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Mechanical ventilation (MV) is a life-saving intervention in patients with acute 

respiratory failure. However, prolonged MV is associated with numerous clinical 

complications including the inability to “wean” from the ventilator. Numerous studies 

indicate that ventilator-induced diaphragm dysfunction (VIDD), due to both fiber atrophy 

and contractile dysfunction, is a key contributor to weaning difficulties. Previous work 

has shown that all four major proteolytic systems (calpain, caspase-3, ubiquitin-

proteasome pathway and autophagy) are activated in the diaphragm during prolonged 

MV. Interestingly, calpain activation is a required step in VIDD and experiments done ex 

vivo provide evidence that calpain may act as a signaling molecule. Our pilot 

experiments suggest that calpain does indeed act as a unique signaling molecule in a 

variety of catabolic pathways. Therefore, these experiments tested the hypothesis that 

calpain plays an important regulatory role in the diaphragm during prolonged MV by 

activating signaling pathways of both Akt and NF-κB. We tested this hypothesis in an 

established animal model of MV using a specific calpain inhibitor to prevent MV-induced 

activation of calpain in the diaphragm. Indices of calpain activity, Akt and NF-κB 

signaling were measured in the diaphragm following the experimental protocol. Our 
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study reveals that calpain inhibition preserves Akt phosphorylation and prevents 

Akt/FoxO3a mediated proteolytic signaling in the diaphragm during MV. Furthermore, 

we report that calpain inhibition prevents IκB-α degradation and NF-κB activation in the 

diaphragm following MV. Collectively, these results indicate that calpain activity 

regulates the Akt/FoxO3a and NF-κB proteolytic signaling that occurs in response to 

prolonged MV in the diaphragm. 

 



 

12 

CHAPTER 1 
INTRODUCTION 

Mechanical ventilation (MV) is used clinically to maintain blood gas homeostasis 

for patients unable to maintain adequate alveolar ventilation. It is estimated that nearly 

33% of all adults admitted to an intensive care unit require MV (1). While MV can be a 

life-saving intervention, prolonged MV can result in difficulties in weaning from the 

ventilator. Failure to wean patients from MV is a major clinical concern because 

increased time spent weaning from the ventilator increases the risk of ventilator-induced 

complications. Furthermore, weaning is expensive, weaning procedures account for 40-

50% of time spent on the ventilator and it is estimated that almost 30% of mechanically 

ventilated patients undergo weaning difficulty (2, 3). This additional ventilator time 

results in higher costs to patients, insurance companies, and hospitals. 

Abundant evidence indicates that prolonged MV promotes diaphragm weakness 

due to contractile dysfunction and atrophy. This is significant because respiratory 

weakness is thought to be a primary factor in difficult weaning (4). The negative impact 

of prolonged MV on the diaphragm has been termed ventilator-induced diaphragm 

dysfunction (VIDD) and it occurs rapidly in patients undergoing MV. Indeed, VIDD has 

been reported to occur in as few as 12 hours in animals and 18 hours in humans (5-7). 

In this regard, VIDD results from increased protein degradation and decreased protein 

synthesis during MV (8-10). With respect to protein breakdown, all four major skeletal 

muscle proteolytic systems, calpain, caspase-3, ubiquitin-proteasome pathway and 

autophagy-lysosomal pathway, have been implicated in VIDD (7, 9, 11). Clearly, 

understanding the factors that regulate protein degradation and protein synthesis during 

MV is essential to develop a therapeutic strategy to prevent VIDD.  
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 Calpain, a calcium-activated cysteine protease, has been shown to play an 

essential role in VIDD (8, 12). Although all four major proteolytic systems are active in 

the diaphragm during MV, inhibition of calpain can fully protect the diaphragm from 

VIDD (8, 12). These results suggest that calpain plays a critical signaling role in VIDD 

and recent experiments indicate that calpain regulates at least one other proteolytic 

system in the diaphragm during prolonged MV. Specifically, caspase-3 activation 

appears to be regulated by calpain activity in the diaphragm during MV (12). Clearly, 

calpain’s importance in VIDD has been established, but the full extent of calpain’s role 

in VIDD is unknown. Based on both theory and in vitro experiments, we predict that 

active calpain can depress protein synthesis signaling and signal an increase in the 

activation of the other major proteolytic pathways. The theory behind this assertion 

follows. 

 Previously published in vitro experiments suggest that active calpain can 

downregulate Akt phosphorylation (13). This is significant because active Akt (i.e., 

phosphorylated) can depress the activation of both the ubiquitin-proteasome pathway 

and the autophagy-lysosomal pathway. Further, active Akt promotes protein synthesis 

whereas inactive Akt results in a depression of protein synthesis. More specifically, 

when phosphorylated, Akt phosphorylates mTORC1, which initiates a signaling cascade 

that promotes protein synthesis (14-16). Furthermore, phosphorylated Akt, by virtue of 

its kinase activity, also regulates the activity of a key proteolytic transcriptional activator, 

FoxO3a, through phosphorylation. When phosphorylated, FoxO3 remains in the cytosol 

in an inactive state. However, unphosphorylated FoxO3 (i.e., activated) translocates to 

the nucleus to initiate gene transcription necessary for the expression of important 
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proteasome and autophagy proteins (17, 18). Therefore, calpain’s potential to regulate 

Akt phosphorylation status could impact not only protein synthesis, but also proteolysis.   

 Finally, calpain’s ability to regulate protein degradation does not appear to be 

isolated to Akt regulation. Indeed, it is also feasible that calpain can influence another 

important proteasome transcriptional activator, NF-κB. This is noteworthy because a 

recent report reveals that NF-κB signaling contributes to VIDD (19). Moreover, the link 

between active calpain and NF-κB resides in the fact that calpain can degrade the 

endogenous inhibitor of NF-κB, IκB-α (20-22). Degradation of IκB-α activates NF-κB and 

increases the transcription of important atrophy genes that are involved in the 

proteolytic activity of the ubiquitin-proteasome system (23).  

From these observations, we designed these experiments to test the hypothesis 

that during prolonged MV, calpain is a signaling molecule in the diaphragm that 

regulates the activity of Akt and NF-κB signaling. This hypothesis was tested in two 

integrated specific aims:  

Aim 1: Will determine the role that increased calpain activation plays in 

Akt/FoxO3a proteolytic signaling in the diaphragm during prolonged MV.  

Hypothesis: Calpain inhibition during MV will preserve Akt phosphorylation, 

preventing FoxO3a-mediated proteolytic signaling in the diaphragm.   

Aim 2:  Will establish if MV-induced calpain activation is required for NF-κB 

activation in the diaphragm during prolonged MV. 

Hypothesis: Inhibition of calpain will prevent NF-κB activation and translocation to 

the nucleus in the diaphragm during MV. 
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CHAPTER 2 
LITERATURE REVIEW 

The diaphragm is the primary muscle of inspiration in all mammals and is essential 

for normal breathing. It follows that diaphragm dysfunction can impair the ability to 

maintain adequate alveolar ventilation and gas exchange. In this regard, prolonged 

mechanical ventilation (MV) is associated with diaphragm weakness, which is predicted 

to be a major contributor to the inability to wean patients from the ventilator. This 

ventilator-induced diaphragm weakness that stems from both atrophy and contractile 

dysfunction has been termed ventilator-induced diaphragm dysfunction (VIDD) (24). 

Understanding the signaling mechanisms responsible for VIDD is the first step toward 

developing a therapeutic intervention to protect against VIDD and reduce the risk of 

weaning problems.   

The primary purpose of this review will be to discuss inactivity-induced signaling 

events that regulate proteolysis in the diaphragm during prolonged MV. This review will 

begin with an introduction to VIDD, followed by a discussion of the potential role that 

calpain plays as a central regulator in ventilator-induced diaphragm atrophy.  

Ventilator-Induced Diaphragm Dysfunction is Clinically Significant 

MV is a life-saving intervention used clinically to sustain adequate alveolar 

ventilation in patients that are unable to do so on their own. A few of the most common 

indications for MV include heart failure, cardiovascular surgery, and respiratory failure 

due to lung disease. It is estimated that around 33% of all adults in the intensive care 

unit require MV (1). While MV is a life-saving intervention, withdrawal from MV, or 

“weaning”, is often difficult (25, 26). Almost 30% of all MV patients will experience 

weaning problems that will require additional time on the ventilator (3). In those patients 
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that do experience weaning difficulties, weaning procedures can account for up to 50% 

of the time spent on the ventilator (2). Regrettably, between 1-5% of patients fail to 

wean and may become ventilator dependent (27). The inability to wean patients from 

MV is an important clinical problem because increased time spent on the ventilator 

increase the risks of morbidity and mortality for mechanically ventilated patients (24, 25, 

28-32).  

The precise pathological conditions that contribute to weaning difficulty are 

unknown. Nonetheless, several critical factors have been determined: reduced 

ventilatory drive, increased work of breathing, cardiac failure and inspiratory muscle 

weakness and fatigue (33). Of these conditions, evidence now suggests that ventilator-

induced inspiratory muscle weakness and fatigue (i.e., VIDD) play a critical role in 

weaning problems (4, 34-39).  

Ventilator-Induced Diaphragm Dysfunction Occurs Rapidly 

Several animal models (e.g., rats, pigs, rabbits) have demonstrated that prolonged 

periods of MV result in diaphragm atrophy (7, 9, 40-43).  As little as 12-18 hours of MV 

initiates a 15-30% decrease in rat diaphragm muscle fiber cross-sectional area (7). 

Importantly, both fast and slow muscle fibers of the diaphragm atrophy in response to 

MV (7, 9, 44). In contrast, limb muscles of mechanically ventilated animals fail to show 

signs of atrophy after 12 to 18 hours of inactivity (7, 9). MV-induced diaphragm atrophy 

progresses at a much faster rate than locomotor muscles during disuse. The same level 

of atrophy observed in the diaphragm after 12 hours of MV requires approximately 96 

hours of inactivity in limb muscle (45). Moreover, MV-induced diaphragm atrophy occurs 

at an even faster rate than denervation-induced diaphragm atrophy (46). Importantly, 

this phenomenon is not isolated to animals, as atrophy in both fast and slow fibers has 
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also been reported in human subjects exposed to 18-72 hours of MV (5). Indeed, MV-

induced diaphragm atrophy represents a rapid and novel type of skeletal muscle 

atrophy.  

Prolonged MV not only leads to atrophy of the diaphragm but also decreased force 

production by diaphragm fibers. This finding was initially reported in a rat model of MV. 

Specifically, 48 hours of MV resulted in a large (i.e., 60%) reduction in diaphragm 

maximal tetanic specific force production (i.e., force per cross-sectional area) (47). 

Since this initial report, numerous studies have confirmed these findings in rats, pigs, 

rabbits and baboons following prolonged MV (43, 48-53). This ventilator-induced 

decrease in diaphragm force generation is time dependent. For example, 12 hours of 

MV resulted in an 18% decrease in specific force production whereas 24 hours of MV 

resulted in a 48% decrement in specific tension (6).  

Mechanical Ventilation Promotes Protein Turnover 

Inactivity-induced muscle atrophy occurs in both locomotor and respiratory 

muscles. While diaphragm atrophy has been reported in numerous MV studies involving 

both humans and animals, the swift progression (i.e., 12 hours) presents a unique 

disuse model to investigate the atrophy process. Disuse skeletal muscle atrophy results 

from an imbalance in muscle protein synthesis and muscle protein degradation, with 

protein degradation greatly exceeding protein synthesis (54).  During MV, mixed muscle 

protein synthesis in the diaphragm of rats has been reported to decrease by 30% in as 

little as six hours. Furthermore, there was a 65% reduction in the rate of myosin heavy-

chain protein synthesis (10). In conjunction with this decrease in protein synthesis, there 

are reports of increased protein degradation. For example, in vitro measurements of 

mechanically ventilated rat diaphragm tissue reveal a 46% increase in diaphragm 
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proteolysis (7, 49). Hence, the imbalance in synthesis and degradation is the primary 

contributor to MV-induced diaphragm atrophy. The ability to maintain normal protein 

synthesis and prevent abnormal protein degradation during MV represents targets 

whereby therapeutic strategies may be employed.  

Mechanical Ventilation Activates Proteolytic Pathways 

Several key proteases contribute to skeletal muscle atrophy, specifically, the 

ubiquitin-proteasome pathway (UPP), the autophagy-lysosomal pathway (ALP), 

calcium-activated calpain and caspase-3. While each system appears to play a distinct 

role in the proteolytic events during atrophy, all four pathways have been implicated in 

VIDD. A brief overview of each system and its contribution to VIDD follows.  

Ubiquitin-Proteasome Pathway (UPP) Mediated Proteolysis 

Traditionally, the UPP has been characterized as the primary proteolytic system 

responsible for digesting damaged and misfolded proteins (55). The total proteasome 

(26S) is made of a core subunit (20S) with regulatory subunits (19S) attached to each 

end of the 20S core (56-58). The 26S proteasome degrades polyubiquinated proteins 

that have undergone a repeated three-step ubiquination process involving E3 ubiquitin 

ligases (e.g., MuRF1, atrogin-1). E3 ligases are primarily responsible for ubiquinating 

damaged proteins as a method to target them for degradation. Once ubiquinated, 

proteins are recognized and bound by the 19S regulatory subunit. The ubiquinated 

protein is then moved inside the 20S core in an ATP-dependent process. Once inside 

the 20S, the targeted protein is then degraded (57, 59).   

Interestingly, the UPP does not appear to be the initial proteolytic event involved in 

disassembling proteins from the sarcomere. Actomyosin complexes and other 

myofilaments must first be cleaved free from the sarcomere, unfolded and ubiquinated 
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for UPP degradation (60-65). This dictates that the potential rate-limiting step in muscle 

protein degradation is the release of myofilaments from the sarcomere. In this regard, 

evidence indicates that both calpain and caspase-3 can promote actomyosin 

disassociation (60, 64, 66). It follows that activation of these proteases is essential for 

proteolytic activity that leads to skeletal muscle atrophy.  Despite evidence that the UPP 

cannot cleave intact actomyosin complexes, the UPP does contribute to VIDD. Data 

from our lab indicates that UPP activity is increased in the diaphragm during MV (67). 

Nonetheless, work from our lab also reveals that selective pharmacological inhibition of 

the UPP only partially prevents diaphragm atrophy and contractile dysfunction following 

12 hours of MV (unpublished). Therefore, other proteolytic systems must also play a 

role in VIDD.  

Caspase-3 Mediated Proteolysis  

Caspase-3 is a member of the caspase family of cysteine aspartate-specific 

proteases (68). Caspases exist as pro-caspases and are converted to an active 

protease following the cleavage of an aspartic acid residue (68). Caspase-3, widely 

known as a key apoptotic player in numerous cell types, is primarily regulated by three 

interconnected pathways: the mitochondrial-mediated pathway (i.e., caspase-9) the 

calcium-endoplasmic reticulum stress mediated pathway (i.e., caspase-12) and the 

extracellular death ligand pathway (i.e., caspase-8) (69, 70). Upon activation, the 

respective upstream caspase can cleave pro-caspase-3 into its active form, caspase-3. 

Once activated, caspase-3 provides the final signal for a cell to undergo DNA 

fragmentation and eventually apoptosis (71). In addition to its role as an apoptotic 

trigger, caspase-3 activation promotes protein degradation and muscle atrophy (9, 66, 

72). As previously mentioned, caspase-3 is capable of cleaving intact actomyosin 
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complexes and releasing them from the sarcomere (60, 64, 66). It is also established 

that oxidatively modified actin and myosin proteins are more susceptible to caspase-3 

proteolysis (72). This finding is particularly important in light of the evidence that 

reactive oxygen species are required for the activation of capase-3 in the diaphragm 

during MV (73). Furthermore, caspase-3 has been shown to be essential for 

myonuclear apoptosis, atrophy and contractile dysfunction in the diaphragm following 

12 hours of MV (9). Moreover, MV-induced caspase-3 activation in the diaphragm 

appears to be downstream of both the caspase-9 and caspase-12 pathways, rather 

than the capase-8 pathway (12). Emerging evidence indicates that active calpain 

participates in the regulation of caspase-3 activation during MV. Briefly, selective 

calpain inhibition prevented the MV-induced activation of caspase-3 and further 

investigation revealed that calpain activity appears to regulate two upstream caspase-3 

activators, caspase-9 and caspase-12 (12).  

Calpain Mediated Proteolysis  

Calpain is a cysteine protease that plays an essential role in VIDD. Indeed, 

inhibition of calpain provides complete protection against MV-induced atrophy in all 

three myofiber types (i.e., type I, type IIa and type IIx/IIb) and preserves specific force 

generation in diaphragm (8, 12). Currently, calpain’s potential role as an intracellular 

signal has been characterized in non-muscle cell types (e.g., neurons and retina cells). 

A more detailed discussion of calpain and its potential signaling role will be presented in 

a subsequent section.  

Autophagy-Lysosomal Pathway (ALP) Mediated Proteolysis  

The ALP plays an important role in cellular growth and development, organelle 

biogenesis and turnover as well as regulating protein balance in the cell (74). 
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Interestingly, autophagy is a double-edged sword: on one side, it removes damaged 

organelles and protein aggregates as a pro-survival mechanism; on the other hand, 

excessive autophagic activity can lead to cell death (74). The ALP is made up of 

membrane bound vesicles, called lysosomes, that contain acid hydrolases that include 

lipases, phosphatases, glycosidases and proteases (75). The ALP is activated when 

lysosomes fuse with double-membraned vesicles called autophagosomes. Upon fusion, 

the acid hydrolases then digest the contents of the autophagosome. This process 

represents a compartmentalized method to degrade long-lived proteins and organelles 

(76, 77).  

Induction of the autophagic response begins with the formation of a small isolation 

membrane (phagophore). The phagophore becomes the autophagosome through a 

procedure that recruits necessary proteins called autophagy proteins (Atg proteins). 

Beclin-1 is part of the phosphoinositide 3-kinase (PI3K) complex and is an important Atg 

in this process. Beclin-1 mediates the localization of other Atg proteins to the 

phagophore to induce formation of the autophagosome (78, 79). As such, protein levels 

of Beclin-1 are known to increase in conditions that are undergoing autophagy (80). The 

formation of the autophagosome also requires the interaction of other key Atg proteins. 

Specifically, the necessary conjugation of Atg12 to Atg5 requires both Atg7 and Atg10 

(81, 82). The Atg12-Atg5 complex then interacts noncovalently with Atg16; this new 

complex then induces autophagosome membrane elongation by recruiting LC3, after it 

has been cleaved by Atg4 (78, 83-85). During the elongation process, the 

autophagosome surrounds organelles and cytosolic proteins to be sequestered. At this 
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point, the mature autophagosome can then fuse with a lysosome, making an 

autolysosome, which then digests the contents of the autophagosome (78, 84, 85).  

The lysosomal proteases used by the autophagosome are called cathepsins and 

there are four major members: L, B, D and H. One member of the cathepsin family, 

specifically, has been shown to be important in skeletal muscle atrophy. Cathepsin L 

mRNA and protein abundance are upregulated throughout several types of atrophy, 

leading to its identification as an atrophy gene (86-88).  

 Once considered to play a small role in muscle atrophy, the ALP has been 

demonstrated to play a more important role in atrophy than previously thought (89, 90). 

Evidence from both human and animal diaphragm tissue now show that the ALP is also 

active during MV. For example, following prolonged MV in humans, important 

autophagy genes were significantly increased in the diaphragm, specifically LC3, BNIP3 

and cathepsin L. Furthermore, electron microscopy pictures of human diaphragm also 

showed increased presence of autophagic vesicles (11).  

Calpain is an Important Regulatory Protease 

Calpain is a calcium-activated cysteine protease. The calpain family contains 15 

members that are found in many different types of tissue (91). Calpain 1 (μ-calpain) and 

calpain 2 (m-calpain), named for the μM and mM concentration of required calcium for 

activation in vitro, are both heterodimers made of an 80 kDa subunit and a regulatory 30 

kDa subunit, these two represent the most studied calpain members of the family (91). 

Precise details of calpain regulation remain unclear. Nonetheless, it is established that 

sustained high levels of cytosolic calcium is a requirement for calpain activation (60). It 

is also clear that calpastatin is a highly selective endogenous inhibitor of calpain and is 

typically found co-localized with calpain (92). It follows that high levels of calpastatin 
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inhibit calpain activation whereas diminished levels of calpastatin promotes calpain 

activation. When calcium levels reach sufficient levels, calpain and calpastatin 

dissociate and calpain is activated (60). Furthermore, calpain activation can be 

promoted by a caspase-3-mediated degradation of calpastatin (93-95). A recent VIDD 

study revealed that pharmacological inhibition of caspase-3 can prevent MV-induced 

calpastatin degradation in the diaphragm (12).   

In vitro, calpain has been shown to degrade several cytoskeletal proteins that 

connect with contractile proteins as well as contractile proteins themselves (64, 96, 97). 

It has been estimated that every Z-disk in a myofiber would be degraded in under five 

minutes if all the calpain was to be activated (60). Based on these reports, calpain has 

been characterized as a protease that primarily contributes to cytoskeletal protein 

modifications required for muscle plasticity. Indeed, calpain has been shown to play a 

proteolytic role in skeletal muscle atrophy as well as exercise adaptations (98-101). 

Most notably, overexpression of the endogenous calpain inhibitor, calpastatin, reduced 

loss of muscle mass in mice by 30% after 10 days of hindlimb muscle unloading (64). 

As previously mentioned, calpain is also implicated in MV-induced diaphragm atrophy. 

Indeed, pharmacological inhibition of calpain prevents MV-induced proteolysis, atrophy 

and contractile dysfunction in the diaphragm muscle (8, 12). These findings support the 

idea that calpain plays an important role in the muscle remodeling that occurs during 

prolonged periods of inactivity.  

Emerging work in non-muscle cells suggests that calpain may be an important 

regulatory protease as numerous substrate proteins are modulated by calpain-driven 

hydrolysis (102). As such, calpain participates as a cellular signal, mediating necessary 
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cell functions such as signal transduction, apoptosis, cell proliferation, cell differentiation 

as well as membrane fusion and platelet activation (103-107). At the same time, 

unregulated calpain activity has been implicated in several pathologies, including 

Alzheimer’s, neurodegeneration and cataracts. Needless to say, proper calpain 

regulation is important to maintaining the overall health of the tissue. 

Calpain as a Signaling Molecule in Skeletal Muscle 

Growing evidence suggest that calpain can participate in numerous cellular 

functions in non-muscle cells. However, little exists regarding calpain’s regulatory role in 

skeletal muscle. Interestingly, there is one report that first uncovered a possible 

signaling role for calpain in skeletal muscle. The experiments revealed a link between 

calpain and Akt in an ex vivo diaphragm model. When diaphragm tissue was incubated 

with calcium, phosphorylated Akt (i.e., activated) protein levels decreased significantly 

below control (13). However, when the diaphragm was exposed to calcium in the 

presence of a calpain inhibitor, phosphorylated Akt levels remained elevated, 

suggesting that calcium-activated calpain contributes to Akt inactivation in some 

manner.  

A new report done in diaphragm muscle supports the hypothesis that calpain can 

act as a signal in skeletal muscle in vivo. These experiments indicated that inhibition of 

calpain in the diaphragm prevents caspase-3 activation (12). Furthermore, this report 

also revealed that upstream pro-apoptotic pathways (caspase-9, casoase-12 and Bid) 

were not activated in the diaphragm. These results provide new evidence that calpain 

acts upstream of apoptotic pathways in diaphragm muscle during MV. Collectively, the 

Akt and apoptotic pathway data support the novel concept that in skeletal muscle, 

calpain can act as a signal, not simply a remodeling protease. The remaining portion of 
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this review will focus on calpain’s potential ability to influence cell signaling in skeletal 

muscle. 

Calpain Impacts Akt Signaling  

 Protein kinase B, also known as Akt, holds a central position in modulating 

skeletal muscle protein synthesis and degradation. Phosphorylated Akt, the active form 

of the kinase, can increase protein synthesis by phosphorylating mTORC1, resulting in 

the activation of downstream targets that induce protein synthesis (108). Indeed, adult 

mice that conditionally expressed a constitutively active Akt for 14 days doubled their 

muscle mass (109). Conversely, research has shown that inactive Akt promotes the 

unphosphorylation and thus, activation of the transcriptional activator, FoxO3a (110). 

Specifically, unphosphorylated FoxO3a is free to translocate to the nucleus and 

increase transcription of not only important ubiquitin ligases (e.g., atrogin-1) but also 

autophagy related genes (e.g., LC3 and BNIP3) (17, 110). It is through this pathway that 

we hypothesize calpain can influence protein degradation (Figure 3-1).   

The mechanism by which calpain can promote dephosphorylation of the Akt signal 

is unknown. However, evidence for three possibilities exists. First, one of the known 

proteolytic substrates of calpain is the insulin receptor substrate-1 (IRS-1) (111). This 

protein is phosphorylated by the insulin-like growth factor-1 (IGF-1) receptor at the 

sarcolemma and leads to activation of phosphoinositide-3 kinase (PI3K), which then 

activates Akt (112) by phosphorylating it. Degradation of IRS-1 would essentially 

disconnect the IGF-1/Akt signaling pathway. A second possibility is that calpain can 

cleave the protein kinase PI3K, specifically the p110α subunit, rendering the kinase 

inactive (113). Similar to IRS-1 degradation, cleavage of PI3K would disconnect the 

PI3K/Akt cascade, preventing Akt phosphorylation (i.e., activation). A third possibility is 
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that calpain can activate the phosphatase, calcineurin, through cleavage of a regulatory 

subunit (114). Akt is a known target of calcineurin and as such, activated calcineurin 

can lead to dephosphorylation and inactivation of Akt (115).  

Calpain Can Activate NF-κB Signaling 

Nuclear factor (NF)-κB is a key transcription factor known to participate in the 

regulatory expression of many early response genes related to inflammation, infection 

and tissue injury (20). Furthermore, activated NF-κB has been shown to play an 

important role in disuse muscle atrophy (116). NF-κB is activated when dimers of the 

NF-κB family (p50, p52, p65, Rel B and c-Rel) translocate to the nucleus. This occurs 

due to phosphorylation, ubiquitination and degradation of the inhibitory protein, IκB-α, by 

the UPP. Otherwise, IκB-α is bound to NF-κB dimers, causing them to remain in the 

cytosol, inactive. The degradation of IκB-α is an important step in activating NF-κB, 

which, upon activation can increase the expression of numerous atrophy causing 

genes, most notably MuRF1, which leads to increased activity of the UPP (23, 117) and 

p53, a known pro-apoptotic factor (118).  

In theory, calpain can regulate NF-κB activation through degradation of IκB-α. This 

represents an alternative pathway for IκB-α degradation and NF-κB activation. As 

mentioned above, it is generally held that the UPP degrades IκB-α. However, in vitro 

work has also shown that calpain can, in fact, degrade IκB-α, leading to activation of 

NF-κB (20-22). Therefore, it is feasible that calpain activation can also regulate protein 

degradation via NF-κB activity (Figure 3-1).  

Summary 

MV is a life-saving intervention. However, prolonged periods of MV contribute to 

difficulty in weaning from the ventilator. It is believed that VIDD, characterized by 
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atrophy and contractile dysfunction, is a primary contributor to weaning difficulty. While 

not all of the mechanisms are known behind VIDD, it is known that protein synthesis 

and degradation in the diaphragm are altered. Furthermore, it is also known that calpain 

plays an essential role in VIDD. However, the full extent of calpain’s role has not been 

determined. There are several possible links between calpain and the decrease in 

protein synthesis (i.e., Akt) and increased protein degradation (i.e., FoxO3a and NF-κB). 

Clearly, additional experiments that clarify the signaling role of calpain in the diaphragm 

during prolonged MV are important and could provide important insights into possible 

therapeutic targets to protect against VIDD. 
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Figure 3-1. Proposed calpain signaling pathway in the diaphragm during prolonged 
mechanical ventilation. Increased calpain activity results in the 
dephosphorylation of Akt and subsequent activation of FoxO3. FoxO3 activity 
increases protein degradation via autophagy and ubiquitin proteasome 
pathway (UPP) through upregulated atrophy genes. Furthermore, we propose 
that activated calpain also degrades IκB-α, allowing NF-κB to become active 
and upregulate atrophy genes, leading to increased UPP activity.  
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CHAPTER 3 
METHODS 

Experimental Design 

 Young adult female Sprague-Dawley rats were used in these experiments. 

Animals were assigned to one of three experimental groups (eight rats per group): 

control, 12 hours of MV or 12 hours of MV with a specific calpain inhibitor. The 

Institutional Animal Care and Use Committee of the University of Florida approved 

these experiments.  

Control Animals 

Control animals were acutely anesthetized with an intraperitoneal injection of 

sodium pentobarbital (60 mg/kg body weight). After reaching a surgical plane of 

anesthesia, the diaphragm was quickly removed and the costal diaphragm was divided 

into several segments. A strip of the medial costal diaphragm was stored for histological 

measurements and the remaining portions of the costal diaphragm were rapidly frozen 

in liquid nitrogen and stored at -80°C for subsequent biochemical analyses 

Mechanically Ventilated Animals 

All surgical procedures were performed using aseptic techniques. Animals in the 

MV groups were anesthetized with an intraperitoneal injection of sodium pentobarbital 

(60 mg/kg body weight). Animals were then tracheostomized, and mechanically 

ventilated with a pressure-controlled ventilator (Servo Ventilator 300, Siemens AG; 

Munich, Germany) for 12 hours with the following settings: upper airway pressure limit: 

20 cm H2O; respiratory rate: 80 breathes per minute; PEEP: 1 cm H2O. 

The carotid artery was cannulated to permit the continuous measurement of blood 

pressure and the collection of blood during the protocol. Arterial blood samples (150 µl 
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per sample) were removed periodically and analyzed for arterial PO2, PCO2 and pH 

using an electronic blood-gas analyzer (GEM Premier 3000; Instrumentation 

Laboratory; Lexington, MA, USA). Ventilator adjustments were made if arterial PCO2 

exceeded 40 mm Hg. Moreover, arterial PO2 was maintained > 60 mm Hg throughout 

the experiment by increasing the FIO2 (22-27%). 

 A venous catheter was inserted into the jugular vein for continuous infusion of 

sodium pentobarbital (10 mg/kg of body weight/hr). Body temperature was maintained 

at 37°C by use of a recirculating water heating blanket and heart rate was monitored via 

a lead II electrocardiograph. Continuous care during the MV protocol included 

lubricating the eyes, expressing the bladder, removing airway mucus, rotating the 

animal, and passively moving the limbs. Animals also received an intramuscular 

injection of glycopyrrolate (0.04 mg/kg of body weight) every two hours during MV to 

reduce airway secretions. Upon completion of MV, the diaphragm was quickly removed 

and a section was stored for histochemical analyses, the remaining portion was frozen 

in liquid nitrogen and stored at -80°C for subsequent biochemical analyses. 

Calpain Inhibition 

To prevent MV-induced diaphragm calpain activation, we administered 3 mg/kg 

body weight of a highly selective calpain inhibitor, SJA-6017 (Calpain Inhibitor VI, 

calpain-1 IC50: 7.5 nM and calpain-2 IC50: 78 nM; N-(4-fluorophenylsulfonyl)-L-valyl-L-

leucinal, EMD Chemicals; Gibbstown, NJ). Previous work from our lab has shown this to 

be an effective in vivo dose (12). The inhibitor was dissolved in 88% propylene, 10% 

ethyl alcohol, 2% benzyl alcohol and given intravenously as a bolus at the beginning of 

MV. Intravenous administration of SJA-6017 has been shown to have a terminal plasma 

half-life of 42 minutes (119). 
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Western Blot Analysis 

Protein abundance of individual proteins was determined in diaphragm samples 

via Western Blot analysis. Briefly, diaphragm tissue samples were homogenized 1:10 

(wt/vol) in 5 mM Tris (pH 7.5) and 5 mM EDTA (pH 8.0) with a protease inhibitor cocktail 

(Sigma-Aldrich; St. Louis, MO) and centrifuged at 1500 g for 10 min at 4°C. After 

collection of the resulting supernatant, diaphragm protein content was assessed by the 

method of Bradford (Sigma-Aldrich; St. Louis, MO). Proteins from the supernatant 

fraction were separated via polyacrylamide gel electrophoresis via 4-20% gradient 

polyacrylamide gels containing 0.1% sodium dodecyl sulfate for 23 minutes at 300 volts. 

After electrophoresis, the proteins were transferred to nitrocellulose membranes. 

Nonspecific sites were blocked for two hours at room temperature in a phosphate-

buffered saline solution containing 0.05% Tween and 5% nonfat milk. Membranes were 

then incubated overnight at 4ºC with primary antibodies directed against the protein of 

interest. Specifically, we assessed calpain activity by measuring protein abundance of 

active calpain-1 and the α-II spectrin 145 kDa calpain-specific cleavage product. We 

measured Akt activity by measuring the total and phosphorylated (Ser 473) proteins of 

Akt. We also measured Akt signaling by assessing MuRF1 and atrogin-1 proteins. NF-

κB signaling was assessed by measuring IκB-α protein abundance. After washing, a 

chemiluminescent system was used to detect labeled proteins (GE Healthcare; 

Piscataway, NJ). Membranes were developed using autoradiography film and images of 

the film were captured and analyzed using the 440CF Kodak Imaging System (Kodak; 

New Haven, CT). To control for protein loading and transfer differences, membranes 

were stained with Ponceau S. Ponceau S stained membranes were scanned and the 
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lanes were quantified (440CF imaging system, Kodak, New Haven, CT) to normalize 

Western blots to protein loading. 

RNA Isolation and cDNA synthesis 

Total RNA was isolated from muscle tissue with TRIzol Reagent (Life 

Technologies; Carlsbad, CA) according to the manufacturer’s instructions. RNA content 

(µg/mg muscle weight) was evaluated by spectrophotometry. RNA (5 µg) was then 

reverse transcribed with the Superscript III First-Strand Synthesis System for reverse 

transcription-PCR (Life Technologies), using oligo(dT)20 primers and the protocol 

outlined by the manufacturer. 

Real-Time Polymerase Chain Reaction 

 One µl of cDNA was added to a 25 µl PCR for real-time PCR using Taqman 

chemistry and the ABI Prism 7000 Sequence Detection system (ABI; Foster City, CA). 

Relative quantification of gene expression was performed using the comparative 

computed tomography method (ABI, User Bulletin #2). β-Glucuronidase, a lysosomal 

glycoside hydrolase, was chosen as the reference gene based on previous work 

showing unchanged expression with our experimental manipulations (126). BNIP3, LC3, 

MuRF1, atrogin-1, and FoxO3a mRNA transcripts were assayed using predesigned rat 

primer and probe sequences commercially available from Applied Biosystems (Assays-

on-Demand). 

TUNEL Analysis for Apoptosis 

Myonuclear apoptosis was determined by terminal deoxynucleotidyl transferase 

nick end labeling (TUNEL) using a histochemical fluorescent detection kit (Roche 

Applied Scientific; Indianapolis, IN). Briefly, 10 μm tissue sections were cut in a 

Shandon Cryotome cryostat (Life Sciences International; England) from embedded 
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diaphragm tissue. Sections were fixed using in a 4% formaldehyde solution, washed, 

and permeabilized with 0.1% Triton X-100 in 0.1% sodium citrate solution. For 

identification of cell membranes, tissues were incubated with a rabbit anti-dystrophin 

antibody (Thermo Scientific; Freemont, CA), and secondary conjugated to Rhodamine 

Red (Invitrogen; Eugene, OR). Tissue sections were then incubated with the TUNEL 

enzyme label solution and sealed with a Vectashield DAPI mounting medium for 

detection of nuclei (Vector Laboratories; Burlingame, CA). TUNEL stained tissue 

sections were imaged using a Zeiss fluorescent microscope (Thornwood, NY). 

Fluorescent images for DAPI (nuclei), Rhodamine (dystrophin), and FITC filters (TUNEL 

positive) were combined using IPLab software (Scanalytics, Inc.; Fairfax, VA). TUNEL 

positive nuclei were counted and normalized to tissue cross-sectional area. 

20S Proteasome Activity Assay 

A section of the ventral costal diaphragm was homogenized 1:10 (vol: vol) (5 mM 

Tris-HCL, pH 7.5; 5 mM EDTA, pH 8.0) and centrifuged at 1500 g for 10 minutes at 4°C. 

The cytosolic fraction was centrifuged at 10,000 g for 10 minutes at 4°C, followed by an 

additional spin of the supernatant at 100,000 g for 1 hour at 4°C. The in vitro 

chymotrypsin-like activity of the 20S proteasome was measured fluorometrically using 

techniques described by Stein et al (120). 

In Vitro Analysis of Calpain Specificity 

To determine if our chosen inhibitor could successfully inhibit calpain while also 

not inhibiting the 20S proteasome, we designed an in vitro experiment adapted from 

Pereira et al (121). Briefly, using purchased purified active 20S proteasome, we 

measured the cleavage of fluorogenic substrate when exposed to concentrations of 

inhibitor similar to our calculated in vivo concentrations, based on 70% body water. 
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Sample fluorescence, an indicator of substrate cleavage, was measured after 20 

minutes of incubating substrate, active enzyme, and the inhibitor. 

Trolox Equivalency Antioxidant Capacity Assay 

SJA-6017 (2 mg/ml) was dissolved in 88% propylene glycol, 10% benzyl alcohol 

and 2% ethyl alcohol. One hundred μl of SJA-6017 was mixed with 2 ml of ABTS (2,2'-

azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) buffer solution (50 mM glycine, 10 

nM peroxidase and 15 μM hydrogen peroxide) giving a final concentration of SJA-6017 

of 0.1 mg/ml and incubated for 2 minutes. The sample was then measured with a 

spectrophotometer at a wavelength of 414 nM and compared to a Trolox-based 

standard curve.  

Statistical Analysis 

Comparisons between groups for each dependent variable were made by a one-

way analysis of variance (ANOVA) and when appropriate, a Tukey honestly significant 

difference test was performed post-hoc. Significance was established at p < 0.05. Data 

are presented as means ± standard error margin (SEM). 
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CHAPTER 4 
RESULTS  

Physiological Responses to Prolonged MV 

 To ensure that our mechanical ventilation (MV) protocol was successful in 

maintaining homeostasis, we measured arterial blood pressures, arterial PCO2, arterial 

PO2 and arterial pH in all animals at the beginning of the experiments and at various 

times during MV. Our results (mean ± SEM) confirm that arterial blood pressure (95.8 ± 

2.4 mm Hg), arterial PO2 (83.3 ± 3.3 Torr), arterial PCO2 (37.1 ± 0.9 Torr) and pH (7.42 

± 0.01) were maintained during MV. Furthermore, during the course of MV, no 

significant (p<0.05) changes occurred in the body weights of our animals.  

Pharmacological Inhibition of Calpain Activity in the Diaphragm 

 We investigated the role of calpain signaling in the diaphragm during MV by 

using a highly selective pharmacological inhibitor of calpain activity (SJA-6017). Calpain 

activity in the diaphragm was assayed using two distinct but complementary markers of 

active calpain: 1) determination of the protein abundance of the active form of calpain 

and 2) measurement of the calpain-specific cleavage product of α-II spectrin. In the 

presence of sufficient concentrations of intracellular calcium, calpain undergoes 

autolysis resulting in an active form of calpain-1 which can be detected via western 

blotting (60). Therefore, the appearance of the active calpain-1 band indicates calpain 

activity at the time of sampling. Importantly, our data indicate that 12 hours of MV 

resulted in a significant increase in the presence of active calpain-1 in the diaphragm 

(Figure 4-1). Additionally, we assessed the activity of calpain throughout the 12 hour 

experimental protocol by measuring the calpain-specific 145 kDa degradation product of 

α-II spectrin. This calpain-specific protein breakdown product accumulates as a result of 
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calpain activity and has a long half-life (i.e., 24 hours) (122). As such, this represents an 

excellent biomarker of calpain activity during the hours prior to sampling. Importantly, 

our experiments reveal a significant increase in the calpain-specific degradation product 

of α-II spectrin in the diaphragm following 12 hours of MV (Figure 4-2).  

 We used SJA-6017 to selectively inhibit calpain activity in order to evaluate 

calpain’s role as a signaling molecule in the diaphragm during prolonged MV. Our 

results indicate that treatment of animals with SJA-6017 prevented the MV-induced 

increases in calpain activity in the diaphragm (Figures 4-1 and 4-2). 

Calpain Inhibition Maintains Akt Phosphorylation 

 Traditionally, calpain is viewed as a protease responsible for degrading 

cytoskeletal proteins in skeletal muscle. To determine if active calpain can also 

participate in regulatory signaling in skeletal muscle, we measured the protein 

abundance of phosphorylated Akt (Serine 473) in the diaphragm after 12 hours of MV. 

Our data reveal that 12 hours of MV resulted in a significant decrease in 

phosphorylation of Akt in the diaphragm (Figure 4-3) with no changes in total Akt protein 

abundance (Figure 4-4). When animals were treated with the calpain inhibitor during 

MV, Akt phosphorylation in the diaphragm was preserved at levels equal to control. 

These results suggest that active calpain prevents Akt phosphorylation in the diaphragm 

during prolonged MV.  

Calpain Inhibition Prevents Akt/FoxO3a Atrophy Signaling 

 Because inactive (unphosphorylated) Akt can promote protein degradation 

through FoxO3a signaling, we next determined if FoxO3a gene transcription is 

promoted by calpain activity. Our results show a significant increase in FoxO3a mRNA 

expression in the diaphragm following 12 hours of MV. Importantly, our findings also 



 

37 

reveal that inhibition of calpain prevents the MV-induced increase in FoxO3a mRNA 

expression in the diaphragm (Figure 4-5). 

Since FoxO3a is a transcriptional activator that regulates the expression of 

essential atrophy genes, we determined if active calpain promotes an increase in 

transcription of FoxO3a target genes. Our findings reveal that the mRNA expression of 

both MuRF1 and atrogin-1, important muscle specific E3 ligases and FoxO3a target 

genes, were significantly increased in the diaphragm following 12 hours of MV (Figure 

4-6 and Figure 4-7). We also measured the mRNA expression of three other important 

proteolytic proteins that are target genes of FoxO3a, specifically BNIP3, cathepsin L 

and LC3. Our results indicate that 12 hours of MV resulted in a significant increase in 

mRNA of all three of these proteins in the diaphragm. Moreover, inhibition of calpain 

activity prevented the MV-induced increases (Figures 4-8 through 4-10).  

 To determine if these mRNA changes reflected changes in protein expression, 

we also measured the protein abundance of MuRF1 and atrogin-1 in the diaphragm 

following 12 hours of MV. Our data reveal a significant increase in both of these E3 

ligases. In contrast, when animals were treated with the calpain inhibitor during MV, 

there was no increase in protein abundance of MuRF1 or atrogin-1 in the diaphragm 

(Figure 4-11 and Figure 4-12). Collectively, these findings provide evidence that active 

calpain increases the activity of FoxO3a transcription in diaphragm during MV. 

Calpain Inhibition Prevents Apoptosis 

Given that active calpain has been shown to promote apoptosis in cardiac 

myocytes, we determined whether active calpain was a requirement for MV-induced 

myonuclear apoptosis in the diaphragm. Using a TUNEL assay, a method that labels 

apoptotic DNA strand breaks, we report a significant increase in myonuclear apoptosis 
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as indicated by increased TUNEL positive myonuclei in the diaphragm. However, 

pharmacological inhibition of calpain prevented this MV-induced increase myonuclear 

apoptosis in the diaphragm (Figure 4-13). These findings demonstrate that active 

calpain participates in pro-apoptotic signaling in the diaphragm during prolonged MV. 

Active Calpain Promotes 20S Proteasome Activity 

 Since active calpain can regulate both the mRNA expression and protein 

abundance of the important E3 ligases, MuRF1 and atrogin-1, we sought to establish 

whether active calpain impacts the proteolytic activity of the 20S proteasome. In 

agreement with previous work, we report that 12 hours of MV resulted in a significant 

increase in 20S proteasome activity in the diaphragm (7, 49). Nevertheless, inhibition of 

calpain activity in the diaphragm prevented this MV-induced increase in 20S 

proteasome activity in diaphragm (Figure 4-14). Although the mechanism remains 

unclear, these results suggest that active calpain augments the proteolytic activity of the 

20S proteasome. 

Evidence that SJA-6017 is a Selective Calpain Inhibitor  

Studies using pharmacological inhibitors are often criticized due to concerns about 

off-target effects. In this regard, previous work from our lab has shown that the calpain 

inhibitor used in these experiments (SJA-6017), does not inhibit caspase-3 activity in 

vitro (12). In the current experiments, we performed an in vitro experiment using purified 

active 20S proteasome to determine if SJA-6017 directly inhibits 20S proteasome 

activity. Importantly, our data demonstrate that SJA-6017 does not inhibit 20S 

proteasome substrate cleavage (Figure 4-15). These results demonstrate that our 

findings indicating that inhibition of calpain is associated with a down-regulation of the 

20S proteasome are not due to off-target of the calpain inhibitor.  
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Calpain Inhibition Prevents IκB-α Degradation 

 In vitro work has revealed that calpain can degrade IκB-α, the endogenous 

inhibitor of NF-κB (20). Degradation of IκB-α is an important step in NF-κB regulation 

because it leads to increased NF-κB activity, which is known to promote muscle 

proteolysis through activation of atrophy genes. To investigate whether active calpain 

can regulate NF-κB via IκB-α degradation, we measured the protein abundance of IκB-α 

in diaphragm following 12 hours of MV. Our results show that MV induces a significant 

decrease in IκB-α protein abundance in the diaphragm (Figure 4-16). However, calpain 

inhibition prevented this MV-induced decrease in IκB-α, preserving protein levels equal 

to control.  

Active Calpain Regulates NF-κB Activity 

Because IκB-α is upstream of NF-κB activation, we then determined if calpain-

mediated IκB-α degradation leads to increases in NF-κB activity. As a marker of NF-κB 

activity, we measured DNA binding of the NF-κB family member p50. We report that 12 

hours of MV resulted in significant increase in p50 DNA binding in the diaphragm. 

Conversely, inhibition of active calpain prevented the MV-induced increase in p50 DNA 

binding (Figure 4-17). We interpret these findings as evidence that active calpain is 

required for MV-induced NF-κB activation in the diaphragm. 

SJA-6017 Does Not Exhibit Antioxidant Capacity 

Previous work from our lab has demonstrated that oxidative stress is a 

requirement for calpain activation and VIDD (49, 73). To determine if the calpain 

inhibitor used in these experiments acted as an antioxidant, we performed a Trolox-

equivalency antioxidant capacity assay. Our results demonstrate that our chosen 

inhibitor, SJA-6017, did not quench the oxidant solution used in the assay, suggesting 
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that SJA-6017 does not possess antioxidant capability. These results support earlier in 

vivo findings from our lab indicating that SJA-6017 does not function as an antioxidant 

by preventing oxidative damage in the diaphragm during MV (12).  

 



 

41 

 
 

Figure 4-1. Protein level of the active form of calpain 1 in diaphragm of experimental 
groups. Values are means ± SEM. Con, control; MV, mechanical ventilation; 
Calp, calpain; Inhib, inhibitor. * = different (p<0.05) from both Control and 
MV+Calpain Inhibitor groups 
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Figure 4-2. Protein levels of the 145 kDa α-II-spectrin breakdown product (SBPD) in 
diaphragm of experimental groups. Note that the SBDP 145 kDa is an α-II-
spectrin breakdown product that is specific to calpain cleavage of intact α-II-
spectrin. Values are means ± SEM. Con, control; MV, mechanical ventilation; 
Calp, calpain; Inhib, inhibitor. * = different (p<0.05) from both Control and 
MV+Calpain Inhibitor groups. 
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Figure 4-3. Protein levels of phosphorylated Akt in diaphragm of experimental groups. 
Values are means ± SEM. Con, control; MV, mechanical ventilation; Calp, 
calpain; Inhib, inhibitor. * = different (p<0.05) from both Control and 
MV+Calpain Inhibitor groups. 
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Figure 4-4. Protein levels of total Akt in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor.  
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Figure 4-5. mRNA levels of FoxO3 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-6. mRNA levels of MuRF1 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-7. mRNA levels of atrogin-1 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-8. mRNA levels of BNIP3 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-9. mRNA levels of cathepsin L in diaphragm of experimental groups. Values 
are means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; 
Inhib, inhibitor. ∞= different (p<0.05) from MV group 

 
.
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Figure 4-10. mRNA levels of LC3 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-11. Protein levels of MuRF1 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-12. Protein levels of atrogin-1 in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups 

 

. 
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Figure 4-13. TUNEL positive nuclei in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-14. Chymotrypsin-like 20S proteasome activity in diaphragm of experimental 
groups. Values are means ± SEM. Con, control; MV, mechanical ventilation; 
Calp, calpain; Inhib, inhibitor. * = different (p<0.05) from both Control and 
MV+Calpain Inhibitor groups. 
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Figure 4-15. In vitro 20S proteasome activity. Bars represent end-point fluorescence 

after 20 minute incubation. Sub, substrate; 20S, 20S proteasome; Calp Inhib, 
calpain inhibitor. Groups with different letters are statistically different from 
each other, (p<0.05). 
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Figure 4-16. Protein levels of IκB-α in diaphragm of experimental groups. Values are 
means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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Figure 4-17. p50 DNA binding activity in diaphragm of experimental groups. Values are 

means ± SEM. Con, control; MV, mechanical ventilation; Calp, calpain; Inhib, 
inhibitor. * = different (p<0.05) from both Control and MV+Calpain Inhibitor 
groups. 
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CHAPTER 5 
DISCUSSION  

Overview of the Principal Findings 

 Prolonged mechanical ventilation promotes the rapid development of VIDD and 

activation of calpain is required for this rapid onset of VIDD (12). The mechanism(s) to 

explain why calpain plays a critical role in VIDD remains unknown. However, the current 

data provide novel insights into the functions that calpain performs in VIDD. Specifically, 

our data indicate that during prolonged MV active calpain regulates both Akt and NF-κB 

signaling in the diaphragm. Indeed, our findings support the hypothesis that MV-induced 

calpain activation promotes increased Akt/FoxO3a signaling in the diaphragm, resulting 

in increased expression of key proteolytic proteins involved in both the ubiquitin-

proteasome pathway (UPP) and autophagy. Furthermore, our results reveal that active 

calpain can also activate NF-κB signaling in diaphragm during MV. Collectively, these 

findings indicate that active calpain plays an important signaling role in the diaphragm 

during prolonged MV. A detailed discussion of the findings follows.  

Calpain Activity Regulates Akt Phosphorylation 

 The phosphorylation status of Akt is a pivotal factor in both catabolic and 

anabolic regulation in skeletal muscle (123). In anabolic conditions, phosphorylated 

(active) Akt increases protein synthesis via mTORC1-mediated signaling, resulting in 

elevated protein synthesis. Conversely, during catabolism, unphosphorylated (inactive) 

Akt permits FoxO3a nuclear translocation and DNA binding, which upregulates gene 

expression of several atrophy-related genes involved in both the UPP and autophagy. 

Therefore, the status of Akt phosphorylation is an important metabolic crossroad in 

skeletal muscle, regulating both anabolism and catabolism.  



 

59 

 Our group has previously shown that 18 hours of MV decreases phosphorylated 

Akt in the diaphragm and our current results confirm these findings (44). Importantly, the 

present experiments are the first to demonstrate that in vivo inhibition of calpain 

preserves Akt phosphorylation in the diaphragm during prolonged MV. Our results 

confirm previous experimental results using an ex vivo diaphragm model (13). Together, 

these ex vivo results and our in vivo findings support the concept that Akt 

phosphorylation in skeletal muscle is regulated, at least in part, by calpain activity. 

Currently, the precise signaling mechanism responsible for calpain’s influence on 

Akt phosphorylation remains unknown. Nonetheless, there are at least three different 

possibilities whereby calpain could influence Akt phosphorylation in skeletal muscle. 

First, insulin receptor substrate-1 (IRS-1) is a proteolytic substrate of calpain (111). IRS-

1 is phosphorylated by the insulin-like growth factor-1 (IGF-1) receptor at the 

sarcolemma and leads to activation of phosphoinositide-3 kinase (PI3K), which then 

activates Akt through phosphorylation (112). Degradation of the IRS-1 protein would 

theoretically disconnect the IGF-1/Akt phosphorylation pathway. A second possibility 

also relies on calpain targeting an upstream protein of Akt. Recently, an in vitro study 

concluded that calpain can cleave PI3K, specifically the p110α subunit, rendering the 

kinase inactive (113). Similar to IRS-1 degradation, cleavage of PI3K would disconnect 

the PI3K/Akt cascade, preventing Akt phosphorylation and activation. A third possibility 

is that calpain can activate the phosphatase, calcineurin, through cleavage of a 

regulatory subunit (114). Akt is a known target of calcineurin and as such, activated 

calcineurin leads to dephosphorylation and inactivation of Akt (115). 
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In summary, our novel findings demonstrate that MV-induced activation of calpain 

in the diaphragm plays an important role in the regulation of Akt phosphorylation status. 

Indeed, pharmacological inhibition of calpain activation prevented the MV-induced 

dephosphorylation of Akt in the diaphragm. These findings are consistent with the 

concept that active calpain plays an important role in the regulation of Akt-modulated 

signaling in the diaphragm during prolonged MV.  

Calpain Activity Regulates Akt/FoxO3a Proteolytic Signaling 

 Our finding that Akt phosphorylation status can be regulated, at least in part, by 

active calpain is significant because of Akt’s unique signaling role in the metabolic 

balance of cells. When activated through phosphorylation, Akt can initiate protein 

synthesis by increasing translation. Conversely, when unphosphorylated, Akt promotes 

protein degradation through FoxO3a-mediated signaling. A growing number of studies 

have established an important role for Akt/FoxO3a signaling in skeletal muscles 

undergoing atrophy (17, 124, 125). As mentioned earlier, unphosphorylated Akt leads to 

activated FoxO3a which upregulates the expression of critical atrophy genes, including 

ubiquitin ligases and several autophagy genes.  

Active Calpain Increases the Expression of Ubiquitin Ligases  

 Muscle-specific E3 ubiquitin ligases, MuRF1 and atrogin-1, play a critical role in 

UPP-dependent muscle atrophy (126). Ubiquitin ligases target specific proteins for 

degradation by tagging the protein with ubiquitin, which directs the protein to the 

proteasome. The regulatory role of E3 ligases in muscle wasting was first reported in 

denervation studies. These studies revealed that both MuRF1 and atrogin-1 knockout 

animals were resistant to denervation-induced muscle atrophy (126). Moreover, cell 
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culture experiments have demonstrated that overexpression of either MuRF1 or atrogin-

1 is sufficient to induce atrophy (126).  

Prior work in VIDD has shown that both MuRF1 and atrogin-1 mRNA expression 

was significantly increased in the diaphragm following 18 hours of MV (44). Our findings 

are in agreement with these studies. Specifically, MuRF1 and atrogin-1 mRNA 

expression increased significantly in the diaphragm following 12 hours of MV. 

Importantly, our results reveal that both MuRF1 and atrogin-1 gene expression is 

regulated by active calpain. Indeed, inhibition of calpain activity in the diaphragm 

prevented the MV-induced increases in both MuRF1 and atrogin-1 mRNA levels. 

Autophagy Gene Expression is Regulated by Active Calpain  

 Autophagy is a tightly regulated lysosomal pathway for degrading cytoplasmic 

proteins and organelles. Basal levels of autophagy are important for normal cell 

function, recycling old and damaged proteins. However, excessive autophagic activity 

can lead to pathological conditions such as increased apoptosis and cellular atrophy. 

Our current results agree with previous findings, in that autophagy is increased in the 

human diaphragm following MV (11). However, our experiments also provide new and 

important information regarding the role that calpain plays in regulating the expression 

of key autophagy genes.  

 BNIP3, an apoptotic and autophagy gene, initiates apoptosis by translocating to 

the mitochondria and contributing to the formation of the mitochondrial permeability 

transition pore (127). While the mechanism(s) for responsible for activating BNIP3-

mediated autophagy is unknown, it appears that BNIP3 may potentially target apoptotic 

mitochondria for autophagic degradation. Experimental evidence has shown that 

overexpression of BNIP3 leads to increased removal of mitochondria in cardiac 
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myocytes (127). Our results show a significant increase in BNIP3 mRNA in diaphragm 

following 12 hours of MV. Importantly, pharmacological inhibition of calpain activity 

prevented this MV-induced increase in BNIP3 mRNA levels in the diaphragm. 

Moreover, our results reveal an increase in the number of TUNEL positive nuclei in the 

diaphragms of animals exposed to MV, indicating increased myonuclear apoptosis. 

Similar to our findings with BNIP3 mRNA expression, our data reveal that MV-induced 

myonuclear apoptosis in the diaphragm was prevented when calpain activity was 

inhibited. Importantly, these findings agree with prior results indicating that both 

myonuclear apoptosis and autophagy are increased in the diaphragm during MV (9, 11). 

Nonetheless, the current experiments provide the first evidence that calpain plays an 

important role in MV-induced BNIP3-mediated apoptosis and autophagy in the 

diaphragm. 

 Autophagy begins with formation of the autophagosome, a process where Beclin-

1 mediates the localization of essential autophagy (Atg) proteins to the pre-

autophagosome (78, 79). Once formed, the autophagosome participates in an 

elongation process, which requires active LC3 (mammalian homolog of yeast Atg 8) 

(78, 83, 85, 128). Our results show a significant increase in LC3 mRNA in diaphragm 

following 12 hours of MV, suggesting that prolonged MV results in increased 

autophagosome formation. Inhibition of calpain activity prevented this increase in LC3 

mRNA, indicating that the LC3-mediated step in autophagosome formation is regulated 

by calpain.  

 During the LC3-mediated autophagosome elongation process, the 

autophagosome sequesters both organelles and cytosolic proteins. At this point, the 
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mature autophagosome fuses with a lysosome, forming an autolysosome, which digests 

the sequestered contents of the autophagosome (78, 84, 128). This digestion is carried 

out by essential proteases that reside inside the lysosome. One lysosomal protease in 

particular, cathepsin L, has been shown to be important in skeletal muscle atrophy. As a 

FoxO3a transcriptional target gene, cathepsin L has been shown to participate in disuse 

skeletal muscle atrophy; both mRNA and protein abundance are increased in response 

to disuse (86-88, 129). Our results are consistent with previous reports, cathepsin L 

mRNA was significantly increased in the diaphragm during MV. Furthermore, our data 

suggest that cathepsin L transcription in the diaphragm is regulated by calpain activity, 

as inhibition of calpain prevented the MV-induced increase in diaphragm expression of 

cathepsin L mRNA.  

MV-Induced Calpain Activation Regulates NF-κB Activity 

 NF-κB plays an important role in muscle atrophy. Indeed, NF-κB activation is 

both sufficient and required for skeletal muscle atrophy in cachexia and disuse 

experimental models (23, 117, 130-132). NF-κB is a family of five transcription factors 

that, upon activation, form dimers, which translocate to the nucleus and increase 

transcription of important atrophy and apoptotic genes (133-136). Given the important 

role of NF-κB in muscle atrophy, we determined whether active calpain could regulate 

NF-κB activity during VIDD. 

 New evidence indicates that NF-κB signaling contributes to VIDD (19). 

Furthermore, it appears that MV-induced oxidative stress is required for NF-κB 

activation in diaphragm during MV (19). Although the data from these experiments does 

not establish a mechanistic link between oxidative stress and NF-κB activation, the 

authors theorized that oxidative stress-mediated calpain activation could link oxidative 
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stress to NF-κB activation. Indeed, previous reports have confirmed that calpain is 

activated by oxidants during MV (73). Moreover, evidence from in vitro experiments 

have determined that calpain is capable of promoting NF-κB activation by degrading 

IκB-α, the endogenous inhibitor of NF-κB (20-22, 137). Therefore, based on these 

previous findings, we hypothesized that MV-induced calpain activation can activate NF-

κB signaling in the diaphragm.  

Results from our current experiments support this prediction. Following 12 hours of 

MV, we observed a significant decrease in the abundance of IκB-α in the diaphragm, 

indicative of enhanced IκB-α degradation and indirect evidence of increased NF-κB 

activity. Furthermore, inhibition of calpain activity prevented the degradation of IκB-α in 

the diaphragm that is associated with prolonged MV.  

While our evidence implicates calpain as the protease responsible for IκB-α 

degradation, another possibility exists. In skeletal muscle wasting, a commonly 

accepted mechanism for IκB-α degradation is that after being phosphorylated by IκB 

kinase (IKK) and ubiquinated, IκB-α is then degraded by the UPP. Although our data 

indicate that active calpain is upstream of IκB-α degradation, our data cannot determine 

whether calpain or the ubiquitin-proteasome system is responsible for the IκB-α 

degradation. Indeed, our findings demonstrate that inhibition of calpain results in 

decreased activity of the UPP. Given that our in vitro experiments indicate that the 

calpain inhibitor (SJA-6017) does not inhibit proteasome activity, it appears that active 

calpain can promote an increase in proteasome activity through increased expression of 

proteasome proteins by FoxO3a and/or NF-κB signaling; as both transcriptional 

activators have been shown to activate several proteasome genes (138). Regardless of 
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which mechanism degrades IκB-α, it appears that active calpain is upstream of IκB-α 

degradation.  

As mentioned previously, NF-κB is a family of five transcription factors that upon 

activation dimerize and translocate to the nucleus to initiate gene transcription of 

atrophy genes. One of those transcription factors, p50, has been shown to be essential 

for disuse muscle atrophy (131). Indeed, p50 has been shown to have a significant 

number (~200) of transcriptional target genes in disuse muscle atrophy (131). 

Therefore, nuclear localization of p50 is considered to be an excellent biomarker of NF-

κB activation during skeletal muscle disuse atrophy. To determine if NF-κB activity is 

regulated by calpain, we measured DNA binding of p50 in diaphragm following 12 hours 

of MV. These results confirm that NF-κB activity is regulated by calpain. Indeed, 

inhibition of calpain activity prevented the MV-induced increase in p50 DNA binding in 

the diaphragm of MV animals. Together, this evidence suggests that calpain activation 

is a requirement for MV-induced increased NF-κB signaling in the diaphragm. 

Critique of the Experimental Model 

 Because of the invasive nature of obtaining diaphragm muscle samples from 

humans, an animal model is required to perform mechanistic experiments to determine 

the signaling pathways that promote VIDD. We selected the rat as the experimental 

animal in these experiments for several reasons. First, the anatomical features and 

function of the rat diaphragm are both similar to the human diaphragm (139, 140). 

Second, the fiber type composition of the rat and human diaphragm are comparable (5, 

141). Finally, the time course of MV-induced atrophy in the rat and human diaphragm 

are also similar (5, 7). 
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 The calpain inhibitor utilized in these experiments was chosen due to its ability to 

effectively inhibit calpain in vivo and because of its high level of specificity. Our in vitro 

results, both past and present, reveal that using the peak in vivo concentrations of the 

inhibitor, SJA-6017 does not inhibit caspase-3 or the 20S proteasome activity. 

Collectively, these findings confirm the high level of selectivity of our pharmacological 

inhibitor and demonstrate that our results are not due to off-target pharmacological 

effects. 

 We selected sodium pentobarbital as the general anesthetic in these 

experiments because of evidence that in low doses, it does not negatively impact 

diaphragm contractile function, does not promote diaphragm atrophy and is not 

associated with oxidative stress in skeletal muscle (7, 47, 49, 142). We used acutely 

anesthetized animals as controls in these experiments because our lab has previously 

demonstrated that prolonged exposure to anesthesia does not promote diaphragm 

contractile dysfunction or atrophy in spontaneously breathing animals (7, 142). 

Conclusions and Future Directions 

 These experiments provide the first in vivo evidence that calpain regulates both 

Akt and NF-κB proteolytic signaling in diaphragm muscle during MV. Specifically, our 

results demonstrate that calpain inhibition preserves Akt phosphorylation and prevents 

Akt/FoxO3a mediated proteolytic signaling in the diaphragm during MV. Furthermore, 

we report that calpain inhibition prevents IκB-α degradation and increased NF-κB 

signaling in the diaphragm following MV. Collectively, these are novel and important 

findings indicating that calpain serves an important signaling role in the development of 

VIDD. Indeed, prior to the current experiments, the full extent of calpain’s proteolytic 

role in skeletal muscle atrophy was relatively unknown. Historically, in skeletal muscle, 
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calpain had been primarily classified as a protease responsible for degrading large 

muscle structural proteins (e.g., titin and nebulin) during periods of decreased or 

increased contractile activity. The current findings greatly expand our knowledge of 

calpain’s role in skeletal muscle remodeling. Importantly our results provide evidence 

that calpain is a signaling molecule that regulates the activity of both the UPP and 

autophagy in VIDD. Furthermore, our previous work has already revealed that calpain 

regulates caspase-3 activity in the diaphragm during MV (12). Taken together, this prior 

work and the current evidence indicate that calpain plays a central role in the regulation 

of three major proteolytic systems during VIDD. 

 Future studies should focus on two areas. First, efforts should be made to 

understand the mechanisms of how calpain is activated in the diaphragm during MV. 

Understanding the mechanisms of calpain activation is essential to developing safe and 

effective countermeasures to prevent VIDD. Second, it remains unknown if calpain’s 

central proteolytic signaling role occurs in other types of skeletal muscle wasting (e.g., 

cancer cachexia and sepsis). Understanding the complex signaling role of calpain 

activity in skeletal muscle could provide possible opportunities to develop therapeutic 

targets against disorders that promote skeletal muscle wasting. 
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