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Critical illness associated muscle weakness and muscle dysfunction in intensive care unit (ICU)
patients lead to severe morbidity and mortality as well as significant adverse effect on quality
of life. Immobilization, mechanical ventilation, neuromuscular blocking agents, corticosteroids,
and sepsis have been implicated as important risk factors, but the underlying molecular and
cellular mechanisms remain unclear.  A unique porcine ICU model was employed to investigate
the effect of these risk factors on the expression profiles, gene expression and contractile
properties of limb and diaphragm muscle, in the early phase of ICU stay. This project has focused
on unraveling the underlying molecular and cellular pathways or networks in response to ICU
and critical illness interventions.

Upregulation of heat shock proteins indicated to play a protective role despite number
of differentially transcribed gene groups that would otherwise have a negative effect on
muscle fiber structure and function in response to immobilization and mechanical ventilation.
  Mechanical ventilation appears to play a critical role in development of diaphragmatic
dysfunction. Impaired autophagy, chaperone expression and protein synthesis are indicated to
play a pivotal role in exacerbating muscle weakness in response to the combined effect of risk
factors in ICU. These results may be of therapeutic importance in alleviating critical illness
associated muscle weakness.
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Each paradigm will be shown to satisfy more or less the criteria that it 

dictates for itself and to fall short of a few of those dictated by its  
opponent. No paradigm ever solves all the problems it defines. 

 
Thomas S Kuhn 

The Structure of Scientific Revolutions, 1962 
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ActRIIb Activin receptor II b 
ADP Adenosine diphosphate 
AKT Protein kinase B 
AMP Adenosine monophosphate 
AMPK AMP activated protein kinase 
ATF6 Activated transcription factor 6 
ATG5 Autophagy related 5 homolog 
ATG7 Autophagy related 7 homolog 
ATP Adenosine triphosphate 
BiP/GRP78 Glucose regulated protein 78 kDa 
BNIP3 BCL2/adenovirus E1B 19kDa interacting protein 3 
CHOP C/EBP homologus protein 
CIM Critical illness myopathy 
CIP Critical illness neuropathy 
CRYAB Alpha B Crystallin  
DGC Dystrophin glycoprotein complex 
ECM Extracellular matrix 
EIF2A Eukaryotic translation initiation factor 2 alpha 
EIF2B Eukaryotic translation initiation factor 2B 
EIF4E Eukaryotic initiation factor 4E 
EIF4EBP1 EIF4E binding protein 1 
EIF4G Eukaryotic initiation factor 4G 
ER Endoplasmic reticulum 
EYA Eyes absent 
FAK Focal adhesion kinsae 
FOXO Fork head box O 
GDP Guanosine diphosphate 
GPCR G protein coupled receptor 
GSK3B Glycogen synthase kinase 3 beta 
GTP Guanosine triphosphate 



 

HDAC Histone deacetylase  
HSF Heat shock factor 
HSP Heat shock protein  
ICU Intensive care unit 
IGF1 Insulin like growth factor 1 
IL1 Interleukin 1 
IL6 Interleukin 6 
IRE1 Inositol requiring kinse 1 
LAMP-2A Lysosomal associated membrane protein 2A 
LC3 Microtubule associated protein 1 light chain 3 
MAFBX Muscle atrophy F box 
MAPK Mitogen activated protein kinase 
MEF2 Myocite specific enhancer factor 2 
MNK2 Mitogen activated protein kinase interacting kinase 2 
MRF4 Muscle specific regulatory factor 4 
mTOR Mammalian target of rapamycin 
MuRF1 Muscle specific ring finger 1 
MYF5 Myogenic factor 5 
MyHC Myosin heavy chain 
MYLC Myosin light chain 
MYOD Myogenic differentiation 1 
NBR1 Neighbor of BRCA1 gene 1  
NFAT Nuclear factor of activated T cells 
NFκB Nuclear factor kappa B 
p62/SQSTM1 Sequestome1 
p70S6K Ribosomal protein S6 kinase  
PAX3 Paired box protein 3 
PAX7 Paired box protein 7 
PERK PKR-like ER kinase 
PGC1-α PPAR gamma coactivator 1 alpha 
PGC1-β PPAR gamma coactivator 1 beta 
PI3K Phosphatidylinositol 3 kinases 
RHEB Ras Homologue enriched in brain 
RIP Receptor interacting protein 
ROS Reactive oxygen species 
SIX1 Sine oculis homeobox homolog 1 
SMAD Mothers against decapentaplegic homologue 2 
SOX6 SRY box containing gene 6 



 

TAK1 TGF beta activated kinase 1 
TGFβ Transforming growth factor beta 
TNFα  Tumor necrosis factor alpha 
TSC1 Tuberous sclerosis complex 1 
TWEAK TNF like weak inducer of apoptosis 
UPR Unfolded protein response 
UPS Ubiquitin proteasome system 
XBP1 X box binding protein 1 
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Introduction 

Skeletal muscle development and regeneration 
The trunk and limb muscles are derivatives of paraxial mesoderm or somites 
(i.e. mesodermal regions directly lateral to the neural tube). At specific ana-
tomical areas where skeletal muscle forms, network of four myogenic regu-
latory factors (MRF) modulate the determination and terminal differentiation 
of muscle cells1. Myogenic factor 5 (MYF5), muscle specific regulatory 
factor (MRF4), myogenic differentiation 1 (MYOD) and myogenin are the 
four core-transcription factors that activate downstream target genes and 
initiate the differentiation of muscle cells1. Most of the upstream signaling 
molecules that govern the activation of MRFs differ depending on the specif-
ic anatomical locations in the embryo. The paired box protein 3 (PAX3) is 
regulated by the sine oculis homeobox homologue (SIX) and eyes absent 
(EYA) proteins in the limb muscle which in turn initiate a differentiation 
cascade involving MYF5, MRF4, MYOD and myogenin. In contrast, in head 
muscles including extraocular, tongue and laryngeal muscles, PAX3 is con-
trolled by pituitary homeobox 2 (PITX2), leading to the subsequent activa-
tion of MYF5 and MYOD (Fig. 1). MRFs act in concert with PBX, MEIS 
and MEF2 proteins activating early and late genes of muscle differentiation 
programme playing key roles in transcriptional regulatory circuit1. 

The muscle mass is increased by proliferative growth of myoblast in em-
bryonic development. However in adult skeletal muscle, muscle regeneration 
is achieved by uncommitted progenitor cells; satellite cells. Satellite cells are 
resident stem cells that are involved in damage repair and long term tissue 
homeostasis. They follow an analogous, but not identical signaling cascade 
that regulates the embryonic myogenesis in producing committed myogenic 
progeny 2-4. However a recent study has challenged the role of PAX3 and its 
paralogue PAX7 in muscle regeneration showing that ablation of either did 
not lead to deficiency in regeneration, satellite cell number or 
differentiation4, 5. 
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Figure 1. Lineage-specific differences in activation of core set of myogenic factors. 
Reproduced from REF.1© with permission from Nature Publishing Group. 

 

Skeletal muscle remodeling, plasticity and diversity 
Skeletal muscle is a post-mitotic tissue which is specialized in remodeling in 
response to exogenous or endogenous stimuli 6. Classically muscle plasticity 
is defined by the changes in fiber phenotype determinants such as endurance 
and oxidative/glycolytic capacity, force and contraction speed in response to 
exogenous stimuli. There are four distinct muscle fiber types in skeletal 
muscle of mammals that are categorized based on the myosin heavy chain 
isoform they express. This heterogeneity of muscle fibers provide the func-
tional flexibility of a muscle, that is needed in varying degree in different 
activity paradigms 7. Plasticity is not limited to adaptation of muscle fiber 
types to functional requirements. Adaptation of muscle mass in response to a 
multitude of stimuli such as nutrition, disuse, hormones and energy balance 
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and loading as well as systemic illness and aging is also defined by plasticity 
of skeletal muscle 8, 9.  

Fiber type specification. 
In mammalian development, the fiber type specification is not dependent on 
neural activity. Prdm/Blimp1 has been shown to repress fast gene program 
by repressing SOX6, downstream of hedgehog signaling cascade in zebra 
fish development 10. In mammalian development, at early stages there is no 
heterogeneity of muscle cell lineages, however SIX1, SIX4 and SOX6 is 
implicated in controlling fast gene program around secondary fiber genera-
tion 11. Fast gene program is activated by a nerve activity independent, thy-
roid hormone regulated pathway in postnatal development and in regenera-
tion. In contrast, postnatal activation of slow gene program is slow motor 
neuron dependent 11, 12. 

Fiber type switching in adult skeletal muscle is induced by variations in 
the nerve activity.  Phasic high frequency electrical stimulation resembling 
the firing pattern of fast motor neurons lead to a slow-to-fast switch (I-IIa-
IIx-IIb), while tonic low frequency electrical stimulation resembling the 
firing pattern of slow motor neurons lead to opposite switch (IIb-IIx-IIa-I) 12. 
Using several gain of function and loss of function models, it has been 
shown that Calcineurin (Cn) dependent nuclear factor activated T-cells 
(NFAT) pathway play a key role in activity dependent fiber type switching 
leading to slow gene program 13.  PGC-1α which is expressed in high levels 
in slow muscle is a known stimulator of mitochondrial biogenesis and oxida-
tive gene program. PGC-1α is readily induced in response to exercise in both 
rodents and humans and muscle specific knockouts results in switching to-
wards a less oxidative fiber type profile 7, 14, 15. PGC-1β is a homologue of 
PGC-1α is also responsible for promoting mitochondrial biogenesis and oxi-
dative gene program, however the expression remain unchanged in response 
to exercise or denervation 16, 17. Muscle specific microRNAs (miRNA), miR-
208b and miR-499 inhibit the expression of a common group of transcrip-
tional repressors including SOX6, PURB that repress slow gene program, 
resulting in the activation of slow gene program. The expression of miR-
208b and miR-499 could further promote slow gene program by initiating a 
positive feedback loop in response to the activation of slow gene program 18.  

Mechanotransduction in skeletal muscle 
Loading leads to muscle hypertrophy and inactivity leads to muscle atrophy. 
Several molecules and protein complexes including stretch activated chan-
nels (SAC), dystrophin glycoprotein complex (DGC), Integrins and focal 
adhesion kinases (FAK), Phospolipase D, phosphatidic acid (PA), Neuronal 
nitric oxide synthase (nNOS) and sarcomere are proposed as 
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mechanosensors in skeletal muscle19. It is proposed that information from 
multiple mechanosensors in skeletal muscle is integrated, leading to activa-
tion of downstream hypertrophic or atrophic signaling cascades 19. However 
the initiation, exact molecules and signaling cascades in 
mechanotransduction are remain to be defined. 

Skeletal muscle hypertrophy and atrophy 
Hypertrophy in skeletal muscle is defined as the growth of muscle tissue in 
response to number of stimuli including mechanical activity and passive 
stretch, hormonal stimulation, cytokines and growth factors20. In contrast 
muscle atrophy is defined by loss of muscle mass and can be induced by 
disuse or immobilization, denervation, microgravity, cytokines, acidosis and 
catabolic nutritional states 20, 21. Protein turnover as well as cellular turnover 
plays pivotal roles in skeletal muscle hypertrophy and atrophy, however in 
adult skeletal muscle, protein turnover is the dominant factor controlling 
muscle mass 6. In adult skeletal muscle, a tight control of muscle mass is 
maintained by a fine balance between protein synthesis and protein degrada-
tion networks in response to adaptive needs and locomotive demands 6, 22  

Hypertrophy 
Insulin like growth factor 1 (IGF1) induce an increase in muscle mass by 
activating PI3K/AKT/mTOR pathway and promoting protein synthesis via 
phosphorylating EIF4EBP-1 and p70S6K23, 24.  Overloading as well as trans-
genic mice which overexpress IGF1 show skeletal muscle hypertrophy25-27. 
Constitutive activation of AKT in rodent skeletal muscle leads to two-fold 
increase in average fiber cross sectional area of single muscle fibers suggest-
ing that activation of AKT is sufficient for induction of muscle 
hypertrophy28. AKT homologues, AKT1 and AKT2 knock-out mice as well 
as AKT1-AKT2 double knock-out mice show growth and metabolic defects 
including severe muscle atrophy29-31. Downstream targets of PI3K/AKT 
pathway were first identified using drosophila genetic experiments, reflect-
ing its involvement in regulation of cell size21. AKT inhibits its downstream 
target tuberous sclerosis complex 1 (TSC1) and TSC2 and activates ras 
homologue enriched in brain (RHEB). RHEB in turn activates mTORC1 
complex (mTOR, raptor, pras40, deptor, mLST8, tti1, tel2), which in turn 
phosphorylates p70S6K1 and EIF4EBP-1 and thereby promotes protein syn-
thesis32. mTOR could be activated by amino acids and subsequently phos-
phorylate p70S6K, suggesting a central role in integrating several lines of 
growth signals that converge on protein synthesis32.  mTORC1 complex is 
perturbed by the drug, rapamycin which exerts its inhibitory effect by bind-
ing to FKBP12, and block IGF1, AKT and p70S6K stimulation24, 32, 33. 
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Rapamycin insensitive mTORC2 complex (mTOR, rictor, mSin1, protor1/2, 
deptor, mLST8, tti1, tel2) phosphorylates and activates AKT by a inducing a 
positive feedback mechanism34 (Figure 2). mTORC1 and hypertrophy sig-
naling activated by Mechano-transduction is independent of AKT signaling 
and probably cascade through MEK/ERK/TSC pathway35. 

 
Figure 2. IGF1/AKT/mTOR pathway. Activation of IGF1/AKT/mTORC1 pathway 
phosphorylate p70S6K and EIF4EBP1, thus promote translation. Phosphorylation of 
GSK3B by AKT releases its repression on EIF2B and thereby promotes translation. 
AKT phosphorylate FOXO transcription factors preventing their nuclear transloca-
tion, therefore preventing transcription of atrogin1 and MuRF1. Rapamycin insensi-
tive mTORC2 complex phophorylate and activate AKT. (P; phosphorylated) Illus-
tration designed using pathway builder from www.proteinlounge.com. 

Another hypertrophy inducing pathway downsteam of PI3K/AKT is mediat-
ed by glycogen synthase kinase 3B (GSK3B). AKT modulate skeletal mus-
cle hypertrophy via inhibiting GSK3B by phosphorylation and subsequent 
derepression of EIF2B24. In addition, GSK3B blocks differentiation induced 
by NFAT in myoblasts and the GSK3B inhibition lead to enhanced 
myotubes formation and differentiation36 (Figure 2).  

A novel signaling pathway has been recently shown to regulate skeletal 
muscle hypertrophy via G protein coupled receptor family (GPCR). Cascade 
through GPCR is initiated by binding of a ligand and the subsequent con-
formational change that occur on the receptor. G protein complex composed 
of subunits α, β and γ is coupled to the GPCR and Gα is bound to the 
guanosine diphosphate (GDP) in inactive state. Ligand binding to GPCR 
stimulate G protein complex and Gα subunit dissociates exchanging GDP for 
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guanosine triphosphate (GTP) leading to conformational change37. GPCR 
subunit Gαi2 mediated signaling is sufficient to augment hypertrophy and 
differentiation in myotubes in vitro and promote hypertrophy, regeneration 
and oxidative gene program in vivo38. The hypertrophic response through 
Gαi2 was independent of AKT signaling cascade, but required mTOR, impli-
cating signaling via protein kinase C (PKC) and activation of p70S6K. Con-
stitutive expression of Gαi2 in myoblasts as well as in rodent muscles with 
toxin induced injury, results in enhanced myogenesis, probably signaling 
through cascade Gαi2/PKC/GSK3B/NFAT37, 38. Furthermore Gαi2 signaling 
maintains myotube size by perturbing pro-cachetic signaling of TNF-α and 
E3 ligase, MuRF138. 

Atrophy 
Muscle atrophy occurs in a wide range of diseases including disuse, cancer 
cachexia, diabetes, chronic renal failure, fasting and denervation and invokes 
a common transcriptional program6, 39, 40. Distinct set of these genes that are 
inversely regulated by IGF-1/PI3K/AKT/mTOR signaling cascade in muscle 
hypertrophy, cause dexamethasone induced muscle atrophy32, 41, 42. These 
include skeletal muscle specific E3 ubiquitin ligases MAFBX/atrogin1 and 
MuRF1 that show significant expression in atrophic conditions43, 44. These 
two E3 ubiquitin ligases show enhanced expression in a variety of distinct 
models of skeletal muscle atrophy including sepsis/LPS, oxidative stress and 
mechanical ventilation43-47. MuRF1 has been shown to physically interact 
and degrade myosin heavy chain proteins in response to dexamethasone 
treatment in skeletal muscle48. Moreover MuRF1 not only degrade MYHC 
proteins, but also thick filament proteins including myosin light chains 1 
(MYLC1), MYLC2 and myosin binding protein C (MYBP-C), implicating 
that latter group may have a stabilizing effect on myofibrils49.  Fork head 
box O (FOXO) family of transcription factors (FOXO1 and FOXO3) regu-
lates the expression of MuRF1 and atrogin1 in skeletal muscle in response to 
dexamethasone induced atrophy1, 50, 51. Myogenin, that plays a key role in 
muscle development, also promotes neurogenic muscle atrophy in postnatal 
muscle by HDAC4/5 modulated MURF1 transcription52. Furthermore, 
atrogin1 decreases protein synthesis by specifically degrading EIF3F, one of 
the components in eukaryotic pre-initiation complex that regulate translation 
initiation53.  Activation of IGF1/PI3K/AKT/mTOR pathway reverses the 
atrophy induced by MuRF1 and atrogin1, mediated via FOXO transcription 
factors32, 50, 51 (Figure 2). Mice that overexpress FOXO1 in skeletal muscle 
also show decreased muscle mass and reduced type 1 fibers54. Atrogin1 is 
implicated in a feed forward mechanism in which activation of atrogin1 
leads to coactivation of FOXO3A and FOXO155. Muscle proteolysis and 
wasting in illness is mediated by specific E3 ligases via ubiquitin proteasome 
system (UPS) which involves selective, ATP dependent, target degradation 
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of ubiquitin conjugated proteins by 26S proteasome1, 9. Conjugation of ubiq-
uitin is modulated by ubiquitin activating enzyme (E1), ubiquitin conjuga-
tion enzyme (E2) and ubiquitin ligase (E3). Ubiquitination is reversed by 
deubiquitinating enzymes9.  

 

 
Figure 3. Autophagy lysosome pathway. Class III PI3K/VPS34 complex 
(ATG6/Beclin1, ATG14, VPS15) and FIP200-ULK1/ATG1(ATG1,ATG17, 
ATG13) complex initiates phagophore (pre-autophagosomal structures) formation. 
The membrane elongation is mediated by two ubiquitination like reactions. ATG12 
conjugation to ATG5 is modulated by ATG7 (similar to E1 Ubiquitin activating 
enzyme) and ATG10 (similar to E2 ubiquitin-conjugation enzyme). ATG5-ATG12 
interacts with ATG16L in formation of phagophore. In the second reaction LC3-I is 
conjugated to lipid phosphatidylethanolamine (PE) by ATG7 (E1 like) and ATG3 
(E2 like) to form LC3-II. Adaptor protein p62/SQSTM1 directly binds to LC3 and 
ubiquitinated proteins transporting ubiquitinated proteins for degradation. Fusing 
autophagosome with a lysosome leads to degradation of autophagic-cargo. (Ub; 
ubiquitin) Illustration was designed using pathway builder from 
www.proteinlounge.com. 

FOXO3A, the dominant FOXO transcription factor in skeletal muscle play a 
critical role in protein degradation and atrophy modulating the expression of 
microtubule associated protein 1 light chain 3 (LC3), sequestome/p62 and 
BNIP3 leading to activation of autophagy lysosome pathway or macroauto-
phagy56, 57. Autophagy lysosome pathway is another proteolytic process that 
is responsible for degrading long lived proteins, protein aggregates and dam-
aged organelles by engulfing in double membrane vesicles that fuse with 
lysosome which lead to proteolysis1, 58. Autophagy lysosome pathway plays 
a key role in maintaining cellular homeostasis eukaryotic cells. Formation of 
autophagosome, the double membrane vesicle that engulf the cellular com-
ponents and proteins is a multistep process that requires 18 different auto-
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phagy related genes (ATG)59, 60. Autophagosome formation requires the acti-
vation of class III PI3K/VPS34 complex and ULK1/ATG1 complex in initi-
ating the phagophore (pre-autophagosomal structures) formation61 (Figure 
3). Membrane elongation in autophagosome formation is mediated by two 
ubiquitination like reactions that involve ATG12, ATG5, ATG7, ATG10, 
LC3 (ATG8) and ATG361, 62 (Figure 3). Generation of ATG7 conditional 
knockout mice does not improve the muscle structure or function. ATG7 
null mice show impaired autophagy, profound muscle atrophy, age-
dependent functional impairment, accumulation of abnormal mitochondria 
and disorganization of sarcomere63.  ATG5 null mice show similar defects 
promoting atrophy and show features of myopathy58, 64. p62/sequestome 
facilitates autophagosome formation by interacting with LC3 and act as a 
receptor for ubiquitinated proteins that is essential for their degradation65-67. 
Recently it was shown that p62/sequestome preferentially binds to LC3-II 
(lipidated form of LC3-1) and efficiently localise in autophagy compart-
ments68. Autophagy lysosome system is inhibited by mTORC1 that phos-
phorylates ULK1 (ATG1) and ATG13 under nutrient rich conditions65.  

Myostatin (GDF8; growth differentiation factor 8) is a member of trans-
forming growth factor β (TGFβ) family and is a potent negative regulator of 
muscle mass69. Myostatin knockout mice show a dramatic increase in num-
ber and size of muscle fibers70. In vivo and in vitro experiments show that 
myostatin signalling is initiated by binding to activin receptor IIb followed 
by interaction with ALK4 or ALK5, leading to phosphorylation of SMAD2 
and SMAD3 and nuclear translocation42, 71. Increased myostatin levels are 
reported in several muscle wasting conditions including AIDS, renal failure, 
chronic kidney disease glucocorticoid administration, burn injury and micro-
gravity69. Myostatin inhibits AKT phosphorylation and p70S6K1 in human 
skeletal myotubes as well as AKT activation in myoblasts42, 72. Downstream 
targets of myostatin SMAD2/3 induce an atrophy program that is independ-
ent of MuRF173. Inhibition of SMAD2/3 promotes muscle hypertrophy par-
tially dependent on mTOR cascade, indicating that myostatin and AKT 
pathways cross talk at multiple levels73. Furthermore myostatin activates 
ubiquitin proteasome system via FOXO1 in vitro74. Inhibition of RAPTOR 
or mTORC1 facilitates myostatin inhibitory effects by phosphorylating 
downstream targets leading to a feed forward mechanism, i.e. my-
ostatin/SMAD activation resulting in AKT/mTORC1 inhibition which in 
turn activates myostatin/SMAD42, 72, 73. Myostatin mediated AKT inactiva-
tion is reversed by addition of IGF1 in myoblasts as well as myotubes that 
imply cross-talk between the two pathways in precise intersections32, 72. TGF 
β family member TAK-1 inhibits myoblast differentiation by promoting 
transcription of Activin A via TAK1/p38/NFκB in response to IL1 or TNFα, 
which implicate cross-talk between proinflammatory cytokines and TGF-β 
signalling75. 
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NFκB pathway plays a decisive role in muscle pathology as well as 
physiology in addition to its regulatory role in immune and inflammatory 
responses76. NFκB gene family consist of 5 members (RelA (p65), cRel, 
RelB, p50/p105 (NFκB1), p52/p100 (NFκB2) and they all share the rel ho-
mology domain that is instrumental in DNA binding, dimerisation and nu-
clear localisation as well as physical interaction with IκB family of inhibi-
tory proteins. NFκB proteins exist in homo or heterodimers and by binding 
to IκB inhibitors, mask the nuclear localisation signal, resulting in cytoplas-
mic sequestration. IκB kinase complex (IKK) modulates the degradation of 
IκB inhibitory proteins that result in NFκB nuclear translocation.  NFκB 
pathway is activated by variety of upstream stimuli, including inflammatory 
cytokines, mitogens, oxidative stress and LPS76, 77. Upon stimuli, specific 
receptor mediated signals are channelled through specific adapter proteins 
leading to IKK activation and subsequent NFκB nuclear translocation77. TNF 
receptor associated factors (TRAF) and receptor interacting proteins (RIP) 
are two such families of adapter proteins that are involved in recruiting IKK 
and NFκB activation76. Specific proinflammotary cytokines such as TNFα, 
ILIβ, IL6, IFNγ and TWEAK are the key mediators of NFκB in chronic 
skeletal muscle wasting conditions78, 79. Activation of NFκB could limit the 
MYOD expression by destabilising MYOD mRNA and degrading MYOD 
protein in myoblasts, maintaining them in undifferentiated state79-81. Trans-
genic mice that activates NFκB via constitutive expression of IKKβ, lead to 
muscle wasting and increased expression of MURF182. Muscle wasting was 
reduced in constitutive activated IKKβ mice in MURF1 knock-out back-
ground, suggesting that MURF1 was a direct transcriptional target of NFκB 
pathway mediated muscle degradation82. Muscle specific deletion of IKKβ in 
mice resulted in reduced MURF1 expression and muscle atrophy, further 
confirming the cross talk between NFκB and ubiquitin proteasome system 
(UPS)83. A Recent report suggests that reactive oxygen species 
(ROS)/oxidative stress can trigger muscle atrophy via increased expression 
of NFκB and FOXO3 that may suggest a synergy between the two path-
ways84. NFκB activation has been associated with ROS and reactive nitrogen 
species (NOS), in  exercise-induced conditions suggesting a protective role 
for NFκB in oxidative stress and promoting antioxidant expression79.  

Recently it was shown that mitogen activated protein kinase –interacting 
kinase 2 (MNK2), but not MNK1 could inhibit protein synthesis85. Phos-
phorylation of EIF4G at Ser1108 that stimulate enhanced protein translation is 
blunted by MNK285. MNK2 also inhibit phosphorylation of mTOR and its 
downstream target p70S6K leading to reduced translation, implicating a 
unique role in inducing atrophy independent of its kinase activity85. 

Calpains are calcium dependent cysteine proteases that have been impli-
cated in muscular dystrophies and in sepsis8. Calpains are thought to catalyze 
the initial cleavage of myofibrillar structure by disrupting the sarcomere in 
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muscle atrophy8, 86. Caspase 3 is activated in catabolic conditions and cleave 
actomyosin complex in in vitro87. 

Chaperone mediated autophagy (CMA) is a selective degradation mecha-
nism that target soluble cytosolic proteins which contain a lysosomal target-
ing motif consisting of pentapeptide KFERQ88. CMA does not employ vesi-
cle formation or membrane invaginations, but a single molecule is trans-
ferred across the lysosomal membrane to degradation88, 89. Heat shock cog-
nate 70 (HSC70) recognises the motif and substrate-chaperone complex is 
delivered to the lysosomal membrane by binding to LAMP-2A. Binding to 
LAMP-2A triggers a formation of a translocase within the membrane for 
client transfer88, 90. CMA is upregulated in response to stressors including 
oxidative stress, hypoxia and starvation. CMA is constitutively active in 
most cells suggesting an indispensable role in protein quality control88.    

Mitochondrial homeostasis and energy balance. 
In skeletal muscle atrophy, genes that regulate glycolysis and oxidative 
phosphorylation are suppressed in a coordinated manner39. PGC-1α is the 
key regulator in mitochondrial biogenesis and a co-activator of several nu-
clear hormone receptors and transcription factors, which is down regulated 
in variety of muscle atrophy models6, 91. Disruption of mitochondrial net-
work by overexpressing autophagy related BNIP3 and mitochondrial fission 
genes DRP1 and FIS1, leads to muscle atrophy92. Moreover activation of 
FOXO dependent autophagy programme leads to altered mitochondrial net-
work92. Atrophy induced by denervation, fasting or by FOXO3 expression is 
reversed by maintaining PGC-1α expression in skeletal muscle, blunting the 
expression of MURF1, atrogin1 and cathepsin L91. Aging muscle could be 
rescued from sarcopenia by overexpressing PGC-1α leading to decrease 
apoptotic markers, UPS and autophagy93. Moreover PGC-1α overexpression 
reduce basal as well as constitutively activated FOXO3 mediated protein 
degradation systems94. PGC-1α is directly modulated by the level of physical 
activity and endurance exercise leading to increased expression and physical 
inactivity resulting in decreased expression95. However the muscle specific 
knock-outs of PGC-1α neither augment denervation induced atrophy nor 
atrogin1 and MURF1 expression. Hence suggesting that PGC-1α downregu-
lation observed in various atrophy models may be a secondary cause due to 
physical inactivity arising from atrophic conditions95, 96. NFκB transcription 
is profoundly perturbed by PGC-1α and PGC-1β overexpression in skeletal 
muscle that implicates a cross-talk between the mitochondrial homeostasis 
and NF-κB signalling94, 95. 

AMPK is a critical cellular energy sensor in most eukaryotic cells97. 
AMPK detects increasing AMP/ATP and ADP/ATP ratios in cellular 
stresses and regulates energy balance by promoting catabolic pathways that 
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generate ATP while suppressing anabolic pathways that require ATP97. 
AMPK-α1 knock-out or AMPK-α1/α2 double knock-out mice show in-
creased muscle mass, hypertrophy and increased p70S6K1 
phosphorylation95, 98, 99. Activating AMPK by treating with AICAR (5-
aminoimidazole-4-carboxamide riboside) induces atrophy in myotubes via 
de-phosphorylation of FOXO3A and subsequent nuclear translocation lead-
ing to augmenting the expression of atrogin1 and MURF1, despite the pres-
ence of IGF195, 100. Autophagy related gene BNIP3 and mitochondrial fission 
proteins DRP1 and FIS1 overexpression which disrupt mitochondrial net-
work by promoting mitochondrial fission, also activate AMPK and promote 
atrophy via AMPK-FOXO3 axis92. Myofibrillar protein degradation is 
stimulated by AMPK via FOXO3, increasing transcription of LC3, BNIP3 
and muscle specific E3 ligases, MURF1 and atrogin192, 101. These observa-
tions suggest a link between FOXO and AMPK in response to mitochondrial 
remodelling leading to exacerbation of catabolic cascades in a variety of 
atrophic conditions stimulating both UPS and autophagy lysosomal 
pathway95. AMPK stimulate autophagy in nutrient deficiency and when 
AMP:ATP ratios are elevated, by directly activating ULK1102, 103. Pharma-
cological activation (AICAR, metformin, berberine) of AMPK results in a 
decrease in mTORC1 signalling suggesting a negative role for AMPK in 
protein synthesis in skeletal muscle95.  Diminished AMPK activity leads to 
increased mTORC1 activity in skeletal muscle which provides further evi-
dence that AMPK actively regulate protein synthesis in skeletal muscle98, 99. 
Overexpression of PGC-1α is able to suppress berberine induced activation 
of AMPK, atrophy and promote mitochondrial biogenesis in myotubes 
which suggests that AMPK induced muscle atrophy could be reversed by 
PGC-1α expression104. Moreover Inhibition of S6K1 stimulate AMPK by 
increasing AMP:ATP ratio, that lead to mitochondrial biogenesis, oxidative 
metabolism and decrease in myotubes size105, 106  

Sarcomere, costamere and DGC 
Differentiation and remodeling of slow and fast twitch fibers are partially 
modulated by mechanical stress or mechano-signaling. Adaptive changes in 
response to mechanical load and activity paradigms have key effects on con-
tractile phenotype as well as muscle mass1. Mechanical force could play an 
important role in modulating conformation and therefore, the activity of 
protein complexes107, 108. Two protein assemblies, sarcomere and costamere 
within the skeletal muscle and few hubs within these assemblies are involved 
in mechano-signaling as well as force transmission20, 109, 110. 
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Sarcomere 
Sarcomere is a highly organized array of filaments including contractile pro-
teins actin and myosin cross linked in the Z-disk and M-band in skeletal and 
cardiac muscle. Actin and myosin are the major components of I-band and 
A-bands respectively. Tropomyosin/troponin complex modulate the skeletal 
muscle contraction111. Major constituents of the sarcomere and their func-
tional and signaling relevance are presented in Figure 4. 

 
Figure 4. Graphical representation of major constituent proteins of sarcomere, the 
functional relevance and corresponding sarcomeric regions. Reproduced from 
REF.111© with permission from Elsevier. 

Transcription factors as well as transcription modifiers communicate with 
the mechano-sensors that are embedded in sarcomere1.  Z-disk of the sarco-
mere is implicated as a sensor for muscle mechanical strain112. Muscle- LIM 
protein (MLP/CSRP3) act as a transducer of mechanical strain by translocat-
ing from sarcomere to nucleus113, 114 115. MYOZ2, one of the myozenins 
(calsarcins/FATZs) which negatively regulate the calcineurin activity, is 
implicated as a mechano-sensitive component in the Z disk1, 116. CLOCK is a 
gene involved in circadian rhythm, and is shown to shuttle between Z-disk 
and nucleus in response to mechanical strain, inducing MYOD dependent 
gene expression117. Core binding factor β (CBFβ), a key molecule associated 
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with JUNB mediated gene expression is also found at Z-disk, which may be 
involved in mechano-sensing118. At the I-band, ankyrin-repeat domain 2 
(ANKRD2), cardiac ankyrin repeat protein (CARP) and diabetes associated 
ankyrin repeat protein (DARP) are found which belong to the muscle 
ankyrin repeat protein (MARP) family1. MARPs form a complex with 
sarcomeric proteins titin, myopalladin and calpain 3 which is sensitive to 
stretch and muscle injury which lead to survival signaling and gene expres-
sion 119, 120.  At the M-band, kinase domain of titin interacts with atrogenes 
NBR1, p62/SQSTM1 and the MURF family 121. MURF1 and MURF2 disso-
ciate from the protein complex and translocate to cytoplasm and nucleus in 
response to mechanical silencing 121. More over NBR1 and p62/SQSTM1 
interact with LC3 and promote autophagy and protein degradation 66, 122, 123. 
p62/SQSTM1 is a key adaptor molecule in stress response that connect 
MAPK/p38 and several other MAPK signaling molecules (MEK5, MEKK3) 
to RIP and NFκB activation 124, 125. Taken together mechano-sensitive mole-
cules in mechanically active regions in the sarcomere serve as feedback mol-
ecules linking transcriptional programmes and adaptive remodeling 1.   

Costamere 
Costamere is a subsarcolemmal assembly of proteins that are associated with 
Z-disk in peripheral myotubes and physically link sarcomere with sarco-
lemma and extracellular matrix (ECM) 109, 126. Longitudinal force transmis-
sion via sarcomere only accounts for 20-30% total force generated which 
suggest that considerable force is transmitted laterally in striated muscle 127. 
Costameres play a critical role in lateral force transmission across ECM 109, 

126.  Costamere is composed of two protein complexes: dystrophin glycopro-
tein complex (DGC) and integrin-vinculin-talin complex 128. DGC is com-
posed of dystrophin, sarcoglycans, sarcospan, dystroglycans and 
dytrobrevin/syntrophins that provides a physical connection between sarco-
lemma and ECM 110. DGC is associated with mechanical stabilization and 
maintaining sarcolemmal integrity, force transmission as well as signal 
transduction 110, 126. The Integrin-vinculin-talin system is also involved in 
interacting with Z disk and linking cytoskeletal actin with sarcolemma. The 
integrins interacts with adaptor proteins as well as ECM, while signal 
through focal adhesion kinase (FAK) and intergrin linked kinase 128.  

Critical Illness Myopathy 
Critical illness myopathy (CIM) is an acquired acute myopathic process 
which causes muscle dysfunction and destabilization of muscle fiber struc-
ture that affect critically ill patients in the intensive care unit (ICU)129. CIM 
is also known as acute quadriplegic myopathy, critical care myopathy, thick 
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filament myopathy, acute myopathy in severe asthma and acute hydrocorti-
sone myopathy130, 131. CIM is characterized by loss of myosin and thick fila-
ment proteins, flaccid weakness, muscle fiber atrophy, disorganization of 
myofibrils and inexitable muscle membrane 132-137. Prolonged or failed wean-
ing from mechanical ventilation is a common presentation in CIM and may-
be associated with diaphragm and intercostal muscle dysfunction129, 138. Faci-
al muscles are often spared, but rarely involved in some patients129, 130, 138. 
CIM is a primary myopathy that is not secondary to denervation, however 
the associated polyneuropathy, critical illness polyneuropathy (CIP) which is 
characterized by distal axonal degeneration often coexist with CIM129.  Many 
patients show weakened muscle function prior to detectable muscle 
atrophy139, 140. CIM not only cause immediate adverse effects on muscle 
function but also prolongs the recovery of ICU patients resulting in three 
fold increase in ICU treatment cost per patient131, 141. Persistent neuromuscu-
lar impairment could continue for long periods after hospital discharge that 
result in additional rehabilitation costs as well as reduction of quality of 
life131, 141  

Risk factors and incidence 
CIM is a complex multifactorial disease with several prospective studies 
identifying independent risk factors129, 142-144. Immobilization is identified as 
a profound and key determinant in critically illness associated muscle weak-
ness in ICU129, 130, 138, 143-146. Sepsis, corticosteroids and neuromuscular block-
ing agents also have been strongly implicated and received a considerable 
attention in recent years129, 130, 138, 143-146. Multiple organ failure, hyperglyce-
mia mechanical ventilation also have been identified as risk factors that 
could lead to CIM129, 130, 138, 144. Patient population, the diagnostic criteria 
used and the timing of evaluation affect the incidence of the CIM, thus the 
exact incidence of CIM is unknown. In most severe ICU patients, CIM is 
associated with 33% to 50% of the patients129. Onset of the disease is either 
within the first week or second week after the admittance to the ICU140, 147.  

Pathophysiology 
Major risk factors as well as multiorgan failure, immobilization, hypergly-
cemia, bioenergetic and metabolic alterations, inflammatory changes, and 
impaired microcirculation is implicated in causing CIM through interrelated, 
multiple pathophysiological mechanisms129, 144 130, 138, 142.  Muscle wasting in 
CIM is attributed to the activation of calpain, the ubiquitin proteasome sys-
tem and autophagy lysosome pathway133, 134, 148. Myosin loss in CIM is asso-
ciated with acute stage muscle weakness and suggests specific degradation 
of myosin fillaments132, 134. Channelopathy is also implicated in CIM as the 
electrodiagnostics studies indicating muscle membrane inexitability which 
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could be attributed to inactivation of sodium channels138, 149. Septic shock, 
immobilization and resulting proinflammotory milieu leads to antioxidant 
depletion, mitochondrial dysfunction and oxidative stress that could play a 
pivotal role in development of CIM 150-152. A shift towards a fast fibers ex-
pressing type II is reported in CIM as seen with other atrophic states and 
these fast fibers tend to undergo rapid atrophy134, 139, 153, 154. Presence of apop-
totic myonuclei and proapoptotic proteases are reported in skeletal muscle of 
CIM patients that suggest muscle fiber atrophy and myosin loss may be due 
to an apoptosis cascades155. An expression profile study show that immobili-
zation, cellular stress, and other risk factors collectively stimulate TGFβ/p38 
MAPK pathway and UPS leading to apoptosis and myofilament loss in CIM 
131, 156. Clinical electrophysiological and histological features of CIM are 
summerized in Table 1144. 

Table 1. Clinical, electrophysiological and histological features of CIM. Repro-
duced from REF.144© with permission from Walters Kluwer Health. 

Physical examination No sensory deficits
 Proximal muscle weakness
 Preserved or depressed deep tendon reflex
 
Electrophysiological studies Abnormal EMG activity may be present
 Decreased CMAP amplitude with preserved SNAP 

 
Short duration MUAP with recruitement of MUAP 
on volitional contaction

 
Histopathology Inflammotory  infilterate may be present
 Necrosis and regenration of muscle fibers may be 

present 
Thick filament loss with preferential atrophy of type 
II muscle fibers

EMG, electromyography; CMAP, compound muscle action potential; CK, creatine kinase 
MUAP, motor unit action potential; SNAP sensory nerve action potential  

Not only locomotor muscle, but also diaphragm is severely affected in CIM 
and in ICU associated complications that has attracted considerable atten-
tion138, 139, 157. Oxidative stress, calpain and UPS has been upregulated in 
diaphragm immobilized animal models that show atrophy and decreased 
diaphragmatic force which are exacerbated by corticosteroids, neuromuscu-
lar blockers and sepsis138, 158. 

Prevention  
A specific treatment that alleviates the severity and incidence of CIM is not 
available including nutritional, antioxidant, hormonal therapy129, 130, 159. In-
tensive insulin therapy aimed at controlling hyperglycemia in ICU stay have 
shown to be beneficial in surgical and medical ICU patients, however target-
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ing normoglycemia increases mortality129, 130, 138, 144, 160. Electrical muscle 
stimulation is implicated in reducing the prevalence of CIM in ICU129, 161. 
Most successful strategy for the management of CIM is the early, targeted 
physiotherapy for critically Ill patients143, 145, 162. The first prospective cohort 
study which included 103 ICU patients showed that an unconventional early 
mobilization protocol could be successfully performed with mechanically 
ventilated patients in the ICU without compromising their safety163. In a 
similar study performed with 104 acute respiratory failure patients showed 
that an early mobilization protocol in ICU substantially improved ambula-
tion, independent of the underlying pathophysiology164. First prospective 
cohort study comparing early ICU mobilization with usual care involving 
330 patients showed that early mobility protocol is associated with decreased 
ICU and hospital length of stay in survivors 165.  

Cancer Cachexia 
Cancer is one of the major fatal diseases, accounting for one-fourth of deaths 
in the general population166. Cachexia is characterized by severe weight loss, 
anorexia, early satiety, anemia, edema, and weakness167. Weight loss in can-
cer cachexia is due to the loss of both skeletal muscle mass and adipose tis-
sue, while non-muscle protein mass is preserved168, 169. Heterogeneity of 
clinical presentation of cachexia is complex and arises due to the type of 
tumor type, site and mass170. Host genotype also contributes to variation of 
disease presentation. Single nucleotide polymorphism in the IL1, IL6 and 
IL10 genes are associated with production rates of the respective cytokines 
that are linked to prevalence of cachexia in certain types of cancer171. These 
findings suggest that immune system play a key role in the variable presenta-
tion of cancer cachexia166. Moreover, obesity and sexual dimorphism also 
contribute to the heterogeneity of cancer cachexia. Cancer cells thought to 
depend on pro-inflammatory cytokines for growth, survival from apoptotic 
signaling and angiogenesis166. 

Pro-inflammatory cytokine TNFα is synthesized and secreted in many ro-
dent tumor models of cancer cachexia172. TNFα promotes atrophy by induc-
tion of E3 ligases, MURF1 and atrogin1173-175. TWEAK, the structural homo-
log of TNFα also induce E3 ligase MURF1 and degrade myosin heavy 
chain176, 177. However source of TNFα in humans is unknown and relevance 
to cancer cachexia remains unclear166. IL6 is by contrast has been shown to 
correlate with weight loss and reduced survival rates in cancer patients178, 179. 
IL6 s role in regulating cancer cachexia is further strengthened by the gain- 
and loss of function experiments in tumor bearing rodents180-182.  Weight 
losing lung cancer patients has responded positively to monoclonal IL6 anti-
body treatments by reporting reversal of fatigue, anorexia and anemia, but no 
change has been reported in lean body mass183. IFNγ also suggested to play a 
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role in cancer cachexia as IFNγ neutralizing antibodies were able to attenu-
ate weight loss in tumor bearing animal models, yet there is no correlation 
observed between weight loss and serum levels of IFNγ in cancer patients 
168, 184.  Myostatin levels as well as myostatin associated signaling networks 
have been reported to be induced in patient muscle biopsies and animal 
models as a result of tumor burden185, 186. TNFα/TAK-1 pathway induction 
leads to Activin A, which in turn act via downstream ActRII/SMAD path-
way, linking inflammatory cytokines with TGFβ signaling75. Treating C26 
cancer cachexia rodent model with ActRIIb receptor based trap resulted in 
blocking cachexia in these mice and showed a 30% increase in survival 
rate187. Advanced cancers invariably involve pain that may lead to activation 
of neuroendocrine stress responses such as glucocorticoids. Elevated in-
flammation is common feature in cancer cachexia and advanced cancer pa-
tients receive large doses of glucocorticoids166. Glucocorticoids mediate a 
role in muscle wasting via suppression of PGC-1β that lead to the increased 
expression of E3 ligases, MURF1 and atrogin1188.  PGC-1α is down regu-
lated in various muscle atrophy models and overexpression of PGC-1α res-
cues muscle loss by inhibiting FOXO391, 95. Relative sparing of type I oxida-
tive fibers in cancer cachexia is attributed to the PGC-1α mediated FOXO3 
inhibition166. Loss of dystrophin, one of the major components in DGC, has 
been reported in a rodent cancer cachexia model leading to destabilised 
membrane integrity in skeletal muscle, which precedes reduction in mean 
fiber diameter185. DGC dysfunction leads to induction of E3 ligases, MURF1 
and atrogin1 via NFκB dependant pathway and the loss of major DGC com-
ponents is also observed in cancer patients with cachexia185. 

Proteostasis and Molecular Chaperones 
Proteins in living cells determine proper functioning of cellular and molecu-
lar cascades that are vital for preservation of life. Not only is that protein 
biogenesis in living systems an error-prone process but also the native pro-
teins are constantly challenged and endangered by reactive chemicals and 
metabolic by-products that lead to oxidation, carbonylation nitrosylation and 
other modifications189, 190. Further to these adverse reactive conditions, native 
proteins are continuously challenged by adverse intrinsic and environmental 
factors, i.e. unbalanced protein synthesis, oxidative stress, heavy metals and 
heat 189.  Cellular systems have evolved to cope with protein damage by uti-
lising a dual response where damaged proteins are either repaired or elimi-
nated by protein quality control or proteostasis network189, 191. Integral net-
work of molecular chaperones that assist de novo folding or refolding of 
proteins and the UPS and autophagy lysosomal pathway which mediate 
timely elimination of irreversibly misfolded proteins, act in concert main-
taining proteostasis191. Molecular chaperones are often known as stress pro-
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tein or heat shock proteins and are classified in to their molecular weight 
(HSP40, HSP60, HSP70, HSP90, HSP100)192. Transcriptional regulation of 
stress response is mediated by heat shock factors (HSF). Four different HSF 
(HSF1-4) exist in vertebrates, with HSF1 being known as the master regula-
tor that induce HSP in most stress conditions192. 

Protective role of heat shock proteins in skeletal muscle 
Acute damaging exercise lead to dramatic increase in HSP70, HSP25/27 and 
CRYAB (αB crystallin) in skeletal muscle193. The small HSP are thought to 
be phosphorylated resulting in reduced oligomeric size, leading to their 
translocation to myofibrillar proteins and cytoskeleton for protective role193, 

194. Elevated levels of HSP are associated with maintaining muscle size and 
function in disuse atrophy193. Heat stress induced HSP70 prevents skeletal 
muscle atrophy by 8 days of hind limb unloading in rats 195. HSP70 and 
HSP25 induction attenuates immobilization atrophy in rats and heat induced 
HSP reduced oxidative damage196. Hibernating bats dormant for 3 months 
show two fold or greater increase in HSP70, and are able to maintain muscle 
mass despite prolonged disuse, suggesting a protective role in HSP70 induc-
tion197. Overexpression of HSP70 prevented disuse atrophy, possibly via 
suppression of NFκB pathway in senescent rats198. In contrast HSP down 
regulation is described in disuse atrophy of rats199. CRYAB, a chaperone that 
is highly expressed in endurance athletes compared to sedentary men, de-
creases with skeletal muscle atrophy in rats200, 201. More over CRYAB is a 
critical chaperone in skeletal muscle that maintains cytoskeletal integrity by 
interacting with microtubule network202.  HSP70 overexpression prevented 
disuse atrophy inhibiting NFκB and FOXO3a203. HSP27 also prevented 
NFκB mediated disuse atrophy via inhibiting atrogin1 and MURF1204. Re-
cently it was shown that FOXO3a dependent promoter activation of atrogin1 
but not MURF1 is inhibited by HSP70205. Furthermore diaphragmatic dys-
function induced by sepsis could be reversed by pharmacological stimulation 
of HSP70 in a dose dependent manner206.  

ER Stress and unfolded protein response 
In highly compartmentalized eukaryotic cells certain types of protein dam-
age are more common in specific organelles like ER and in the secretory 
pathway189.  Errors in glycosylation, disulfide bond formation and membrane 
insertion are common in ER and in the secretory pathway that could lead to 
protein misfolding189. Normal protein folding in ER is interrupted when cells 
are exposed to various environmental or physiological stresses, including 
calcium depletion, nutrient starvation, oxidative stress and hypoxia, leading 
to accumulation of misfolded or unfolded proteins that exceed the processing 
capacity of ER, and is known as ER stress207, 208. When the functionality of 
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ER is challenged, particularly elevation of unfolded or misfolded proteins 
accumulate in the ER lumen, an adaptive response known as the unfolded 
protein response (UPR) is initiated207.  BiP/GRP78 is the most abundant 
chaperone in the ER lumen which belongs to the HSP70 family, and regu-
lates key ER stress sensors in initiating UPR208.  In unstressed ER, the three 
transmembrane proteins, PERK (PKR-like eukaryotic initiation factor), IRE1 
(inositol requiring enzyme 1), and ATF6 (activating transcription factor-6) 
are bound by BiP/GRP78 and rendered inactive, but in response to ER stress, 
they are rapidly released and activated209-211 (Figure 5). Upon activation by 
ER stress ATF6 migrates to Golgi network where it is proteolytically 
cleaved liberating N-terminal cytosolic fragment, ATF6(N) that moves in to 
the nucleus to activate target genes, including BiP/GRP78212. Activated by 
ER stress, PERK homodimerize and phosphorylates itself and EIF2A lead-
ing to mRNA translation attenuation212. ER stress activation leads to 
homodimerization of IRE1, activating its ribonuclease activity, leading to 
splicing of mRNA encoding XBP1. Spliced XBP1 mRNA is translated to 
active forms of XBP1 transcription factor (XBP1s) that regulate ER associ-
ated degradation  (ERAD) components212 (Figure 5). Proteins that are termi-
nally misfolded are moved from ER to cytosol and degraded by UPS, thus 
this process is known as ERAD213. 

Proteome maintenance and proteostasis network 
The chaperones engaged in de novo protein folding and refolding, including 
HSP70s, HSP90s and chaperonins (HSP60s) are multicomponent molecular 
machines that promote folding involving ATP and cofactor regulated bind-
ing and releasing cycles191. These chaperones identify hydrophobic amino 
acid chains exposed by non-native proteins and act in concert with ATP in-
dependent chaperones such as small heat shock proteins that function as 
“holdases”, preventing aggregation191.  

In the ATP dependent chaperone mediated de novo folding and refolding, 
chaperones binding to hydrophobic regions of a non-native protein blocks 
aggregate formation. ATP triggered substrate release promotes folding to 
proceed. HSP70 release the substrate protein for folding in to bulk solution, 
while the cylindrical chaperonins promote folding of single proteins in an 
enclosed cage191, 214.  
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Figure 5. Three branches of the UPR. On activation by ER stress ATF6 dissociates 
from BiP/GRP78 translocate to Golgi and undergoes cleavage by SP1 and SP2 pro-
teases. Cleavage yields ATF6 (N) transcription factor that induce UPR target genes. 
On activation by ER stress, BiP/GRP78 dissociates, PERK dimerize and phosphory-
late EIF2A attenuating translation, and promote selective translation of ATF4 tran-
scription factor that stimulate CHOP expression and apoptosis. On activation by ER 
stress BiP/GRP78 dissociates, IRE1 dimerize and autophosphorylate, leading to 
splicing of XBP1 mRNA yielding XBP1s mRNA that encode a transcription factor. 
XBP1s induce ERAD proteins. (P; phosphorylated) Illustration was designed using 
pathway builder from www.proteinlounge.com. 

The HSP70 chaperone system plays a key role in protein folding and 
proteostasis preventing toxic protein aggregation in disease models. The 
ATP dependent reaction cycle of HSP70 is modulated by the HSP40 (Dnaj) 
family of chaperones and nucleotide exchange factors. Chaperonins are large 
double ring complexes that encapsulate substrate proteins for folding. Group 
I chaperonins (seven membered ring) cooperate with HSP10 that form the lid 
of the folding cage, while Group II chaperonins (eight membered ring; TRiC 
or CCT) function independently of HSP10191. Chaperonins function down-
stream of HSP70 system, on proteins that fail to achieve native state by cy-
cling on HSP70 alone. HSP90 system acts downstream of HSP70 in struc-
tural maturation and conformational regulation of signaling molecules, and 
cooperates with several co-chaperones, many that utilize tetratricopeptide 
(TPR) domains to dock onto HSP90191. 

Protein stability is affected by post-translational modifications, changes in 
cell physiology and alterations in the composition and concentration of small 
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ligands. Moreover 20-30% of all mammalian proteins are unstructured, thus 
their stable structure is achieved after binding to other macromolecules or 
membranes surfaces191.  Approximately 800 proteins including nearly 180 
chaperones and 600 UPS and autophagy lysosome pathway components 
cooperate to maintain integrity of proteome as well as provide adaptations to 
environment changes191. Furthermore Autophagy is directly responsible for 
selective targeting of damaged organelles including mitochondria 
(mitophagy), ER (reticulophagy) and ribosomes (ribophagy)60.   Functional 
coupling of major chaperone systems with UPS and autophagy to achieve 
proteostasis involve several interconnected signaling pathways some of 
which are stress responsive and ensure that cellular protein folding and/or 
degradation is adapted to prevent accumulation of misfolded, aggregate 
prone proteins191 (Figure 6 ). 

 
Figure 6.  Proteostasis network and protein fates. Proteostasis network integrates 
chaperone machinery for folding newly synthesized proteins, remodeling of 
misfolded states and disaggregation with UPS and autophagy lysosome pathway 
mediated degradation. Approximately 180 chaperones and chaperone regulatory 
molecules act in concert with nearly 600 UPS component and nearly 30 autophagy 
related components191.  Adapted and modified from REF.191©.  Illustration was 
designed using pathway builder from www.proteinlounge.com. 
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Aims  

The general objective of this thesis was to decipher the molecular and cellu-
lar mechanisms of the critical illness associated muscle weakness in the ICU 
set up that would ultimately lead to muscle atrophy and other catastrophic 
outcomes. Using a porcine ICU animal model this project has aimed to un-
ravel novel molecular and cellular pathways and networks in response to 
ICU and critical illness interventions.  
 
Specific aims were to 
 

• Elucidate gene expression networks in response to immobilization 
and mechanical ventilation in the early phase of ICU stay. 

• Decipher the gene expression and cellular networks in response to 
neuromuscular blockers, sepsis and corticosteroids in limb muscle. 

• Determine the independent and compound effect of mechanical ven-
tilation, neuromuscular blockers, corticosteroids and sepsis on dia-
phragm muscle  

• Determine the transcriptional, morphological and corresponding 
biomechanical outcomes in the ICU and cancer cachexia 
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Materials and methods 

Animals (Papers I, III, IV) 
The Ethical Committee at the Karolinska Institute approved all aspects of 
this study (Dnr N71/98, N54/02 and N75/04). Sixteen female domestic pigs 
(Sus scrofa, average body weight 26.5 kg) were used in this study. All pig-
lets originated from the same farm (Vallrums Lantbruk, Ransta, Sweden), 
and were kept in 12 square meter pens with hay, straw and wood shavings as 
bedding material. They were housed at 18-19°Cand relative humidity of 45-
55% under natural day-night rhytm with liberal access to feed (Smågrisfoder 
Solo 331, Lantmännen, Stockholm, Sweden), water and environmental en-
richment. Food, but not water, was withheld for 12 hours before induction of 
anaesthesia. The pigs were sedated (Zoletil®, Domitor®, Orion Pharma Ani-
mal Health) before an iv line was prepared, and 100mg of ketamine 
(Ketaminol®, Intervet) was administred. After tracheostomy anaesthesia was 
maintained through the Anesthetic Conserving Device (ACD) which permits 
administration of isoflurane to the breathing circuit via a syringe pump215.  

ICU interventions (Papers I, III, IV) 
All piglets were immobilized by anesthesia and mechanically ventilated 
(Servo 900C, Siemens-Elema, Solna, Sweden) and the first biopsies (day 1) 
from the m. biceps femoris were obtained from all animals, after administer-
ing anesthetics. During the five day study period, four  animals were sedated 
using isoflurane inhalation (Abbott Laboratories, Chicago, Il, USA, 0.8 – 
1.3% end-tidal concentration) supplemented by intravenous bolus doses of 
morphine and ketamine as needed. Biopsies from the m. biceps femoris were 
obtained on two further separate occasions (days 3 and 5) in these animals. 
Core body temperature (blood) was maintained in the range of 38.5 – 40°C 
by a servocontrolled heating pad.  The animals received intravenous crystal-
loid fluid (Ringer’s acetate) to maintain stable blood pressure and urinary 
output and a glucose infusion (Rehydrex, Fresenius Kabi, Stockholm, Swe-
den, 25 mg glucose /mL) in the range of 0.5 – 1.5 mg/kg/minute to decrease 
the effects of catabolism.  Each animal received prophylactic streptomycin 
750 mg/d and benzylpenicillin 600 mg/d (Streptocillin Vet, Boeringer-
Ingelheim, Hellerup, Denmark). Arterial blood gas analysis as well as elec-
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trolytes and blood glucose levels were monitored regularly and kept in the 
normal range throughout the study period.  

Critical Illness interventions (Papers III, IV) 
In paper IV, Four pigs received a neuromuscular blocking agent as a contin-
uous infusion of rocuronium (Esmeron, Organon, Boxtel, The Netherlands) 
25 mg/hour throughout the study period.  Corticosteroids were administered 
to the same four pigs, as bolus doses of hydrocortisone (Solu-Cortef, Pfizer 
AB) 50 mg, 3 times per day, during the study period. Endotoxemia was in-
duced on the first day in the same four pigs, by administration of a continu-
ous infusion of Escherichiacoli endotoxin (serotype O26:B6, Sigma Chemi-
cals, St. Louise, Missouri, USA) at a rate titrated to physiological effects 
(mean blood pressure decrease of >30% and pulmonary artery occlusion 
pressure increase 50%) with a mean total dose of 8μg/kg.  In paper III differ-
ent pig groups also received only one intervention, either neuromuscular 
blocking agents, corticosteroids or induced sepsis, in addition to the group 
that received combined interventions. In paper III control group was sham 
operated and mechanically ventilated for 3 hours. 

Muscle Biopsy collection (Papers I, II, III, IV) 
The biopsies were split in two portions.  One part was frozen in liquid pro-
pane cooled by liquid nitrogen and stored at -80°C for extraction of RNA 
and protein.  The other part was immediately placed in an ice-cold relaxing 
solution (in mmol/l: 100 KCl, 20 Imidazole, 7 MgCl2, 2 EGTA, 4 ATP, pH 
7.0; 4°C).  Small bundles of ~25-50 fibers were dissected free from the mus-
cle and tied to a glass micro capillary tube at ~110% resting length. The 
bundles were then placed in a skinning solution (relax solution containing 
glycerol; 50:50 v/v) at 4°C for 24 h and subsequently stored at -20°C for use 
within 3 weeks, or treated with a cryoprotectant (sucrose solution) for long-
term storage at -80°C as described earlier216.  

Expression profiling (Papers I, IV) 
Three micrograms of total RNA from the muscle samples were extracted and 
processed to generate biotin-labeled cRNA as previously described217. Each 
sample was then hybridized to Affymetrix Porcine Genome Array contains 
23,937 probes representing 20,201 genes.  Standard operating procedure and 
quality control were done as previously described217. Muscle samples from 
three groups (16 animals day 1, 4 animals day 3 & 5) were profiled. All pro-
files have been made publicly accessible via National Center for Biotechnol-
ogy information (NCBI) Gene Expression Omnibus (Geo) (no GSE16348 
and GSE24239; http//www.ncbi.nlm.nih.gov/gov/geo/) and the Children’s 
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National Medical Center Public Expression Profiling Resource (PEPR; 
http;//pepr.cnmcresearch.org). 

Microarray data normalization and analysis (Papers I, IV) 
Subsequent analysis of the gene expression data was carried out in the freely 
available statistical computing language R (http://www.r-project.org) using 
packages available from the Bioconductor project (www.bioconductor.org). 
The raw data were normalized using the robust multi-array average (RMA) 
218. background-adjusted, normalized and log-transformed summarized val-
ues first suggested by Li and Wong in 2001219. In order to search for the 
differentially expressed genes between the samples from the different days 
an empirical Bayes moderated t-test was applied220, using the ‘limma’ pack-
age. In paper I, a linear model was fitted to the data, and the Day 3 vs. Day 1 
effect, Day 5 vs. Day 1 effect and Day 5 vs. Day 3 were estimated. In paper 
IV, a linear model was fitted to the data and the effect of ICU intervention 
group versus critical illness intervention group was estimated. To address the 
problem with multiple testing, the p-values were adjusted according to 
Benjamini and Hochberg. Significant probe sets with an adjusted p-
value < 0.05 were selected for further investigation and those showing more 
than 2 fold change were included in further analyses.  Since porcine array is 
minimally annotated published putative human homologues were used221. 
Up- and downregulated transcripts were further analyzed and categorized 
using DAVID web based functional annotation tool 
(http://david.abcc.ncifcrf.gov/)222. Some of the functional categories were 
combined and some categorization was done manually, to improve the inter-
pretative value of the data. Clustering images and expression plots were de-
veloped using Genesis© software223.  

Quantitative real time RT-PCR (Papers I, II, III) 
Reverse transcription and quantitative PCR analysis was performed as previ-
ously described224. Briefly, total RNA (100ng) was reverse transcribed to 
cDNA using Ready-To-Go™ You-Prime First Strand Beads (Amersham 
Biosciences, Uppsala, Sweden), random hexamers (Amersham Biosciences, 
Uppsala, Sweden) and oligo-dT primers Amersham Biosciences, Uppsala , 
Sweden), or Qscript cDNA supermix (Quanta Biosciences, USA). cDNA 
was amplified in triplicate using MyiQ™single color real time PCR detec-
tion system (Bio-Rad Laboratories, Inc., Hercules, CA, USA), and used to 
quantify the mRNA levels for porcine myosin heavy chain type I, IIb and 
IIx, actin, atrogin 1, heat shock protein 110/105 and 18S. The thermal cy-
cling conditions include 95ºC for 9 minutes, followed by 50 cycles of ampli-
fication at 95ºC for 15 minutes, followed by 60ºC for 1 minute. Each reac-
tion was performed in a 25µl volume with 0.4µM of each primer and 0.2µM 



 38 

probe or SYBR green (1988123, Roche Diagnostics, GmBH, Ulm, Germa-
ny). Taq man primers and probes were designed using Primer Express® 
software (Applied Bio System, Foster City, CA, USA). Porcine 18S gene or 
human 28S gene was used as the internal control.  

Total protein quantification (Papers I, III, IV) 
Quantification of total protein was performed using NanoOrange® protein 
Quantification Kit (Molecular Probes Inc., Oregon, USA) according to man-
ufacturer’s instructions. Briefly, biopsy samples homogenized in 8M urea 
buffer were centrifuged, sonicated and allowed to react with diluted 
NanoOrange® reagent at 95°C for 10minutes. The fluorescence was meas-
ured using a plate reader (Plate Chameleon™, Hidex, Oy, Finland), and the 
values were generated using a bovine serum albumin (BSA) standard dilu-
tion series. 

Immunoblotting (Papers I, III, IV) 
Equal amounts of protein were separated by SDS-PAGE(4% stacking and 
12% resolving gels) or SDS-PAGE precast gels (4-15% mini-protean TGX, 
#456-1083, Bio-Rad) and transferred to PVDF membranes (GE Healthcare).  
The membranes were incubated with primary antibodies, HSP70 (SMC 
100A/B, Stress Marq Biosciences Inc, BC, Canada), HSP110 (SPA-1101, 
assay designs-Stressgen, MI, USA ), HSP90 (SPA-830, assay designs-
Stressgen, MI, USA),  αB-crystallin/CRYAB (SMC 159 A, Stress Marq 
Biosciences Inc, BC, Canada), myosin (MF-20, Developmental Studies 
Hybridoma bank , University of Iowa, Department of Biology, Iowa city, IA 
52242), LC3B (L7543, Sigma Aldrich), ATG7 (ab57472, Abcam, UK), 
ATG5 (#2630, Cell Signaling Technology Inc., USA), p62 (P0067, Sigma 
Aldrich), BiP/GRP78 (610978, BD Biosciences), Total EIF2A (#9727, Cell 
Signaling Technology Inc.,USA), Phosphorylated EIF2A (ab32157, Abcam, 
UK), HSPA4 (sc-6240, Santa Cruz Biotechnology Inc., CA, USA), LAMP-
2A (ab18528, Abcam, UK), SOD2 (ab13533, Abcam, UK), Atrogin-1 
(AP2041, ECM Biosciences, KY, USA), Total EIF4EBP1 (ab2606, Abcam, 
UK), Phosphorylated EIF4EBP1(#3929, Cell Signaling Technology Inc., 
USA), ACVR2B (AV45043, Sigma Aldrich), and Actin (sc-1616, Santa 
Cruz Biotechnology Inc., CA, USA). Protein detection was performed by 
incubating the membranes with appropriate secondary antibodies NA931, 
NA934 (GE Healthcare) or Protein A (170-6522, BioRad, USA) and using 
ECL Advance western blotting detection kit (RPN 2135, GE Healthcare) 
according to manufacturer’s instructions. Auto-radiograms (28-9068-36, GE 
Healthcare) were exposed to the protein blots until a measurable signal in-
tensity was achieved. The auto-radiograms were scanned (16 bit, grey scale) 
using a color image scanner (EPSON Expression1600 Pro, 1600 dpi or Mo-
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lecular dynamics) and the intensity volumes were measured (ImageQuant 
TL, version 2003, Amersham Biosciences or ImageQuant TL, version 7, 
2007, GE Healthcare). Rolling ball (radius=200 pixels) background subtrac-
tion method was used before measuring the intensity volume on each auto-
radiogram. All signal intensity volumes were normalized to respective actin 
signal intensity volumes.   

Measurement of reactive carbonyl derivatives (Paper III) 
Oxy-blot protein oxidation detection kit (Invitrogen) was used to determine 
the reactive carbonyl derivatives of myosin and actin using 12% SDS-PAGE 
gels and immunoblotting technique. The measurements were quantified us-
ing a soft laser densitormeter to scan the autoradiograms 

Patients (Paper II) 
Total of 7 subjects were included in the study.  Muscle samples, taken from 
a male patient diagnosed with small cell lung cancer and mild diabetes were 
compared with two healthy men, a female patient from ICU diagnosed with 
CIM and two female patients diagnosed with hereditary motor and sensory 
neuropathy (HMSN) type 1 and HMSN type 2. 

Histopathology and electron microscopy (Paper II) 
The frozen samples were used for histopathology and serial sections were 
stained with hematoxylin and eosin, Gomori’s trichrome and reacted for 
ATPases with preincubations at pH 4.3 and 10.4, NADH tetrazolium 
reductase, cytochrome-c-oxidase, succinate dehydrogenase and 
immunostained for fetal, neonatal, fast and slow myosin heavy chains 
(MyHcd, MyHcn, MyHcf and MyHcs; Novocastra, Newcastle-upon-Tyne, 
UK). The lesser diameters of type I and II fibers were measured in ATPase 
4.3 stained sections using a computerized muscle biopsy analyser (Muscle 
Biopsy Surveyor®; PIT Oy, Turku, Finland). For electron microscopy (EM) 
small pieces were routinely fixed in 3% phosphate buffered glutaraldehyde, 
post-osmicated, dehydrated and embedded in epon. Thin sections were dou-
ble stained with uranyl acetate and lead citrate and examined in a JEOL JEM 
1200 electron microscope. 

Enzyme-histochemistry and fiber cross sectional area (CSA) 
measurements (Paper IV) 
Cryosections (serial, transverse, 10μm thick) were stained for myofibrillar 
ATPase after acid (pH 4.35, 4.60) and alkaline (pH10.30) pre incubations. 
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Fibers types (Type I, IIA and IIB) were classified according to pH sensitivity 
of myofibrillar ATPase. Fiber CSA was measured on myofibrillar ATPase 
stained sections (pH 4.6) using a microscope (Zeiss Axiovert 35, Carl Zeiss, 
Oberkochen, Germany) combined with a computer assisted image analysis 
system (Videoplan, Kontron Bildanayze, Gmbh, Munich, Germany). 

Single muscle fiber experimental procedure (Papers I, II, III) 
On the day of an experiment, a fiber segment length of 1 to 2 mm was left 
exposed to the solution between connectors leading to a force transducer 
(model 400A, Aurora Scientific) and a lever arm system (model 308B, Auro-
ra Scientific). The total compliance of the attachment system was carefully 
controlled and remained similar for all the single muscle fibers tested (6 ± 
0.5% of fiber length).  The apparatus was mounted on the stage of an invert-
ed microscope (model IX70; Olympus).  While the fiber segments were in 
relaxing solution, sarcomere length was set to 2.65-2.75 µm by adjusting the 
overall segment length. The sarcomere length was controlled during the ex-
periments using a high-speed video analysis system (model 901A HVSL, 

Aurora Scientific).  The fiber segment width, depth and length between the 
connectors were measured225. Fiber cross-sectional area (CSA) was calculat-
ed from the diameter and depth, assuming an elliptical circumference, and 
was corrected for the 20% swelling that is known to occur during skinning. 
The maximum force normalized to fiber cross-sectional area (CSA) was 
measured in each muscle fiber segment (P0/CSA)225. In addition, in paper III 
stiffness was measured (for details see paper III). 

Deteremination of myosin:actin composition (Papers I and II) 
SDS-PAGE was used to measure MyHC isoform expression at protein level 
and myosin:actin ratios. For 6 and 12% SDS-PAGE gels the total acrylamide 
concentration was 4 and 3.5% in the staking gel and 6 and 12% in the sepa-
ration gel, respectively. Electrophoresis was performed at a constant current 
of 16 mA for 5 hours or 120 V for 24 h with Tris-glycine electrode buffer 
(pH 8.3) at 15 °C (SE 600 vertical slab gel unit, Hoefer Scientific instru-
ments, San Francisco, CA, USA). 12% SDS-PAGE gels were stained with 
Coomasie blue while 6% SDS-PAGE gels were used for single fiber seg-
ments analysis and were silver stained. The gels were subsequently scanned 
in a soft laser densitometer (Molecular Dynamics) with a high spatial resolu-
tion (50 μm pixel spacing) and 4096 optical density levels. 

Myosin, actin quantification (Papers I, II, III) 
Myosin actin quantification was determined by 12% SDS-PAGE. Samples 
were loaded (5 µl) along with standard dilutions. The standards were pre-
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pared pooling sections from control animals. The myofibrillar protein stand-
ards were prepared assuming that actin and myosin contents were 12.5 and 
25% of the total protein content, respectively. Linear actin and myosin 
curves were observed within the 5 - 200 µg.ml-1 range, but calibration curves 
were not parallel. Myosin and actin contents were normalized to total protein 
content. 

Statistics (Papers I, II, III, IV) 
SigmaPlot© 9 (Systat software Inc., CA, USA) or SAS JMP software was 
used in statistical analysis. Means, standard deviations, standard error of 
means linear regressions and correlation coefficients were calculated using 
standard procedures. Student t-test (unpaired) was used in RT-PCR and 
densitometric data analysis. Extreme studentize deviate method was used to 
detect outliers. Statistical significance was set at p < 0.05. Mann-Whitney 
rank sum test was carried out when equal variances failed. 
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Results and discussion 

A distinct gene network is differentially transcribed in response 
to immobilization and mechanical ventilation (Paper I) 
Using a unique porcine ICU model the expression profile in response to im-
mobilization and mechanically ventilation was analysed in this study. The 
transcripts pertaining to sarcomeric proteins, dystrophin glycoprotein com-
plex, mitochondria/oxidative phosphorylation, (ECM) and growth factors are 
downregulated226. Upregulation of transcripts pertaining to Ubiquitin pro-
teasome system, autophagic lysosome pathway (cathepsins, p62/SQSTM1), 
oxidative stress response and chaperons/heat shock proteins were also ob-
served226. Myosins are one of the major sarcomeric as well as contractile 
proteins that have been preferentially targeted in CIM134, 135. Down regula-
tion of mitochondria/oxidative phosphorylation with PGC1α and PGC1β 
suggest that energy metabolism is severely impaired in these animals14-16. 
Downregulation of sarcomeric and DGC components suggest that structural 
as well as major signaling hubs of skeletal muscle, that are involved in 
mechano-signaling may be negatively affected in response to immobilization 
and mechanical ventilation1, 110, 128. Downregulation of ECM transcripts indi-
cates that mechanical support, force transmission,  elastic support and 
mechano-sensing is impaired in response to the ICU interventions227. Ana-
bolic growth factors, IGFI and IGFII downregulation indicate that 
IGFI/AKT/mTOR pathway may be attenuated resulting in inactivation of 
p70S6K and EIF4E, leading to decreased translation23, 24, 41.  

Upregulated atrogin-1 is consistent with downregulation of 
IGFI/AKT/mTOR pathway that has been shown to attenuate FOXO mediat-
ed expression of muscle specific E3 ligases50, 51. Oxidative stress has been 
proposed as a key pathobiologic factor in immobilization, mechanical venti-
lation, sepsis or critical illness that has been associated with altered mito-
chondrial morphology and muscle atrophy150, 151. Upregulation of an array of 
oxidative stress responsive genes agrees with the above notion and indicate 
that oxidative stress may be an early observation in the ICU. Increased tran-
scription of major HSP families, taken together with maintained force gener-
ation capacity indicates that an elaborate protective mechanism has been 
initiated in response to immobilization and mechanical ventilation. 
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Upregulation of chaperone machinery may act as a protective 
mechanism (Paper I) 
Despite the downregulation of key gene groups including sarcomeric, DGC, 
ECM and oxidative phosphorylation/mitochondria, major HSPs associated 
with proteostasis were upregualted191, 214, 226. HSPs are involved in protecting 
skeletal muscle in variety of models including disuse atrophy and in hiber-
nating mammals195-198. Despite five days of immobilization and mechanical 
ventilation force generating capacity was maintained226. Taken together the 
data suggest that molecular chaperones may initiate a protective mechanism 
in skeletal muscle during the early phase of ICU stay in response to immobi-
lization and mechanical ventilation. 

Activation of E3 ligases may lead to preferential myosin loss and 
myofibrillar disorganisation in cancer cachexia (Paper II) 
Muscle loss in cancer cachexia is proposed to be initiated by increased cyto-
kine production leading to the activation of UPS/E3 ligases and tumor bur-
den driven TGFβ/myostatin pathway166. Upregulation of muscle specific E3 
ligase, MURF1, and transcriptional downregulation of contractile protein 
myosin were observed in the skeletal muscle of the cachetic patient228. Dis-
organisation of myofibrils, scattered Z-disks and generalised thinning of 
myofibrils were also observed by electron microscopy228. 
Immunohistochemical findings reveal atrophic angular fibers with irregular 
contours. Ubiquitin ligases MURF1 and atrogin1 are major E3 ligases that 
act via FOXO transcription factor inducing skeletal muscle atrophy that 
could be reversed by activating IGFI/AKT/mTOR pathway23, 41, 43, 50. Fur-
thermore MURF1 is specifically involved in degrading thick filament pro-
teins by selective ubiquitination 48, 49. Procachetic proinflammatory cytokines 
TNFα, TWEAK or IL1 signal via either NFκB or p38 MAP kinase in induc-
ing E3 ligases166. Inhibition of NFκB in turn decreases tumor induced muscle 
loss by inhibiting E3 ligase, MURF1 in mice82. The decreased specific force 
that correlate with decreased myosin:actin ratios suggests a major role for 
preferential myosin loss in decreased force generating capacity. 

Myosin transcription and force generating capacity is affected in 
diaphragm muscle in response to mechanical ventilation (Paper 
III) 
Ventilator induced diaphragmatic dysfunction (VIDD) is caused by pro-
longed mechanical ventilation that result in diaphragmatic muscle weakness 
due to atrophy and contractile dysfunction 157. From 12 to 18 hours of me-
chanical ventilation could induce a rapid diaphragmatic atrophy program, 
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that is clearly differ from time course of atrophy program observed in 
locomotor skeletal muscle157, 229. The commonly administered intervention 
(corticosteroids, sedatives, antibiotics and neuromuscular blockers) in ICU 
for patients with acute respiratory failure could further weaken the dia-
phragm function158. Oxidative injury and diminished antioxidant capacity 
have been proposed as key factors that exert a negative impact on diaphragm 
muscle structure and function157. In response to mechanical ventilation, cor-
ticosteroids, neuromuscular blocking agents and sepsis, either independently 
or in combination resulted in a decrease in myosin heavy chain IIx transcrip-
tion230. However, either fiber cross sectional area or major contractile protein 
levels did not change in response to these interventions. Oxidative damage 
on major contractile proteins were investigated by oxiblot for carbonyl mod-
ifications and indicated that myosin oxidation remained unchanged while 
actin reactive carbonyl derivatives decreased in response to all the interven-
tions 230. Taken together results suggest that transcription of myosin heavy 
chain IIx is affected, but noticeable downregulation of myosin isoforms at 
protein level were not observed probably due to slow turnover rate of myo-
sin. Decreased force generating capacity is attributed to other post transla-
tional modifications that may hinder myosin-actin interactions, leading to 
contractile dysfunction. However no additive effect was observed with corti-
costeroids, neuromuscular blockers or induced sepsis in diaphragmatic dys-
function as indicated by myosin expression and force generation capacity. 

Critical illness interventions impair autophagy, chaperone 
expression and protein synthesis (Paper IV) 
Using the porcine ICU experimental animal model, expression profiles of the 
animals that received ICU interventions (Immobilization and mechanical 
ventilations) were compared with animals that were administered critical 
illness interventions (induced sepsis, corticosteroids and neuromuscular 
blockers) in additions to ICU interventions for five days. LC3-I to LC3-II 
conversion is a marker for autophagy 231. LC3-II (LC3-I/LC3-II) was de-
creased at protein level in the animals who received critical illness interven-
tions. ATG7 and ATG5 that are involved in the autophagosome formation 
and LC3-II conversion were also reduced at protein level. Adaptor protein 
P62/SQSTM1, an LC3 interacting protein that is essential for autophagic 
degradation and that is reported to be preferentially bind to LC3-II in 
autophagosome formation66, 232.  p62/SQSTM1 protein was downregulated in 
response to critical illness interventions.  Taken together, the results indicate 
that core autophagy gene program is impaired in these animals.  

ER stress sensor, BiP/GRP78 remained unchanged at protein level. How-
ever its downstream effector EIF2A was hyper-phosphorylated indicating 
that UPR was initiated in response to critical illness interventions.  Marker 
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for chaperone mediated autophagy, LAMP-2A and chaperones, HSP70, 
CRYAB (alpha B crystalline) and HSPA4 were downregulated. Heat shock 
proteins are involved in protecting skeletal muscle in many models including 
hibernating mammals197-199 . Expression profile indicated that EIF4EBP1 
transcription is increased in animals administered critical illness interven-
tions. Thus the phosphorylation status of EIF4BP1 was investigated. De-
creased kinase activity demonstrated by hypo-phosphorylated EIF4EBP1 
indicates that protein synthesis is negatively regulated.  One of the muscle 
specific E3 ligases, atrogin1 remained unchanged.  
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Conclusions 

This thesis has addressed the issue of early changes in gene expression pro-
file of skeletal muscle, in response to immobilization and mechanical venti-
lation, using a unique porcine ICU model. The key observations were the 
upregulated transcripts of UPS, autophagy, chaperones, oxidative stress re-
sponse and the downregulated transcripts of sarcomeric, DGC, ECM, oxida-
tive phosphorylation/mitochondrial proteins. Taken together with maintained 
force generating capacity, the upregulation of chaperones suggest to play a 
pivotal protective role in response to immobilization and mechanical ventila-
tion. 
   
This thesis has investigated the role of E3 ubiquitin ligases, ultrastructural 
and histopathological changes and force generating capacity in cancer ca-
chexia associated muscle wasting. E3 ligase, MURF1 mediated preferential 
myosin loss appear to be a major pathophysiological outcome in cancer ca-
chexia that may lead to disorganized myofibrils, atrophic fibers and de-
creased specific force. 

 
Decreased myosin IIx transcription in diaphragm muscle in response to all 
interventions is not reflected in myosin isoform expression or in contractile 
protein content suggesting a preserved muscle fiber structure in spite of ICU 
and critical illness interventions. Single fiber force generating capacity was 
decreased in all groups that were mechanically ventilated and sedated, how-
ever there was no additive effect observed for other interventions thus indi-
cating that mechanical ventilation may play a key role in ventilator induced 
diaphragm dysfunction in ICU.  
 
Critical illness interventions in addition to ICU interventions lead to im-
paired autophagy, chaperone expression and protein synthesis in skeletal 
muscle. However the fiber cross sectional area did not change despite these 
changes suggesting a maintained muscle fiber structure. Taken together, it is 
shown that critical illness interventions lead to impaired proteostasis and 
exacerbate the disease progression in CIM.   
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