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Abstract 

 

The molecular mechanisms that contribute to the pathogenesis of deep pressure ulcer 

remain to be elucidated. The purpose of this study was to examine the role of apoptosis 

and autophagy in muscle breakdown as induced by prolonged, moderate compression in 

a rat model. Apoptotic signaling components, autophagy regulatory factors and cellular 

stress markers including Bax, Bcl-2, caspases, XIAP, AIF, EndoG, p53, Beclin-1, Atg 

genes, LC3, FoxO3, Akt, HSP70, MnSOD and CuZnSOD were assessed. We 

demonstrated the opposing responses of apoptosis and autophagy to moderate 

compression in muscle. The incidence of apoptosis, activation of pro-apoptotic signaling 

and disruption of oxidative balance were evident in the skeletal muscle following 

sustained compression. Intriguingly, autophagy was found to be downregulated in this in 

vivo compression model. Intrinsic and extrinsic apoptotic pathways responded 

selectively to different experimental circumstances of compressions and apoptotic 

alterations were found in the muscles following prolonged compression. In general, 

these findings are consistent with the overall hypothesis that cellular apoptosis and 

autophagy are involved in the pathogenesis of pressure-induced muscle pathology. We 

demonstrated that apoptotic and autophagic changes preceded pathohistological changes 

in skeletal muscle in response to prolonged moderate compression, suggesting the early 

and causative event of apoptosis and autophagy in compression-induced muscle 

pathology. Caspases have been considered potential molecular targets to attenuate 

apoptotic response in tissues. Our findings further demonstrated that z-VAD-fmk, a 

caspase inhibitor, was effective in alleviating the compression-induced pathohistology 
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and apoptosis in muscle while the basal autophagic signaling level was maintained. 

These findings supported the idea that pharmacological inhibition of apoptosis was 

effective in alleviating muscle damage as induced by prolonged compression. Our 

findings provide the basis for future research on drug or intervention development 

targeting apoptotic cell death in treating and preventing compression-associated muscle 

disorders.  
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CHAPTER 1 

Background and Significance 

 

Pressure Ulcer 

Pressure ulcer, also known as pressure sore, bedsore or decubitus ulcer, can be defined 

as the localized tissue injury to the skin and/or underlying tissues, usually over a bony 

prominence, as a result of pressure, or pressure in combination with shear and/or friction 

according to the National Pressure Ulcer Advisory Panel (NPUAP) (6). In other words, 

a pressure ulcer is usually caused by a local breakdown of soft tissue as a result of 

unrelieved pressure over bony prominences. This condition is common in people who 

are subjected to prolonged mechanical loading, in particular, the frail elderly population 

and those who are bedridden, prolonged wheelchair users, those who have ineffective 

cutaneous sensation, those wearing prosthetic or orthotic devices and those with 

decreased general activity (7).  

 

When a brief period of loading is removed, tissues usually demonstrate reactive 

hyperemia, reflecting increased blood flow into the area to compensate for the restricted 

blood flow during loading. However, prolonged high pressure loading along with tissue 

compression can lead to capillary bed occlusion and local tissue ischemia (13). 

Inadequate blood flow leads to local accumulation of toxic metabolites and ulceration of 

the skin and underlying tissue (67). This process can be accelerated if lymphatic ducts 

are blocked, causing impaired lymphatic drainage and interstitial fluid flow (52, 66), or 

if reperfusion injury occurs after pressure relief (30, 62).  
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Pressure sores can develop on any part of the body where prolonged pressure and 

compressive forces are sustained for a sufficient period of time. Kosiak et al. 

demonstrated an inverse parabolic relationship between time and pressure in the 

formation of pressure ulcer of the intervening ischial tissues using a canine model (37). 

It was shown that a high level of pressure induces tissue ulceration within a short period 

of time; whereas, low level of pressure required a prolonged period of sustained loading 

before any tissue damage was apparent. Dinsdale used a porcine model and found that 

the tissue damage was irreversible after just 2 hours of constant pressure of 70mmHg; 

however, the damage was minimized if the pressure was relieved for at least 5 minutes 

even at an elevated level of stress (16). Using a rat pressure ulcer model, Husain 

concluded that sustained low pressure led to greater tissue damage than a short period of 

high pressure (32).  

 

It has been reported that the skin overlying the sacrum and hips are most often affected 

and are prone to tissue ulceration (67%), but decubitus ulcers might also be observed 

over the helices, elbows, occiput and lower extremities (25%), including the heels and 

ankles (62). The susceptibility of pressure ulcer usually comes from a combination of 

external factors (pressure, shear, friction and moisture) and internal factors (edema, 

infection and poor nutrition) (5). Other pathological processes, including muscle 

contractures and spasticity, and any agent that creates immobility, such as braces, splints 

and neuromuscular paralyzing agents, may also contribute to the pathogenesis of 

pressure ulcers (5).   
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Among the abovementioned extrinsic and intrinsic factors contributing to pressure ulcer, 

sustained pressure loading of vascularized tissues is generally considered to be the 

pivotal mechanical cause of ulceration. Pressure ulcer can be initiated at the superficial 

skin layer or from the muscle layer, the deep tissue injury or deep pressure ulcer. The 

onset of deep pressure ulcer is of greater clinical concern as no early sign of tissue 

damage can be observed at the skin level which means that the situation can deteriorate 

quickly unnoticed. The greater vulnerability of muscle tissue to mechanical loading 

when compared to skin has been confirmed in several animal studies by Daniel et al. 

(13), Nola et al. (58), Linder-Ganz et al. (45, 46) and Stekelenburg et al. (75). Results 

from these studies have led to increasing attention being focused on deep ulcer as the 

damage of the lesion develops faster compared to superficial pressure ulcer. Once the 

ulcer becomes visible from the skin layer, the wound has developed into late stage 

severe ulceration making treatment difficult, and prognosis poor. NPUAP has recently 

revised the pressure ulcer staging system and introduced deep tissue injury as “a 

pressure-related injury to subcutaneous tissues under intact skin”, characterizing the 

damage of underlying soft tissue (e.g. muscle) as the origin of ulceration in deep 

pressure ulcer due to the much higher level of pressure and shear at the muscle-bone 

interface (6, 18). 

 

Among all the animal models reported in pressure ulcer study, including rabbits (57), 

dogs (52), pigs (13, 27) and rats (25, 74, 76), the Sprague-Dawley (25) or Brown 

Norway (75, 76) strain rat model is by far the most commonly used, partly because of 

the well documented physiology and metabolism of rat muscles. Peeters et al. has 
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shown that, in in vitro study,  myoblastic cells are almost incompressible, (their volumes 

do not change under compression), but their surface areas tend to increase in direct 

proportion to  compression magnitude, leading investigators to come to the conclusion 

that muscle cell deformation is significant in triggering tissue necrosis (61). The 

significant increase in cell damage correlating with compression duration is a result of 

apoptosis as seen from the evidence of membrane disruption and nuclear fragmentation 

in Bouten et al.’s in vitro agarose myoblast culture study (8). The cellular signaling 

underlying these mechanisms, however, still requires further investigation.  

 

Cellular Regulation of Apoptosis 

Death within a cell or a living tissue can occur either by necrosis or apoptosis. Necrosis 

is a traumatic cell death as a result of acute cellular injury; histological analysis shows 

cellular swelling, disruption of the plasma membrane and the organelles. Unlike 

necrosis, apoptosis is a physiological, genetically controlled and highly coordinated 

programmed cell death for the purpose of regulation of tissue proliferation. In the 

maintenance of the integrity of proliferative tissues, apoptosis is a significant process in 

multicellular organisms as it helps to dispose of cellular debris and superfluous tissues 

safely for the upkeep of tissue homeostasis. When a cell is undergoing apoptosis for self 

destruction, a series of apoptotic cascade is activated without causing any inflammatory 

response and disturbance to the surrounding cells. Unlike in apoptosis, a necrotic cell 

causes immune disturbance which leads to inflammatory activity in the adjoining cells.  
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The early phase of apoptosis involves extrinsic death-signaling stimuli such as reactive 

nitrogen and oxygen species, imbalance in calcium regulation, DNA damage, tumor 

necrosis factor (TNF) as well as an intrinsic stimulus which account for the regulation of 

gene expression in terms of the change in the ratio of B-cell leukemia/lymphoma-2 

(BCL-2) family proteins such as Bax, Bcl-2, Bcl-xL and Bad (64). Depending on the 

stimulus characteristic, a corresponding apoptotic cascade is activated. Several apoptotic 

pathways which have been reviewed include (i) the mitochondrial-dependent pathway 

(63), (ii) the endoplasmic reticulum stress-induced pathway (55) and (iii) the ligand-

mediated death receptor pathway (43), which are followed by nuclear and cytoplasmic 

events in committing cellular death. The typical morphological characteristics of 

apoptosis in multinucleated and differentiated skeletal muscle cells include cell 

shrinkage, membrane blebbing, nuclear and cytoplasmic condensation and chromosomal 

DNA fragmentation caused by endonuclease-catalyzed degradation (35). All these 

contribute to the disintegration of the cells into a number of membrane bound fragments 

called apoptotic bodies which are to be phagocytosed by macrophages or surrounding 

cells (35). In addition, apoptotic cell death is ATP-dependent (38, 82) and it has been 

reported that the loss of mitochondrial membrane potential, which further inhibits the 

production of mitochondrial ATP, occurs in the early stage of apoptosis (88).  

 

Some signaling pathways have been recently elucidated in skeletal muscle apoptosis 

(Figure 1). Caspases (cysteine-dependent aspartate-directed proteases), which is a series 

of protein-cleaving enzymes, are thought to be the main enzymes involved in both the 

initiation (caspase-8, -9, -12) and execution (caspase-3, -6, -7) of apoptotic cell death 
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(21, 81, 89). The disruption of the mitochondrial membrane potential as a result of the 

imbalance in calcium regulation, as mentioned, is related to the early phase of apoptosis. 

This early phase leads to increases in the permeability of the mitochondrial transition 

pore and to the release of cytochrome c from the mitochondria into the cytosol. In the 

cytosol, cytochrome c activates the oligomerization of apoptotic protease activating 

factor 1 (Apaf-1). In the presence of ATP, the activated Apaf-1 binds to procaspase-9. 

Investigators have reviewed the complex formed between cytochrome c, Apaf-1 and 

procaspase-9 as apoptosome (44). Activated procaspase-9, (otherwise known as 

caspase-9), is one of the key caspase initiators of apoptosis. Caspase initiators are 

activated when the cell is subjected to the corresponding apoptotic stimuli. For instance, 

extrinsic stimulus such as TNF can initiate apoptosis through the death receptor pathway 

by activating caspase-8 (77). Activation of caspase-12 in apoptosis has been shown to be 

related to the stimulation of intracellular calcium disturbance and endoplasmic reticulum 

stress (54, 55). The activation and cleavage of caspase-12 further activates caspase-9 in 

mediating the mitochondrial-dependent apoptosis. Though different caspase initiators 

are activated through different apoptotic pathway either intrinsically or extrinsically, all 

the protease enzymes finally converge and signal the common caspase executers 

(caspase-3, -6 and -7) and eventually cause destruction and elimination of the cell.  

 

BCL-2 family proteins are the key intrinsic regulators of processes upstream of 

apoptosis in the mitochondrial-dependent pathway. The BCL-2 family proteins in 

mammalian cells can be divided into two main classes. The pro-apoptotic (e.g. Bax, Bad, 

Bak, Bok, Bid, Bim, Dp5/Hrk, Noxa and PUMA) and anti-apoptotic (e.g. Bcl-2, Bcl-xL, 
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Bcl-w, A1 and Mcl-1). The relative ratios between pro- and anti-apoptotic members of 

BCL-2 apoptosis regulator family control the balance between apoptotic cell death and 

cell survival. In the entire family of BCL-2, Bcl-2 and Bax are known to be the key 

apoptosis regulators. It has been shown that upon the stimulation of the apoptotic signal, 

Bax is able to translocate from the cytosol to the mitochondria and expose its NH2-

terminus via conformational change (12, 15, 31). This conformational change allows the 

Bax oligomerization and insertion into the outer mitochondrial membrane which is 

characterized as ion channel forming activity in liposomes, followed by rapid release of 

mitochondrial apoptogenic factors such as cytochrome c and apoptosis-inducing factor 

(AIF) into the cytoplasm (15). In short, the over-expression of pro-apoptotic members 

such as Bax causes a drop in the mitochondrial membrane potential and hence an 

increase in the mitochondrial membrane permeability, thereby initiating the 

mitochondrial controlled apoptotic cell death. On the other hand, the over-expression of 

anti-apoptotic members such as Bcl-2 opposes the effects of the pro-apoptotic Bax by 

preventing the Bax oligomerization and hence blocks the release of mitochondrial 

cytochrome c and halts the subsequent induction of apoptotic cell death (87).  

 

Apoptosis can still be executed without the activation of caspases. Cande et al. reported 

the direct mitochondrial release of pro-apoptotic proteins such as AIF to the cytosol as 

well as the nucleus when apoptosis is induced (11). AIF is believed to mediate the 

caspase-independent cell death because inhibition of caspase activation by Apaf-1 in a 

knockout model and adding synthetic pseudosubstrates (caspase inhibitor z-VAD-fmk) 

have been proved not to suppress the pro-apoptotic action of AIF that is introduced into 
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the cells either by microinjection of recombinant AIF or by transfection of 

extramitochondrially targeted AIF (14, 47, 78, 79). In addition, Van et al. reported the 

translocation of endonucease G (EndoG), another pro-apoptotic mitochondria-specific 

nuclease, to the nucleus can cleave chromatin DNA into nucleosomal fragments during 

apoptotic cell death (83).  

 

Figure 1.1 Apoptotic pathways involved in skeletal muscle 

 

 
 

Extrinsic death receptor, endoplasmic reticulum stress, imbalance of calcium regulation 
and intrinsic mitochondrial-dependent pathways play their respective roles in inducing 
apoptosis in skeletal muscle. Caspase-3 activation is the final key executer for apoptosis 
and occurs through the mitochondrial release of cytochrome c and subsequent caspase-9 
activation. Elevation of tumour necrosis factor (TNF) actuates the death receptor 
pathway, activating caspase-8 and then caspase-3. In addition, endoplasmic reticulum 
stress-induced pathway is mediated by activation of caspase-12, caspase-9 and 
subsequently caspase-3. Caspase-independent pathways via mitochondrial release of 
apoptosis inducing factor (AIF) and endonuclease G (EndoG) are important as they 
induce DNA fragmentation directly. 
 
(Adopted from Dupont-Versteegden EE. Apoptosis in muscle atrophy: Relevance to 
sarcopenia. Exp Gerontol 40: 473-481, 2005.) 
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Apoptosis in Skeletal Muscle 

Apoptosis in highly proliferative tissues, such as the epithelial cells of the 

gastrointestinal system, has been well defined (28). However, the process of apoptotic 

cell death in post mitotic tissue such as skeletal muscle is less clear due to the unique 

complexity of multinucleated myofibers (muscle cells) and has been recently actively 

investigated by many researchers. Though muscle size can vary considerably depending 

on different muscle group and type, the myonuclear domain size remains relatively 

constant (2). Decrease in the number of myonuclei in atrophic muscle (muscle with 

decreased mass) has been reported to occur in a variety of experimental conditions such 

as spinal cord isolation (20) and transection (19), microgravity (3), hind limb suspension 

(1) and chronic denervation (14). The process by which nuclei are eliminated from 

muscle fibers resembles apoptosis. All these experimental situations showed the 

important role of apoptosis in muscle atrophy under some pathological and 

physiological circumstances such as spinal cord injury and motor neuron disorders.  

 

Different atrophic muscle wasting rodent models including aging (68), muscle 

denervation (70), genetically Bax deficiency (69), muscle unloading (72) and hind limb 

suspension (71) have been employed by Siu et al. to investigate the cellular apoptotic 

regulation in skeletal muscle. Mitochondria-dependent apoptotic signaling was shown to 

be upregulated during muscle denervation via significant increase of Bax/Bcl-2 ratio, 

cytochrome c, pro-/cleaved caspase protein, caspase-3 and -9 mRNA and AIF (70). 

Suppressed apoptotic signaling (mitochondrial cytochrome c release, caspase-3 and -9 

activities) and attenuated muscle wasting were found in Bax(-/-) mice following 
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denervation (69). Bcl-2 mRNA and protein levels were reported to be decreased after 7 

days of young muscle unloading in young quail, but unchanged after 14 days of 

unloading (72). TdT-mediated dUTP nick end labeling (TUNEL) index, indicating the 

extent of DNA fragmentation, was found to be higher in aged unloading muscles after 

both 7 and 14 days of unloading; whereas immunofluorescence staining showed loss of 

activated satellite cell (skeletal muscle precursor cell/myoblast cell) nuclei via nuclear 

apoptosis during unloading (72). In the hind limb suspension model, Siu et al. found no 

significant increase in caspase-3 activity in hind limb suspension-induced muscle 

atrophy, though apoptosis was upregulated concurrently (71). This indicated that other 

pathways, besides caspase-3 activation, might be involved. It was found that pro-

apoptotic signaling in skeletal muscle was favored through the increase in protein 

concentration of cytochrome c, AIF, Apaf-1 and relative ratio of Bax and Bcl-2 as well 

as the increase of the extent of apoptotic DNA fragmentation by 119% and 61% in 

suspended muscles of young and aged rats respectively (71).  

 

In account of apoptosis in all the muscle atrophy and sarcopenia (age-associated loss of 

muscle mass and function) phenomena mentioned above, Alway and Siu have recently 

proposed the involvement of nuclear apoptosis, such that multinucleated muscle cells 

can experience single nucleus apoptosis without destruction of the entire muscle fiber 

(4). Findings of reduction of myonuclei number in the above atrophying myofibers 

studies can be explained by the occurrence of nuclear apoptosis where only selected 

nuclei undergo apoptosis without destruction of the entire fiber. It was interpreted that 
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discontinued loading, as shown in Siu’s hind limb suspension model (71), triggered the 

nuclear apoptosis of the most recently activated satellite cells.  

 

To sum up, apoptosis in skeletal muscle is considered to be a highly regulated and 

distinct process which occurs under different physiological and pathological situations. 

Nonetheless, the modulation of the apoptotic pathway pertaining to the muscle damage 

as induced by compression is not well understood. The association between compressive 

tissue straining and muscle cell death have been shown using in vitro engineered muscle 

model systems (9, 84). Cell death as measured by propidium iodide staining was found 

to occur within 1-2 hour at a gross 30% and 50% compressive muscle straining, which 

resulted in the deformation of individual muscle cells to an elliptical form (9). It was 

also reported that compression, but not hypoxia, led to significant cell death that 

contribute to the development of muscle damage within 22 hours in engineered muscle 

(24, 26). These results suggested that sustained deformation of the muscle cell was the 

cause of muscle cell death, at least in the cell culture model (9). Another cell culture 

model of C2C12 mouse skeletal myoblasts was adopted to study the damaging effect of 

10% and 20% of compressive strain from prolonged pressure applied and it was 

demonstrated that the proportion of apoptotic cells was shown to be increased following 

8 hours of compressive straining (84). Limitations of such models may be the extrinsic 

and intrinsic biological variation as well as the impairment of diffusion within the cell 

culture models which act as the extracellular matrix. In contrast to in vivo muscle 

damage, the development of deep pressure ulcer in the muscle tissue is considered to be 

multifactorial in nature (10). Moreover, most investigations focus only on the vascular 
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dermis affected by prolonged compression (10), whereas the initial pathological changes 

that result in the most severe ulcers arise in the muscle. Hence, available knowledge can 

only partly illustrate the onset of muscle damage in pressure ulcer and the cellular 

signaling and molecular mechanisms have not been fully verified.  

 

Recently, data from our laboratory have revealed the underlying apoptotic regulatory 

signaling mechanisms of deep pressure ulcer in a reproducible experimental animal 

model (73). The experimental model was adopted from Kwan et al. in which a static 

moderate pressure compression of 100 mmHg was applied over the tibialis region of the 

right limb of rats for 6 hours a day on two consecutive days (39). With this experimental 

setting, we have demonstrated that the activation of apoptosis through the increases in 

apoptotic muscle-related nuclei and DNA fragmentation, elevation of the mRNA 

content of caspase-3, -8, -9 and Bax, and positive immunoreactivity of caspase-3, Bax 

and Bcl-2 in muscle following prolonged moderate compression (73). These findings 

prompt a need to further understand the causal role of apoptosis in deep pressure ulcer 

by examining the sequential apoptotic changes in the initiation and progression of 

compression-induced muscle pathology. 

 

Cellular Regulation of Autophagy 

Autophagy (self-eating) is another cell death mechanism that is vital for the degradation 

of long-lived proteins and cytoplasmic organelles. This process removes misfolded 

proteins and organelles including mitochondria and endoplasmic reticulum, and thus 

prevents the aggregation of unwanted components in the cytoplasm. In mammalian 
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systems, autophagy is involved in many physiological processes, including nutrient 

starvation, cell growth control, anti-aging mechanisms and innate immunity, and the 

deregulation of autophagy has been suggested to be involved in certain diseases, 

including cancer, cardiomyopathy, muscular disorders and neurodenegerative diseases 

(40).  

 

Autophagy induction. Atg proteins encoded by AuTophaGy-related (Atg) genes, which 

have been investigated in yeast, are involved in the process of autophagy. Two 

evolutionarily conserved nutrient sensors play roles in autophagy regulation. They are (a) 

the target of rapamycin (TOR) kinase which is the negative regulator that shuts off 

autophagy during nutrient abundance (48); and (b) the eukaryotic initiation factor 2α 

(eIF2α) kinase Gcn2 and its downstream target Gcn4, a transcriptional transactivator of 

autophagy genes which turn on autophagy during nutrient depletion (80). The presence 

of extracellular rich nutrients (amino acids) and growth factors (such as insulin-like 

growth factor) induce the class I PI3K/Akt signaling molecules link receptor tyrosine 

kinases to TOR activation and thereby repress autophagy (48). 

 

Though mammalian TOR (mTOR) has been known to downregulate autophagy, the 

exact molecular mechanism by which mTOR affects autophagy remains to be elucidated. 

Studies have reported the transduction of mTOR signaling to be associated with the 

ULK-Atg13-FIP200 protein complex (ULK, the mammalian Atg1 homologue; Atg13, 

the mammalian Atg13 homologue; FIP200, focal adhesion kinase family interacting 

protein of 200kDa) (23, 33). In nutrient rich conditions, mTOR phosphorylates Atg13 
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and ULK inhibits the kinase activity of ULK to FIP200, thus inhibiting the formation of 

the autophagosome. However, the phosphorylation of Atg13 and ULK by mTOR was 

prevented in nutrient deprived conditions. Atg13, ULK and FIP200 are phosphorylated 

by the activated kinase activity of ULK to induce autophagosome formation (33). This 

shows that the ULK-Atg13-FIP200 complex is a direct target of mTOR and it mediates 

the regulation of autophagy in response to mTOR signaling.  

 

Autophagosome formation and degradation. Upon induction, the autophagy machinery 

begins to assemble. The cellular processes of autophagy consist of four stages: vesicle 

nucleation, vesicle elongation, autophagosome maturation and fusion, and finally vesicle 

breakdown and degradation (Figure 2) (41). Vesicle nucleation is the formation of an 

isolation membrane called the phagophore from a pre-autophagosomal structure (34). 

Most Atg proteins including Beclin-1 (Atg6), UVRAG, Vps34 and Vps15 are recruited 

and assembled to form a lipid kinase signaling complex in phagophore formation (41).  

 

Cytoplasmic organelles to be digested are sequestered by the elongated membrane after 

the formation of the isolation membrane in a process called vesicle elongation. This 

process involves two ubiquitin-like conjugation systems, the mammalian LC3 (Atg8) 

and Atg12. The C-terminal proteolysis of LC3 is recognized and processed by Atg4, and 

yield a soluble form LC3-I. LC3-I is then lipidated to a membrane bound form LC3-II 

through a ubiquitin-like reaction involving Atg7, a ubiquitin-activating enzyme (E1)-

like enzyme, and Atg3, a ubiquitin-conjugating enzyme (E2)-like enzyme (36). LC3 is 

conjugated to Atg3 via Atg7 and then transferred from LC3-I (LC3-Atg3) to LC3-II 
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through the interaction between Atg7 and Atg12 which forms an Atg16L complex, the 

Atg12-Atg5-Atg16L (22). The isolation membrane continues to elongate and envelope 

parts of the cytoplasm and then close up, forming the double membrane autophagosome 

with LC3 located in both the inner and outer membrane. After the autophagosome 

formation, the outer membrane fuses with the lysosome, this structure is now known as 

the autolysosome. The sequestered contents and inner membrane will subsequently be 

digested by lysosomal hydrolases into amino acids. LC3 and other autophagosome 

components are also degraded.  

 

Figure 1.2 Autophagosome formation and degradation process in autophagy 

 

The process of autophagy comprises of four stages: vesicle nucleation, vesicle 
elongation, autophagosome maturation and fusion with lysosome and degradation.  

 

(Modified from Bao XH, Naomoto Y, Hao HF, Watanabe N, Sakurama K, Noma K, 
Motoki T, Tomono Y, Fukazawa T, Shirakawa Y, Yamatsuji T, Matsuoka J, and 
Takaoka M. Autophagy: Can it become a potential therapeutic target? (Review). Int J 
Mol Med 25: 493-503, 2010.) 
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Autophagy in Skeletal Muscle 

The autophagy-lysosome system plays an important role in controlling muscle mass 

during catabolic conditions. Previous data have shown that lysosomal degradation via 

elevation of autophagic markers including Beclin-1 and LC3-II contributes to protein 

breakdown in denervated muscle (59, 60). LC3 encodes for proteins that are degraded 

when autophagosomes fuse with lysosomes and is a critical marker for autophagy 

induction. In Mizushima et al.’s study, transgenic mice expressing LC3 fused with a 

green fluorescent protein (GFP) were bred (53). Activation of autophagy can then be 

visualized by the appearance of GFP positive spots within myofibers. Under nutrient 

deprived conditions, morphological analyses demonstrated that autophagy was activated 

in skeletal muscle (53). Transcription of LC3 has been shown to be controlled by FoxO3 

as knocking down the critical gene LC3 partially prevents FoxO3 mediated muscle loss 

(49). The role of autophagy in muscle loss has also been demonstrated in other genetic 

models. Oxidative stress, as induced by expression of mutant SOD1 gene (SOD1(G93A)) 

specifically in skeletal muscle, developed progressive muscle atrophy, alteration in 

contractile capacity and mitochondrial dysfunction mainly via elevation of LC3 and 

hence autophagy induction (17).  

 

Autophagy has also been suggested to contribute to sarcopenia, which is the excessive 

loss of muscle mass that occurs in the elderly (86). Beclin-1, LC3-I and LC3-II have 

been shown to be upregulated with aging in rat fast-twitch plantaris muscle (86). During 

aging, there is also a progressive functional declination of the mitochondria. Forced 

expression of PGC-1α, the gene for mitochondrial biogenesis, in skeletal muscle of aged 
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mice preserved muscle integrity and prevented muscle wasting by autophagy attenuation 

(85). However, it is unclear if autophagy is detrimental and part of the machinery that 

cause muscle degeneration or if it is compensatory mechanism for cell survival.  

 

To clarify the role of basal autophagy in skeletal muscle, knockout mice of critical Atg5 

and Atg7 gene were bred to block autophagy specifically in skeletal muscle (50, 51, 65). 

Suppression of autophagy in skeletal muscle resulted in considerable muscle atrophy, 

decrease in force production and induction of morphological features of myopathy 

including presence of protein aggregates, abnormal mitochondria, accumulation of 

membrane bodies, vacuolization, oxidative stress and apoptosis (50, 51). These 

pathological conditions lead to muscle degeneration. In addition, neural cells- and 

cardiac-specific Atg5 deficient mice caused abnormal intracellular protein aggregation 

that resulted in progressive deficit in motor function and cardiac dysfunction 

respectively (29, 56). Taken together, all these observations highlight the essential role 

of a basal level of autophagy on intracellular protein quality as a cellular survival 

strategy, although the exact physiological function of autophagy in muscle adaptation 

remains to be fully revealed. Protein degradation by autophagy generates free acids and 

amino acids that can be reused by the cell to maintain ATP energy production and 

protein synthesis and therefore promote cell survival (42).   
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Aims 

The central hypotheses of this study are (a) that cellular apoptosis and autophagy are 

involved in the pathogenesis of pressure-induced deep tissue injury, (b) apoptotic and 

autophagic changes precede pathohistological changes in skeletal muscle in response to 

prolonged moderate compression, and (c) that pharmacological caspase inhibition 

alleviates the muscle damage induced by prolonged compression.  

 

Significance 

As apoptosis and autophagy are highly regulated and partially reversible in nature, the 

detrimental effects on the physiological function in compressive-induced muscle 

damage are expected to be decreased if accelerated apoptosis can be attenuated by 

certain strategies such as pharmacological inhibition. Results from the proposed studies 

are expected to provide novel data in understanding the regulatory mechanisms of 

apoptotic and autophagic adaptation from compression-induced muscle disorders. This 

mechanistic information is critical for implementing the appropriate preventive 

strategies or therapeutic interventions to retard the progressive muscle damage in 

populations including elderly, bedridden patients and wheelchair bound sports athletes.  
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CHAPTER 2 

General Methodology 

 

Animals 

Adult Sprague-Dawley rats were housed in pathogen-free condition and at ambient 

temperature of ~20°C in the Hong Kong Polytechnic University Centralized Animal 

Facilities. They were exposed to light-controlled environment with a 12:12 hour of 

light-dark cycle each day. All the rats were fed with standard nutrient diet and water ad 

libitum throughout the study period. Animal research ethics approval was sought from 

the Animal Ethics Sub-committee of the Hong Kong Polytechnic University before 

commencing this study. The animal care standards were followed by adhering to the 

recommendations for the care of laboratory animals as advocated by the American 

Association for Accreditation of Laboratory Animal Care (AAALAC) and following the 

policies and procedures detailed in the Guide for the Care and Use of Laboratory 

Animals as published by the U.S. Dept of Health and Human Services and proclaimed in 

the Animals Welfare Act. 

 

Induction of Pressure Ulcer 

All rats were subjected to a pressure ulcer regimen as induced by moderate compression 

as shown in Figure 2.1 (1, 9). This experimental animal model was adopted because it 

was shown to mimic the pathology of pressure-related deep tissue injury without 

causing any morphological damage to the skin layer (1). The rats were first anesthetized 

by single intraperitoneal injection of a mixture of ketamine (100 mg/kg bodyweight, 
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Alfasan) and xylazine (10 mg/kg bodyweight, Alfasan). The sustainability of the 

anesthetic level throughout the compression process was determined by moustache 

quivering and one half of the initial dosage was used, when it was needed. Hairs of the 

compression site were gently shaved right before compression. Static pressure of 100 

mmHg (or 13.3 kPa in equivalent) was applied to an area of 1.5 cm2 over the tibialis 

region of the right limb of the rats. The left compressed limb served as intra-animal 

control. The compression force was continuously monitored by a 3-axial force 

transducer equipped in the compression indentor. The blood flow at the compression site 

was monitored using a laser Doppler flowmetry (DRT4, Moor Instruments) as described 

(1). All the rats were sacrificed via over dosage of ketamine and xylazine mixture. 

Muscle tissues directly underneath the compression region in the compressed limb and 

the same region of control limb were harvested. Tissues were quickly frozen in liquid 

nitrogen-cooled isopentane and stored at -80ºC until further use.  

 
 

 
 
Figure 2.1 Prolonged moderate compression model. The right limb was 
compressed limb while the left uncompressed limb served as the experimental control. 
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Histological Analysis 

Hematoxylin and eosin staining was used to demonstrate the histology of the 

compressed and control muscle tissues. Ten µm thick frozen muscle cross-sections were 

cut perpendicular to the skin and in the direction of compression in a cryostat at -20ºC, 

then air dried and fixed with 10% formalin (HT-5011, Sigma-Aldrich) at room 

temperature for 10 min before counter-staining in Mayer’s hematoxylin (MHS-1, 

Sigma-Aldrich) and 1% eosin in CaCl2 (318906, Sigma-Aldrich). The numbers of nuclei 

in the interstitial space and within myofiber were counted. Nuclei were counted in three 

randomly chosen image fields captured at 20x objective and the average number of 

nuclei was presented. The number of nuclei within myofiber was normalized to the 

number of myofibers in the field. All the quantifications were done only by the author.  

 

Terminal dUTP nick-end labeling (TUNEL) Analysis 

Muscle-related and interstitial nuclei with apoptotic DNA strand breaks were assessed 

by double immunofluorescent labeling of terminal dUTP nick-end labeling (TUNEL) 

and dystrophin according to the manufacturer’s instructions (In Situ Cell Death 

Detection Kit, Roche Applied Science). In brief, 10 µm thick frozen muscle cross-

sections were air dried, fixed in 4% paraformaldehyde in PBS, pH 7.4, at room 

temperature for 20 min, permeabilized with 0.2% Triton X-100 in 0.1% sodium citrate 

at 4ºC  for 2 min, and incubated in TUNEL reaction mixture in a humidified chamber at 

37ºC for 1 hour in dark. Negative control experiments were performed in which the 

terminal deoxynucleotidyl transferase (TdT) enzyme was not added to the TUNEL 

reaction mixture. Tissue sections were then labeled with dystrophin to visualize the 
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sarcolemmal membrane by incubating with anti-dystrophin mouse monoclonal antibody 

(1:500 dilution, D8168, Sigma-Aldrich) followed by an anti-mouse IgG Cy3 conjugate 

F(ab’)2 fragment incubation (1:200 dilution, C2181, Sigma-Aldrich). The sections were 

then mounted with 4’,6-diamidino-2-phenylindole (DAPI) mounting medium 

(Vectashield Mounting Medium, Vector Laboratories) to visualize the nuclei. TUNEL- 

and DAPI-stained nuclei and dystrophin staining were examined under a fluorescence 

microscope (Biological Research Microscope 80i, Nikon) equipped with a digital 

camera (DXM 1200C, Nikon). SPOT RT software (Diagnostic Instruments) was used to 

stack the images. The numbers of TUNEL- and DAPI- positive nuclei were counted, in 

which labeled nuclei that were within or on dystrophin staining were counted as muscle-

related nuclei whereas nuclei apparently lying in interstitial space were counted as 

interstitial nuclei. Data were expressed as TUNEL index, which was quantified by 

counting the number of TUNEL-positive nuclei divided by the total number of nuclei 

(i.e. DAPI-positive nuclei) multiplied by 100. The TUNEL index for each muscle 

section was calculated from three random, non-overlapping fields at an objective 

magnification of 20x.   

 

Subcellular Protein Fractionation 

The cytoplasmic and nuclear protein fractions of muscle tissue sample were extracted by 

following the protocol as described (2-4, 6-8). Approximately 80 mg of muscle samples 

were minced and homogenized in 1 ml of ice-cold lysis buffer (10 mM NaCl, 1.5 mM 

MgCl2, 20 mM HEPES, pH 7.4, 20% glycerol, 0.1% Triton X-100, and 1 mM 

dithiothreitol). The muscle homogenates were centrifuged at 3,000 rpm (122 × g) for 5 
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min at 4ºC to pelletize the nuclei and cell debris. The supernatant that contained the 

cytoplasmic protein fraction was then collected and underwent three times of 

centrifugation at 6,000 rpm (2,675 × g) for 5 min each at 4ºC to remove the residual 

nuclei. The remaining nuclear pellets were washed three times by pipetting up and down 

with 1 ml ice-cold lysis buffer, resuspended in 300 µl of lysis buffer and 41.5 µl of 5M 

NaCl, then rotated for 1 hour at 4ºC to lyse the nuclei. After a spin at 14,000 rpm 

(14,565 × g) for 15 min at 4ºC, the supernatant that contained the nuclear protein 

fraction was collected. The protein concentration of  the extracts was assayed in duplicate 

spectrophotometrically at 595 nm (Benchmark Plus, Bio-Rad Laboratories) using a 

commercial Bradford method as recommended by the manufacturer (Coomassie Protein 

Assay, Pierce) with bovine serum albumin used as standard. 

 

Apoptotic Cell Death Enzyme-Linked Immunosorbent Assay (ELISA)  

DNA fragmentation in the cytoplasmic protein extract was examined using a 

commercially available ELISA kit (Cell Death Detection ELISA, Roche Diagnostics). 

Wells of microplate were first coated with primary mouse monoclonal anti-histone 

antibody. Non-specific binding sites on the wall were saturated with incubation buffer 

which acts as a blocking solution. After the addition of 100 µl of each sample (in 1:10 

dilution) and secondary peroxidase conjugated anti-DNA-POD mouse monoclonal 

antibody, 2,2'-azino-di-(3-ethylbenzthiazoline sulfonate) (ABTS) substrate was added to 

colorimetrically determine the amount of peroxidase retained in the immunocomplex at 

a wavelength of 405 nm using a microplate reader (Infinite F200, Tecan) and computer 

software (Magellan 6.3). The resulting optical density (OD) was normalized to the mg 
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of protein used in each reaction and presented as apoptotic DNA fragmentation index 

(OD405 ·
 mg protein–1). 

 

Fluorometric Caspase Activity Assay 

The protease activity of caspase was measured in cytoplasmic fraction by a fluorometric 

assay as adopted (4, 5). In brief, 50 µl of the total cytoplasmic or nuclear protein fraction 

of muscle samples without the addition of protease inhibitor was incubated with 50 µl of 

assay reaction buffer (50 mM PIPES, 0.1 mM EDTA, 10% glycerol, 10 mM DTT, pH 

7.2) and 7-amino-4-trifluoromethyl coumarin (AFC)-conjugated substrate (Ac-DEVD-

AFC for caspase-3 [1007-200], Ac-IETD-AFC for caspase-8 [1062-200] and Ac-LEHD-

AFC for caspase-9 [1075-200], Biovision Research Products) at 37ºC for 2 hours. 

Caspase inhibitor, z-VAD-fmk (550377, BD Pharmingen) was used to check for 

caspase-specific activity of the assay. The change in the fluorescence intensity after two 

hours of incubation was measured on a microplate reader (Infinite F200, Tecan) with an 

excitation wavelength of 405 ± 10 nm and an emission wavelength of 500 ± 25 nm. The 

enzymatic activity of caspase was presented as the change in arbitrary fluorescence 

intensity normalized to mg of protein used.  

 

Western Immunoblotting 

Protein extracts were boiled at 95ºC for 5 min in Laemmli buffer with 5% β-

mercaptoethanol. Forty micrograms of protein was loaded on polyacrylamide gel. After 

electrophoretic separation by SDS-PAGE, the proteins were transferred to 

polyvinylidene difluoride (PVDF) membranes (Immobilon P, Millipore). Equal loading 
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and transfer efficiency were verified by staining gels with Coomassie blue and the 

membranes with Ponceau S red. After the transfer, the membranes were blocked in 5% 

nonfat milk or BSA in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 hour at 

room temperature and incubated overnight at 4ºC with corresponding primary antibody 

diluted in TBST with 2% bovine serum albumin (BSA). Membranes were then washed 

in TBST for three times and incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibodies at room temperature for 1 hour (1:3000 dilution, 7076 for anti-

mouse IgG antibody, 7074 for anti-rabbit IgG antibody, Cell Signaling Technology). 

Finally, the luminol reagent (NEL103001EA, Perkin Elmer) for chemiluminescent 

detection of HRP was applied. The chemiluminescent signal was captured with a Kodak 

4000R Pro camera. The resulting band were quantified as optical density (OD) x band 

area and expressed as arbitrary units. β-tubulin (1:2000 dilution, T0198, Sigma) and 

lamin B1 (1:500 dilution, sc 56145, Santa Cruz) were probed and used as the internal 

control for cytoplasmic proteins and nuclear protein respectively. Data were expressed 

by normalizing to the corresponding internal control.  

 

Quantitative Real Time RT-PCR Analysis 

Total RNA was extracted from the control and compressed muscles with TriReagent 

(Molecular Research, Cincinnati), which is based on the guanidine thiocyanate method. 

Frozen muscle minced and homogenized on ice in 1 ml of ice-cold TriReagent. Total 

RNA and solubilized in RNase-free H2O was quantified in duplicate by measuring the 

optical density (OD) at 260 nm. Purity of RNA was assured by examining the 

OD260/OD280 ratio. Reverse transcription was then performed with Oligo-dT primers in 
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RevertAid First Strand cDNA Synthesis kit (Fermentas) to generate cDNA according to 

the manufacturer’s recommendations. Quantitave PCR (qPCR) was then performed in 

SYBR green/ROX qPCR Master Mix (Fermentas), 0.2 µM of forward and reverse 

primers, 1 µl of cDNA on the ABI7500 real time PCR thermocycler (Applied 

Biosystems). PCR amplification was optimized and the threshold for kinetic detection 

was set to occur over linear amplifications. Standard curve was generated with serial 

dilutions of defined amount of RNA. The CT values were used to create standard curves 

to  serve as a basis for calculating the amounts of mRNA. β2-microglobulin (β2M) was 

included as the internal housekeeping control gene. All samples were run in duplicate. 

Data were expressed as the relative mRNA expression as normalized to the 

housekeeping gene.  



 33 

 
References 

1. Kwan MP, Tam EW, Lo SC, Leung MC, and Lau RY. The time effect of 
pressure on tissue viability: investigation using an experimental rat model. Exp 
Biol Med (Maywood) 232: 481-487, 2007. 

2. Siu PM, and Alway SE. Age-related apoptotic responses to stretch-induced 
hypertrophy in quail slow-tonic skeletal muscle. Am J Physiol Cell Physiol 289: 
C1105-C1113, 2005. 

3. Siu PM, and Alway SE. Aging alters the reduction of pro-apoptotic signaling in 
response to loading-induced hypertrophy. Exp Gerontol 41: 175-188, 2006. 

4. Siu PM, and Alway SE. Deficiency of the Bax gene attenuates denervation-
induced apoptosis. Apoptosis 11: 967-981, 2006. 

5. Siu PM, and Alway SE. Mitochondria-associated apoptotic signalling in 
denervated rat skeletal muscle. J Physiol 565: 309-323, 2005. 

6. Siu PM, and Alway SE. Subcellular responses of p53 and Id2 in fast and slow 
skeletal muscle in response to stretch-induced overload. J Appl Physiol 99: 1897-
1904, 2005. 

7. Siu PM, Bryner RW, Murlasits Z, and Alway SE. Response of XIAP, ARC, 
and FLIP apoptotic suppressors to 8 wk of treadmill running in rat heart and 
skeletal muscle. J Appl Physiol 99: 204-209, 2005. 

8. Siu PM, Pistilli EE, Murlasits Z, and Alway SE. Hindlimb unloading 
increases muscle content of cytosolic but not nuclear Id2 and p53 proteins in 
young adult and aged rats. J Appl Physiol 100: 907-916, 2006. 

9. Siu PM, Tam EW, Teng BT, Pei XM, Ng JW, Benzie IF, and Mak AF. 
Muscle apoptosis is induced in pressure-induced deep tissue injury. J Appl 
Physiol 107: 1266-1275, 2009. 

 
 



 34 

CHAPTER 3 

Opposing Responses of Apoptosis and Autophagy to Moderate Compression in 

Skeletal Muscle 

 

Abstract 

The molecular mechanism that contributes to the pathogenesis of deep pressure ulcer 

remains to be elucidated. Aim: This study tested the hypotheses that: 1) apoptosis 

and autophagy are activated in compression-induced muscle pathology and 2) 

apoptotic and autophagic changes precede pathohistological changes in skeletal 

muscle in response to prolonged moderate compression. Methods: Adult Sprague-

Dawley rats (N = 24) were subjected to an experimental model of pressure-induced 

deep tissue injury. Static pressure of 100 mmHg was applied to an area of 1.5 cm2 

over the mid-tibialis region of right limb of rats for one single session of 6-hour 

compression (1D) or two sessions of 6-hour compression over two consecutive days 

with rats sacrificed one day (2D) or immediately after (2D-IM) the compression. The 

left uncompressed limb served as the intra-animal control. Muscle tissues underneath 

compression region were collected for analysis. Results: Our histological analysis 

indicated that pathohistological characteristics including rounding contour of 

myofibers and massive nuclei accumulation were demonstrated in muscles of 2D and 

2D-IM. In contrast, these pathohistological changes were generally not found in 

muscle following a single session of 6-hour compression (1D). Apoptotic DNA 

fragmentation, terminal dUTP nick-end labeling index and caspase-3 protease 

activity were significantly elevated in compressed muscles of all groups. Caspase-9 

enzymatic activity was found to be significantly increased in compressed muscles of 
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2D and 2D-IM whereas increase in caspase-8 activity was exclusively found in 

compressed muscle of 1D. According to our immunoblot analysis, FoxO3 was 

significantly reduced in compressed muscles of all groups whereas Beclin-1 was 

decreased only in 2D. LC3-I was significantly reduced in compressed muscles of all 

groups while LC3-II was decreased in 2D and 1D. No significant differences were 

found in the protein abundance of Akt and phospho-Akt in muscles among all groups. 

Conclusion: These data demonstrate the opposing responses of apoptosis and 

autophagy to moderate compression in muscle. Moreover, our findings suggest that 

cellular changes in apoptosis and autophagy have already taken place in the very 

early stage in which apparent histopathology has yet to develop in the process of 

compression-induced muscle pathology.  

 

Key words: Bedsore; caspase; deep pressure ulcer; programmed cell death 



 36 

Introduction 

Pressure ulcers, also known as pressure sores, bedsores or decubitus ulcers, are 

defined as the localized tissue injury to the underlying tissues over a bony 

prominence (3). It is usually found in populations who are subjected to prolonged 

mechanical compression resulting from partially or completely diminished mobility, 

particularly frail elderly individuals and patients with neuromuscular and central 

neurological impairments (4, 32, 41). Among the extrinsic factors (pressure, friction 

and moisture) and intrinsic factors (edema and infection) contributing to pressure 

ulcers, sustained deformations of the vascularized tissues as a result of prolonged 

pressure compression is generally considered to be the pivotal cause of ulceration (2). 

Studies have demonstrated high vulnerability of muscle tissue to mechanical 

compression (18, 19, 36). The National Pressure Ulcer Advisory Panel (NPUAP) has 

revised the pressure ulcer staging system and introduced “deep tissue injury” 

characterizing the damage of underlying soft tissue including muscle as the origin of 

ulceration in deep pressure ulcers (3, 9). Once the ulcer becomes visible on the 

surface layer, the wound has been in late stage severe ulceration which makes further 

prognosis and treatment problematic. Therefore, studying the onset cellular process 

and molecular mechanism of deep pressure ulcers is of great clinical importance.  

 

Apoptosis, also named type I cell death, is a highly regulated form of programmed 

cell death which plays an essential role in monitoring the fundamental homeostatic 

balance of cell survival and dismissal. Aberrant regulation of apoptosis has been 

shown to be associated with various diseases including cancer and neurodegenerative 

disease. A growing body of evidence also suggests the implication of apoptosis in 

the catabolic process of skeletal muscle with denervation, disuse, and aging (1, 10, 
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22, 33, 34). Type II cell death or autophagy is another vital process that is 

responsible for intracellular lysosome-mediated self-degradative process involved in 

normal turnover of cellular constituents (26). Apart from apoptosis, autophagy has 

also been suggested to be involved in the catabolic process of skeletal muscle (21, 

43). Autophagic markers including Beclin-1 and LC3-II have been shown to be 

markedly elevated in rat muscle following denervation (27, 28). The translocation of 

LC3-II to mitochondrial membrane has been observed in denervated muscle (27). 

Beclin-1, LC3-I and LC3-II have also been demonstrated to be elevated with aging 

in rat fast-twitch plantaris muscle (40). In addition, Masiero and co-workers have 

demonstrated that inhibition of autophagy by the deletion of autophagic gene Atg7 

resulted in considerable muscle atrophy, decrease in force production, and induction 

of morphological features of myopathy including abnormal mitochondria, 

accumulation of membrane bodies, vacuolization, oxidative stress and apoptosis (23, 

24). Collectively, autophagy has been evidently suggested to have an important role 

in the coordination of muscle cell survival although the exact physiological function 

of autophagy in muscle adaptation remains to be fully revealed.  

 

Data from our laboratory have demonstrated that apoptosis was activated in the 

presence of pathohistological damage in muscle in an experimental animal model of 

deep tissue injury (35). Significant increases in apoptotic muscle-related nuclei and 

DNA fragmentation, elevation of mRNA content of caspases, and positive 

immunoreactivity of cleaved caspase-3 and Bax were shown in muscle following 

prolonged moderate compression (41). These findings suggested that activation of 

muscle apoptosis is possibly associated with the pathogenesis of pressure-induced 

deep tissue injury. Nonetheless, the cellular response of autophagy which is another 
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major mechanism for cellular degradation in pressure-induced deep tissue injury is 

completely unknown. Therefore, this study sought to examine the sequential events 

in terms of the corresponding biochemical and molecular changes governing 

apoptosis and autophagy in the initiation and progression of compression-induced 

muscle pathology. Different experimental circumstances of compression including 

one single session of 6-hour compression (1D) or two daily sessions of 6-hour 

compression with animals sacrificed immediately (2D-IM) or one day after the 

compression (2D) were examined. With respect to our previous work, the present 

study provided further data demonstrating the molecular changes in the 

developmental process of muscle pathology as induced by compression. This study 

aimed to test two hypotheses: 1) apoptosis and autophagy are activated in 

compression-induced muscle damage and 2) apoptotic and autophagic changes 

precede pathohistological changes in skeletal muscle in response to prolonged 

moderate compression. This study in general examined whether cellular apoptosis 

and autophagy are involved in the pathogenesis of pressure-induced deep tissue 

injury.  

 

Methods 

Animals 

Adult female Sprague-Dawley rats aged 5-7 months with similar body weights of 

278 ± 5 g were used in this study. Animal handling procedures have previously been 

described in Chapter 2.  
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Experimental Design 

Two experiments were performed in this study. Both experiments were designed 

with the aim to examine cellular changes that take place in the earlier stage of the 

development of compression-induced muscle pathology. In Experiment 1, rats were 

randomly assigned to one of two groups (N = 8 / group): two sessions of 6-hour 

compression over two consecutive days and rats were sacrificed one day after the 

compression (2D group) or sacrificed immediately after the compression (2D-IM 

group). In the present study, 2D group was adopted as the reference setting because 

our previous data have demonstrated considerable pathohistology and activation of 

apoptosis in muscle collected one day after two sessions of compression (41). 

Experiment 1 was designed to examine the cellular and molecular changes in respect 

of apoptosis and autophagy that occurred in the earlier stage of the process in which 

tissues were harvested immediately after compression (2D-IM) when comparing to 

later stage (one day after compression) in 2D. In Experiment 2, another group of 

animals (N = 8) underwent one single session of 6-hour compression with rats being 

sacrificed one day after compression (1D) was included. Comparisons were made 

between 1D and 2D groups in order to examine the histological, apoptotic and 

autophagic changes that occurred in the earlier stage of the process in which muscles 

were only exposed to one single session of compression (1D) relative to two sessions 

of compression (2D).  

 

Induction of Pressure Ulcer 

All rats were subjected to a pressure ulcer regimen as induced by moderate 

compression (14, 41). The procedures have previously been described in Chapter 2.  
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Histological Analysis 

Hematoxylin and eosin staining was used to demonstrate the histology of the 

compressed and control muscle tissues. The procedures have previously been 

described in Chapter 2. 

 

TUNEL Analysis 

Muscle-related and interstitial nuclei with apoptotic DNA strand breaks were 

assessed by double immunofluorescent labeling of terminal dUTP nick-end labeling 

(TUNEL) and dystrophin. The procedures have previously been described in Chapter 

2. 

 

Subcellular Protein Fractionation 

The cytoplasmic and nuclear protein fractions of muscle tissue sample were 

extracted by following the protocol as described in Chapter 2. Purity of protein 

fractions was confirmed by immunobloting the fractions with an anti-lamin B1 (a 

nuclear protein), an anti-β-tubulin (a cytoplasmic protein) and an anti-CuZnSOD (a 

cytosolic isoform of superoxide dismutase) antibody. Cytoplasmic protein fraction 

with the addition of protease inhibitor cocktail (P8340, Sigma-Aldrich) was used for 

apoptotic cell death ELISA and protein expression of Beclin-1, LC3-I and LC3-II 

measurements whereas nuclear fraction with the addition of protease inhibitor 

cocktail was used for FoxO3 protein expression analysis. The remaining cytoplasmic 

or nuclear portions without the addition of protease inhibitor were used for caspase 

enzymatic activity assays.  
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Apoptotic Cell Death Enzyme-Linked Immunosorbent Assay (ELISA)  

DNA fragmentation in the cytoplasmic protein extract was examined using a 

commercially available kit as described in Chapter 2.   

 

Fluorometric Caspase-3, Caspase-8 and Caspase-9 Activity Assays 

The protease activities of caspase-3, caspase-8 and caspase-9 were measured in 

cytoplasmic fraction as previously described in Chapter 2. Caspase-3 and caspase-8 

activities were also determined in nuclear extracts as nuclear caspases activities have 

been shown to be involved at least in tert-butylhydroperoxide-induced apoptosis (12).  

 

Western Immunoblotting 

Protein expressions of Beclin-1, microtubule-associated protein 1 light chain 3 (LC3-

I and LC3-II), forkhead box O3 (FoxO3), Akt and phospho-Akt were measured in 

the compressed and control muscles. Beclin-1, LC3, Akt and phospho-Akt were 

determined in the cytoplasmic protein fraction whereas FoxO3 was determined in the 

nuclear protein fraction. Protein was loaded on 7.5% (for FoxO3), 10% (for Beclin-1) 

or 15% (for LC3) polyacrylamide gel and the following detailed procedures have 

been previously described in Chapter 2. Primary antibodies used in this study were 

anti-Beclin-1 rabbit polyclonal antibody (1:1000 dilution, 3738, Cell Signaling 

Technology), anti-LC3 rabbit monoclonal antibody (1:1000 dilution, 3868, Cell 

Signaling Technology), anti-FoxO3 rabbit polyclonal antibody (1:1000 dilution, 07-

702, Millipore), anti-Akt rabbit polyclonal antibody (1:1000 dilution, 9272, Cell 

Signaling Technology) and anti-phospho-Akt rabbit polyclonal antibody (1:1000 

dilution, 9271, Cell Signaling Technology).  
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Statistical Analyses 

Statistical analyses were performed using the SPSS 15.0 software package. One way 

ANOVA with Tukey’s HSD post hoc test was performed to examine the significant 

differences among the groups. Statistical significance was accepted at P < 0.05.  All 

data were expressed as means ± standard error of the mean (SEM). Correlation 

analysis was performed by computing the Pearson product-moment correlation 

coefficient (r).  

 

Results 

Experiment 1: Animals were sacrificed one day (2D) or immediately (2D-IM) after 

the last session of compression following two sessions of 6-hour compression  

Histological Analysis  

Control myofibers generally showed angular shape and were closely aligned to each 

other (Figure 3.1, A and C). However, compressed muscles of 2D and 2D-IM were 

observed to be loosely packed with massive nuclei accumulation in interstitial space 

(Figure 3.1, B and D). The number of nuclei in the interstitial space of compressed 

muscle was significantly increased by 4.7-fold (P = 0.000) and 4.6-fold (P = 0.000) 

relative to the corresponding control muscles in 2D and 2D-IM respectively (Figure 

3.1, G). In contrast, the number of nuclei within myofiber normalized to the number 

of myofibers was not found to be different between compressed and control muscles 

in 2D and 2D-IM (compressed vs. control: 2.1 ± 0.2 vs. 2.6 ± 0.2 in 2D, 2.5 ± 0.1 vs. 

2.5 ± 0.3 in 2D-IM, P > 0.05).  
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Figure 3.1 Histological analysis of control and compressed muscles of 1D, 2D 
and 2D-IM group. Compressed muscles of animals underwent two sessions of 6-
hour compression sacrificed one day (2D) or immediately (2D-IM) after the last 
session of compression or underwent one single session of 6-hour compression (1D) 
are shown on the right panel (B, D and F) whereas the corresponding control 
muscles are shown on the left (A, C and E). Images were taken using objectives of 
20x. All control muscles of 2D, 2D-IM and 1D demonstrated angular shape and the 
myofibers were tightly packed (A, C and E). Compressed muscles of 2D and 2D-IM 
generally showed pathohistological characteristics including rounding contour of 
myofibers and massive nuclei aggregation in interstitial space (B and D, shown by 
arrows). These pathohistological characteristics were not generally found in 
compressed muscle of 1D, except some nuclei accumulation was located in 
interstitial space of compressed muscle of 1D (F, shown by arrow). Number of 
nuclei in interstitial space was presented (G). Data are expressed as means ± SEM. 
*P < 0.05 or **P < 0.01 compressed muscle compared to the corresponding control 
muscle in 2D, 2D-IM and 1D. 
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Apoptotic Markers: Apoptotic DNA Fragmentation and TUNEL Index 

Our quantitative DNA fragmentation analysis demonstrated a significant elevation of 

the extent of apoptotic DNA fragmentation by 9.8-fold (P = 0.011) and 7.7-fold (P = 

0.038) in the compressed muscle of 2D and 2D-IM, respectively, relative to the 

corresponding control muscles (Figure 3.2, A). Our TUNEL/dystrophin analysis 

indicated that there was a 33-fold (P = 0.000) and 22-fold (P = 0.001) increase of 

TUNEL-positive apoptotic muscle-related nuclei in compressed muscle of 2D and 

2D-IM, respectively, relative to the control (Figure 3.2, B). However, the TUNEL 

index of interstitial nuclei was not found to be significantly different between 

compressed and control muscles in 2D and 2D-IM (P > 0.05) (Figure 3.2, C). The 

TUNEL/dystrophin/DAPI staining of control and compressed muscles of 2D and 

2D-IM was shown in Figure 3.2 D. 
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Figure 3.2 Apoptotic markers (as measured by cell death ELISA and 
TUNEL staining). Apoptotic DNA fragmentation was measured and presented as 
optical density (OD) at 405 nm normalized to the total milligrams of protein used in 
the assay (A). Apoptotic DNA breaks in muscle tissue were determined by TUNEL 
staining and were expressed as TUNEL index (B and C). Immunofluorescent 
labeling of dystrophin (red) was performed to identify the localization of the 
TUNEL-positive nuclei (green) with regard to the muscle sarcolemmal membrane 
(D). Total nuclei were labeled by 4’,6-diamidino-2-phenylindole (DAPI) (blue) (D). 
The numbers of TUNEL-positive muscle-related and interstitial nuclei relative to the 
total number of nuclei were quantified as TUNEL index (B and C). Data are 
expressed as means ± SEM. *P < 0.05 or **P < 0.01, compressed muscle compared 
to the corresponding control muscle in 2D, 2D-IM and 1D. 
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Protease Activity: Caspase-3, Caspase-8 and Caspase-9 

Caspase-3 and caspase-8 activities were analyzed in cytoplasmic and nuclear protein 

fractions whereas caspase-9 activity was analyzed in cytoplasmic fraction. There was 

a 2.9-fold (P = 0.000) and 2.6-fold (P = 0.000) increase in the cytoplasmic caspase-3 

protease activity in compressed muscle of 2D and 2D-IM, respectively, compared to 

control (Figure 3.3, A). The proteolytic activity of caspase-8 measured in 

cytoplasmic fraction was not found to be significantly different between compressed 

and control muscles in 2D and 2D-IM (Figure 3.3, B). There was a 75% (P = 0.002) 

and 81% (P = 0.001) increase in the cytoplasmic caspase-9 enzymatic activity in the 

compressed muscles of 2D and 2D-IM, respectively, when compared to the control 

muscles (Figure 3.3, C). The enzymatic activities of caspase-3 and caspase-8 were 

not found to be different in nuclear protein fractions of compressed muscle relative 

to control in 2D and 2D-IM (P > 0.05) (data not shown).  



 49 

 
 

 

 

   

 

 

 

Caspase-8 protease activity

0

50000

100000

150000

200000

250000

1 2 3C
as

p
as

e-
8 

ac
ti

vi
ty

 (
ch

an
g

e 
in

 f
lu

o
re

sc
en

ce
 in

te
n

si
ty

)

Control
Compressed

2D 1D2D-IM

 *

Experiment 1

Experiment 2

B 

Caspase-3 protease activity

0

5000

10000

15000

20000

25000

30000

35000

1 2 3

C
as

p
as

e-
3 

ac
ti

vi
ty

 (
ch

an
g

e 
in

 f
lu

o
re

sc
en

ce
 in

te
n

si
ty

) Control
Compressed

2D 1D2D-IM

  *

  *
 *

Experiment 1

Experiment 2

A 

**  

**  

**  



 50 

 
 

 

 

 

 

 

 

 

 

 

Figure 3.3 Proteases activity of caspase-3, -8 and -9 in the control and 
compressed muscles of 1D, 2D and 2D-IM group. Caspase-3, caspase-8 and 
caspase-9 protease activities were presented as two hours change of fluorescence 
intensity normalized to the total mg protein used in the assay (A, B and C). Data are 
expressed as means ± SEM. *P < 0.05 or **P < 0.01, compressed muscle compared 
to the corresponding control muscle in 2D, 2D-IM and 1D. 
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Autophagic Markers: Beclin-1, LC3-I and LC3-II  

The protein expression levels of autophagic factors including Beclin-1, LC3-I and 

LC3-II were examined in compressed and control muscles. Beclin-1 is the 

mammalian homologue of yeast Atg6 which has been shown to be important in the 

induction and formation of a pre-autophagosome structure (17). Beclin-1 was found 

to be significantly decreased by 60% in muscle of 2D (P = 0.015) but it was not 

significantly changed in 2D-IM (Figure 3.4, A). LC3 is a mammalian homologue of 

yeast Atg8 and has been shown to be a critical factor in early autophagosome 

formation (15). By cleavage at the carboxy terminus, pre-LC3 is converted to its 

cytosolic form LC3-I which is then activated and lipidated by Atg7 and Atg3 to 

become LC3-II that is associated with autophagic vesicles (12). Protein abundance of 

LC3-I was found to be significantly lowered by 52% (P = 0.005) and 48% (P = 

0.037) in the compressed muscle relative to the corresponding control in 2D and 2D-

IM respectively (Figure 3.4, B). LC3-II protein abundance was significantly 

decreased by 76% in compressed muscle of 2D (P = 0.001) and tended to be reduced 

by 48% in compressed muscle of 2D-IM (P = 0.059) (Figure 3.4, C). The ratio of 

LC3-II-to-LC3-I was not found to be different between compressed and control 

muscles in 2D and 2D-IM (compressed vs. control: 0.88 ± 0.21 vs. 1.82 ± 0.25 in 2D, 

1.73 ± 0.29 vs. 2.15 ± 0.67 in 2D-IM, P > 0.05).  
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Figure 3.4 Protein abundance of the autophagic markers (Beclin-1, LC3-I 
and LC3-II) in the control and compressed muscles of 1D, 2D and 2D-IM group. 
Beclin-1, LC3-I, and LC3-II protein abundances were determined by Western blot. 
Beclin-1, LC3-I and LC3-II were measured in cytoplasmic fraction. Data are 
presented as net intensity x resulting band area and expressed in arbitrary units. 
Results of Beclin-1, LC3-I and LC3-II were normalized to corresponding β-tubulin 
signal. Data are expressed as means ± SEM with significant levels set at *P < 0.05 or 
** P < 0.01, compressed muscle compared to the corresponding control muscle in 2D, 
2D-IM and 1D. 
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FoxO3, Akt and phospho-Akt 

FoxO3 has been shown to control the transcription of autophagy-related genes 

including microtubule-associated protein light chain 3 (LC3) (21). Our analysis 

demonstrated that the protein level of FoxO3 was significantly reduced by 60% in 

compressed muscles when compared to the corresponding control muscles in 2D (P 

= 0.005) and 2D-IM (P = 0.005) (Figure 3.5, A). Akt and phospho-Akt, the upstream 

regulators of FoxO3, were not found to be significantly different between 

compressed and control muscles in 2D and 2D-IM (P > 0.05) (Figure 3.5, B and C). 

In addition, no significant difference was found in the ratio of phospho-Akt-to-Akt 

between compressed and control muscles in 2D and 2D-IM (P > 0.05). 
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Figure 3.5 Protein abundance of FoxO3, Akt, phospho-Akt in the control 
and compressed muscles of 1D, 2D and 2D-IM group. FoxO3, Akt and phospho-
Akt protein abundances were determined by Western blotting. Akt and phospho-Akt 
were measured in cytoplasmic fraction whereas FoxO3 was determined in nuclear 
fraction. Data are presented as net intensity x resulting band area and expressed in 
arbitrary units. Results of Akt and phospho-Akt were normalized to corresponding β-
tubulin signal whereas result of FoxO3 was normalized to lamin B1 signal. Data are 
expressed as means ± SEM with significant levels set at *P < 0.05 or **P < 0.01, 
compressed muscle compared to the corresponding control muscle in 2D, 2D-IM and 
1D. 
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Experiment 2: Animals underwent one session of 6-hour compression (1D) or two 

sessions of 6-hour compression over two consecutive days (2D) 

Histological Analysis  

Muscles in control limb of 1D demonstrated normal histology including myofibers 

with angular shape and closely packed pattern (Figure 3.1, E). In general, 

pathohistological characteristics that were observed in compressed muscle of 2D 

were not found in compressed muscle of 1D, except some nuclei accumulation 

located in the interstitial space of compressed muscle of 1D (Figure 3.1, F). In 

contrast to the 4.7-fold increase in the number of nuclei in interstitial space in 

compressed muscle of 2D (P = 0.000), the elevation of the number of nuclei in 

interstitial space in compressed muscle relative to control in 1D was 2.2-fold (P = 

0.000) (Figure 3.1, G). No difference was found in the number of myofiber nuclei 

normalized to the number of myofibers between compressed and control muscles in 

2D and 1D (compressed vs. control: 2.1 ± 0.2 vs. 2.6 ± 0.2 in 2D, 2.5 ± 0.4 vs. 2.8 ± 

0.1 in 1D, P > 0.05). 

 

Apoptotic Markers: Apoptotic DNA Fragmentation and TUNEL Index 

Our apoptotic DNA fragmentation analysis demonstrated that there was a significant 

elevation of the extent of apoptotic DNA fragmentation by 9.8-fold (P = 0.003) and 

10.6-fold (P = 0.002) in compressed muscles relative to control of 2D and 1D 

respectively (Figure 3.2, A). Our TUNEL/dystrophin analysis indicated that there 

was a 33-fold (P = 0.000) and 14-fold (P = 0.043) increase of TUNEL-positive 

apoptotic muscle-related nuclei in compressed muscle of 2D and 1D, respectively, 

relative to the control muscles (Figure 3.2, B). In contrast, the TUNEL index of 

interstitial nuclei was not found to be significantly different between the compressed 



 58 

and control muscles in 2D and 1D group (P > 0.05) (Figure 3.2, C). The 

TUNEL/dystrophin/DAPI staining of control and compressed muscles of 2D and 1D 

was shown in Figure 3.2 D. 

 

Protease Activity: Caspase-3, Caspase-8 and Caspase-9 

Caspase-3 protease activity measured in cytoplasmic fraction was found to be 

elevated by 2.9-fold (P = 0.000) and 2.2-fold (P = 0.005) in compressed muscle of 

2D and 1D respectively (Figure 3.3, A). In contrast to the unchanged cytoplasmic 

caspase-8 activity in 2D, caspase-8 protease activity was elevated by 1.6-fold in 

compressed muscle of 1D (P = 0.044) (Figure 3.3, B). There was a 75% increase in 

caspase-9 activity in compressed muscle of 2D (P = 0.001) but no significant change 

was found in the compressed muscle of 1D (Figure 3.3, C). No significant changes 

were found in enzymatic activities of caspase-3 and caspase-8 measured in nuclear 

protein fractions of compressed muscle relative to control in 2D and 1D (P > 0.05) 

(data not shown).  

 

Autophagic Markers: Beclin-1, LC3-I and LC3-II  

In contrast to significant reduction of Beclin-1 in 2D (P = 0.010), no difference was 

found in the protein abundance of Beclin-1 in compressed muscle when compared to 

control in 1D (P > 0.05) (Figure 3.4, A). LC3-I protein abundance was found to be 

significantly lowered by 52% (P = 0.038) and 48% (P = 0.041) in compressed 

muscles relative to control of 2D and 1D respectively (Figure 3.4, B). LC3-II protein 

level was significantly reduced by 76% (P = 0.001) and 53% (P = 0.019) in 

compressed muscle of 2D and 1D respectively (Figure 3.4, C). We did not find any 

difference in the ratio of LC3-II-to-LC3-I between compressed and control muscles 
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in 2D and 1D (compressed vs. control: 0.88 ± 0.21 vs. 1.82 ± 0.25 in 2D, 1.58 ± 0.30 

vs. 2.23 ± 0.49 in 1D, P > 0.05).  

 

FoxO3, Akt and phospho-Akt 

FoxO3 protein content was found to be decreased by 60% in compressed muscles of 

both 2D (P = 0.027) and 1D (P = 0.033) (Figure 3.5, A). No significant differences 

were found in protein abundance of Akt and phospho-Akt between compressed and 

control muscles in 2D and 1D (P > 0.05) (Figure 3.5, B and C). The ratio of 

phospho-Akt-to-Akt was not found to be significantly different between compressed 

and control muscles in 2D and 1D (P > 0.05). 

 

Relationships among Apoptotic and Autophagic Markers 

The relationships among apoptotic and autophagic markers were analyzed by 

examining the Pearson’s correlation coefficient (r) in the pooled samples with 

compressed and control muscles of 2D, 2D-IM, and 1D groups collapsed and treated 

as a single group of data. Apoptotic DNA fragmentation was found to be negatively 

correlated with Beclin-1 (r = -0.367, P = 0.012), LC3-II (r = -0.519, P < 0.001), 

LC3-II/I ratio (r = -0.316, P = 0.032) and FoxO3 (r = -0.531, P < 0.001) (Table 3.1). 

Moreover, caspase-3 protease activity measured in cytoplasmic fraction was found to 

be negatively correlated with Beclin-1 (r = -0.437, P = 0.002), LC3-II (r = -0.492, P 

= 0.001) and FoxO3 (r = -0.471, P = 0.001) (Table 3.1).  
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Table 3.1 Correlation analysis among apoptotic and autophagic markers  

Correlated Factors r P 

Apoptotic DNA fragmentation and Beclin-1 -0.367 0.012 

Apoptotic DNA fragmentation and LC3-II  -0.519 0.000 

Apoptotic DNA fragmentation and  

Ratio of LC3-II/I  -0.316 0.032 

Apoptotic DNA fragmentation and FoxO3  -0.531 0.000 

Caspase-3 activity and Beclin-1 -0.437 0.002 

Caspase-3 activity and LC3-II  -0.492 0.001 

Caspase-3 activity and Ratio of LC3-II/I  -0.274 0.065 

Caspase-3 activity and FoxO3  -0.471 0.001 

Relationships between apoptotic and autophagic markers were analyzed using 
Pearson’s correlation coefficient (r). 
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Discussion 

The molecular and cellular mechanisms responsible for the pathogenesis of deep 

pressure ulcer need to be unfolded. The present study examined the onset cellular 

events of apoptosis and autophagy upon moderate compression in muscle in an 

experimental model of pressure-induced deep tissue injury. Our data indicated that 

apoptosis and autophagy responded in an opposing manner to moderate compression 

in muscle. This is generally demonstrated by the increases in apoptotic DNA 

fragmentation, TUNEL analysis and caspases proteolytic activities (Figure 3.2 and 

3.3) but reduction of autophagic factors including Beclin-1, LC3-I, LC3-II, and 

FoxO3 (Figure 3.4 and 3.5) in the compressed muscles in the experimental setting of 

2D, 2D-IM, and 1D. Our data also revealed that the occurrence of activation of 

apoptotic events and downregulation of autophagic factors remained in the muscle 

following a single session of 6-hour compression despite apparent histopathological 

characteristics (rounding contour of myofibers and extensive nuclei accumulation) 

were not evidently found in these muscles. These findings suggested that cellular 

changes in apoptosis and autophagy have already taken place in the very initial stage 

in which apparent histopathology has yet to develop in the process of compression-

induced muscle pathology. In general, our results are consistent with the overall 

hypothesis that cellular apoptosis and autophagy are associated with the pathogenesis 

of pressure-induced deep tissue injury. 

 

Results of this study are in agreement with the hypothesis that apoptosis is involved 

in the pathogenesis of compression-induced muscle pathology. Our previous works 

have documented the activation of apoptosis in muscle following prolonged 

moderate compression by showing significant increases in apoptotic muscle-related 
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nuclei and DNA fragmentation, elevation of caspases mRNA contents, and positive 

immunoreactivities of cleaved caspase-3 and Bax in muscle after two sessions of 6-

hour compression (35). This activating response of apoptosis to compression is 

further substantiated by the present demonstration of the elevated apoptotic DNA 

fragmentation, TUNEL index and caspases protease activities in the compressed 

muscles under different experimental compression situations including one single 

session of 6-hour compression or two sessions of 6-hour compression with animals 

sacrificed immediately or one day after compression (Figure 3.2 and 3.3).  

 

One intriguing observation in the present study is that the protease activity of 

caspase-8 was found to be increased exclusively in muscle following one single 

session of 6-hour compression in 1D but not in 2D and 2D-IM (Figure 3.3, B) 

although apoptotic DNA fragmentation and caspase-3 activity were both shown to be 

elevated in the compressed muscles of all groups (1D, 2D and 2D-IM) (Figure 3.2, A 

and 3.3, A). On the contrary, caspase-9 enzymatic activity was found to be 

upregulated in compressed muscle of 2D and 2D-IM but not in 1D (Figure 3.3, C). 

Taken together our results indicated that the intrinsic and extrinsic apoptotic 

pathways are coordinated and activated selectively to different experimental 

circumstances of compressions in the present study. Caspase-8 has been considered 

as an initiator caspase associated with the upstream regulators of death receptor-

mediated apoptotic pathway (42). This pathway has been shown to be induced by 

extracellular death ligand TNFα where TNFR1 adaptor molecules TRADD and 

TRAF2 allow the activation of caspase-8 and its downstream effector caspase-3 (37, 

42). The presentation of the exclusive elevation of caspase-8 protease activity in 

compressed muscle of 1D suggested the involvement of death receptor-mediated 
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apoptotic pathway in the very early stage of pressure-induced deep tissue injury, in 

which histopathological changes have not been initiated. This suggestion is indeed 

supported by the findings indicating that cytokine TNFα was first released upon 

sustained mechanical compression in epidermis in vitro (5). The compression-

induced increase in cytokine has also been reported by showing significant 

elevations of IL-1α, 1L-1RA and IL-8 after 1-hour compression and increase in 

TNFα after 4-hour compression in engineered epidermis subjected to 150 mmHg of 

compression (7). Caspase-9 has been shown to mediate mitochondrial apoptotic 

pathway through cytochrome c release and initiate a caspase cascade (16). Our 

present data further substantiated the previous findings which showed a significant 

upregulation in the mRNA expression of caspase-9 in muscle underwent two daily 

sessions of 6-hour compression (41). Furthermore, our results suggested that the 

activation of death receptor-mediated and mitochondrial-mediated apoptotic pathway 

are dependent on the temporal and compression dosage-associated disturbance in our 

moderate prolonged compression experimental model. 

 

One of our initial hypotheses was that autophagy is activated in muscle in response 

to moderate compression. Contrary to our expectation, the present data indicated that 

autophagy was downregulated as demonstrated by the general decline in the 

examined autophagic factors including Beclin-1, FoxO3, LC3-I and LC3-II in 

compressed muscles (Figure 3.4 and 3.5). Autophagy is a highly regulated cellular 

process for degradation and removal of damaged protein aggregates and organelles 

in cytoplasm. Regulation of autophagy manages to orchestrate the formation of the 

double-membrane vesicle autophagosome, in which the initiation of the formation of 

autophagosome is coordinated by the upstream regulator Beclin-1 whereas the later 
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modulation (e.g., expansion) of early autophagosome is governed by downstream 

regulator like LC3 (13). Studies have investigated the role of autophagy in the 

catabolic degradation of muscle and have suggested a link of the activation of 

autophagy to muscle degradation with the attribution of transcription factor FoxO3 

(21, 43). Nevertheless, our data did not support the activation of autophagy but 

demonstrated the downregulating changes of autophagy accompanied with activation 

of apoptosis in muscle in response to moderate compression. In fact, it is not 

impossible that cellular apoptosis and autophagy can emerge in opposing manner 

(20). Although the exact reasons for the observed opposing responses of apoptosis 

and autophagy in compressed muscles are not known, previous findings suggesting 

that Bcl-2, which is a well-known anti-apoptotic protein and can function as an anti-

autophagic factor, might partly explain our results (30). Pattingre and colleagues 

have provided data showing that Bcl-2 inhibited autophagy in yeast and mammalian 

cells by disrupting the autophagic function of Beclin-1 (30). They have also 

demonstrated that cardiac-specific transgenic expression of Bcl-2 inhibited 

autophagy in mouse heart muscle after prolonged starvation, which is a potent 

activator of autophagy in cardiac muscle (30). Based on our previous results showing 

that immunoreactivity of Bcl-2 was significantly increased in muscle following 

prolonged moderate compression in 2D (35), it is possible that the currently 

observed downregulation of Beclin-1 and other autophagic proteins was related to 

the elevation of Bcl-2 protein abundance in the compressed muscles. Additionally, in 

accordance with the findings suggesting the cross talk between apoptosis and 

autophagy by demonstrating that Beclin-1 is a novel substrate of caspases-3, 

caspase-7 and caspase-8 (8), the detected increases in caspase protease activities as 

shown in the compressed muscles might also account for the downregulation of 
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autophagic factors. Akt has been shown to promote cell survival by suppressing cell 

death through inactivation of several targets including forkhead transcription factor 

(6, 21). Our data indicated that the decrease in FoxO3 in compressed muscles was 

independent of Akt signaling. Indeed, Williamson and colleagues have also reported 

the differential changes in FoxO3 signaling in young and octogenarian women after 

resistance exercise was independent of Akt signaling (39). We interpret that our 

observed decline of the FoxO3 protein abundance did not appear to be associated 

with the downregulation of Akt signaling in our muscle compression model. Unlike 

Akt phosphorylation, which results in FoxO cytoplasmic retention, AMP-activated 

protein kinase phosphorylation, the energy-sensing protein activated when ATP 

levels are low, could affect the FoxO3 target gene transcription without affecting 

FoxO3 subcellular localization (11, 31). Further investigation on how FoxO3 is 

regulated in compression-induced muscle damage is needed.  

 

With regard to autophagy in muscle adaptation, O’Leary and Hood have 

demonstrated that Beclin-1 and LC3-II were markedly elevated in rat hind limb 

muscle following seven days of denervation (27, 28). Mouse tibialis anterior muscle 

has also been shown to have elevated mRNA expressions of autophagy-related genes 

including LC3, Gabarapl1, PI3KIII , Ulk2, Atg12I, Atg4b and Beclin-1 after 3 or 7 

days of denervation (43). Ogata and co-workers have reported the increases in LC3-

II and p62 (an adaptor protein for LC3) in soleus and plantaris muscles of rats 

following 1-3 days of fasting (29). Zhao and colleagues have documented increased 

mRNA expressions of LC3, Gabarapl1, PI3KIII , Atg12I and Atg4b in mouse tibialis 

anterior muscle following 24-hour of food deprivation (43). In addition, autophagic 

proteins Beclin-1, LC3-I and LC3-II have been demonstrated to be increased in 
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plantaris muscle of aged rats (24-month old Fischer 344 rats) when compared to 

young rats (6-month old) (40). Wenz and co-workers have also shown the increase in 

LC3-II/I ratio in skeletal muscle from aged mice (22 months of age) when compared 

to young mice (3 months of age) (38). The present findings showing that autophagic 

markers were downregulated with compression-induced muscle pathology seemed to 

be contrary to the documented elevation of autophagic factors in denervated muscle, 

muscle following fasting, and aged muscle. We interpret that the conflicting results 

are probably due to different natures of muscle adaptation among the experimental 

models (i.e. 1-2 days of compression-induced muscle damage in the present study vs. 

3 or 7 days of denervation-induced muscle disuse, muscle after 1-3 days of fasting or 

food deprivation and muscle sarcopenia) (27, 28, 40). Nevertheless, there have been 

findings that were agreeable to our observed declines in autophagic factors in muscle. 

Wohlgemuth and colleagues have demonstrated the reduction of LAMP-2 

(lysosomal-associated membrane protein-2, a receptor at lysosomal membrane) gene 

expression in plantaris muscle with aging whereas this age-dependent decline in 

LAMP-2 gene expression was normalized by lifelong 8% mild calorie restriction 

(40). In agreement with our shown negative correlation among apoptotic and 

autophagic markers, they have also documented a significant negative correlation 

between autophagic LAMP-2 gene expression and apoptotic index in plantaris 

muscles of aged rats with ad libitum fed, lifelong 8% mild calorie restriction, and 

lifelong voluntary exercise in addition to  lifelong 8% mild calorie restriction (40). 

With aging, extraocular muscles were reported to have lowered levels of gene 

expression of autophagic gene Atg5 and Atg7 and reduced protein abundance of 

LC3-I and LC3-II in 30-month old Fischer 344-Brown Norway F1 hybrid rats 

relative to rats of 18 months and 6 months of age (25). Collectively, we interpret that 
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the downregulation of autophagy might have provided an intricate coordination in 

parallel with the activated apoptosis in muscle in response to moderate compression. 

Although our data did not demonstrate the activation of autophagy, we tend to 

believe that the orchestrating coordination which incurred the downregulation of 

autophagy might play an essential role in the development of compression-induced 

muscle pathology. It is a limitation that our data did not allow us to elaborate further 

any potential sequential interacting coordination between the apoptotic and 

autophagic events. Masiero and colleagues have provided data showing that muscle-

specific deletion of autophagic gene Atg7 resulted in profound muscle atrophy and 

weakness, myofiber degeneration and presence of abnormal mitochondria, protein 

aggregates, membrane bodies accumulation, sarcoplasmic reticulum distension, 

vacuolization, oxidative stress and apoptosis (23, 24). It is not known whether the 

compression-induced muscle pathology that was observed in the present study might 

have been mediated by the consequential activation of apoptosis which was 

attributed to the impairment of autophagy. Additional works are needed to unravel 

the entangling relationship of apoptosis and autophagy in muscle pathology and 

adaptation.  

 

According to our data obtained in Experiment 2 (i.e. animals underwent one session 

of 6-hour compression [1D] or two sessions of 6-hour compression over two 

consecutive days [2D]), the results were consistent with the hypothesis that cellular 

changes in apoptosis and autophagy precede the emergence of pathohistological 

changes in muscle in response to compression. These findings substantiated the 

potential causal role of apoptosis and autophagy in the pathogenesis of deep pressure 

ulcer as these cellular processes have already taken place in the very early stage of 
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compression-induced muscle pathology in which histopathology has yet to develop. 

In this study, experimental setting of 2D was adopted to serve as reference setting 

because it has been relatively well-investigated in our laboratory previously (14, 35). 

The design of 2D-IM (Experiment 1) and 1D (Experiment 2) was intended to induce 

situations to examine cellular and molecular events in the absence of 

histopathological changes in the initial developmental stage of muscle pathology. It 

was obvious that Experiment 1 (2D vs. 2D-IM) failed to induce the expected 

situation that was lacking of pathological changes. Nonetheless, similar responses of 

autophagic markers were detected in muscles of 2D and 2D-IM except that Beclin-1 

was reduced only in compressed muscle of 2D but was not changed in 2D-IM. The 

upstream signaling resulted in the reduction of downstream autophagic events (i.e. 

LC3) in 2D-IM was questionable as the decline in Beclin-1 as demonstrated in 2D 

was not observed in 2D-IM. It is unclear that the observed changes in downstream 

LC3 in 2D-IM might be attributed to the alteration of an upstream autophagic 

factor(s) other than Beclin-1, for example, other binding partners of class III 

phosphoinositide 3-kinase complex or autophagy-related genes. It is noted that 

similar explanation might also applied to the observed unchanged Beclin-1 but 

significant decreases in the downstream autophagic factors in compressed muscle of 

1D.  
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Conclusion 

In conclusion, our data demonstrated the opposing responses of apoptosis and 

autophagy to moderate compression in skeletal muscle by showing the elevation of 

apoptotic DNA fragmentation, TUNEL index, caspase-3, caspase-8 and caspase-9 

protease activities but downregulation of Beclin-1, FoxO3, LC3-I and LC3-II in the 

compressed muscles. The incidence of cellular apoptotic and autophagic changes in 

the very early stage of compression-induced muscle pathology suggests that cellular 

apoptosis and autophagy are possibly involved in the pathogenesis of pressure-

induced deep tissue injury. These findings provide insights in understanding the role 

of apoptotic and autophagic cell death signaling in contributing to the molecular 

mechanism in the development of deep tissue injury. 
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CHAPTER 4 

Protective Effect of Caspase Inhibitor on Compression-Induced Muscle Damage 

 

Abstract 

There are currently no therapies proved to be effective in treating the muscle damage as 

induced by sustained, unrelieved compression. Aim: This study tested the efficacy of 

pharmacological inhibition of caspase in preventing muscle damage following sustained 

moderate compression. Methods: Adult Sprague-Dawley rats were subjected to an in 

vivo moderate prolonged compression protocol. By using a mechanical indentor, static 

pressure of 100 mmHg loading was applied to an area of 1.5 cm2 in the tibialis region of 

the right limb of the rats for six hours each day for two consecutive days. The loading 

force was applied by using a controlled, motorized mechanical indentor in which the 

compression force was continuously monitored by a three-axial force transducer in the 

load indentor. The left uncompressed limb served as intra-animal control. All rats were 

randomized to receive either vehicle control (DMSO) or 6 mg/kg of caspase inhibitor (z-

VAD-fmk). Results: Our data showed that caspase inhibition was effective in 

alleviating the compression-induced pathologic histology in muscle. The increases in 

caspase-3 protease activity, muscle-related TUNEL index, apoptotic DNA 

fragmentation, and protein contents of pro-apoptotic regulatory factors (Bax, p53 and 

EndoG) and the decreases in anti-apoptotic factors (XIAP and HSP70) in DMSO-treated 

compressed muscle were apparently not found in z-VAD-fmk-treated muscle following 

compression. Intriguingly, mRNA contents of autophagic regulatory factors (Beclin-1, 

Atg5 and Atg12) and protein contents of LC3 and FoxO3 that were found to be 
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downregulated in DMSO-treated compressed muscle were all maintained at their basal 

level in z-VAD-fmk-treated muscle subsequent to prolonged compression. Conclusion: 

Our data provide evidence that caspase inhibition attenuates the compression-induced 

muscle apoptosis and maintains the basal autophagy level. These findings demonstrate 

that pharmacological inhibition of apoptosis is effective in alleviating muscle damage as 

induced by prolonged compression.  

 

Key words: Apoptosis; autophagy; caspase; deep pressure ulcer; z-VAD-fmk
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Introduction 

Pressure ulcer, also known as pressure sore, bedsore or decubitus ulcer, is the localized 

damage to the skin and underlying tissue as a result of pressure, shear, friction and/or 

any combination of these. It is common in populations who are subjected to sustained 

mechanical compression resulting from diminished mobility, particularly in the 

wheelchair bound or bedridden frail elderly and patients with spinal cord injury. It 

imposes a heavy burden on patients, including negative psychological, physical, social 

consequences and financial impact (18). The prevalence of pressure ulcer is 

considerably high ranging from 10% to 23% in hospitalized patients in westernized 

societies according to data quoted from the United States and the Netherlands (2, 34). A 

proportion of patients, ranging from 10.4% to 92.1%, receive no pressure ulcer 

preventive interventions during their hospital stay, thus increasing the mortality rate 

directly attributed to pressure ulcer (10). Pressure ulcer has constituted a significant 

public health concern as it implicates substantial financial burden. A study in the 

Netherlands estimated the cost of illness due to pressure ulcers in home care, nursing 

homes and hospitals to range from US$362 million to as high as US$2.8 billion (45). In 

United Kingdom, pressure ulcer has been estimated to cost the National Health Service 

up to £2.64 billion annually, with most of the cost being attributed to the additional 

nursing care required (38).  

 

Available prevention or treatment of pressure ulcer involves strategies designed to 

relieve pressure and retain tissue integrity. Clinical risk assessment including the use of 

the Braden, Norton and Waterlow scales has been adopted for the past thirty years, 
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partly as a preventive measure of pressure ulcer in examining the patient’s wound 

severity (35, 42). However, these assessments have been criticized as having 

methodological limitations owing to the variation in relationships among the risk factors 

such as age, mobility, and nutrition status which rendered the predictive aspect of the 

scales less reliable (44). In addition, the use of risk assessment as a wound predictive 

measure cannot reduce the incidence of pressure ulcer because of the lack of subsequent 

effective interventions although the high risk population might be identified (35). 

Regular repositioning and pressure-relieving devices are conventional damage 

preventive interventions to avoid the aggravation of wound (42). Though studies have 

indicated that every two or four hourly regular repositioning could mitigate the ulcer 

lesions, the ideal repositioning schedule and method is unclear (12, 42). Currently, the 

choice of wound care depends largely on the nature of ulcer and clinical judgment of the 

attending physician. Conservative treatments such as removal of damaged tissues by 

wound debridement and application of topical antibiotics have been widely adopted. 

Skin grafts or tissue flaps surgery is reserved for those with severe ulcers. All existing 

strategies can only delay the development of the ulcer lesions, as yet no interventions 

have been found to be effective in treating or preventing the onset of pressure ulcer. This 

is partly attributed to limited knowledge and understanding of the molecular etiologies 

of pressure ulcer and hence no treatment or preventive measures are available to target 

the underlying cellular and biochemical mechanisms.  

 

Muscle tissue has been demonstrated to be particularly susceptible to mechanical 

loading when compared to skin (26, 27, 54). This supports the idea that the underlying 
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muscle tissue is the initiating origin in the pathogenesis of deep pressure ulcer. The 

association between compressive tissue straining and muscle cell death have been 

demonstrated using in vitro engineered muscle model (4, 59).  Cell death was found to 

occur within 1-2 hour at a gross 30% and 50% compressive muscle straining, which 

resulted in the deformation of individual muscle cells to an elliptical form (4). A mouse 

skeletal myoblast model also showed the damaging effect of compressive strain from 

prolonged pressure applied which revealed that the proportion of apoptotic cells was 

increased following hours of compressive straining (59). Data  from  our  laboratory  

have substantiated the in vitro observation by demonstrating  that  apoptosis  was  

activated  in  the  presence  of pathohistological damage in muscle in an in vivo animal 

model of deep tissue injury (53). Significant increases in apoptotic muscle-related nuclei 

and DNA fragmentation, elevation of caspase mRNA contents, and positive 

immunoreactivity of cleaved caspase-3 and Bax were exhibited in muscle following 

prolonged moderate compression. These suggested that activation of muscle apoptosis is 

associated with the pathogenesis of pressure-induced deep tissue injury (53). More 

recent data have demonstrated that apoptotic and autophagic changes preceded 

pathohistological changes in muscle in response to prolonged moderate compression 

(56). These results suggested that apoptosis and autophagy were early, and possibly 

causative, events in compression-induced muscle pathology. These findings therefore 

led us to hypothesize that apoptotic cell death machinery could be a potential target for 

exploring therapeutic intervention in compression-induced muscle disorders. Hence, this 

study aimed to investigate the potential beneficial effect of pharmacological inhibition 
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of caspase, an essential effector of apoptosis, on muscle damage following sustained 

moderate compression.  

 

Methods 

Animals 

Adult Sprague-Dawley male rats aged ~2.5 months (bodyweight 260-280 g; n=16) were 

used in this study. Animal handling procedures have previously been described in 

Chapter 2.  

 

Induction of Pressure Ulcer 

All rats were subjected to a pressure ulcer regimen as induced by moderate compression 

(22, 53, 56). The procedures have previously been described in Chapter 2.  

 

Administration of Caspase Inhibitor  

Rats were randomized to receive either DMSO (vehicle control; n=8) or caspase 

inhibitor z-VAD-fmk (Z-Val-Ala-DL-Asp-fluoromethylketone, Bachem; n=8) of a 

cumulative dose of 6 mg/kg. The sufficiency of the dosage of 6 mg/kg of z-VAD-fmk 

with no toxicity reported was adopted from the literature (36). The z-VAD-fmk 

administration was carried out by two intravenous injections of 3 mg/kg of z-VAD-fmk 

immediately prior to the 6-hour compression on the two consecutive days. z-VAD-fmk 

was first prepared by dissolving in DMSO. Equal volume of DMSO was injected into 

animals in the control vehicle group.   
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Histological Analysis 

Hematoxylin and eosin staining was used to demonstrate the histology of the 

compressed and control muscle tissues. The procedures have previously been described 

in Chapter 2. In addition, the interstitial area was approximated by subtracting the total 

muscle fiber area from the square field area, whereas the muscle fiber diameter was 

determined by measuring the major and minor axis of all the individual fibers in the 

fields.  

 

TUNEL and Dystrophin Staining Analysis 

Muscle and interstitial nuclei with apoptotic DNA strand breaks were assessed by 

double immunofluorescent labeling of terminal dUTP nick-end labeling (TUNEL) and 

dystrophin. The procedures have previously been described in Chapter 2. 

 

Subcellular Protein Fractionation 

The cytoplasmic and nuclear protein fractions of muscle tissue sample were extracted by 

following the protocol as described in Chapter 2. Purity of protein fractions was 

assessed by immunobloting the fractions with an anti-lamin B1 (a nuclear protein), an 

anti-β-tubulin (a cytoplasmic protein) and an anti-CuZnSOD (a cytosolic isoform of 

superoxide dismutase) antibody (Figure 4.1). Cytoplasmic protein fraction with the 

addition of protease inhibitor cocktail (P8340, Sigma-Aldrich) was used for apoptotic 

cell death ELISA and protein expression of Bax, Bcl-2, phospho-Bcl-2, XIAP, p53, 

phospho-p53, AIF, EndoG, CuZnSOD, MnSOD, HSP70, LC3-I and LC3-II 

measurements; whereas the nuclear fraction with the addition of protease inhibitor 
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cocktail was used for AIF, EndoG and FoxO3 protein expression analysis. The 

cytoplasmic portion without the addition of protease inhibitor was used for caspase-3 

enzymatic activity assay.  

 

 

 

 

 

Figure 4.1 Verification of extracted protein fraction purity. The purity of the 
extracted protein fractions were examined by immunoblotting cytosolic protein and 
nuclear protein fractions with anti-CuZnSOD, anti-β-tubulin and anti-lamin B1 
antibodies. The data showed that the cytosolic and nuclear fractions were not 
contaminated by contents of the other protein fractions. 

 

Apoptotic Cell Death Enzyme-Linked Immunosorbent Assay (ELISA)  

DNA fragmentation in the cytoplasmic protein extract was examined using a 

commercially available ELISA kit as described in Chapter 2.  

 

Fluorometric Caspase-3 Activity Assay 

The protease activity of caspase-3 was measured in the cytoplasmic fraction by a 

fluorometric assay as previously described in Chapter 2.  
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Western Immunoblotting 

Protein expressions of apoptotic factors (Bax, Bcl-2, phospho-Bcl-2, XIAP, p53, 

phospho-p53, AIF, EndoG), cellular stress markers (CuZnSOD, MnSOD, HSP70), and 

autophagic factors (LC3-I, LC3-II and FoxO3) were measured in the compressed and 

control muscles. Bax, Bcl-2, phospho-Bcl-2, XIAP, p53, phospho-p53, AIF, EndoG, 

CuZnSOD, MnSOD, HSP70, LC3-I and LC3-II were determined in the cytoplasmic 

protein fraction whereas AIF, EndoG and FoxO3 were determined in the nuclear protein 

fraction. Protein was loaded on 7.5% (for FoxO3), 10% (for Bax, Bcl-2, phospho-Bcl-2, 

XIAP, p53, phospho-p53, AIF, EndoG, CuZnSOD, MnSOD and HSP70) or 15% (for 

LC3) polyacrylamide gel and the following detailed procedures have been previously 

described in Chapter 2. Primary antibodies used in this study were anti-Bax rabbit 

polyclonal antibody (1:500 dilution, sc493, Santa Cruz), anti-Bcl-2 mouse monoclonal 

antibody (1:500 dilution, sc7382, Santa Cruz), anti-phospho-Bcl-2 rabbit polyclonal 

antibody (1:1000 dilution, ab73985, Abcam), anti-XIAP mouse monoclonal antibody 

(1:2000 dilution, 610762, BD Transduction Laboratories), anti-p53 mouse monoclonal 

antibody (1:1000 dilution, 2524, Cell Signaling Technology), anti-phospho-p53 rabbit 

polyclonal antibody (1:1000 dilution, 9284, Cell Signaling Technology), anti-AIF 

mouse monoclonal antibody (1:500 dilution, sc13116, Santa Cruz), anti-EndoG rabbit 

polyclonal antibody (1:500 dilution, 3035, ProSci), anti-CuZnSOD rabbit polyclonal 

antibody (1:200 dilution, sc11407, Santa Cruz), anti-MnSOD goat monoclonal antibody 

(1:1000 dilution, A300-449A, Bethyl Laboratories), anti-HSP70 mouse monoclonal 

antibody (1:1000 dilution, SPA-810, Assay Designs), anti-LC3 rabbit monoclonal 
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antibody (1:1000 dilution, 3868, Cell Signaling Technology) and anti-FoxO3 rabbit 

polyclonal antibody (1:1000 dilution, 07-702, Millipore).  

 

Quantitative Real Time RT-PCR Analysis 

Total RNA was extracted from the control and compressed muscles of both DMSO- and 

z-VAD-fmk-treated animals. The procedures have previously been described in Chapter 

2. The forward and reverse primers used were shown in Table 4.1.  

 

Table 4.1 Primers used in real time RT-PCR analysis 

Gene Accession Number Primers  
(F; forward primer, R; reverse primer) 

Beclin-1 NM_053739 F: 5’CGCCTCCTATTCCATCAAAA3’ 
R: 5’AACTGTGAGGACACCCAAGC3’  

Atg5 AM087012 F: 5’AGGCTCAGTGGAGGCAACAG3’ 
R: 5’CCCTATCTCCCATGGAATCTTCT3’ 

Atg7 NM_001012097 F: 5’GCAGCCAGCAAGCGAAAG3’ 
R: 5’TCTCATGACAACAAAGGTGTCAAA3’ 

Atg12 NM_001038495 F: 5’GGCCTCGGAGCAGTTGTTTA3’ 
R: 5’CAGCATCAAAACTTCTCTGA3’ 

β2M NM_012512 F: 5’CGTGATCTTTCTGGTGCTTGTC3’  
R: 5’TTCTGAATGGCAAGCACGAC3’ 

 

Statistical Analyses 

Statistical analyses were performed using the SPSS 15.0 software package. ANOVA 

was performed to examine the main effects of compression, inhibitor, and interaction 

(compression x inhibitor) on the measured variables. ANOVA followed by Tukey’s 

HSD post hoc test was used to examine the significant differences between groups. 

Statistical significance was accepted at P < 0.05.  All data were expressed as means ± 

standard error of the mean (SEM).  
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Results 

Histological Analysis 

In contrast to the control myofibers of both DMSO- and z-VAD-fmk-treated animals 

which in general presented with an angular shape and were closely aligned to each other 

(Figure 4.2, A), compressed muscle of DMSO-treated group was observed to be loosely 

packed with massive nuclei accumulation in the interstitial space (Figure 4.2, A). 

However, morphological degenerative characteristics were generally absent in the 

compressed muscle of z-VAD-fmk-treated group. The total number of nuclei in the 

compressed muscle was significantly increased by 42%, compared to the control, in 

DMSO-treated animals (P = 0.001), but the nuclei number was not significantly 

different between the compressed and control muscles in z-VAD-fmk-treated group 

(Figure 4.2, B). The number of nuclei in the interstitial space of compressed muscle was 

significantly increased by 8.8-fold (P = 0.000) and 2.9-fold (P = 0.002) relative to the 

corresponding control muscle in DMSO and z-VAD-fmk groups, respectively (Figure 

4.2, B). The number of nuclei within myofibers normalized to the number of myofibers 

was not found to be significantly different between compressed and control muscles in 

either group (data not shown). Significant compression effect on the interstitial area was 

observed between compressed and control tissues in the DMSO group (Figure 4.2, C). 

There was a 2.1-fold increase in the interstitial area of compressed muscle of DMSO 

group (P = 0.001) but no significant difference was found between the compressed and 

control muscles of z-VAD-fmk group. Muscle fiber size was approximated by 

measuring the major and minor axes and the fiber area. Data showed that there was no 

significant change in major and minor axes of the muscle fiber between compressed and 



 84 

control muscles of both DMSO and z-VAD-fmk groups (P > 0.05) (Figure 4.2, D). 

There was also no significant change of the fiber area between compressed and control 

muscles in both groups (P > 0.05) (Figure 4.2, E). The distribution of the fiber area was 

shown in Figure 4.2 F but no significant difference was found between compressed and 

control muscles (P > 0.05). Fiber area of both DMSO and z-VAD-fmk groups overlapped 

in their distribution with the tail covered a wide range of areas (Figure 4.2, F).  
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Figure 4.2 Histological analysis of control and compressed muscles of DMSO  
and z-VAD-fmk treated animal. Compressed muscles of DMSO- and z-VAD-fmk-
treated animals were shown on the lower panel (A) whereas the corresponding control 
muscles were shown on the upper (A). Images were taken using objectives of 20x. All 
control muscles of DMSO and z-VAD-fmk animals demonstrated angular shape and the 
myofibers were tightly packed. Compressed muscles of DMSO group demonstrated 
pathohistological characteristics of degeneration including rounded myofibers and 
massive nuclei aggregation in interstitial space (A, indicated by arrows). On the other 
hand, these pathohistological characteristics were not found in compressed muscle of z-
VAD-fmk group. Numbers of muscle-related and interstitial nuclei were presented (B). 
The mean of interstitial area was measured (C). Means of major axis, minor axis and 
fiber area of muscles were also presented (D and E). Distribution of the fiber area in 
terms of the mean of percentage of muscle fibers was shown (F). Data are expressed as 
means ± SEM. *P < 0.05 or **P < 0.01, compressed muscle compared to the 
corresponding control muscle in DMSO and z-VAD-fmk groups. The main effects of 
compression, inhibitor and interaction (compression x inhibitor) in these animals were 
analyzed using a 2 x 2 ANOVA. 
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Markers of Apoptosis 

Caspase-3 was analyzed by determining its protease activity. There was a 1.4-fold 

increase in the caspase-3 protease activity in the compressed muscle, relative to the 

control, in DMSO group (P = 0.000) (Figure 4.3, A). Quantitative DNA fragmentation 

analysis demonstrated a significant elevation of the extent of apoptotic DNA 

fragmentation by 16.4-fold in the compressed muscle, relative to the control, in DMSO 

group (P = 0.000) (Figure 4.3, B). Our TUNEL/dystrophin analysis indicated that there 

was a 59.1-fold increase of TUNEL-positive apoptotic muscle-related nuclei in the 

compressed muscle, compared to the control, in DMSO group (P = 0.000). A 6.8-fold 

increase in TUNEL-positive apoptotic interstitial nuclei was also found in the 

compressed muscle of the DMSO-treated animals (P = 0.001). The 

TUNEL/dystrophin/DAPI staining of control and compressed muscles of DMSO and z-

VAD-fmk groups were shown in Figure 4.3 D. Caspase-3 enzymatic activity, DNA 

fragmentation and TUNEL indices were not found to be significantly different between 

the compressed and control muscles of z-VAD-fmk group (P > 0.05).  
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Figure 4.3 Markers of Apoptosis (as measured by caspase-8 protease activity,                                    
cell death ELISA and TUNEL staining). Caspase-3 protease activity was presented as 
two hours change of fluorescence intensity normalized to the total mg protein used in 
the assay (A). Apoptotic DNA fragmentation was measured and presented as optical 
density (OD) at 405 nm normalized to the total milligrams of protein used in the assay 
(B). Apoptotic DNA breaks in muscle tissue were determined by TUNEL staining (C) 
and were expressed as TUNEL index (D). Immunofluorescent labeling of dystrophin 
(red) was performed to identify the localization of the TUNEL-positive nuclei (green) 
with regard to the muscle sarcolemmal membrane (C). Total nuclei were labeled by 
4’,6-diamidino-2-phenylindole  (DAPI)  (blue)  (C).  The numbers of TUNEL-positive 
muscle-related and interstitial nuclei relative to the total number of nuclei were 
quantified as TUNEL index (D). Data are expressed as means ± SEM. *P < 0.05 or **P 
< 0.01, compressed muscle compared to the corresponding control muscle in DMSO 
and z-VAD-fmk groups. The main effects of compression, inhibitor and interaction 
(compression x inhibitor) in these animals were analyzed using a 2 x 2 ANOVA.  
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Apoptotic Regulatory Factor: Bax, Bcl-2 and phospho-Bcl-2 

The protein abundance of Bax, Bcl-2 and phospho-Bcl-2 was examined in control and 

compressed muscles by using immunoblot analyses on the cytoplasmic protein fraction. 

Bax was found to be significantly upregulated by 2.3-fold in the compressed muscle of 

DMSO group (P = 0.000) (Figure 4.4, A). The protein level of Bcl-2 was significantly 

increased by 1.2-fold (P = 0.000) whereas its phosphorylated form was decreased by 

60% (P = 0.008) in the compressed muscle, relative to the control, in DMSO-treated 

animals (Figure 4.4, B and 4.4, C). The Bax, Bcl-2 and phospho-Bcl-2 protein content 

were not significantly different between the compressed and control muscles of z-VAD-

fmk groups (P > 0.05) (Figure 4.4, A-C). In addition, no significant difference was 

found in the ratio of Bax-to-Bcl-2 between compressed and control muscles in DMSO 

and z-VAD-fmk groups (P > 0.05) (Figure 4.4, D).  
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Figure 4.4 Protein Abundance of Bax, Bcl-2 and phospho-Bcl-2 in the control  
and compressed muscles of DMSO and z-VAD-fmk treated animal. Protein 
abundances of Bax, Bcl-2 and phospho-Bcl-2 in cytosolic fraction were determined by 
Western blotting. Two sets of representative blots were shown. Data are  presented  as  
net  intensity  x  resulting  band  area  and  expressed  in  arbitrary  units. Results of Bax, 
Bcl-2 and phospho-Bcl-2 were normalized to corresponding β-tubulin signal. Data are 
expressed as means ± SEM with significant levels set at *P < 0.05 or **P < 0.01, 
compressed muscle compared to the corresponding control muscle in DMSO and z-
VAD-fmk groups. The main effects of compression, inhibitor and interaction 
(compression x inhibitor) in these animals were analyzed using a 2 x 2 ANOVA. 
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Apoptotic Regulatory Factor: XIAP, p53 and phospho-p53 

Our immunoblot analyses indicated that there was a 62% decrease of XIAP protein 

content in the compressed muscle when compared to the control muscle in DMSO group 

(P = 0.001) (Figure 4.5, A). The protein expression levels of p53 and phospho-p53 were 

significantly increased by 21.5-fold (P = 0.000) and 15-fold (P = 0.000) in the 

compressed muscle, relative to the control, in DMSO group (Figure 4.5, B and C). No 

significant difference in XIAP, p53 and phospho-p53 protein contents were found 

between compressed and control muscles in z-VAD-fmk group (P > 0.05). 
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Figure 4.5 Protein Abundance of XIAP, p53 and phospho-p53 in the control 
and compressed muscles of DMSO and z-VAD-fmk treated animal. Protein 
abundances of XIAP, p53 and phospho-p53 in cytosolic fraction were determined by 
Western blotting. Two sets of representative blots were shown. Data are  presented  as  
net  intensity  x  resulting  band  area  and  expressed  in  arbitrary  units. Results of 
XIAP, p53 and phospho-p53 were normalized to corresponding β-tubulin signal. Data 
are expressed as means ± SEM with significant levels set at *P < 0.05 or **P < 0.01, 
compressed muscle compared to the corresponding control muscle in DMSO and z-
VAD-fmk groups. The main effects of compression, inhibitor and interaction 
(compression x inhibitor) in these animals were analyzed using a 2 x 2 ANOVA. 
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Apoptotic Caspase-independent Factor: AIF and EndoG 

The accumulation of AIF and EndoG was estimated by using Western blotting analyses 

in both cytosolic and nuclear fractions. Cytoplasmic AIF was found to be significantly 

downregulated by 52% in the compressed muscle of DMSO-treated animals (P = 0.000), 

but not in the z-VAD-fmk group (Figure 4.6, A). No significant difference in nuclear 

AIF was found between compressed and control muscles in both DMSO and z-VAD-

fmk groups (P > 0.05) (Figure 4.6, B). On the other hand, our data indicated a 49.6-fold 

upregulation of cytoplasmic EndoG in the compressed muscle, relative to the control, in 

DMSO group (P = 0.000) (Figure 4.6, C). No detectable bands of EndoG were observed 

in all groups of muscle tissue in our extracted nuclear protein fractions.  
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Figure 4.6 Protein Content of AIF and EndoG in the control and compressed 
muscles of DMSO and z-VAD-fmk treated animal. Protein abundances of AIF and 
EndoG were determined by Western blotting. Two sets of representative blots were 
shown. Data are  presented  as  net  intensity  x  resulting  band  area  and  expressed  in  
arbitrary  units. Results of cytosolic AIF and EndoG were normalized to corresponding 
β-tubulin signal whereas nuclear AIF were normalized to corresponding lamin B1 signal. 
Data are expressed as means ± SEM with significant levels set at *P < 0.05 or **P < 
0.01, compressed muscle compared to the corresponding control muscle in DMSO and 
z-VAD-fmk groups. The main effects of compression, inhibitor and interaction 
(compression x inhibitor) in these animals were analyzed using a 2 x 2 ANOVA. 
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Cellular Stress Protein: CuZnSOD, MnSOD and HSP70 

No significant change of CuZnSOD protein content was observed between compressed 

and control muscles in both DMSO and z-VAD-fmk groups (P > 0.05) (Figure 4.7, A). 

There was a 97% decrease of MnSOD protein level in the compressed muscle of DMSO 

group (P = 0.000), but no change was found between the compressed and control 

muscles in z-VAD-fmk group (Figure 4.7, B). Our immunoblot analyses also indicated 

that there was a decrease of 98% (P = 0.000) and 97% (P = 0.000) of HSP70 in the 

compressed muscle of DMSO and z-VAD-fmk groups respectively, relative to the 

corresponding controls (Figure 4.7, C).  



 

 101 

 

B 

A 
CuZnSOD

0

50000

100000

150000

200000

250000

300000

1 2

C
u

Z
n

S
O

D
 p

ro
te

in
 c

o
n

te
n

t 
 n

o
rm

al
iz

ed
 t

o
 β

-t
u

b
u

lin
 

(a
rb

it
ra

ry
 u

n
it

)

Control Compressed

DMSO z-VAD-fmk

MnSOD

0

5000

10000

15000

20000

25000

30000

35000

40000

45000

1 2

M
n

S
O

D
 p

ro
te

in
 c

o
n

te
n

t 
 n

o
rm

al
iz

ed
 t

o
 β

-t
u

b
u

lin
 

(a
rb

it
ra

ry
 u

n
it

)

Control Compressed

DMSO z-VAD-fmk

*

Compression x Inhibitor: F(1, 28) = 14.66, P < 0.05

z-VAD-fmk 
Compressed Control Compressed 

DMSO 
Control 

z-VAD-fmk 
Compressed Control Compressed 

DMSO 
Control 

CuZnSOD 

z-VAD-fmk 
Compressed Control Compressed 

DMSO 
Control 

z-VAD-fmk 
Compressed Control Compressed 

DMSO 
Control 

MnSOD 

Compression x Inhibitor: F(1, 28) = 1.79, P > 0.05 

 

**  



 

 102 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7 Protein Content of CuZnSOD, MnSOD and HSP70 in the control 
and compressed muscles of DMSO and z-VAD-fmk treated animal. Protein 
abundances of CuZnSOD, MnSOD and HSP70 in cytosolic fraction were determined by 
Western blotting. Two sets of representative blots were shown. Data are  presented  as  
net  intensity  x  resulting  band  area  and  expressed  in  arbitrary  units. Results of 
CuZnSOD, MnSOD and HSP70 were normalized to corresponding β-tubulin signal. 
Data are expressed as means ± SEM with significant levels set at *P < 0.05 or **P < 
0.01, compressed muscle compared to the corresponding control muscle in DMSO and 
z-VAD-fmk groups. The main effects of compression, inhibitor and interaction 
(compression x inhibitor) in these animals were analyzed using a 2 x 2 ANOVA. 
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Autophagic Regulatory Factor: Beclin-1, Atg5, Atg7 and Atg12 mRNA Expressions 

The mRNA contents of Beclin-1, Atg5, Atg7 and Atg12 were estimated by real time 

RT-PCR analysis. It was found that the mRNA contents of Beclin-1, Atg5 and Atg12 

were decreased by 75% (P = 0.028), 55% (P = 0.043) and 72% (P = 0.007), respectively, 

in the compressed muscle, relative to the control muscle, in DMSO-treated animals 

(Figure 4.8, A, B and D). In contrast, mRNA abundances of Beclin-1, Atg5, and Atg12 

were not found to be significantly different in the compressed muscle when compared to 

the control muscle in z-VAD-fmk group (P > 0.05). No significant change in Atg7 

mRNA content was found between the compressed and control muscles of both DMSO- 

and z-VAD-fmk-treated animals, yet our 2 x 2 ANOVA analysis showed there was a 

significant interactive effect for compression and inhibitor treatment (Figure 4.8, C).    
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Figure 4.8 mRNA Expressions of Beclin-1, Atg5, Atg7 and Atg12 in the control 
and compressed muscles of DMSO and z-VAD-fmk treated animal. The gene 
expressions of Beclin-1, Atg5, Atg7 and Atg12 were examined by real-time RT-PCR 
analysis. Results were expressed as relative mRNA level as normalized to β2M, the 
housekeeping gene. Data are expressed as means ± SEM with significant levels set at *P 
< 0.05 or **P < 0.01, compressed muscle compared to the corresponding control muscle 
in DMSO and z-VAD-fmk groups. The main effects of compression, inhibitor and 
interaction (compression x inhibitor) in these animals were analyzed using a 2 x 2 
ANOVA. 
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Autophagic Regulatory Factor: LC3-I, LC3-II and FoxO3 Protein Expressions  

The protein expression levels of autophagic factors including LC3-I, LC3-II and FoxO3 

were examined in compressed and control muscles. Protein abundance of LC3-I and 

LC3-II was found to be significantly lowered by 55% (P = 0.044) and 82% (P = 0.018), 

respectively, in the compressed muscle relative to the control muscle in DMSO animals 

(Figure 4.9, A and B). The ratio of LC3-II-to-LC3-I was not found to be different 

between compressed and control muscles in DMSO and z-VAD-fmk groups (P > 0.05) 

(Figure 4.9, C). Protein concentration of FoxO3 was significantly reduced by 75% in 

compressed muscle when compared to the control muscle in DMSO group (P = 0.018) 

(Figure 4.9, D). FoxO3 protein was not found to be significantly different between 

compressed and control muscles in z-VAD-fmk group (P > 0.05) (Figure 4.9, D).  
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Figure 4.9 Protein Expressions of LC3-I, LC3-II and FoxO3 in the control and 
compressed muscles of DMSO and z-VAD-fmk treated animal. Protein abundances 
of LC3-I, LC3-II and FoxO3 were determined by Western blotting. Two sets of 
representative blots were shown. LC3-I and LC3-II were measured in cytoplasmic 
fraction whereas FoxO3 was determined in nuclear fraction. Data are presented as net 
intensity x resulting band area and expressed in arbitrary units. Results of LC3-I and 
LC3-II were normalized to corresponding β-tubulin signal whereas FoxO3 were 
normalized to corresponding lamin B1 signal. Data are expressed as means ± SEM with 
significant levels set at *P < 0.05, compressed muscle compared to the corresponding 
control muscle in DMSO and z-VAD-fmk groups. The main effects of compression, 
inhibitor and interaction (compression x inhibitor) in these animals were analyzed using 
a 2 x 2 ANOVA. 
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Discussion 

The prevalence of pressure ulcer is unacceptably high and this results in a heavy burden 

on health care expenditure. There is an urgent need to explore new and effective 

therapeutic regimens in alleviating the tissue damage as a result of sustained 

compression. In this study, we demonstrated the beneficial effect of z-VAD-fmk, a 

pharmacological broad spectrum caspase inhibitor, on the development of muscle 

pathology following prolonged, moderate compression. Our data demonstrated that z-

VAD-fmk precluded the compression-induced increases in caspase-3 protease activity, 

TUNEL index, DNA fragmentation and upregulation of pro-apoptotic regulatory factors 

including Bax, p53 and EndoG (Figure 4.3, 4.4, 4.5 and 4.6). Decreases in anti-apoptotic 

factors (XIAP and HSP70) that were observed in the compressed muscle of DMSO 

group were apparently absent in the compressed muscle of z-VAD-fmk-treated animals 

(Figure 4.5 and 4.7). Additionally, the mRNA abundance of autophagic regulatory 

factors (Beclin-1, Atg5 and Atg12) and the protein content of LC3 and FoxO3 which 

were found to be downregulated in compressed muscle of DMSO-treated animals were 

maintained at their basal level in the muscle of z-VAD-fmk-treated animal subsequent to 

prolonged compression (Figure 4.8 and 4.9). These results suggested that muscle 

pathohistology as induced by prolonged, moderate compression was inhibited by z-

VAD-fmk treatment. Our results also indicated that the effect of caspase inhibition 

involved the modulation of the corresponding apoptotic and autophagic signaling. 

 

Broad spectrum caspase inhibitor, z-VAD-fmk, suppressed caspase activation and 

muscle apoptosis. Caspase inhibition using z-VAD-fmk has been reported to exert its 
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therapeutic effect to endotoxin-induced (17, 23, 33) or lipopolysaccharide-induced (36) 

myocardial dysfunction and myocardial ischemia/reperfusion injury (60) by attenuating 

cardiomyocyte apoptosis. In mouse skeletal muscle, caspase inhibition using genetic 

approach has been shown to protect against denervation-induced muscle atrophy by 

impairing the downstream apoptotic signaling (37). Although the nature of myopathic 

condition in pressure-induced deep tissue injury is different from the aforementioned 

cardiac and skeletal muscle disorders, our present findings indicate that the 

myopathohistology as induced by prolonged compression can be prevented by z-VAD-

fmk treatment by suppressing the apoptotic signaling pathway. These suggest that the 

caspase-inhibiting drug might have potential practical application in the prevention or 

treatment of deep pressure ulcer, although the efficacy of these drugs in clinical muscle 

pathology will be worth further examination.  

 

In the present study, both caspase-dependent and -independent signaling pathways in 

pressure-induced deep tissue injury were evaluated. The proteolytic activity of the 

effector caspases has been exhibited to be modulated by the suppression of an anti-

apoptotic family called Inhibitor of Apoptosis Protein (IAP) (14). XIAP is a potent IAP 

which inhibits effector caspase-3 (14). HSP70 has also been shown to be a potent anti-

apoptotic protein and works by suppressing the formation of apoptosome leading to 

reduced caspase-9 activation and lessen the subsequent caspase-3 cleavage (1). 

Abundances of these two proteins, XIAP and HSP70, were found to be downregulated 

concomitant with the elevation of the caspase-3 enzymatic activity in muscle following 

compression. These changes indicated that the XIAP-mediated caspase-dependent 
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modulating mechanism was involved in the activated apoptotic signaling in the 

compressed muscle. Although the role of caspases in the apoptotic signaling is well 

established, it has been suggested that apoptosis can be executed also, by specific 

mitochondria-housed apoptotic factors, such as AIF and EndoG, without the 

involvement of caspases (6, 21). Mitochondrial caspase-independent apoptotic signaling 

via EndoG recruitment and its nuclear translocation in rat muscle has been demonstrated 

in aging and hind limb suspension experimental conditions (15, 29). The striking 

elevation of EndoG protein in the cytoplasm of our examined compressed muscle 

suggested that the caspase-independent machinery might have contributed to the 

activated apoptotic signal transduction during compression. However, evidence of 

nuclear translocation of EndoG was not observed in this study. Therefore, it is still 

unclear if the increase in cytosolic EndoG alone is sufficient in apoptotic signaling in the 

absence of nuclear translocation in muscle compression and the exact role of EndoG in 

promoting the compression-induced apoptosis in skeletal muscle is not completely 

known. AIF has also been shown to mediate the caspase-independent apoptotic 

signaling in aging, denervation and hind limb suspension-mediated muscle wasting (29, 

47, 49, 51). However, in our study, a decreased level of cytoplasmic AIF protein was 

demonstrated in concomitant with the activation of apoptosis in the compressed muscle. 

This finding is perhaps not surprising since the role of AIF either as a mediator of 

apoptosis or as a survival factor has recently been raised. It was reported by van Empel 

and coworkers that myocardium of AIF-deficient mouse mutant, Harlequin, was more 

sensitive to ischemia/reperfusion damage and oxidative stress-related cell death, 
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implicating the important role of AIF in cardiac cell survival (57). Hence, the dual role 

of AIF remains to be elucidated.  

 

The BCL-2 family proteins are generally considered to be the key governor of 

mitochondrial-mediated apoptosis (5, 11). Anti-apoptotic Bcl-2 protein was found to be 

increased in the compressed muscle of DMSO-treated animals, consistent with our 

previously reported Bcl-2 response to sustained compression (53) and in other muscle 

wasting models such as denervation (49) and aging (3). We interpreted that the elevation 

of Bcl-2 in the compressed muscle was an adaptive mechanism which attempted to 

counteract or decelerate the accelerating pro-apoptotic stimulus as induced by sustained 

compression. In cardiac myocytes, Bcl-2 downregulation and increased in its 

phosphorylation was correlated with cardiac myocyte apoptosis after myocardial 

infarction (39), ischemia/reperfusion injury (24) and H2O2-induced oxidative stress (28). 

These authors stipulated that cardiac apoptosis was provoked by serine phosphorylation 

of Bcl-2, leading to its inactivation and its disability to form dimers with Bax and, 

therefore, the subsequent activation of the mitochondria-dependent death pathway. Thus, 

the loss of the anti-apoptotic function of Bcl-2 through its serine phosphorylation 

suggests that phosphorylation of Bcl-2 may have a pro-apoptotic role. Phosphorylation 

of Bcl-2 at S70 has also been shown to be associated with the activation of caspase-9-

mediated apoptotic signaling in skeletal muscle of aged mice (3). However, our findings 

appeared to be contradictory with the observations in cardiac muscle. In our study, Bcl-2 

was not found to be phosphorylated at serine 87 (S87) in compressed muscle of DMSO-

treated animals, although markers of apoptosis were generally upregulated. It is possible 
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that the survival function of Bcl-2 could be regulated by either mono- or simultaneous 

multi-site phosphorylation at theorine 69 (T69), as well as S70 and S87 (13). 

Alternatively, we interpret that the survival function of Bcl-2 was actuated by the 

observed decreased of phosphorylated Bcl-2 that hindered the inactivation of Bcl-2. The 

definitive role of phosphorylation in regulating the anti-apoptotic function of Bcl-2 in 

compressed-induced muscle damage requires further study. Nonetheless, the anti-

apoptotic adaptation as demonstrated by increased Bcl-2 and decrease of its 

phosphorylation did not appear to affect the elevated apoptotic cell death in the muscle 

following sustained compression according to our TUNEL and DNA fragmentation data.  

 

Tumour suppressor p53 has been implicated in initiating cell growth arrest via p21 or 

the execution of Bax-associated apoptotic signal transduction (58). p53 has been 

reported to contribute to the modulation of apoptotic signaling in gastrocnemius muscle 

of aged rat (55), unloading-induced muscle atrophy in quail muscle (48, 52), 

denervation in rat muscle (49) and rat muscles in response to ischemia/reperfusion 

injury (20) and endurance exercise (43). In this study, p53 protein was significantly 

elevated in parallel with the increase in Bax in the compressed muscle of DMSO group, 

probably through the regulation of p53 phosphorylation at S15, which was also shown 

to be markedly upregulated in the compressed muscle. Consistent with these 

observations, doxorubicin-induced apoptosis in H9c2 rat cardiac myoblasts was 

observed to be modulated by the upregulation of p53, phospho-p53 (S15) and Bax (8, 9). 

Evidence suggested that p53 was phosphorylated at serine 15 after DNA damage and 

that this phosphorylation impaired the ability of p53 to interact with its negative protein 
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regulator, MDM2, which prevented the degradation of p53 and in turn stimulated the 

transcription of pro-apoptotic genes including Bax (46). Regulatory factors that were 

shown to have roles in oxidative stress-related cell death including CuZnSOD and 

MnSOD were examined. Protein content of CuZnSOD protein was not altered whereas 

MnSOD protein was downregulated by compression. This is similar to the findings of 

previous studies showing no changes were found in CuZnSOD protein level in muscle 

of hypertensive rat (40) and in denervated muscle (49). Similarly, diminished MnSOD 

was demonstrated in muscle following hind limb suspension (50) and denervation-

induced muscle wasting (47). We interpret this finding as due, at least in part, to a 

disruption or augmentation of oxidative balance in the compressed muscle. The possible 

role of oxidative stress in regulating the signaling mechanisms that mediate 

compression-induced muscle damage is a worthwhile area of future research.  

 

Caspase inhibition maintained compression-induced muscle autophagy at basal 

level. An intriguing observation in this study was the decreased Beclin-1, Atg5, Atg12, 

LC3 and FoxO3 that were found in the compressed muscle of DMSO-treated animals 

were maintained at their basal level in the compressed muscle of z-VAD-fmk-treated 

animals. Autophagy is an evolutionarily conserved and dynamic process responsible for 

the normal turnover of cytoplasmic contents, and removal of cellular pathogens to 

maintain cellular homeostasis. Our previous work has documented the response of 

autophagic factors to moderate compression by showing downregulation of Beclin-1, 

FoxO3, LC3-I and LC3-II proteins in muscle following compression (56). This 

decreasing autophagic response to compression was further substantiated by the present 
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demonstration of the diminished mRNA levels of Beclin-1, Atg5 and Atg12 and reduced 

protein contents of FoxO3, LC3-I and LC3-II in the compressed muscle. Autophagy can 

be either lethal or cytoprotective depending on the cellular context. In support, studies 

conducted by Hara and colleagues showed that deletion of a crucial autophagy gene 

Atg5 specifically in mice neural cells resulted in progressive deficit in motor function 

that was accompanied by abnormal intracellular protein accumulation (19). Knockout of 

cardiac-specific Atg5 in adulthood has also been shown to result in cardiac hypertrophy 

and contractile dysfunction accompanied by abnormal mitochondrial aggregation (32). 

Muscle-specific Atg5 and Atg7 knockout mice have been demonstrated to result in 

considerable muscle atrophy, decrease in force production and induction of 

morphological features of myopathy including presence of protein aggregates and 

abnormal mitochondria (30, 31, 41). All these reports highlighted the essential role of 

basal level of autophagy in the maintenance of cellular survival of myocytes. Protein 

degradation by autophagy generates free acids and amino acids that can be reused by the 

cell to maintain ATP energy production and protein synthesis and therefore promotes 

cell survival in maintaining basal homeostatic level (25). From the current context, basal 

level of autophagy was interpreted to be important for maintaining cellular metabolism 

depending on the experimental settings. Based on this, the observation of the 

maintenance of basal autophagy as a result of pharmacological caspase inhibition would 

likely be beneficial in our experimental setting. 

 

The basal autophagy that was restored by inhibition of caspases further substantiated the 

recent findings indicating the crosstalk between apoptosis and autophagy (16). In a 
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recent report by Cho and colleagues, Beclin-1/Atg6 was undetectable in tumour necrosis 

factor related apoptosis-inducing ligand (TRAIL)-treated HeLa cells and it was restored 

by z-VAD-fmk treatment (7). This indicated that Beclin-1 might be cleaved in a caspase 

dependent manner thereby destroying its pro-autophagic activity, in a process inhibited 

by pan caspase inhibitor, suggesting that Beclin-1 was a novel substrate for caspase (7). 

Also, knockdown of Atg6 was shown to further sensitize cells to TRAIL-induced cell 

death (7). This prompts the idea that Atg6 has a protective effect by suppressing cell 

death, at least in TRAIL-treated cells. Additionally, recent evidence also showed that 

Atg5 could function as a switch that its cleavage by calpain increases pro-apoptotic 

signaling, turning the process of cell death from autophagy to apoptosis (61). These 

results are in line with our data demonstrating that Beclin-1 and Atg5 were 

downregulated in apoptotic muscles and that this decrease was prevented by pan caspase 

inhibitor treatment. Our data agreed that the autophagic signaling pathway is connected 

to the cellular apoptosis in muscle cells. We speculated that Beclin-1 and Atg5 could 

have been the elements interconnecting the apoptosis and autophagy in muscle 

underwent prolonged compression, though their mechanistic role in this model has yet 

to be fully elucidated.  
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Conclusion 

In conclusion, our results demonstrated that caspase inhibition attenuated the 

compression-induced muscle apoptosis and maintained the basal autophagy during 

compression muscle injury. Our data provided evidence that pharmacological caspase 

inhibition might be of potential therapeutic value in alleviating muscle damage as 

induced by prolonged compression by modulating the corresponding apoptotic and 

autophagic signaling. These findings provide the basis for additional research on drug or 

intervention development targeting apoptosis in compression induced muscle disorders. 
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CHAPTER 5 

Overall Discussion 

 

The cellular and molecular mechanisms that contribute to the pathogenesis of deep 

pressure ulcer are unclear. The role of apoptosis and autophagy in muscle breakdown as 

induced by prolonged, moderate compression were examined in this project. Apoptotic 

signaling components, autophagy regulatory factors and cellular stress markers 

including Bax, Bcl-2, caspases, XIAP, AIF, EndoG, p53, Beclin-1, Atg genes, LC3, 

FoxO3, Akt, HSP70, MnSOD and CuZnSOD were investigated. Two inter-related 

studies were carried out in this project. The causal role of apoptosis and autophagy was 

concluded in the first study (as described in Chapter 3) by demonstrating that cellular 

apoptotic and autophagic changes preceded the pathohistological changes in 

compression-induced muscle damage. The effectiveness of the pharmacological caspase 

inhibitor in alleviating muscle damage as induced by prolonged compression was 

confirmed in the second study (as described in Chapter 4) by demonstrating the 

attenuation of apoptosis and pathohistology in the compressed muscle.  

 

Our findings are consistent with the overall hypothesis that cellular apoptosis and 

autophagy are involved in the pathogenesis of pressure-induced muscle pathology. The 

induction of apoptosis, activation of pro-apoptotic signaling and disruption of oxidative 

balance were evident in skeletal muscle following sustained compression. It was 

demonstrated that intrinsic (i.e. mitochondrial-mediated) and extrinsic (i.e. death 
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receptor-mediated) apoptotic pathways responded selectively to different experimental 

situations of compression and apoptotic alterations were found in the muscles following 

prolonged compression (4). Based on our results, potential circulatory cytokines that are 

related to apoptotic cell death, such as TNF-α which is an upstream mediator of the 

extrinsic apoptotic cell death pathway, could be explored in the future as a diagnostic 

tool and a predictor in the detection of the early stages of deep ulcers. If proven useful, 

this diagnostic tool can be used in place of invasive muscle biopsy from patients which 

is currently used in monitoring the progression of ulcer lesions.  

 

An interesting observation was that apoptosis and autophagy responded in an opposing 

manner in our in vivo compression model. Autophagy was found to be downregulated in 

the compressed muscle as demonstrated by the general decline in the autophagic 

regulatory factors investigated (4). The present findings appear to be in conflict to the 

documented elevation of autophagy in denervation-induced muscle disuse, in muscle 

after fasting or food deprivation and in muscle sarcopenia (2, 3, 5). The present data did 

not allow us to rule out the potential interacting coordination between the apoptotic and 

autophagic events, though the downregulation of autophagy might play an essential role 

in the development of compression-induced muscle pathology. Although beyond the 

scope of this thesis, the role of autophagy in compression induced ulcer is a rewarding 

area of further research.  

 

It was also demonstrated that apoptotic and autophagic changes preceded 

pathohistological changes in skeletal muscle in response to prolonged moderate 
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compression, suggesting the early, and possibly causative, role of apoptosis and 

autophagy in compression-induced muscle pathology (4). In view of this, the subsequent 

study was carried out to scrutinize the effect of pharmacological caspase inhibition on 

muscle breakdown following sustained compression. Our data provided promising 

results that caspase inhibition was effective in alleviating the compression-induced 

pathohistology and apoptosis in muscle while not affecting the basal autophagic 

signaling level. Autophagy is known to be a crucial process for normal cell turnover in 

skeletal muscle. Contrary to expectations, the autophagic regulatory markers were found 

to be maintained at their basal level after caspase inhibition. These results suggest that 

autophagy might have play a role in the coordination of muscle cell survival in 

compression-induced muscle damage though the exact physiological function of 

autophagy in muscle adaptations remains to be fully revealed. 

 

In general, our findings support the idea that compression-induced muscle pathology 

could be a candidate for therapeutic cell death suppression. Presently, inhibitors of cell 

death-related caspases are under close scrutiny for drug development especially in the 

pathogenic event of degenerative post-mitotic cells in the central nervous system and 

myocardium (1). Results from this study provides groundbreaking preliminary data 

which can provide a basis for  future research into drug or intervention development 

targeting apoptotic cell death in treating or preventing compression-associated muscle 

disorders. Human clinical trials would be a worthwhile area to explore to apply our 

current study outcome to humans.  
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In future, clinical trials with intravenous and oral administration of the pharmacological 

caspase inhibitor are suggested to explore the effects of varying doses to determine the 

minimum effective dosage and if there is a possibility of drug accumulation as well as 

reversible injury. Any adverse events or side effects arising as a result of introduction of 

caspase inhibitor such as fatigue, dizziness and local phlebitis in the vein used for 

intravenous administration could be ruled out in future human trial study. A limitation of 

this current study was that only early pathogenesis of compression-induced muscle 

damage was investigated. Studies of longer duration of compression are required to find 

out the significant effects of caspase inhibitor on disease progression and serum markers 

of apoptosis and inflammation. The physiological outcome of the compressed limb in 

terms of the muscle contractility, range of movement and the integrity of the underlying 

muscle cell through imaging as a result of the caspase inhibition can also be performed 

in human clinical trials. Also, observation time can be extended after the 2 days of 6 

hour compression and without caspase inhibitor intervention to the phase of tissue repair 

or regeneration of muscles.  

 

An area of concern is the problem of specificity in the use of a potent anti-apoptotic 

caspase inhibitor. The ultimate goal is to find and use a target specific caspase inhibitor 

which will protect compressed muscle cells from death, but does not promote any 

undesirable cell survival, leading to hyperaccumulation or cancer. Future in vivo or 

human studies are needed with long-term follow up of the subjects for any possible 

development of carcinoma or sarcoma muscle cancer of unaffected regions. In 
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conclusion, larger studies of longer duration with caspase inhibitor are merited to further 

assess the drug’s safety and efficacy.  

 

At present, all existing strategies, including predictive wound assessments, regular 

repositioning and pressure-relieving devices can only delay the progression of the ulcer 

lesions, but as yet there are no therapeutic interventions that are effective in preventing 

the onset of pressure ulcer. In the clinical context, our promising pre-clinical data 

showing the effective anti-apoptotic activity while muscle cells morphology was 

maintained by caspase inhibition, suggests the possibility for development of therapeutic 

interventions directed at cysteine proteases. This could have a broad beneficial impact in 

enhancing the current clinical practice. In view of the effectiveness of the anti-apoptotic 

activity in the onset of compression-induced muscle damage, pharmacological caspase 

inhibition may have clinical benefit in the long run especially in individuals such as 

wheelchair bound sport athletes and frail elderly.  
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