (95%
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O2, 5% CO2) mammalian Ringer solution with pH 7.40 at 30°C, and stimulated directlyby using platinum electrodes placed in close apposition to the muscle.  Muscle preloadforce was adjusted until optimal fiber length for maximal force was achieved, and thestimulation current was adjusted for maximal force generation. First a single twitch wasinduced followed, after 20 seconds, by a maximal (150Hz) tetanus. From these datamaximal twitch and maximal tetanic force were determined. Five minutes aftercompletion of the twitch and tetanus measurements, the muscle was stimulated atvarious incremental stimulation frequencies (1, 5, 10, 20, 30, 40, 60, 80, 100, 150 Hz).After completion of the contractility measurements, length and weight of the musclepreparations were determined. Cross‐sectional area (in mm2) was calculated bydividing muscle weight (g) by muscle length (cm) multiplied by specific density (1.056g/ml) x 100. Force was normalized to muscle cross‐sectional area (in mN/mm2).
Statistical analysisDue to the limited biopsy size not all parameters were determined in all biopsies (seeTable xxx). Outcome of continuous measurements that were normally distributed arepresented as the mean ± standard error of mean (SEM) and were compared using groupt-tests. Outcome of continuous measurements that were not normally distributed arepresented as the median and the interquartile range (25th and 75th percentiles), andwere compared using Mann-Whitney tests. The data analysis for this paper wasgenerated using the Real Statistics Resource Pack software (Release 3.2.1). Copyright(2014) Charles Zaiontz. Fisher’s exact test (2-tail) was used to compare critically ill andcontrol groups with respect to categorical data using GraphPad Prism version 6.00 forWindows, GraphPad Software, La Jolla California, USA. A minimum of three fibers perfiber-type, per parameter, per patient were used for statistical analyses of thecontractility experiments. Data in figure s are presented as the mean ± SEM.
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Supplementary Table 1# PC(h) PS (h) N.R.or O2mask* (h)
TotalMV(h) Respira-tory Rate(min-1) FiO2 Peak-Pressure(cmH2O) PaO2/FiO2(mmHg) PEEP(cmH2O)

Total Total Total Total Mean±SD Mean±SD Mean±SD Mean±SD Mean±SD1 29 1 0 30 27±1.4 1±0 31±1 55±12 9±1.42 200 403 4 607 25±8.1 0.5±0.1 24±3 174±59 9±1.73 28 0 0 28 29±1.4 0.4±0 21±1 245±16 5±04 254 58 6 318 30±7.4 0.7±0.2 35±4 134±46 16±3.35 34 0 4 38 47±20 0.6±0.2 32±8 216±11 12±1.16 Diaphragm Non-inspiratory# CSA SF slow SF fast MuRF1 MAFbx Ubi CSA Murf1 MAFbx Ubi1 • 5 16 • • • •2 • 9 5 • • •3 • 13 8 • • • •4 • 13 8 • • • •5 • 12 9 • • • •6 • 12 10 •7 • 11 4 •8 • 5 17 • • • • • •9 • 4 15 • • • • • • •10 • 21 • • • • • • •11 • 5 • • • • • • •12 • 15 4 • • • • • •13 • 2314 • 9 13 •subtotal 129 141total 14 12 13 9 10 9 12 5 5 51 • 13 11 • •2 • 14 •3 • 3 9 •4 • 7 20 • • • •5 • 5 14 • • •6 • 10 7 • • • •7 • 10 6 • • • •8 5 79 • 9 • • • • • • •10 • 4 13 • • •11 • 4 6 • • •12 • 8 • • • • • • •13 • 10 11 • • • • • • •14 • 4 4 • • • • • • •15 • 11 12 • • • • • •16 • 12 8 • • • • • • •17 • 12 318 • 7 9 • • • • • •19 • •20 •21 • • • • • • •22 14subtotal 119 171total 20 16 18 15 14 12 14 8 8 8
C
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=
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45 292 0 337 23±3.9 0.4±0.0 26±3 219±16 6±0.67 132 81 7 220 35±9.3 1±0 44±1 135±73 17±7.18 2 25 21* 48 14±2.4 0.4±0.0 11±1 236±7 4±0.09 8 5 1 14 37±12.7 0.8±0.2 26±2 150±2 12±010 82 0 4 86 26±5.8 0.1±0.0 18±5 219±21 14±011 60 0 2 62 18±1.5 0.4±0.0 19±1 237±16 8±0.812 147 161 0 308 20±5.8 0.4±0.0 18±5 268±0 7±2.613 44 0 0 44 20±2.9 0.4±0.0 26±3 245±4 7±0.114 22 0 0 22 23±2.1 0.4±0.0 26±1 192±22 10±0.015 14 8 0 22 22±2.6 0.5±0.0 18±1 193±11 4±0.016 16 32 0 48 11±1.1 0.4±0.0 17±2 244±1 4±0.017 170 216 48* 434 16±5.1 0.4±0.2 24±5 223±60 9±2.718 48 0 0 48 22±1.4 0.5±0.0 20±1 193±8 10±019 17 205 278* 500 50±9.5 0.4±0.1 28±4 165±38 8±2.420 6 81 3 90 44±11.1 0.4±0.1 21±6 149±28 8±0.821 116 112 9 237 21±2.5 0.4±0.1 27±5 222±25 8±0.522 106 90 6 202 46±9.4 0.4±0.1 38±17 218±69 8±0.8Ventilatory settings are averaged from moment of intubation until biopsy. PC=PressureControl, PS=pressure support, h=hours, N.R.= non registered (eg. during transport ofthe patient, or during surgery), O2=hours ventilated via oxygen-mask, MV=mechanicalventilation, FiO2= Fraction of Inspired Oxygen, PaO2 = Partial Arterial Oxygen Pressurein mmHg; PEEP= Positive End Expiratory Pressure in cmH2O. FEV1= Forced ExpiratoryVolume in 1s, FVC= Forced Vital Capacity; %pred= Percentage of predicted value.
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Supplementary Table 2. Specification of Duration and Settings of Mechanical VentilationDiaphragm Non-inspiratory# CSA SF slow SF fast MuRF1 MAFbx Ubi CSA Murf1 MAFbx Ubi1 • 5 16 • • • •2 • 9 5 • • •3 • 13 8 • • • •4 • 13 8 • • • •5 • 12 9 • • • •6 • 12 10 •7 • 11 4 •8 • 5 17 • • • • • •9 • 4 15 • • • • • • •10 • 21 • • • • • • •11 • 5 • • • • • • •12 • 15 4 • • • • • •13 • 2314 • 9 13 •subtotal 129 141total 14 12 13 9 10 9 12 5 5 51 • 13 11 • •2 • 14 •3 • 3 9 •4 • 7 20 • • • •5 • 5 14 • • •6 • 10 7 • • • •7 • 10 6 • • • •8 5 79 • 9 • • • • • • •10 • 4 13 • • •11 • 4 6 • • •12 • 8 • • • • • • •13 • 10 11 • • • • • • •14 • 4 4 • • • • • • •15 • 11 12 • • • • • •16 • 12 8 • • • • • • •17 • 12 318 • 7 9 • • • • • •19 • •20 •21 • • • • • • •22 14subtotal 119 171total 20 16 18 15 14 12 14 8 8 8
CSA=cross sectional area, SF= contractility experiments: number of single fibers studied per subject,
MuRF-1, MAFbx and Ubi denote analyses of protein levels using Western blotting.
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