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Amber Cyran Howard 

Diabetic Membrane Repair Deficiency and Repair Promotion By Vitamin E 

Myopathy, characterized by muscle necrosis and atrophy, is a diabetic 

complication. The myopathy of at least one muscular dystrophy is linked to 

defective membrane repair. We hypothesized that defective membrane repair is 

also associated with diabetic myopathy. To test this hypothesis, we monitored 

repair in intact muscle from diabetic type 1 (INS2Akita+t) and type 2 (db/db) mouse 

models. Myocytes were laser injured in the presence of a membrane impermeant 

dye, and cellular dye uptake through the disruption site was monitored. Dye influx 

of diabetic myocytes was significantly increased, compared to controls, indicating 

repair deficiency. This defect was mimicked in cultured cell models by high (30 

mM) glucose exposure. Inhibiting the high glucose formation of advanced 

glycation endproducts (AGE) prevented this repair defect, but was induced in the 
I 

absence of high glucose exposure by enhanced AGE receptor (RAGE) binding. 

We conclude that high glucose exposure leads to defective membrane repair in 

skeletal muscle, and that AGE/RAGE interactions underlie this defect. 

AGE/RAGE binding also induces ~eneration of reactive oxygen species (ROS), 

I 

which is increased in diabetes. RCDS are also produced in skeletal muscle during 

eccentric contracts, an act that qrlates muscle membrane disruptions. Using a 

potent antioxidant, vitamin E (a-tlcopherol), we were able to reverse the high 

glucose exposure repair defect. f erestingly, diets deficient in vitamin E results 

in a lethal muscular dystrophy. arocopherol partitions into membrane bilayers 



where it is thought to act as a membrane stabilizer and/or as an antioxidant. We 

hypothesize that one important biological role of vitamin E is to promote muscle 

membrane repair. To test this hypothesis, cultured muscle cells were loaded with 

a-tocopherol and repair assessed with the laser assay. a-Tocopherol loading 

significantly decreased cellular dye influx, indicating that repair had been 

promoted. Strikingly, the Hela cell, a non-muscle cell that normally displays 

unrestricted dye influx after laser disruption, e.g. not capable of repair via this 

form of injury, became repair competent after loading with a-tocopherol. Vitamin 

C, another antioxidant that can be loaded into cells, also significantly decreased 

dye influx after laser injury. Howeve~, horseradish peroxidase, an antioxidant that 
I 

lacks transport across the plasma membrane was found to be ineffective in 

promoting repair. Cells injured in the presence of H202, displayed significantly 

more dye influx than controls injured in physiological saline lacking this oxidant. If 

however cells were loaded with vitamin E the H202 did not affect repair. We 
I 

further tested H202 exposure in in~act mouse skeletal muscle, and found repair to 

be significantly impaired. However, comparable to vitamin E loading in the cell 

model, Trolox (a water soluble analog of vitamin E) pretreatment prevented the 

H202 muscle membrane repair defect. We conclude that vitamin E promotes 

plasma membrane repair, and that its capacity as an anti-oxidant is crucial in this 

role. 

Index words: membrane repair, diabetes, aminoguanidine, AGE, RAGE, vitamin 

E, a-tocopherol, Trolox, vitamin C, and horseradish peroxidase. 
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Chapter I. Introduction 

I.A Membrane Repair 

I.A.1 Significance of Membrane Repair 

The plasma membrane provides a distinct barrier for the cell, separating 

its essential intracellular make up from the potentially damaging extracellular 

do"main. Disruptions of the plasma membrane, a common form of cell injury, 

occur under physiological conditions of mechanical stress (McNeil and 

Steinhardt, 2003) and have been recorded in skeletal muscle myocytes (McNeil 

et al., 1992), cardiac muscle myocytes (Clarke et al., 1993), epithelial cells lining 

the gastrointestinal tract (McNeil and Ito, 1989), epidermal cells of skin (McNeil 

and Ito, 1990) and endothelial cells of large arteries (Yu and McNeil, 1992). Any 

such break in the crucial membrane boundary is potentially fatal; thus it is 

essential to rapidly repair these disruptions, or cell death by necrosis ensues. 

Active membrane repair maintains cell survival (McNeil and Steinhardt, 2003) 

without loss of cell function or the cost of replacing frequently injured cells (Han 

et al., 2007). 

Serious complications, not only on the cellular level, such as disease may 

arise when there is an inability to prevent or repair membrane disruptions. First, 

cells are equipped with protective mechanisms, such as the cell's cytoskeleton 

ability to manipulate membrane tension (McNeil and Steinhardt, 2003), which 

enables cells to prevent disruptions, but a failure in these protective mechanisms 
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results in disease. Second, cells employ a repair mechanism, capable of rapidly 

restoring the membrane integrity and thereby preventing cell death, and any 

failure in this mechanism also results in disease. 

I.A.1 a Protective Mechanism 

The inability to protect cells from disruptions leads to pathology, 

particularly in muscle with mutations in the dystrophin glycan complex (Lim and 

Campbell, 1998). The dystrophin glycan complex diseases, to name a few, 

include Duchene, caused by a mutation of the dystrophin gene (Clarke et aL, 

1993), Emery-Dreifuss, caused by the mutation of the lamin A/C gene (Wessely 

et al., 2005), and Fukuyama-type congenital muscular dystrophy, caused by a 

mutation in the fukutin gene (Kanagawa et al., 2009). Dystrophin, a skeletal 

muscle myocyte protein integral in the dystrophin glycan complex, participates in 

forming the mechanical linkage that transmits the force generated by contractile 

myofilaments across the plasma membrane to the extracellular matrix (Straub 

and Campbell, 1997). Humans that lack functional dystrophin develop severe 

muscle wasting and loss of ambulation. Myocytes in the mouse model of ·this 

disease have been shown to be more prone to plasma membrane disruption 

injury than those of normal mice (Clarke et al., 1993). A failure to prevent 

disruptions due to mutations in laminin or a-dystroglycan, a receptor for laminin in 

the basement membrane that acts as a plasma membrane anchor (Barresi and 

Campbell, 2006), leads to heart failure in Emery-Dreifuss patients (Wessely et 

al., 2005) and a severe muscular dystrophy in Fukuyama-type congenital 
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muscular dystrophy (Kanagawa et al., 2009). Therefore, cell mechanisms to 

prevent membrane disruptions induced by mechanical stress are vital in 

maintaining cell health. 

I.A.1 b Repair Mechanism 

Failure to repair membrane disruptions also results in at least one form of 

muscular dystrophy, limb-girdle type 11, caused by a lack of functional dysferlin 

{Clarke et al., 1993). Limb-girdle type II muscular dystrophy is characterized by 

weakness and wasting of muscles in the pelvic and shoulder region (Bansal and 

Campbell, 2004). Mice lacking functional dysferlin, a skeletal muscle myocyte 

protein thought to function as a calcium-activated participant in membrane fusion, 

display centrally placed nuclei progressively with age, indicating muscle 

morphological changes (Bansal et al., 2003). In wild-type mice, dysferlin localizes 

to sites of membrane disruptions (Bansal et al., 2003). Muscle fibers derived from 

dysferlin-null mice display an inability to repair laser-induced membrane 

disruptions, and skeletal muscle possess a greater number of injured fibers after 

physiological membrane disruptions (Bansal et al., 2003). This finding highlights 

the importance of efficient plasma membrane repair in maintaining muscle 

health. 

I.A.2 The Membrane Repair Process 

Most, if not all, eukaryotic cells display a calcium-dependent repair 

response (McNeil and Steinhardt, 2003). The membrane repair process (Figure 
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1) is activated when a large plasma membrane disruption, >1 µm in diameter, 

allows an influx of extracellular· calcium (Ca2+) (Terasaki et al., 1997) (McNeil et 

al., 2000), present at a -104-fold higher concentration than intracellular levels 

(McNeil et al., 2000). This Ca2
+ influx would prove fatal if allowed to flood 

continuously into the cell. Instead, Ca2
+ rapidly (sub second time scale) triggers 

homotypic vesicle-vesicle fusion localized at the site of disruption to form a 

'patch' vesicle (Terasaki et al., 1997) (McNeil et al., 2000). The 'patch' vesicle is 

derived from internal membrane compartments within the cytoplasm· (McNeil et 

al., 2000). The cell compartments contributing internal membrane to the 'patch' 

have thus far been identified as yolk granules (McNeil and McNeil, 2005), 

endosomes (Tam et al, 2010), lysosomes (Rodriguez et al, 1997), and 

enlargesomes (McNeil and Steinhardt 2003). The 'patch' vesicle then undergoes 

swift exocytosis to the injury site to restore membrane continuity (Miyake and 

McNeil, 1995). However, failure to initiate and successfully complete the 

membrane repair response, e.g. in the absence of Ca2
+, results in rapid cell 

death (Bi et al., 1995; Terasaki et al., 1997). 

I.A.2a Protein Components of Repair 

Although membrane repair is a highly conserved cell survival response, 

the compartments and protein participants involved in repair are still under 

intense investigation. The SNARE family (soluble n-ethylmaleimide-sensitive 

factor attachment protein receptors) (Steinhardt et al., 1994; Jahn and Scheller, 
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2006), and synaptotagmins (Andrews, 2005) have been found to assist in 

intracellular membrane fusion to repair membrane disruptions. Exocytosis 

participants such as dysferlin (Bansal et al., 2003), annexins ·(McNeil et al., 2006; 

Draeger et al., 2011; Lennon et al., 2003), actin and myosin (Bement et al., 2007) 

have all been found to be essential in the membrane repair process. 

I.A.2b Glycoproteins Involved in Repair 

Most recently, in relationship to proteins discovered to be involved in 

membrane repair, are cell surface glycoproteins (Miyake et al., 2007). The 

heterogeneous arrays of glycoproteins that decorate cell membranes are 

essential for cell function. Lectins, present in many plants, are multivalent 

proteins that selectively bind carbohydrate moieties of cell surface glycoproteins 

(Sharon and Lis, 1972) upon ingestion. This lectin binding can result in toxicity 

and inflammation (Freed, 1999), and has even been ascribed a role in coeliac 

disease (Kolberg and Sollid, 1985). This cell surface binding prevents 

glycoprotein-assisted membrane repair, as demonstrated by the fact that lectin

bound cells are unable to withstand laser-induced membrane disruptions (Miyake 

et al., 2007). In lectin-based food poisoning, lectin-coated cells may be unable to 

withstand the physiological membrane disruptions arising from food passage 

(Figure 2). If this were to occur in vivo, failed cell repair could lead to 

gastrointestinal tract distress. 
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I.A.3 Characterizing Membrane Repair 

I.A.3a Experimentally Produced Membrane Disruptions 

In vitro, there are a variety of methods used to induce membrane 

di~ruptions in cells. To wound a large population (thousands to millions) of 

cultured cells rapidly, a scrape-wounding assay is often employed (McNeil et al., 

1984 ). This assay utilizes a rubber policeman to scrape adherent cells off their 

substratum, thereby creating membrane disruptions in the detached cells (McNeil 

et al., 1984). In order to create multiple cell population injuries with the same 

extent of injury, the rubber policeman method can be replaced with a 96-well 

metal pin transfer device (Yarrow et al., 2004), capable of uniformly scraping 96-

wells of cells simultaneously in a 96-well plate. 

There are several advantages and disadvantages of using the scrape 

method. Advantages include the rapidity and ease in performing the assay. 

Thousands of cells can be wounded in one population, or multiple populations of 

cells may be wounded simultaneously, making this an ideal high throughput 

assay. Scraping is also analogous to the cell· disruption stresses that occur 

physiologically. However, there are disadvantages to this method. Cells must be 

grown in a monolayer, and must not reach 100% confluence. Although scraping 

most closely resembles physiological membrane disruptions, a monolayer does 

not accurately depict the repair response of cells injured in whole tissue. The 

scrape assay is also not applicable to all cell types, as some cells cannot survive 

this form of disruption, i.e. cells that bind with high affinity to their substratum, but 
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are able to repair in other membrane injury assays. 

There are several ways to assess repair failure or cell survival after 

scraping using viability assays. A live/dead assay (Molecular Probes protocol) 

can be used to determine viability/cytotoxicity of the scraped population of cells. 

This technique involves assessing fluorescence after adding calcein-AM (Cal

AM), a nonfluorescent cell-permeant dye, that only living cells can enzymatically 

converts to fluorescent calcein upon entering the cell, and ethidium homodimer-1 

(EthD-1 ), a membrane-impermeant dye that becomes fluorescent upon binding 

to nucleic acids, to scraped cells. Cal-AM represents viable cells and EthD-1 the 

dead/dying cells; when compared together a live to dead ratio can be determined 

(Figure 3, E), which is interpreted as repair and survival after scraping. This 

assay is rapid and can assess viability within 30-45 minutes after injury. 

Scraped cells can also be assessed for lasting survival using another 

viability assay, after wounding, replating, and adherence to a culture plate. This 

is done by treating cells with MTT, 3-(4,5-Dimethylthiazol- 2-yl)-2,5-

diphenyltetrazolium bromide, a compound that is reduced by lysosomes, 

endosomes, and mitochondria to produce a purple like MTT-formazan crystal on 

the cell surface (Liu et al., 1997). These MTT crystals can then be dissolved and 

absorbance measured to determine the viability of a cell population (Figure 3, F). 

This assay is a long-term assessment of cell survival as it can be performed 

between 4 and 24 hours after injury 
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Although scrape-wounding is favorable for inflicting membrane disruptions 

on total cell populations, a single-cell laser-based assay is superior to scraping 

due to the microscopic analysis of repair kinetics that can be performed and a 

higher sensitivity. Laser wounding employs a 2-photon confocal laser-scanning 

microscope to irradiate and break plasma membranes in the presence of a 

membrane-impermeant fluorescent dye, and then captures real-time images of 

the dye influx (McNeil et al., 2003) (Figure 4, A and B). Fluorescence intensity 

within the cell can then be monitored microscopically and analyzed using imaging 

software to determine the extent of dye up-take, correlating to the cell's ability to 

repair (Figure 4, C). Cell lines and live tissue, such as skeletal muscle and heart 

slices can be injured in this way and repair documented (Han et al., 2007; Bansal 

et al., 2003). 

There are several advantages and disadvantages of using the laser 

method of membrane disruptions. This assay has higher sensitivity then the 

scrape assay, a{lows for direct control of membrane injury (both intensity and 

size), and can capture images of the cell response immediately before and after 

membrane injury. This enables us to document dye influx over time to determine 

if and when a plateau in dye fluorescence, indicating successful repair, has 

occurred. This assay has been adapted to a wide range of cell types and even 

includes myofibers in intact muscle. However, due to the muscle contractions 

exhibited by intact muscle fibers injured with this method, only total uptak/ of dye 

can be assessed. Despite the disadvantage noted about using whole muscle, 
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Figure 3: Cell scraping followed by live/dead or MTT analysis to determine 
the extent of membrane repair. (A) and (B) Adherent cells are scraped off their 
substratum creating tears in the plasma membrane. (C) Repair occurs in two 
cells and one cell fails to repair. (0) Only disrupted cells, present in the aqueous 
solution are re-plated , leaving behind adherent cells that were not injured. (E) 
Cells are incubated with calcein AM and ethidium homodimer to determine the 
population of live and dead cells. (F) Alternatively, MTT can be added once cells 
reattach to the plate to assess long term survival. 
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(A) A cell membrane is irradiated with a laser to produce a membrane disruption 
in the presence of physiological solution containing calcium (Ca2+) and a 
membrane-impermeant fluorescent dye (FM). FM dye enters the cell through the 
disruption site, where it becomes sequestered indicating membrane repair has 
occurred. (B) Ca2

+ is required to initiate the membrane repair response. In its 
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there are other drawbacks to usin9 the laser method. Firstly, this is a single cell 
I 

assay and therefore time consur/ning. Whole populations of cells cannot be 

assessed in this manner. Secondl:Y, some cells do not survive the intense laser 

irradiation, so this assay is not suitable for all cell types. Finally, a laser disruption 

is not physiological, so the cell repair response may not mimic the behavior in 

vivo. 

I.A.3b Physiological Disruptions 

It is also possible to monitor membrane repair in vivo. Animal models can 

be subjected to physiological stre~s to create membrane disruptions in vivo (Han 

et al., 2007; McNeil and Khakee, 1992). One such example, downhill running, 

produces eccentric contractions in the leg muscles resulting in membrane tears 

of the muscle fibers (McNeil and Khakee, 1992). Creatine kinase, a muscle 

specific protein, is released into the serum and can document the extent of 

muscle injury (Byrnes et al., 1985; McNeil and Khakee, 1992). Another method 

used to detect fiber injury is through injection of a non-permeable fluorescent 

dye, Evan's Blue Dye (EBD), which enters fibers with membranes no longer 

intact (Han et al., 2007). Injecting the dye before exercise allows for the 

assessment of total fibers injured during running, but does not allow for the 

discrimination of repair versus repair incompetent fibers. Injecting EBD following 

membrane injury enables detection of fibers that suffered un-repairable 

membrane damage (Hamer et al., 2002) and allows for the quantitation of failed 

membrane repair in vivo. 
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1.8. Diabetes 

1.8.1 Brief Background 

Diabetes, unfortunately, is the world's leading metabolic syndrome 

effecting approximately 7 .8% of the United States population, 30% of which are 

undiagnosed (CDC and Prevention 2008). Diabetes is primarily characterized by 

hyperglycemia, due to a limited or a complete lack of insulin action or insulin 

resistance, which leads to the development of diabetes-specific pathology 

(Hudson, et al. 2002; Giacco and Brownlee, 2010). The long-term complications 

of diabetes are diverse, and include cardiac dysfunction, renal disease, stroke, 

nerve damage, blindness, and vascular damage (Brownlee, 2001 ). Many of 

these complications are direct results of the elevated blood sugar levels 

characteristic of this disease (Cariello, 2005). All cells in the body of a diabetic 

are exposed to the same level of high glucose, but hyperglycemia selectively 

damages only some cell types (Giacco and Brownlee, 2010). What exactly at the 

cellular level malfunctions, and the molecular mechanisms underlying this 

malfunctioning, is poorly understood in most cases. 

1.8.1 a Diabetic Muscle Complications 

Musculoskeletal abnormalities, a well-known medical complication of type 

1 and 2 diabetes, are increasing in prevalence and are a common source of 

disability in the diabetic population (Ramchurn et al., 2009). Muscle atrophy and 

necrosis in diabetes represents the most common clinical condition affecting 

human muscle growth and performance (Krause et al., 2009). This atrophy can 
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be severe and debilitating, affecting : most prominently the proximal limb-girdle 

muscle, a condition referred to as 1diabetic amyotrophy' (Taylor and Dunne, 

2004 ). Moreover, diabetic patients can experience acute muscle necrosis (Naderi 

et al., 2008)_, also known as diabetic myonecrosis (Hoyt and Wittich, 2008). 

Diabetic myopathy can also be demonstrated in animal models of diabetes, 

including mouse (Vignaud et al., 2007) and rat (Cotter et al., 1993), where 

reductions in muscle mass and contractile force have been measured. However, 

the pathogenesis of diabetic myopathy remains unknown. Strikingly, the 

localization in diabetic amyotrophy is similar to that displayed in dysferlin

deficient atrophy, e.g. the limb-girdle musculature (see I.A.1 b). This leads us to 

predict that a membrane repair problem may underlie diabetic muscle 

complications. 

I.B.,1 b Diabetic Mouse Mode'ls 

Partial pancreatectomy (Farrell et al. 1999), or injection of streptozotocin 

(Candido et al., 2003; Lesniewski et 1al., 2003) is commonly used to create animal 

models with diabetes. However, these systems involve removal of a major 

portion of pancreas or drug-induced pancreatic damage to produce diabetes. A 

better model is the progressive diabetes found in the INS2Akita+/- mouse, which 

possesses a dominant point mutation in the insulin-2 gene, which in turn 

produces dysfunctional insulin that remains within pancreatic (3-cells ultimately 

leading to (3-cell death (Barber et. al. 2005). The rapid onset of diabetes, 

hypoinsulinemia and spontaneous hyperglycemia can be detected in these mice 
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after 4 weeks of age (Barber et al., 2005; Yoshioka et al., 1997). Thus, this 

insulin mutation produces a type 1 mouse model of diabetes and displays the 

complications associated with progressive diabetes, such as retinopathy (Barber 

et al., 2005) and nephropathy (Haseyama et al., 2002). This mouse model also 

displays diabetic myopathy with muscle force loss, atrophy, and fiber loss 

(Krause et al., 2009), making it ideal for studies involving diabetic muscle 

complications. 

Another genetically mutated diabetic mouse model is the db/db mouse. 

These mice have an autosomal mutation in the diabetes gene (db) producing a 

phenotype that resembles diabetes mellitus type 2 in humans (Hummel et al., 

1966). The db gene is expressed in the brain and several other tissues and 

codes for the leptin receptor (Chen et al., 1996). Leptin and its receptor normally 

provide an internal signaling system that regulates body weight and glucose 

metabolism in mice (Brown et al., 2000). Mice expressing a homozygous 

diabetes mutation (db/db} develop hyperglycemia and a shortened life span 

(Hummel et al., 1966) much like the lns2Akita+t- mice. However, the db/db also 

suffer from obesity and hyperinsulinemia (Hummel et al., 1966), phenotypically 

separating them from the lns2Akita+t-_ 

I.B.2 Advanced Glycation Endproducts 

One well-established effect of hyperglycemia is the production of 

advanced glycation endproducts (AGE), which contribute to the development of 
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chronic diabetic complications (Peywux and Sternberg, 2006; Hudson et al., 

2002). Sugar adducts, such as glu,cose, react with amino groups and in a 

process of reversible re-arrangements eventually, over a period of weeks to 

months, convert into an irreversible/stable formation, AGE (Hartog et al., 2007). 

Glycation may occur on any protein with an amino group; thus, AGE are present 

systemically, intra- and extracellularly (Hartog et al., 2007; Brownlee, 2001 ). The 

production and accumulation of AGE. is significantly elevated in diabetes (Hudson 

et al., 2002). 

The extracellular matrix and basal lamina molecules are important for 

skeletal muscle stability, regeneration, and muscle cell matrix adhesion (Lampe 

and Bushby, 2005). Advanced glycation of these proteins, e.g. collagen, 

basement membrane, and other matrix proteins, interferes with functional 

properties leading to decreased cellular elasticity, adhesion and migration 

dysfunction, and interference with matrix-matrix and matrix-cell interactions 

(Peyroux and Sternberg, 2006; Brownlee, 2001 ). Not surprisingly, muscle 

disorders, such as Bethlem myopathy and Ullrich congenital muscular dystrophy 

(Lampe et al., 1993), are associated with extracellular matrix collagen. This 

suggests that AGE alterations to collagen may be of importance in understanding 

diabetes effects on muscle pathology. 

There are three classes of naturally forming AGE: fluorescent cross-linking 

(ex: pentosidine and crossline), non-fluorescent cross-linking (ex: glucosepane 
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I 

and methylglyoxal lysine dimer), and/ non-cross-linking ( ex: carboxymethyl-lysine 
I 

I 
and pyrraline) (Peyroux and Stern

1

berg, 2006). Cross-linking AGE alter the 
I 

physical properties of glycated proteins, link glycation adducts, and lock bound 
I 
i 

molecules together, making them ~nable to perform their molecular function 
I 

(Brownlee, 2001; Peyroux and Sterriberg, 2006). This is particularly common in 

collagen, and continued cross-linking of AGE-collagen to other AGE-collagen 

leads to stiffening of the extracellular matrix (Monnier et al., 2005). Cross-linking 

and non-cross-linking AGE also possess the ability to attach to receptors either 
I 
I 

present in the soluble form or locat~d on cell surfaces (Peyroux and Sternberg, 
I 

2006). The most commonly studied/· AGE receptor is the receptor for advanced 

glycation endproducts (RAGE.). 

I 

1.8.3 The Receptor for Advanced ~lycation Endproducts (RAGE) 

Surface RAGE is diffusely distributed in various tissues and cell types, 

while being ~90% conserved amon~ different species (Brett et al., 1993; Lindsey 

et al., 2009). RAGE is highly expressed in skeletal muscle (Brett et al., 1993). 

Cleavage of RAGE from the cell i surface results in soluble-RAGE (s-RAGE) 
I 

found in plasma (Brett et al., 1993)l AGE are capable of binding to either RAGE 
! 

ors-RAGE, and s-RAGE acts as ~n inhibitor of cell surface RAGE {Park et al., 
I 

1998) through competitive inhibitioh binding. Treatment of diabetic mice with s-
I 

i 

RAGE prevents vessel accumul!ation of AGE and drastically suppresses 
I 
I 

atherosclerosis (Park et al., 1998). ; 
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In diabetes, increased accu7ulation of AGE-modified proteins results in 

the increased expression of RAGEf (Hudson et al., 2002). This receptor is 

activated upon ligand binding and/ stimulates production of reactive oxygen 

species (ROS) causing intracellular ;oxidative stress (Yao and Brownlee, 201 O; 
I 

Yan et al., 2010). In the diabetic ~nvironment, AGE-RAGE binding produces 

celfular damage in conjunction with: the oxidative stress produced (Yan et al., 

2009). Thus, ROS may be negatively impacting cell health, downstream of AGE

RAGE interactions. 

1.8.4 Diabetes and Reactive OxygJn Species 
I 

The production of ROS plays a key role in the pathogenesis of diabetes. 
I 

Although AGE/RAGE binding pJoduces ROS, there are other diabetic 

mechanisms involved in generating. ROS. Intracellular glucose can also increase 
/ 

superoxide radical formation from th1e electron transport chain in the mitochondria 
. I 

I 

(Brownlee, 2001 ). Normally produc~d at a relatively low rate under physiological 
I 

I 

conditions, ROS are drastically el~vated in diabetes (Yan et al., 2008). High 

I 
levels of intracellular glucose provide an excess of electron donors generated by 

I 
I 

the Kreb's cycle to be used in th~ electron transport chain (Brownlee, 2001 ). 

Damage from ROS and depleted cJllular antioxidant defenses manifest in tissues 
I 
I 

and culminate into diabetic complications (Pazdro and Burgess, 2010). Thus, 
I 

antioxidant supplementation has b~en studied as a way to treat the complications 

associated with oxidative stress in ~iabetes (Pazdro and Burgess, 2010). 
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I.C. Vitamin E 

I.C.1 Background 

Vitamin E was first characterized in 1922 when it was discovered that rats 
I 
I 

!llaintained on a diet containing all vitamins characterized at that time failed to 

reproduce (Evans and Bishop, '. 1922). However, when this diet was 

· supplemented with lettuce, fertility was restored, and the substance was given 

the name vitamin E (Sure, 1924 ). Tihe active substance in lettuce was isolated in 
i 

i 

1936 and called tocopherol, Greek for "to bare offspring". Further studies on diets 
i 

lacking vitamin E revealed muscle; necrosis and a lethal muscular dystrophy in 

I 

mice (Pappenheimer and Goettscn, 1931 ), guinea pigs and rabbits (Goettsch 
I 
! 

and Pappenheimer, 1931), and ducklings (Rigdon, 1964; Pappenheimer and 
! 

Goettsch, 1934 ). In. humans, skeletal myopathy is associated with vitamin E 
I 

I 

deficiencies, and low vitamin E le~els in the elderly are characterized by loss of 
I 

I 

muscle strength (Ble, 2006). 

i 
. I 

·where does vitamin E localize upon ingestion? Vitamin E is a fat-soluble 
I 

. I 

vitamin transported around the ~ody as a component of plasma lipoproteins 
I 

I 

(Wang and Quinn, 1999). Dietary !vitamin E is distributed to chylomicrons in the 
I 

I 

liver. It is then distributed thro~ghout the body where it partitions into the 
I 

hydrophobic core of various cell; membranes (Wang and Quinn, 1999). The 
! 
I 

concentration of vitamin E differs /from one cell to the next, and accumulates in 
i 

organs such as the kidney, heart, muscle, and brain (Wang and Quinn, 1999), 

located predominantely in cellul~r and subcellular membranes (Urano et al., 
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I 

I 
r 1992). Although the role of vitamin E is not well established, the possible 

, mechanisms of action have bee~ heavily investigated. Vitamin E has two 

proposed methods of action within the cell membrane: stabilizer, and/or anti-

oxidant. 

I.C.2 Vitamin E Mechanism of Actijon 

I.C.2a Membrane Stabilizati
1

on 
i 

Although present as a relrtively minor membrane component when 

compared to other membrJne lipids on the order of 1 :65 
I 

tocopherol/phospholipids (Quinn, /2004 ), vitamin E may exert a significant 

I 
structural role. Due to its lipid soluDility, vitamin E partitions into the hydrophobic 

I 

core of the plasma membrane bilbyer, complexing with membrane lipids, with 
I 

resultant changes in bilayer prope~ies, such as fluidity (Urano et al., 1992). The 
! 

chromanol head of vitamin E, when bound to membrane lipids, has limited 
I 

mobility within the membrane (Ura~o et al., 1993) and is thought to 'stabilize' the 

I 

amphipathic balance (Wang and puinn, 1999). This theory has been met with 

scrutiny as some evidence shm~s vitamin E addition promotes fusion within 

erythrocytes, presumably by the d$stabilization of the membrane bilayer (Ahkong 
I 

et al., 1973). Similar studies hav~ found that vitamin E does not induce fusion 
I 

(Creutz, 1981) but instead inhibits platelet aggregation (Steiner and Anastasi, 
I 
I 

1976; Steiner and Mower, 1982) /and prevents adhesion (Jandak et al., 1989). 
I 
I 

However, the major biological evidence for vitamin E acting as a stabilizer is that 
; 
I 

I 

it can prevent erythrocyte lysis (W,illis, 1983; Urano et al., 1992). 
I 
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I 
I 

If vitamin E does act to stabilize the cell membrane, this vitamin would be 

of interest in the field of membrane 1epair. To date, the only compounds shown to 

promote repair in vitro are surfactants, such as pluronic F68 NF (Clarke and 
I 
I 

McNeil, 1992; Togo et al., 1999) th:at alter physiological cell properties. Indeed, 
. ! 

similarly to vitamin E, F68 dis~lays membrane 'stabilizing' properties by 

preventing lysis of cells in culture (Glincke et al., 2010). However, there is clearly 
I 

the potential that surfactants could be toxic in vivo, based on the in vitro 
i 

concentrations required for repair promotion (Togo et. al, 1999; Magnusson, 

1986). In fact, in vivo testing performed with pluronic F68 on rats has indicated a 
I 
I 

deficit in learning and memtjry processes, associated with reduced 

neurotransmitter uptake and relea~e in neurons {Clarke et al., 1999). Clearly, 

repair promoting compounds with6ut toxicity or side effects are needed. Could 

vitamin E be such a compound? j 

I.C.2b Membrane Antioxidknt 

I 
The second proposed mechanism of action for vitamin E is as a potent 

I 

antioxidant. Vitamin E's anti~xid+t chromanol head group, located within the 

hydrophilic portion of the bilayer 0Urano et al., 1992), scavenges active oxygen 
I 

i 
radicals and singlet oxygen to Rrevent phospholipid oxidation (Burton et al., 

I 

I 

1985). This ability allows vitamin IE to protect tissues from free radical damage 

(Wang and Quinn, 1999). Unlike /other cellular antioxidants that are constituent 
I 

enzymes or enzyme-dependent ~ystems, the antioxidant action of vitamin E is 

non-enzymatic and relatively muc~ more rapid (Wang and Quinn, 1999). 
I 
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I 
Does vitamin E's antioxidant mechanism protect from oxidative stress? 

Vitamin E has been shown to decrelse several outcomes of oxidative stress and 
I 

I 
damage in cell culture, animal mod~ls of diabetes, and human diabetes (Pazdro 

I 
I 

I 

and Burgess, 2010). Supplementation with vitamin E (described in section I.C.2b} 

protects human muscle from eccen,tric contraction injuries. ROS are significantly 

increased after bouts of exercise, but vitamin E supplementation has been shown 
I 

to decrease exercise-induced Ros/ (Meydani et al., 1993). Thus, we predict that 
I 

i 

the antioxidant action of vitamin Eis important in maintaining cell health. 

I.D. Specific Aims 
I 
I 

We hypothesized that defec~ive membrane repair, analogous to the repair 
I 
I 

defect seen in limb-girdle muscular dystrophy, is also associated with diabetic 
I 
I 

myopathy. However, since memqrane disruptions occur in other tissues, we 
I 

predict this membrane repair defJct is not specific to skeletal muscle. We also 
I 

predict that glucose and glycation b1ay a pathogenic role in this repair defect. The 

increased ROS produced during this disease leads us to also investigate the 

effects of antioxidant treatment i~ membrane repair. We hypothesize that one 

novel and important biological roll of vitamin E is to promote muscle membrane 
I 

repair. We also predict that vita~in E can enhance membrane repair in repair 
I 
i 

defective cells and will test this rol
1

6 in diabetic cells. 
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I 
I.D.1 Specific Aim 1: To test whether the membrane repair ability of skeletal 

muscle in two diabetic mouse mJiels is altered. 

To test this hypothesis, we used a laser assay to monitor repair in intact 

muscle from diabetic type 1 (INS2+ta+i-) and type 2 {db/db} mouse models. We 
I 

also employed an in vivo assay on !the type 1 mouse to detect membrane repair 

failure after physiologically produce~ membrane disruptions. 
I 

I 
I 

I.D.2 Specific Aim 2: To test/ whether membrane repair defects are 

I 
associated with high glucose conditions in vitro. 

To test this hypothesis, an in vitro diabetic cell model was produced by 

high glucose exposure of cultured eells. Repair was assessed after laser injury or 

scrape-induced membrane disrupf ions between 1 8nd 14 weeks of glucose 

exposure. These techniques were also applied to various cell types. 

I 

I.D.3 Specific Aim 3:. To test jembrane repair competency in cells with 
- I 

altered AGE and/or RAGE. / 
I 

To test this hypothesis, cell~ were simultaneously exposed to high glucose 

and an AGE inhibitor, and repair fas assessed with the laser assay. RAGE was 

also cleaved off of the cell surface/ of high glucose-exposed cells, and membrane 
I 

repair assessed. To determine if J\'GE binding to RAGE affects membrane repair, 

I 
cells were transfected to express 

1

RAGE and exposed to exogenous AGE before 
I 

repair was assessed. AGE treatm!ent in the absence of forced RAGE expression 

was also tested. 
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I.D.4 Specific Aim 4: To test wj hether vitamin E loading influences 

membrane repair. 
1 

I 
To test this hypothesis, the laser assay was used ·on cultured cells or in 

intact mouse muscle loaded with vita~in E. Vitamin E loading was also tested on 
! 

a repair-deficient cell model, high glucose-exposed cells, to determine if repair 
I 

· competency could be restored. 

I.D.5 Specific Aim 5: To test jhether oxidative conditions influence 

membrane repair. I 

To test this hypothesis, untrebted and vitamin E loaded cells or muscle 

were exposed to a H202 oxidative Lvironment to determine if the antioxidant 
. I -

effect of vitamin E was involved in m~mbrane repair. 
I 

i 

I.D.6 Specific Aim 6: To test if other antioxidants influence membrane 

repair. 

To test this hypothesis, cultuf ed cells were treated with Trolox (a water

soluble vitamin E analogue), vitamin C, or horseradish peroxidase, all potent 

antioxidants. Repair after antioxida~t loading was assessed: after 24 hours of 

incubation with the vitamin versus the immediate presence of the antioxidant in 
I 

the wounding medium. 
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Chapter II. Materials and Methods 

II.A Animal Use and Handling 

Mice, C57BL/J INS2Akita+/- an8 86 (C57BL/6) (a gift of Dr. S. Smith, 

Medical College of Georgia), andl db/db (BKS Cg-Dock?m+'+) and BLKS 
I. 

(C57BLKS/J) (Diabetes and Obesit:Y Discovery Institute, Medical College of 
I 

Georgia), were fed standard rodent lchow (Teklab, Harlan, USA) and water ad 

libitum. Blood glucose was measurld after a tail clip using Accu-Chek Aviva 
I 

(Roche, Worldwide). All protocols fofi animal use and euthanasia were reviewed 
I 

and approved by the Animal Use cJmmittee at the Medical College of Georgia 

and were in accordance with NIH guilelines. 
I 

I 

11.B Laser Repair Assay 

The right and left solei were dissected from mice, secured to the bottom of 

35 mm culture dishes by a drop o
1
~ New-Skin (Medtech, Irvington, NY) liquid 

bandage and kept (no more than 1 ~our) until microscope analysis in iced tyrode 

solution: 128 mM NaCl, 4.7 mM KCI 1.36 mM CaC'2, 20 mM NaHCO3, 0.36 mM 

NaH2PO4, 1 mM MgC'2, and 10 mM glucose, pH 7 .4 (Suzer et al., 1998). Laser 

analysis was carried out in 37°C t1rode solution (temperature maintained by a 

heated stage) containing 1.36 mM <CaC'2, or tyrode without added CaC'2. FM 1-

43 dye (lnvitrogen, Carlsbad, CA), J membrane-impermeant dye used to assess 
I 

membrane repair, was added (2.5 ~M) to the sample immediately prior to laser 
I 
I 

injury (McNeil et al., 2003). Myocy~es injured during muscle excision displayed 
/ 
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cytoplasmic fluorescence and were excluded from further analysis. Intact plasma 

membranes of healthy myocytes, f ighlighted by staining of FM dye, were 

targeted for laser injury using a 40X (water immersion, 0.9 NA) objective 

mounted on a 2-photon laser scanning confocal microscope (LSM 510, Zeiss, 

Thornwood, NY). For membrane diJruption, the 10-W Argon/Ti-sapphire laser 
i 

(Spectra-Physics Lasers Inc., Irvine/, CA) was operated at 100% power, 100 
I 

iterations, with the 'bleach' area set tb 5 x ·35 pixels to produce an approximately 
I 

' 20 µm disruption. Fluorescence, a~sociated with the injured domain· of the 

myocyte, was measured in a 120 µ diameter circular window centered on the 

myocyte injury site using Zeiss LSM 510 software. The 'background' 

fluorescence measured prior to the i jury was subtracted from the final measured 

fluorescence (445 seconds) to determine total dye uptake within the myocyte. 

For cultured cell laser repair analysis, cells were wounded in physiological 

buffered saline (PBS), with or witholt 1.5 mM Ca2+, containing 2.5 µM FM 1-43 · 
I 

or FM 4-64 (lnvitrogen, Carlsbad, di). The disruptions were made using 100% 

power, 1 laser iteration with the 'bleach' area set to 15 x 15 pixels to produce an 

approximately 5 µm disruption. Flubrescent intensity for each injured cell was 

analyzed quantitatively using Zeiss LSM 510 software to determine membrane 

repair. 

i 

11.B.1 Antioxidant Loading Jnd Laser Repair 

I 

C2C12, muscle cells, after vitamin E loading (see 11.G) were injured at 5X 
I 

normal laser iteration to induce a ~ore intense laser disruption, as these cells 
I 
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normally display robust membrane repair. Hela were only subject to normal laser 

perturbation, as these cells do not reJair readily with the laser assay. 

11.B.2 Cardiac Myocyte Lasefi Wounding 
I 

I 
Mouse hearts were removed from the animal and washed in tyrode 

I 
I ,, 

containing calcium. The heart was sliced into two pieces, between 1 mm and 2 

mm thick, using a scalpel, exercisin~ caution not to injure or touch the surface 
I 

myocytes. Sections were secured ~ith New Skin in a 35 mm culture dish, 

covered with tyrode, and kept on icJ (less then 1 hour) before laser analysis of 

repair. Myocyte laser disruptions wlre made using 100% power and 20 laser 

iterations, in a 5x5y pixel window to Jroduce a 5 µm injury. 

11.C Downhill Running 

Mice used for this experiment included ?-month old mice (male and 

female): 9 INS2Akita+t-with blood gludose levels >600 (AccuChek HI reading), and 

8 86, with blood glucose 149 +/- 1! mg/dL. Mice, 5 INS2Akita+t- and 4 86, were 

subjected to a moderate downhill run of 10 mm/min for 1 hour, parallel to 

previous studies (McNeil and Khakee, 1992), on a treadmill (Omnipacer 

Treadmill LC4/M-MGA/AT; AccuscJn Instruments Inc., Columbus, OH) set at a 
I 
I 

15° decline, while 4 diabetic and 4 vJild type unexercised (sedentary) control mice 
I 

remained in their cages. After cof pletion of the downhill run, all mice were 

injected with Evan's blue dye (0.5 nig EBD/0.05 ml PBS, 100 µ1/1 0g body weight, 
I 

I 

Sigma, St. Louis, MO) (Hammer et ial., 2002), and 24 hours later the quadriceps 
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and gastrocnemius were excised, weighed, and frozen in OCT {Tissue-Tek, 

Alphen aan den Rijn, Netherlands) Cross sections were cut at a 1 0 µm 

thickness, and analyzed microscopically (1 Ox magnification) for EBO positive 

fibers. Fluorescently labeled cells wire scored per cross section taken at four 

random muscle locations per mouse. I 
. I 

i 

I1.D In Vitro Diabetic Cell Model 1 

I 
C2C12, BS-C-1, and HeLa Gells were cultured in Dulbecco's Modified 

I . 
Eagle Medium (DMEM, lnvitrogen, <Carlsbad, CA), passaged twice-weekly, and 

I 

supplemented with glucose (glucos, at 5.5 mM simulates a fasting blood sugar 

of 99 mg/dL, 7 .5 mM glucose represents fed blood sugar of 135 mg/dL, and 30 

mM glucose, an elevated blood sugJr of 540 mg/dl) or mannitol (Lei et al., 2004) 
I 

and where noted treated with 1 mM ~minoguanidine (Sigma, St. Louis, MO). The 
I 

three cell lines above were tested Jnalogously and results were comparable to 

the data represented of the particula cell line depicted in each figure. 

I1.D.1 Apoptosis Detection 

BS-C-1 cells were assessed 1for apoptosis after 8 weeks of 5.5 mM or 30 
I 

mM glucose, or mannitol exposute. As a positive control for apoptosis, a 

population of normal glucose-expoied cells were treated with 200 µg/ml ethyl 

methanesulfunate (Sigma, St. LouiJ, MO) overnight. Cells were washed in PBS 
I 

and permeabilized with 0.1 % TritJn X (Sigma, St. Louis, MO) on ice for 10 
! 

i 
minutes. 4% PBS buffered parafor&,aldehyde solution containing 10 µg/ml 4-6-

, 

I 
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Diamidino-2-phenylindole (DAPI, Sigra, St. Louis, MO) was added to the cells. 

Cells were confocally imaged at 350 rm excitation and 100 nuclei were randomly 

assessed for apoptosis for each culture condition. 

11.E Multi-Well Repair Assay I 

I 

96-Well plates of cells were ~ubjected to scraping using a spring-loaded 
' i . 

96-well transfer device (Yarrow et ad, 2004). This device is placed into the wells 
I . 
I 

of the plate, pressure is applied such that all of the pins are in contact with the 

well bottoms, and then the cells in Jach well are scraped from their substratum 

by moving the device in a spiral moti:on. The majority of cells in the central 2/3 of 

each well are denuded and, in the process, suffer plasma membrane disruptions 

(McNeil et al., 1984). These woundt cells only (in suspension) are transferred 

to a fresh plate. Survival in this podulation is then assessed using a Live/Dead 

Viability/Cytotoxicity Kit according tl the manufacturer's instructions (Molecular 

Probes, Carlsbad, CA). The 'live/dJad' fluorescence ratio, Cal-AM (ex/em 495 

nm/ 515 nm) to EthD-1 (ex/em 495 nm/ 635 nm) ratio, was determined after 1 

hour of incubation using a fluorescent plate reader (Flx800, BioTek, Winooski, 

VT). Alternatively, after replating cills from the multi-well scrape assay, fresh 

I 
DMEM was added to each well. A IDMEM rinse was used to remove dead, non-

adherent, cells from the plate after 4 hours at 37°C. The MTT assay was then 

performed using the methods previ0usly described (Morgan, 1998). The number 

I 
of cells surviving the scrape in~ury were compared to uninjured control 

populations to calculate the percent/survival. 
! 
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11.F RAGE Transfection 

A RAGE construct was produced by subcloning the full length human 

RAGE gene into the pEGFP-N1 veJtor to generate pEGFP-N1-RAGE (GFP is 

fused to the C-terminus of RAGE), t urtesy of Dr. W Xiong, Medical College of 

Georgia. BS-C-1 cells were transfected with 1 µg pEFGP-N1-RAGE using the 

Lipofectamine method (lnvitrogen, cJrlsbad, CA). Cells were treated for 20 hours 
I 

with 5 mM of AGE-modified bovine/ serum albumin (Sigma, St. Louis, MO) 4 

I 

hours after transfection. 1 

I 

11.G Antioxidant Cell Loading 

C2C12 (myoblasts), Hela, and BS-C-1 cells were used in these cell 

experiments. Cells were treated witJ 0.2 mM a-tocopherol or Trolox dissolved in 

ethanol, 0.2 mM horseradish peroxi1ase dissolved in phosphate-buffered saline 

(PBS -Ca), or 1 mM ascorbic acid (all chemicals from Sigma) and placed in 

Dulbecco's Modified Eagle Medium (DMEM, lnvitrogen) for 24 hours in PBS with 

I 
or without 1.5 mM Ca2

+ immediately prior to laser injury. 1 mM hydrogen 

peroxide (Sigma) was used to crtate an oxidizing environment in PBS for 

I 
cultured cells and 5 mM was used jor whole mouse muscle. Whole muscle was 

loaded with 1 mM Trolox for 1 hour, lin tyrode on ice, prior to laser injury. 

11.H Statistical Analysis 

Comparisons were made with Graphpad Prism 5.0 software using one
! 

i 

way AN OVA or a repeated measures one-way ANO VA ( cultured cell laser 
I 
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.experiments), and Tukey post-hoc analysis tests for significance. A p < 0.05 was 

considered to be significant. In teJ and graphs, data are represented as the 

means +/- standard error of the lean (SEM), and in the table +/- standard 
I 

deviations. 
I 

I 

I 
I 

j 

Chapter Ill. Assessing Membrane/ Repair in Diabetes 
I 

i 

Ill.A In Situ/In Vivo Analysis of Mlmbrane Repair 

111.A.1 Diabetic Muscle I 

To directly assess repair in ~he diabetic skeletal muscle environment, we 

employed a novel in situ assay delcribed in section I1.B, adapted from the laser 

assay (McNeil et al., 2003). The i~tact solei of diabetic and wild-type mice were 

placed in physiological saline co~taining a fluorescent dye, FM 1-43, which 

strongly stains the plasma membr~ne boundary only of intact cells (Figure 5A '0 

sec'). Following laser disruption of the plasma membrane, FM 1-43 diffuses into 

the cytosol through the disruption site, and begins to fluorescently stain internal 

membrane. In the presence of calcium (Ca2+), muscle contractions are observed, 

membrane repair is activated, and lance complete, prevents further FM 1-43 entry 
I 

into the cell, resulting in a 'hot spo~' of dye at the site of disruption (Figure 5A 

I 
I 

I 

I 
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Figure 5: Calcium-dependent repair is exhibited by muscle fibers in situ. (A) 
A myocyte within the soleus of a wild type (BLKS) mouse was imaged before (0 
sec) and every 5 seconds (for 445 seconds) after membrane irradiation with an 
infrared laser (arrowhead indicates injury site) in the presence of Ca2

+ (top panel) 
or its absence (bottom panel). FM 1-43 diffuses into the myocyte through the site 
of injury. When Ca2

+ is present, successful repair occurs, blocking dye uptake 
and sequestering it as a fluorescent 'hot spot' at the injury site. When Ca2

+ is 
absent (-Ca), repair fails, resulting in sustained dye filling of the entire fiber. Scale 
bar represents 50 µm and 40X magnification. (B) Fluorescent intensity of dye for 
the injured myocyte was measured for 445 seconds. The fiber injured without 
Ca2

+ displays a steady increase in fluorescence, whereas the fiber injured with 
Ca2

+ shows limited fluorescence. Due to the contractions of the injured myocyte, 
unexpected dips in intensity are observed . Refocusing restores continuity to the 
curve depicting the measured fluorescence. 
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Mouse Type/ Blood Gluco5ie Weight (g} 
I Sex 
I 

Number Used (mg/dl} :t S.D. :t S.D. 

Type 1 Diabetes 

440.6 ± 46.91 21.99 ± 0.44 Female 
INS2Akita+/- n = 7 

Type 1 Control 

155.2 ± 5.28 21.63 ± 0.48 Female 
86 n = 5 I 

Type 2 Diabetes 

426 ± 50.87 46.75 ± 2.54 Male 
db/db n = 10 

Type 2 Control 

167.6 ± 5.44 27.13 ± 0.62 Male 
BLKS n = 10 

Table 1: Mouse Information: Pertains to the animals used in F 
All mice were age matched and 3 ~onths. 

igures 5 and 6. 
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'+Ca' Top Panel). In the absence of Ca2+, muscle fiber contractions are not· 

observed, membrane repair fails, Jnd the internal cellular compartments become 

saturated with dye (Figure 5A '-Cl, Bottom Panel). Fluorescence within the cell 

can be monitored and quantified tl determine the total influx of FM 1-43 (Figure 

5B). However, due to the ext~nt of muscle contractions, refocusing and 

. repositioning of the microscope/ was necessary and resulted in dips in 

fluorescence. Thus, to correct fdr these dips in intensity during microscope 
I 

I 

manipulation, we decided to analyze the data as the total increase in 
I 

fluorescence after 445 seconds. 

Two diabetic mouse models C578L/J INS2Akita+t- (INS2Akita+t-) a model of I, , 
type I diabetes, and 8KS Cg-Docki7m +t+ (db/db); a model of type II (table 1 ), were 

assessed using this in situ laser alsay. In the presence of Ca2
+, wild-type muscle 

from C57BU6 (B6) and C57BLKSL (BLKS) mice sequestered the FM 1-43 as a 
I . 

'hot spot' at the membrane disruption site, indicating repair had occurred (Figure 

6A, 'Control B6 +Ca 445 sec'). Holever, when Ca2
+ was absent, wild-type fibers 

displayed continuous cytosolic FM 1-43 staining of internal membrane, 

characteristic of failed membrane repair (Figure 6A, 'Control 86 -Ca'). Strikingly, 

dye entered continuously into diabetic fibers even when Ca2+ was present, 
I 

indicating that repair failed to occur (Figure 6A, 'Type 1 INS2 +Ca'). These 
I 

results are quantitated in Figure 68; 445 seconds after injury, the total 
! 

fluorescence I 
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Figure 6: Calcium-dependent repair fails in diabetic myocytes. (A) A 
myocyte within the soleus muscle of a wild type (Control 86, top two rows) and 
type 1 diabetic (Type 1 INS2, bottom two rows) mouse was imaged before (0 
sec) and after membrane irradiation with an infrared laser (arrow indicates injury 
site) in the presence of Ca2

+ or its absence. FM 1-43 dye (2.5 µM) enters the 
myocyte through the injury site. Successful repair (Control 86 +Ca) blocks 
further dye uptake and confines the resultant fluorescence to a 'hot spot' at the 
site of injury. Failed repair (Control 86 -Ca, Type 1 INS2 -Ca, and Type 1 INS2 
+Ca) results in a sustained filling of the entire fiber with dye. (8) Total 
fluorescence signal due to uptake of dye by myocytes from diabetic and control 
mice. The data presented represents 5 fiber measurements per soleus (see 
Table S1 for number of mice used). Data are presented as the means± SEM. * P 
< 0.01 vs diabetic +Ca and -Ca, and control -Ca; myofibers injured, n = 25 for '86 
+Ca', 25 for '86 -Ca', 35 for 'INS2 +Ca', 30 for 'INS -Ca', 47 for '8LKS +C, 45 for 
'8LKS -Ca', 50 for 'db/db +Ca', and 49 for 'db/db -Ca'. Scale bar, 50 µm and 40x 
magnification. 
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measured from injured fibers was higher in diabetic than wild-type control 

muscle. In fact, the dye uptake in diabetes was indistinguishable whether Ca2+ 

was presen_t or absent. Thus, using a highly sensitive in situ assay, we show that 

Ca2+-dependent ·muscle membrane repair is deficient in both type 1 and 2 mouse 

models ·of diabetes. 

As mentioned in section I.A/.3a, repair following laser-induced membrane 

disruptions may not accurately refl~ct the physiological response to muscle fiber 

injury in vivo. Muscle wasting, howLer, is a strong in vivo indicator that defective 

membrane repair is occurring (Balsa! et al., 2003). We measured a significant 

decrease in gastrocnemius musclr mass in relation to body mass in diabetic 

(INS2Akita+/-) mice relative to non-diabetic controls (86) (data not shown), 

confirming previous findings that INS2Akita:I- mice exhibit a diabetic myopathy 

(Krause et al., 2009). 

Plasma membrane disruptions are induced in vivo under physiological 

conditions in muscle undergoing Jccentric contractions, such as those produced 

by downhill running (McNeil af d Khakee, 1992). To determine if under 

physiological conditions membrale repair fails in diabetic mice, we monitored 

myocyte permeability to Evan's blue dye (EBD). EBD is a fluorescent dye that 

enters only into cells lacking an Intact plasma membrane barrier. We injected 

this dye into mice after running, ~o that myofibers that suffered a disruption and 
I 

I 

failed to repair would be labelep. Morphology of the EBD positive fibers is 
I 

' 
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illustrated in Figure 7A (white arrow heads). The number of E8D fibers was 

scored, and as expected running ijduced an increase in dye positive fibers, bi.it 

this increase was significantly higher for diabetic mice than wild-type controls 
I 

(Figure 78 'INS Run' vs '86 Run'). This in vivo result is consistent with our 

hypothesis that muscle in diabetes is defective in the repair of physiologically 
I 

induced plasma membrane disruptibns. 

Thus both our in situ and in vivo measurements strongly support the 

hypothesis that skeletal muscle membrane repair fails in diabetes. 

with 

111.A.2 Diabetic Cardiac Myjocytes 

The heart is another organ ~dversely affected by diabetes. In fact, patients 

diabetes have a 2-4 fold ~igher chance of developing atherosclerosis, 

hypertrophy, and heart failure than adults without diabetes (CDC and Prevention, 

2008) (Hudson et al., 2002). Carriac hypertrophy and heart failure can result 

from the inability to repair damagea membranes (Han et al., 2007). To determine 

if membrane repair is compromist in diabetic cardiomyocytes, the in situ laser 

I 
assay was adapted to accommodate heart slices from excised diabetic mouse 

hearts. Membranes of intact cardilmyocytes were injured in the presence of FM 

1-43 and dye entry, 445 seconds after injury, was quantitated to assess repair. 

FM 1-43 influx in diabetic cardiomyocytes wounded in the presence of Ca2
+ was 

indistinguishable from the wild-tyJe controls (Figure 8, 'INS +Ca' and 'B6 +Ca'). 
I 

However, cardiomyocytes injured without Ca2
+ displayed increased dye uptake, 

! 
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Figure 7: Exercised-induced myocyte disruptions are not repaired in 
diabetic mice. (A) Paired transmission and fluorescence micrographs showing 
Evan's blue dye 'EBO' labeled myofibers (arrows) in the gastrocnemius muscle 
from diabetic INS2 and control B6 mice run downhill for 60 minutes, then injected 
with the EBO tracer (0.5 mg EBD/0.05 ml PBS, 100 µ1/109 body weight). 
Myocytes that were injured by running and failed to repair are labeled. (B) The 
number of EBO myofibers counted from such micrographs in the gastrocnemius 
and quadriceps muscles of diabetic INS2 and control B6 mice. Data are 
presented as the means± SEM. * P < 0.05 vs 'Control Run' and 'Not Run'; EBO 
positive fibers were quantified by averaging 4 micrographs per mouse muscle, n 
= 5 mice 'INS2 Run', 4 'INS2 Not Run', 4 'Ctl Run', and 4 'Ctl Not Run'. Scale 
bar, 50 µm and 40x magnification. 
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Figure 8: Diabetic cardiomyocJtes do not exhibit an impaired repair 
response. Diabetic (INS) and ~ild-type (86) heart slices were placed in 
physiological saline containing calcium ( +Ca) and FM 1-43. Total FM 1-43 (2.5 
µM) influx was measured 445 se~onds after laser injury. Cells injured in the 
absence of calcium (-Ca) acted as b positive control for repair failure. There was 
no significant difference in dye inflilix for diabetic and wild-type cardiomyocytes, 
indicating calcium-dependent repain

1

1 

for both diabetic and normal cardiomyocytes. 
Data are presented .as the means ± SEM. Cardiomyocytes injured from 5 'INS' 
and 5 '86' mice; n = 20 INS +Ca, 2 86 +Ca, and 20 -Ca. 
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indicating repair failure (Figure 8, '86 -Ca'). Thus, the repair defect in skeletal 

muscle is not exhibited in cardiac mJscle. However, unlike skeletal muscle fibers, 

which may be replaced in the event rf failed membrane repair, cardiac myocytes 

are non-replenishing cells, and it jay therefore be imperative that these cells 

repair even the most extreme disrupfions. 

111.B In Vitro Analysis of Membrane Repair 

The diabetic environment in tvo is a complicated one and elevated blood 

glucose is just one pathophysio ogical element. To test whether glucose 

elevation alone is sufficient to induce a repair defect in skeletal muscle cells, we 

employed an in vitro diabetic cell Lodel (Lei et al., 2004), mimicking the blood 

glucose levels found in our diabetic mouse models. 

C2C12 cells, a skeletal muscle myocyte culture model, were assessed for 

membrane repair after growth for 1 - 8 weeks in medium containing normal 

glucose (7 .5 mM), elevated glucose (30 mM), or mannitol (30 mM, an isoosmolar 

control). After 1 week of elevated glucose exposure, there was no qualitative 

change in repair, e.g. the dye entry pattern (Figure 9A, 1 week '+Ca' all 

I 
conditions). However, after 8 weeks of high glucose exposure, dye entry after 

laser injury was clearly elevated, relative to the normal glucose and mannitol 

controls (Figure 9A, 8 weeks 'N Gl
1

uc +Ca' and 'Man +Ca'), indicating an inability 

to repair (Figure 9A, 8 weeks 'H Gll~c +Ca'). These observations were confirmed 

! 

! 

41 



A 

B 

<1> 1250 
u 
C 
~ 1000 
II) 
(1) 

0 750 
2 
u. 500 
(") 

'<t 
I 

~ 250 
u. 

1 Week 

1 Week 

-- N Gluc -Ca 
-- NGluc+Ca 
-- Man +Ca 

H Gluc+Ca 

o~---r---r----,r-----.-
o 50 100 150 200 

Time (Sec) 

(1) 
u 
C 

~ 
II) 
(1) ..... 
0 
2 
u. 
(") 

'<t 
I ..... 
~ 
u. 

. ' . 8 Weeks 

..( ► ..( ► 

... ... 

N Gluc -Ca 

... "' 
..( ..( 

,.. 
N Gluc+Ca 

-4 -4 ,.. ..( ,.. ..( 

◄ ◄ 
..( ..( 

H Gluc+Ca 
,.. ,.. 

-4 -4 

,.. 
..( 

,.. 
..( 

A ... A ... 
-4 -4 

Man+Ca 

8 Weeks 

1250 -- N Gluc -Ca 
H Gluc+Ca 

1000 -- Man +Ca -- N Gluc+Ca 

750 

500 

250 

50 100 150 200 
Time (Sec) 

42 



I 

Figure 9: Myoblasts cultured ih high glucose medium for prolonged 
periods display impaired membrane repair. (A) C2C12 myoblasts were 
cultured in medium with 7.5 mM glutose (N Gluc), 30 rnM glucose (H Gluc), or as 
an isoosmolar control, 30 mM m~nnitol (Man), and then subjected to laser 
analysis of repair (arrows indicate i~jury site) at 1 week or 8 weeks of exposure. 
The interval (seconds) post-injury; is indicated. Only cells grown in 30 mM 
glucose for 8 weeks (H Gluc +Ca) \/Vere observed to fill with dye after laser injury 
in the presence of calcium. (8) Dy~ uptake (fluorescence) measured within cells 
over time after injury. After 1 wee~ of exposure to high glucose (left panel), all 
cells displayed calcium-dependent repair with no significant difference in dye 
uptake between groups.· By contrast, cells cultured for 8 weeks in high glucose 
(right panel) showed a significant increase in dye uptake compared to normal 
glucose and mannitol controls. Data are presented as the means ± SEM. Red 
circle indicates where significant difference of P < 0.05 is first noted and final * is 
P < 0.01 vs 'N Gluc +Ca' and 'Man:+Ca'; n = 15 for N 'Gluc +Ca', 14 for 'H Gluc 
+Ca', 13 for 'Man +Ca', and 17 for 'N Gluc -Ca' (1 week); n = 26 for 'N Gluc +Ca', 
30 for 'H Gluc +Ca', 28 for 'Man +8a', and 15 for 'N Gluc -Ca' (8 weeks). Scale 
bar, 50 µm and 40x magnification. : 
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I 

by quantitative analysis (Figure 98/): there was no significant difference among 

i 

the groups in dye uptake kinetics at 1 week. However, at 8 weeks cells exposed 
I 

to elevated glucose displayed sig~ificantly elevated dye uptake relative to the 

controls. Thus, high glucose exposllJre alone is sufficient to produce a membrane 

repair defect in a muscle cell culture model. 

To confirm that this glucose-induced repair defect was not limited to laser

generated disruptions, we used the; scrape assay (described in section I.A.3a) on 
i 

adherent C2C12 cells to mechanically induce membrane disruptions. Survival 

was then assessed using two independent survival assays, 'Live/Dead' and 

'MTT'. Consistent with the laser as~ay, there was no detectable difference in 
I 

survival between treatment grou~s after 2 weeks of high glucose exposure 

(Figure 10, 2 weeks). However, after 8 weeks of high glucose exposure, cells 

displayed a significant decrease ir[l survival when compared to those grown in 

normal glucose or mannitol (Fig~re 10, 8 weeks 'H Gluc'). Thus, using an 

independent method for inducing ry,embrane disruptions, we confirmed that high 
I 

glucose leads to the development 9f a muscle membrane repair defect. 

To determine if other cell types develop a membrane repair defect after 

high glucose exposure, we appHed this method to BS-C-1 (monkey kidney 

epithelial) and HeLa (human cervical) cells. As was the case for C2C12 

myoblasts, BS-C-1 cells displayed normal repair in the laser assay after 1 week 

of glucose exposure (data not shown), but after 10 weeks of high glucose 
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Figure 10: High glucose tre~tment also results in failure to repair 
mechanically-induced disruptiohs. C2C12 myoblasts were cultured for 2 
weeks or 8 weeks in 7.5 rnM glycose (N Gluc), 30 mM glucose (H Gluc), or 
isoosmolar control 30 mM mannitol (Man), and then scraped from 96-well plates. 
A Live/Dead assay or a MTT assJy was then performed to assess cell survival. 
No significant differences were I demonstrated after 2 weeks of treatment. 
However, 8 weeks of high glucos~ treatment decreased survival as determined 
by both assays. Data are presentJd as the means ± SEM from one experiment. 
Results were consistently reprodutible. * P < 0.01 vs 'N Gluc' and 'Man'; n = 24 

I 

wells for all conditions. I 
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I 
I 
I 

treatment the cells developed a reJair deficiency (Figure 11A 'H Gluc +Ca'). BS-

C-1 and Hela cell survival of scrc;1ping injury was also significantly decreased 
I 

after 8 weeks of high glucose e~posure, compared to cells grown in normal 

glucose or mannitol (Figure 12A 'H Gluc' Hela and BS~C-1 ). This glucose

induced membrane repair defect r~mained even after cells were returned to a 

· low glucose medium for over a w$ek (Figure 11 B, H Gluc/L Gluc). Similarly to 

this finding, fibroblasts obtained from diabetic (INS2Akita+/-) mice also displayed a 

membrane repair defect after culturing in normal glucose medium for 1 week 
I 

I 

(Figure 128 'INS +Ca'). Thus, this/ membrane repair defect is glucose induced, 

not exclusive to skeletal muscle, arid does not appear to be readily reversible. 

To determine if this membrane repair defect was due to apoptosis 

I 

occurring in cultured cells exposed to elevated glucose, we assessed apoptosis 
! 

in BS-C-1 cells treated for 8 week~ in high glucose. The cell nucleus was stained 
I 

with DAPI, a dye that fluorescently binds to DNA, to determine apoptosis. As a 

positive control for apoptosis, one population of cells was treated with an 

apoptosis inducing agent, ethyl m~thanesulfonate (Figure 13, 'EMS' right panel). 

i 

Cells exposed to high glucose did not resemble the positive control (apoptotic) 

cells (Figure 13, 'H Gluc' second from left panel) and resembled control cells 

treated with mannitol or normal glucose. Apoptosis was not elevated in high 

glucose-exposed cells, indicating that the membrane repair defect is not caused 

by cells undergoing programmed cell death (Figure 13, quantified data). 
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cells were cultured for _8 weeks_ in 7.5 :mM gluco_se (N Gluc), 30_ mM glucose (H · 
· Gluc)', "or as·"ah isoosmolar; cont1ol 30 .. mM ·r,;a·nnitor (Man).: Laser an·aIysis • 

. revealed that·cells cultured in hig•h glucose displayed a significant increase in dye. 
·:uptake when compared fo:normal glucose a.nd· mannitol. (B)·BS-C~1: cells were 
·cultured for 10 weeks in H·Gluc th~n switched to L Gluc (5.5_·niM glucose) for··10 

. days (H ·Gluc/L Gluc), or·cells were cultured. for 1 t weeks .m .L Gluc or H Gluc 
" ... ·only. Laser analysis determined tHat the. high glucose·.membrane repair.defect-.. 

· ·:. remained 10 ·days after switching/ to .low glucose (H .Gluc/L Gluc). Data: are._· 
presented as the means ± SEM. Red Circle indicates where significant difference : 

.... . ..... .. . .... .... . I .... . . . .. . . .... ..... . 
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Figure 13: High glucose treatment does not induce apoptosis. BS-C-1 cells 
were treated for 8 weeks in 5.5 mM glucose (L Gluc), 30 mM glucose (H Gluc), or 
30 mM mannitol (Man). DAPI staining was used to determine apoptosis. Ethyl 
methanesulfonate (EMS, 200 µg/ml) was used as a positive control for apoptosis. 
EMS cells have fragmented nuclei indicating apoptosis has occurred. Nuclei of 
cells grown in high glucose were indistinguishable from those grown in normal 
glucose or mannitol. A total of 100 cells were assessed randomly for apoptotic 
nuclei for all culture conditions. 
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I 

I 

Thus, our in vitro analysis ~vealed that the membrane repair defect is 

glucose-induced, not exclusive tb skeletal muscle cells, i·s not an artifact 
. I 

produced by cells undergoing apPptosis, and does not appear to be readily 

reversible. 

111.C An AGE/RAGE Connection?-
I 

I 

One well-established effect :of elevated blood glucose is the production of 

advanced glycation endproducts (/4GE), thought to contribute to the development 

of complications associated with: chronic diabetes (Peyroux and Sternberg, 
I 

2006). To test if AGE production! initiates the membrane repair defect in our 

diabetic cell model, we simultaneoLsly exposed BS-C-1 cells to elevated glucose 
! 
I 

and aminoguanidine (AMG), ai potent inhibitor of AGE formation and 

accumulation (Herrmann et al., 20~3; Gao et al., 2008; Waczulikova et al., 2002). 

As expected, after 8 weeks of high-glucose treatment in the absence of AMG, 
I 

I 

membrane repair was defective/ (Figure 14A, 'H Gluc'). However, this high 
I 
I 
I 

glucose repair defect was completely prevented by co-incubation with AMG 
I 

i 
(Figure 14A, 'H Gluc AMG'). Thu$, glycation is implicated in the development of 

the membrane repair defect. 

I 

AGE potently binds to thei cell surface receptor for advanced glycation 

endproducts (RAGE) (Peyroux and Sternberg, 2006), which in turn stimulates 

increased expression of the AGE ~eceptor, contributing to the pathophysiology of 

diabetes (Hudson et al., 2002). To test if AGE/RAGE binding is implicated in this 

50 



A 

H Gluc 
-- Man 
-- H GlucAMG 

50 100 150 200 250 300 
Time (Sec) 

B 

-- -Ca 
H Gluc ~ _...,_ H Gluc PMA 

-- L Gluc I _ - ~ 

T T , , ~ _u_l.illll ... 

- - 1 
t 

50 100 150 200 250 300 
Time (Sec) 

Figure 14: AGE/RAGE interaction is responsible for the glucose induced 
repair defect. (A) BS-C-1 cells were cultured in 30 mM glucose supplemented 
with or without 1 mM aminoguanidine (H Gluc AMG or H Gluc), or 30 mM 
mannitol (Man) for 8 weeks. Cells were laser wounded in the presence of 
physiological saline containing calcium. Cells co-treated in high glucose and 
AMG showed significantly less (*) dye uptake than cells only exposed to elevated 
glucose (H Gluc). (B) BS-C-1 cells were treated for 14 weeks with 5.5 mM 
glucose (L Gluc) or 30 mM glucose (H Gluc). Prior to laser injury, high glucose 
cells were treated with 10 nM phorbol myristoyl acetate (PMA) for 1 hour, and 
then returned to high glucose medium for 24 hours. Laser analysis showed that 
dye uptake in the PMA treated cells was significantly (t) reduced when 
compared to cells grown in high glucose, and indistinguishable from cells grown 
in low glucose. Data are presented as the means ± SEM. Red circle indicates 
where a significant difference of P < 0.05 is first noted, and final significance is *P 
< 0.001 vs 'H Gluc', and tP < 0.01 vs 'H Gluc'; A) n = 14 cells for 'Man', 12 for 'H 
Gluc', 12 for 'H Gluc AMG'; B) n = 22 cells for 'L Gluc', 13 for '-Ca', 16 for 'H 
Gluc', and 16 for 'H Gluc PMA'. 
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membrane repair defect, after trJting cells for 8 weeks with elevated glucose, 
I 

we treated cells with phorbol 12-myristate 13-acetate (PMA), an agent that 

induces the cleavage of cell su~ace RAGE (Raucci, 2008). Laser analysis 
i 

showed that the repair defect ~xhibited in 8S-C-1 cells after high glucose 

treatment was completely abolishe:d by PMA treatment (Figure 148). 

PMA's effects, however, arie not limited to cell surface RAGE shedding, 
I 

and this agent has many effects rn cells. To test if this receptor is specifically 

linked to the membrane repair dMect in the absence of elevated glucose, we 
I 
I 

transfected BS-C-1 cells with an: expression vector (pEGFP-N1-RAGE, where 

GFP is fused with the C-terminus bf RAGE) to force RAGE expression. Cells that 

were successfully transfected (asl indicated by GFP-derived fluorescence) were 

selected for laser injury. Dye entry kinetics into these RAGE-expressing cells 

J 

were indistinguishable from non-fluorescent, control cells in the same culture 
I 
I 

(Figure 15A, 'FL RAGE' and 'NF! RAGE'). However, when the mixed culture of 

GFP-positive and -negative cell~ were incubated with AGE-modified bovine 
i 

serum albumin (AGE-BSA), f/uorescent . (GFP positive) cells displayed 

significantly enhanced dye entry relative to non-fluorescent cells, and also 

relative to fluorescent cells not ~xposed to AGE'.-BSA (Figure 15A, 'FL RAGE 

AGE'). Thus, RAGE expression !alone is not sufficient for inducing membrane 

repair deficiency in cultured cells,· but AGE binding to RAGE is clearly implicated 

in defective membrane repair. 
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Figure 15: Altered AGE and RAGE in the absence of chronic high glucose 
produces a repair defect. (A) BS-C-1 cells were transfected with a RAGE-GFP 
expression vector (pEFGP-N1-RAGE). Cells displaying GFP fluorescence (FL
RAGE), and as controls, non-fluorescent cells in the same culture (NF), were 
selected for laser analysis of repair. One culture was exposed 24 hours to 5 mM 
AGE modified BSA, and the other was not. Laser analysis showed membrane 
repair of fluorescent cells (FL RAGE) to be indistinguishable from non-fluorescent 
controls (NF) in cultures not exposed to AGE-BSA. However, fluorescent cells 
treated with AGE (FL RAGE AGE) showed a significant (*) elevation in dye 
uptake when compared to cells not treated with AGE, comparable to the dye 
uptake seen in cells wounded without calcium (-Ca). (B) BS-C-1 cells were 
treated with or without 1 mM or 5 mM of AGE-BSA for 3 days prior to laser injury. 
Dye uptake was found to be significantly (**) greater for cells treated with AGE
BSA than untreated cells and resembled the lack of repair for cells injured in the 
absence of Ca2•(-Ca). Data are presented as the means ± SEM. Red circle 
indicates point where significance first reaches P < 0.05 when compared to +Ca 
controls. Final measured significance is *P < 0.05 vs 'NF', and **P < 0.001 vs 
'+Ca'; A) transfected cells n = 12 for 'NF', 9 for 'NF AGE', 10 for 'FL RAGE', 10 
for 'FL RAGE AGE', and 15 for '-Ca'; B) AGE treated cells n = 21 for '+Ca', 18 for 
'-Ca', 22 for '1 mM AGE', and 17 for '5 mM AGE'. 
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We noticed in these experfiments a slight, but not statistically significant, 

increase in dye entry into the non fluorescent cells exposed to AGE-BSA for 24 

hours (Figure 15A, 'NF AGE'). T I erefore we investigated further whether AGE 

i 

exposure negatively influenced m~mbrane repair by increasing the exposure 

I 
interval. We found that when BS-C-1 cells were exposed to AGE-BSA for three 

I 

days, dye entry was significantly ~levated (Figure 158, '1 mM AGE' and '5 mM 
I 

AGE'), in the absence of forced Rf'GE expression. Indicating that AGE exposure 

in the absence of elevated glucosJ is sufficient to produce a repair defect. 
I 

I 

I 

I 

Thus, AGE formation, and I not some other metabolic change induced by 
I 

high glucose exposure, is respo~sible for repair failure, and RAGE binding of 

AGE is identified as one mechaniJm by which AGE exerts its deleterious effect. 

! 

I 

Chapter IV. Vitamin E and MemJrane Repair 
I 
I 
I 

I 

IV.A Promotion of Membrane RJpair In Vitro 
I 

I 

Numerous studies, including the earliest in the field, point to skeletal 
I 

muscle as a prominent site of vitJmin E functioning. We here explored the novel 
I 
I 

possibility that vitamin E functipns in cells, particularly in skeletal muscle 
I 

myocytes, to promote plasma i membrane repair, and that its membrane 
I 

I 

localization and antioxidant capadty are crucial to this function. 

54 



To assess th~ effect of vitamin E on membrane repair, C2C12 cells were 

loaded with a-tocopherol, washJ to remove unincorporated 'vitamin, and then 
. I 

repair monitored using the laser ~ssay. We assessed repair by monitoring, both 

qualitatively and quantitatively, tIuorescent FM 1-43 dye entry through the 
I 

disruption site into the cell after i~jury. C2C12 cells displayed robust repair with 

normal laser settings (data not sh9wn), so the laser iterations were increased Sx 
I 

to create a more intense membra~e disruption. In the absence of calcium (Ca2+), 
I 

internal membrane compartmentsi of injured cells became stained with FM 1-43 
I 

indicating failed repair (Figure 16lt\, '-Ca', bottom row). We measured total dye 

uptake within the injured cells by Lantitation of FM 1-43 fluorescence over time 

(300 seconds) (Figure 16A, '-Ca', chart black triangles). In the presence of Ca2+, 
I 

I 

only a minority of cells filled with idye after injury (Figure 16A, '+Ca', first rows). 

When cells were loaded with a-t~copherol prior to injury, even fewer cells filled 

with dye (Figure 16A 'aT +Ca', lmiddle row). Quantitation of FM 1-43 dye in 

injured cells loaded with a-tocoph~rol showed significantly less dye accumulation 
! 

300 seconds after injury than in uhtreated cells (Figure 16A 'a T +Ca' chart green 
I 

squares). Thus, vitamin E loadihg enhanced membrane repair in myoblasts 
I 

I 

subjected to a laser-induced membrane disruption. 

I 

We next asked if repair cpuld be promoted in the Hela cell, which we 
! 

knew routinely fails to repair undlr the laser conditions employed above for the 
I 

I 

C2C12 cell. As expected, Hela c~lls not loaded with vitamin but wounded in the 

presence of Ca2
+ displayed dye staining of internal membrane compartments in 
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Figure 16: Vitamin E loading promotes membrane repair by cultured cells 
after laser injury. (A) C2C12 myoblasts were cultured for 18 hrs in medium with 
or without a-tocopherol (aT). Cells were washed free of exogenous vitamin, and 
immediately subject to laser wounding in the presence or absence of calcium 
(+Ca or -Ca), and cellular dye influx of FM 1-43 was measured. Top panels 
depict micrographs taken prior to injury (time = 0 sec) and black arrowheads 
mark the disruption site (30 sec and 300 sec after injury). The bottom graph 
depicts the quantified dye influx over time. Cells loaded with a-tocopherol prior to 
wounding displayed a significant (*) reduction in dye uptake after injury when 
compared to non-treated controls (+Ca). (B) Hela cells were loaded with a
tocopherol 24 hrs prior to laser analysis. Cells that had been loaded with vitamin 
(aT +Ca) and wounded in the presence of calcium displayed significantly(**) less 
dye influx after laser injury than cells not loaded with vitamin (+Ca). a-Tocopherol 
did not promote repair when calcium was absent from the wounding medium, 
indicating that this vitamin's repair promotion is calcium-dependent. Data are 
presented as the mean ± SEM. Red circle indicates the first point where 
significance reaches P < 0.05, and final measurement is * P < 0.05 vs '+Ca' and 
** P < 0.001 vs '+Ca'; C2C12 cells injured, n = 16 for '+Ca', 13 for '-Ca', 17 for 
'aT +Ca'. Hela cells injured, n = 21 for '+Ca', 15 for 'aT +Ca', and 14 for 'aT -
Ca'. Scale bar, 50 µm and 40x magnification. 
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I 

the majority of cells, indicating a laL of Ca2+-dependent repair (Figure 16B '+Ca' 

top panels), and resembling cells ,ounded in the absence of Ca2+. Contrastingly, 

Hela cells loaded with a-tocopherol prior to cell injury repaired successfully, with 

only a minority of cells staining tith FM 1-43 (Figure 16B 'aT +Ca', middle 

panels). Quantitation revealed that! cells treated with a-tocopherol and injured in 
i 

the presence of Ca2
+ had the least) dye integration into cells after injury than any 

I 

other condition (Figure 168 'aT +~a' chart green squares). Importantly, loading 

I 

with vitamin did not make repair possible in the absence of Ca2
+ (Figure 168 'Vit 

I 

E -Ca', chart grey triangles). Thus, ritamin E does not protect cells from injury but 

rather facilitates membrane repair in an otherwise repair-incompetent cell. 

Could vitamin E restore ~embrane repair competency in the repair
' i 

deficient diabetic cell model? To te~t if vitamin E treatment can reverse the repair 

i 

defect exhibited in the in vitro cell model of diabetes (Chapter Ill), we loaded 
. I 

repair-deficient cells, i.e. cells cJltured in chronic elevated glucose, with a-
l ,· 

tocopherol. We found that, followihg laser injury, cells loaded with a-tocopherol 
I 

displayed significantly less dye ~ptake than untreated controls, indicating a 

restoration of repair capacity (FigJe 17 'H Gluc a T' green triangles). Thus, the 
I 

pathologically generated repair ~efect of the diabetic cell model can be 

eliminated by vitamin treatment in rtitro. 
I 

I 

Laser-induced disruptions, as discussed previously (see I.A.3a), are not 

parallel to the mechanical forces tHat disrupt membranes in vitro. To mimic 
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_Figure 17: Vitamin E loading reverses the membrane repair defect caused 
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physiological membrane injuries, we employed the cell scraping assay on 

adherent cells. Cell survival, dependent on successful repair, was then 
I -

I 

monitored. Both C2C12 and Hela. cells that were loaded with a-tocopherol had 

I 

significantly higher survival rates following scrape-injury than untreated control 

i 

cells (Figure 18 A and B 'a T'). Thu$, vitamin E was capable of not only facilitating 
I 

membrane repair in cells via a las~r-induced injury but also promoting long-term 
I 

survival after mechanically-induced disruptions. 
! 

I 
I 

I 

IV.B Function as an Antioxidant 1 · 

To determine if this effect was specific to the antioxidant properties of a-

l 

tocopherol, we assessed the effed
1

ts of another vitamin E analog, Trolox. Unlike 

a-tocopherol, Trolox is devoid of a-tocopherol's 'stabilizing' hydrophobic tail, 
I 
I 

increasing its water solubility, but !t retains the vitamin's chromanol head, which 

is responsible for the antioxidant abtivity (Bitew, 2010). Trolox was comparable to 
I 

a-tocopherol in its ability to rev~rse the pathogenic membrane repair defect 

caused by high-glucose treatment (Figure 17 'Trolox' blue diamonds). Trolox also 
i 

significantly increased cell survival; after scraping (Figure 188 'Trolox'), although 

~-tocopherol yielded a higher perrent survival than either controls and Trolox

treated cells (Figure 178 'a T'). lihus, both lipid- and water-soluble vitamin E 
! 

promoted membrane repair, sug~esting that the vitamin is not acting as a 
I 

membrane 'stabilizer' in repair, but likely facilitates repair through its antioxidant 

capacity. 
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Figure 18: Vitamin E loading pr motes membrane repair and survival after 
mechanically induced membra~e disruptions. (A) C2C12 myoblasts in a 96-
well plate were loaded with a-tocbpherol {aT) or left untreated for 24 hours. A 
live/dead assay was performed dfter mechanically scraping the cells from the 
plate. Survival was determined by comparing the results to a non-wounded 
(unscraped) population of cells. ~craping of cells osmotically shocked by dH2O 
increases cell death and provide~ a positive control for this outcome (dH2O). 
Cells loaded with a-tocopherol displayed significantly (*) higher survival rates 
when scraped in calcium-contain/ing solution (PBS +Ca) than cells that were 
untreated. (8) The same procedure was followed for Hela cells, but a separate 
population of cells was treated vltith water-soluble vitamin E (Trolox). Both a
tocopherol and Trolox significa~

1 

tly (*) increased survival rates. Data are 
presented as the means ± SEM. * P < 0.05; n = 4 wells for all conditions and 
represents a single experiment but were reproduced twice more. 

I 
I 
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If the oxidant status of cell is crucial for membrane repair, it is predicted 
. I 

that repair will be inhibited when the oxidant challenge is increased. To test this 

prediction, we laser-injured cells tith H202 in the wounding saline and assessed 

repair. H202 treatment alone, in the absence of laser injury, was not sufficient to 

induce dye uptake, indicating cell !permeability was not influenced by this dosage 

of H202. However, repair after l1aser injury was strikingly inhibited by H202 

treatment (Figure 19A, 'H202' seJond row of panels). Contrastingly, membrane 

repair of cells loaded with a-toe) hero! or Trolox prior to injury in H202 had no 

visible repair defect (Figure 19A, 'a T H202' third row, and 'Trolox H202' bottom 

row): dye uptake was indistinguishable from cells injured in buffer lacking H20 2 

(Figure 198, 'a T H202' green squares, 'Trolox H202' blue diamonds, and 'No 

H202' red diamonds). Thus, impbsition of oxidative stress impairs membrane 

repair, but vitamin loading can p~vent this failure. This result starkly confirms 

I 

that it is the antioxidant function or vitamin E that is exerting the repair-promoting 

effect. 

To determine if the membr~ne repair-enhancement could be attributed to 
I 

I 

the antioxidant domain of vitamin IE, we tested membrane repair after incubation 

with other antioxidants, vitamin C I and horseradish peroxidase (HRP). Vitamin C 

does not possess the chroman st ucture found in a-tocopherol and Trolox, but is 

a potent water-soluble antioxidant (Krinsky, 1988) that is taken up into the cell. 
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Figure 19: Vitamin E loading protects cells from oxidative stress-induced 
repair failure. BS-C-1 cells were loaded for 24 hrs with 0.2mM vitamin E (a
tocopherol or Trolox), or were not pretreated with vitamin. Prior to laser analysis, 
cells were washed free of exogenous vitamin and wounded in PBS containing 
calcium, with or without 1 mM hydrogen peroxide (H202). A) Micrographs were 
captured before injury (0 sec), and after the injury (30 sec and 300 sec), black 
arrow indicates injury site. B) Quantitated FM 1-43 dye uptake. For cells not 
wounded but exposed to H20 2 (NW H20 2), FM uptake was found to be nominal. 
Cells wounded in the presence of H20 2 but not loaded with vitamin (H20 2) 
showed significantly more dye influx (*) when compared to cells loaded with 
vitamin prior to H202 treatment (aT H20 2 and Trolox H20 2). Data are presented 
as the means ± SEM. Red circle indicates point where significant difference of P 
< 0.05 observed and final * P < 0.001 vs 'aT H20 2' and 'Trolox H20 2'; Cells 
injured, n = 12 for 'NW H20 2', 17 for 'No H20 2' , 18 for 'H20 2', 17 for 'aT H20 2', 
and 18 for 'Trolox H20 2'. Scale bar, 50 µm. 
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HRP, a potent plant antioxidant (, aleh and Plieth, 2009), lacks transport across 

mammalian cell membranes (ShJrma, 2004). Vitamin C was found to have the 

same membrane repair-enhancin! effect as a-tocopherol and Trolox (Figure 20A 
I 

'Vit C', yellow line). However, HR~ did not enhance repair, but instead resulted in 

comparable dye influx as in uttreated cells (Figure 208, 'HRP. +Ca' blue 

triangles). This finding suggests that antioxidants other than vitamin E are also 

capable of enhancing membrane Jepair; however, cell uptake of the antioxidant is 

required. 

To further test if cellular ujtake of antioxidants is. required for their repair

enhancing effects, rather than [exposing cells for a prolonged period, we 

measured repair immediately afte: addition of the agents to the wounding saline. 

a-Tocopherol, vitamin C, and HRP had no immediate ability to inhibit dye influx: 

the fluorescence of injured cells ias comparable to untreated cells with all three 

antioxidants (Figure 208 'HRP PBS' purple diamonds, and Figure 20C 'a T PBS' 

green squares, and 'Vit C PBS' jellow triangles). Unlike a-tocopherol, the free 

radical scavenging activity of Tro ox can be documented within 5 minutes after 
I 

, addition (Oehlke et al., 2011 ). W~en Trolox was added to the wounding medium 

a significant repair enhancement las measured immediately (Figure 20C 'Trolox 

PBS' blue diamonds), but to a l~sser extent than Trolox loading prior to injury 

(Figure 20A 'Trolox' blue diamond!s). Thus, vitamin uptake by the cell is essential 

for repair promotion. 
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Figure 20: Cellular uptake of anti-oxidants is required for promotion of 
membrane repair. (A) Hela cells were pretreated with 0.2 mM a-tocopherol 
(aT), 0.2 mM Trolox, or 1 mM vitamin C (Vit C) for 24 hours. Cells were then 
washed free of exogenous vitamin , and membrane repair was assessed using 
the laser assay. Cells pretreated with antioxidants had significantly less (*) dye 
influx than control untreated cells (Untreated). (B) Hela cells were pretreated 
with 0.2 mM horseradish peroxidase (HRP), a membrane impermeant 
antioxidant, for 24 hours (HRP), or the HRP was added directly to the wounding 
saline (HRP PBS) and laser repair was assessed. HRP-treated cells exhibited 
the same dye uptake kinetics as untreated cells, indicating HRP did not promote 
membrane repair. (C) Hela were assessed for membrane repair immediately 
(less than 15 mins) after adding compounds to the wounding solution (same 
concentration as before in A). a-Tocopherol (aT PBS) and vitamin C (Vit C PBS) 
failed to significantly affect dye influx compared to untreated cells. However, 
Trolox (Trolox PBS) treatment resulted in a significant (**) decrease in dye influx 
compared to untreated cells. Data are presented as the means ± SEM. Red 
circle indicates the point where H Gluc becomes significantly (P < 0.05) different 
from all other conditions, and final measurement is * P < 0.001 and ** P < 0.05; 
A) n = 43 cells for 'Untreated' left panel, 17 for 'aT', 24 for 'Vit C', and 20 for 
'Trolox'; B) n = 19 cells for 'Untreated', 17 for '-Ca', 24 for 'aT', 18 for 'HRP', and 
22 for 'HRP PBS'; B) n = 38 cells for 'Untreated', 21 for 'aT', 16 for 'Vit C', and 37 
for 'Trolox'. 
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. IV.C Promotion of Membrane Relpair In Situ 

Skeletal muscle membranes are located in a highly active environment, 

where daily mechanical stress ~reates membrane disruptions (McNeil and 

Khakee, 1992). During vigorous Jxercise ROS are produced at an accelerated 

rate (Meydani et al., 1993). ! 

To determine if an oxidatire environment adversely affects membrane 

repair in intact skeletal muscle, wel assessed the effects of oxidative stress in situ 

on the membrane repair response in freshly excised mouse soleus muscle. As 

with cultured cells, FM 1-43 diffusls into the cytosol of muscle myocytes through 

the disruption site following laser i~jury, and begins to fluorescently stain internal 
! 

membranes of the muscle fiber. r the presence of calcium (Ca2+), membrane 

repair is activated, and once complete prevents further FM 1-43 entry into the 
I 

cell. The typical result is the dev~lopment of a 'hot spot' of dye at the site of 

I 

disruption (Figure 21A '+Ca' topl panels, and Figure 21 B red circle). In the 

absence of Ca2+, membrane repajir fails and the internal cellular compartments 

begin to saturate with dye (Figure ~1A '-Ca' bottom panels, and Figure 21 B '-Ca' 
l 

black triangles). As with cultured : cells, fibers injured in the presence of H20 2 
! 

displayed unrestricted dye influx t~rough the injury site, and resembled injury in 
I 

the absence of Ca2
+ (Figure 21 A '+Ca H202' second row panels). Moreover, 

fibers in muscle treated with Trllox for 1 hour appeared unaffected by the 

oxidizing wounding environment a~d displayed similar dye uptake kinetics as that 
I 
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Figure 21: Oxidation inhibits membrane repair in intact mouse skeletal 
muscle, but this impairment ci

1

n be prevented with vitamin E loading. (A) 
The soleus muscle was excised from wild-type mice and laser-injured (white 
arrow indicates the site of injury) i the presence of physiological solution with or 
without 5 mM hydrogen peroxide l(H2O2). Wounding in the absence of calcium (
Ca, bottom row) is also shown. 

1

Myocytes injured in the presence of calcium 
( +Ca, top row) but in the absence of H2O2 typically displayed minimal uptake of 
dye: a 'hot spot' of strong fluore$cence developed only around the injury site. 
Cells injured in the presence of H2O2 ( +Ca H2O2, second row) resembled fibers 
injured in the absence of calcium, where unrestricted dye entry was observed (
Ca, bottom row). However, fibers treated with 1 mM Trolox for 1 hour prior to 
wounding in the presence of H20J did not exhibit this unrestricted dye entry and 
resembled control fibers {Trolox tea H2O2). (8) Measured FM dye influx (20-
second intervals) for the four myo~ytes described in 'A'. The myocytes injured in 
+Ca (red) and Trolox H2O2 +Ca (grey) displayed initial uptake of dye that 
subsides and plateaus after 300 Jeconds. The -Ca {black) and +Ca H2O2 {blue) 
myocytes displayed a sustained i~crease in dye influx. (C) This graph represents 

I • 

the summarized measurements o~ dye uptake for _each condition. Cells wounded 
in the presence of H2O2 display1d significantly (*) more dye uptake then cells 
wounded in +Ca alone. There was no statistical difference in dye uptake for -Ca 
and +Ca H2O2 conditions. Data ate presented as the means± SEM. * P < 0.01 

I 

vs '+Ca', 'Trolox', and 'Trolox H2O2'; myofibers injured from 4 mice, n = 31 for 
'+Ca', 31 for 'H2O2 +Ca', 8 for 'Trol~ox', 10 for 'Trolox H2O2', and 16 for '-Ca'. 
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of muscle injured in physiological saline (Figure 21A 'Trolox H202 +Ca' third row 

panels). Quantified FM 1-43 tota dye uptake within the injured fibers revealed 

that cells injured in the presenc of H202 and treated with Trolox had similar 

fluorescent uptake as cells not trbated with vitamin and injured in physiological 
I 

saline (Figure 21 C, 'Trolox H202 j+Ca' and '+Ca'). Thus, Trolox rapidly protects 
I 

: 
against oxidative stress-induced repair failure in intact skeletal muscle. 

Chapter V. Discussion 

I 

V.A Membrane Repair Deficienc;ies in Diabetes 

Diabetic myonecrosis and amyotrophy are currently viewed as symptoms 
I 

I 

of underlying neuropathy (Taylor and Dunne, 2004; Andersen et al., 1998). 
I 

Despite documented muscle gro""th and function impairments from ·uncontrolled 

diabetes (Gordon et al., 2010), : no study has investigated the direct effects 

·I 

diabetes has on muscle myocytei membranes. We have previously shown that 

muscle necrosis. exhibited in limtj-girdle muscular dystrophy can result from an 

I 

inability to repair membrane disruptions (Bansal et al., 2003). The present study 
I 

I 

demonstrates a direct adverse effect of diabetes on skeletal muscle; plasma 

membrane repair by myocytes is compromised in in vivo, in situ, and in vitro 

models. This 
i 

study therefore suggests the existence of a novel 
I 

pathophysiological mechanism adting to promote diabetic atrophy, amyotrophy, 

and myonecrosis. 
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To directly assess diabet c membrane repair, we used two genetically 

induced mouse models of di 
I 
betes: INS2Akita+/- and db/db. The diabetic 

heterozygotic INS2Akita mouse po$sesses a mutation in one allele of the insulin-2 

gene, resulting in hypoinsulinemia and spontaneous hyperglycemia (Yoshioka et 

al., 1997; Krause et al., 2009). T~is produces a type 1 mouse model of diabetes, 
I 

which develops a diabetic myopathy with muscle force loss, atrophy, and fiber 

loss (Krause et al., 2009). The ,second model of diabetes, the db/db mouse, 
I 

exhibits a type 2 diabetic phenotype. The db/db mouse model possesses a 
I 

mutation in the leptin receptor c~using spontaneous obesity, hyperinsulinemia, 
. I 

and hyperglycemia (Thene and ~ayer, 1976; Hummel et al., 1966). We show 
I 

that myofibers of both type 1 and /2 diabetic mouse models display the inability to 

repair membrane disruptions. Neuropathy cannot be implicated in this repair 

defect, as our analysis of isolated muscle is inherently independent of the 

nervous system functioning. Moreover, we use a vital dye, EBO, to show that 

repair of disruptions induced by down-hill running is impaired in diabetic mice, 

indicating that the defect is not on:e unique to a laser injury, but is one that arises 
i 

under physiological conditions as well. 
I 

This membrane repair defect was exhibited in other cell types in vitro 

including primary fibroblasts from· diabetic mice. However, no repair defect was 

exhibited in diabetic cardiomyocytes of fresh heart slices, suggesting that 
i 

membrane repair dysfunction mai not explain diabetic cardiac complications. All 

cells in the body of a diabetic are :exposed to the same level of high glucose, but 
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hyperglycemia selectively damages only some cell types (Giacco and Brownlee, 

2010). Skeletal muscle, diabetic fibroblasts, and the in vitro high glucose cell 
i 

model all display a membrane repair defect. 
I 

I 

I 
So, why are diabetic cardjomyocytes repair competent? Diabetic cardiac 

dysfunction is thought to stem from micro- and macro- vascular changes, which 

lead to an increase in atherosclerosis and myocardial infarctions with this 

disease (Brownlee, 2001 ). Sopietimes in disease, as is the case with 

dysferlinopathy (limb girdle type 2b muscular dystrophy), membrane disruptions 
I 

in cardiomyocytes are sublethal jn that the heart is able to compensate for the 
I 

damage, unlike skeletal muscle which displays a muscular dystrophy (Chase et 

al., 2009). Thus, the cardiac : myocytes of diabetic patients may display 

competent membrane repair, whiile other tissues such as the endothelial cells 
I 

lining the vasculature may exhit>it the repair defect. This idea requires further 

investigation to fully understancl the cardiac complications associated with 

diabetes. 

I 

I 

V.A.1 Link Between Membrane Repair and Diabetic Repair Defects 

How could deficient memQrane repair be involved in diabetic myopathy? 

Membrane repair is a finely orchestrated cell survival response. Most if not all, 

eukaryotic cells display a Caf+-dependent repair response (McNeil and 
! 

Steinhardt, 2003). Repair in seai urchin eggs, frog eggs and mammalian cells 

fails in the absence of extracellular Ca2+ (McNeil and Steinhardt, 2003). Ca2+ 
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I 
I 

influx through a disruption rapidly (sub-second time scale) triggers cytoplasmic 

vesicles in the vicinity of the diJruption to fuse to one another (Terasaki et al., 
I . 

1997; McNeil, 2000)·, forming al 'patch' vesicle. Repair .is completed once the 

I 
patch vesicle fuses exocytotica ly with the plasma membrane surrounding the 

disruption site (Bi, 1995; Miyake ,and McNeil, 1995). 
I 

I 

Although membrane re1air is a heavily studied field, the mechanisms 

involved in this survival response have not been fully isolated. Some of the 
I 

internal membrane compartme~ts that contribute to repair include: yolk granules. 

(McNeil and McNeil, 2005), endosomes (Tam et al., 2010), lysosomes 

(Rodriguez et al., 1997), anq enlargesomes (McNeil and Steinhardt 2003). 
I 
I 

Membrane repair protein pa~icipants include the SNARE family (soluble n-
1 

ethylmaleimide-sensitive factor/ attachment protein receptors) (Steinhardt et al., 

1994; Jahn and Scheller, 20:06), synaptotagmins (Andrews, 2005), dysferlin 

(Bansal et al., 2003), annexins/ (McNeil et al., 2006; Draeger et al., 2011; Lennon 
I 

et al., 2003), calpains (Mellgr~n et al., 2009; Mellgren et al., 2007), actin and 
I 

myosin (Bement et al., 2007), and glycoproteins (Miyake et al., 2007). 

V.A.2 Glycoproteins: €onnecting AGE/RAGE 

Perhaps most importamt to this work are cell surface glycoproteins and 
i 

their role in membrane repai/r. The heterogeneous array of glycoproteins that 
I 
i 

decorate cell membranes is essential for cell function and play an important role 

in membrane repair. Lectir:,s, being multivalent proteins, selectively bind 
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I 

I 

carbohydrate moieties of cell trface glycoproteins (Sharon and Lis, 1972). 

Binding of cell surface glycoproteins by lectins produces a severe membrane 

repair defect in which internal m~mbrane fusion is blocked (Miyake et al., 2007), 

i 

allowing uninhibited influx of exogenous FM dye quite similar to what was seen in 

diabetic mouse muscle and cells 'exposed to high glucose. This result suggested 

that cell surface AGE/RAGE binding might be acting in a similar fashion as 

lectin/glycoprotein binding to prevent membrane repair processes .. 

i 
V.A.3 Elevated Glucose as Pathogen 

I 
Our results showed that cdevelopment of a membrane repair defect is 

I 
I 

driven by high glucose treatment! and is not muscle cell specific. High glucose 

levels promote non-enzymatic len surface hyperglycation of glycoproteins 
I 

(Rellier et al., 1997) creating irreversible AGE at an enhanced rate in diabetes 

(Hartog et al., 2007). Cell surface receptors then bind and cross-link AGE 

(Peyroux and Sternberg, 2006). ~ere we show that AGE is responsible for the 
I, 

membrane repair defect seen in cell culture, as the defect was not exhibited 

when AGE generation was prevented during high glucose exposure. In the 

absence of high glucose exposure, AGE-BSA was required to induce a 

membrane repair defect in enhanced RAGE expressing cells. These results 

suggest that cell surface AGE/RAGE binding is comparable to lectin/glycoprotein 

binding and prevents membrane relpair processes. Please refer to Figure 2. 
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I 

V.B Vitamin E Involved in Prom1ing Membrane Repair 

Despite considerable reseJrch focused on the action of vitamin E in the 
I 

plasma membrane, to our knowledge no study has investigated the role of 

vitamin E in membrane disruptions. This work proposes and rigorously tests the 

novel hypothesis that one functiomal role of vitamin E is to promote membrane 

repair. First, we showed that repair was enhanced by loading, prior to laser 

injury, of vitamin E into a repair-competent cell line . (C2C12, myocyte model). 

Second, we showed that a cell line (Hela) incapable of repairing our standard 

laser injury was converted, after vitamin E loading, into a repair-competent cell. 
I 

Third, repair competency, in an in iitro model of disease (diabetes) characterized 

by defective repair, could be partia(ly ameliorated by vitamin E loading. 

One possible explanation for these results is that vitamin E loading had 

'stabilizes' the plasma membrane, 1

1 

e.g. that it prevents or reduces the extent of 
I 
I 

the injury produced by the laser. Stabilization did not seem to be the case, since 

in the absence of extracellular Ca2+, vitamin E loading did not influence dye 

entry: dye influx was rapid and unrestricted, equivalent to that measured in 

control cells not loaded with vitamin E. Additionally, the stabilizing role of vitamin 

E is predicated on its ability to insert into the bilayer via a hydrophobic domain 

(Urano et al., 1992). Trolox lacks th:is domain yet it strongly promoted membrane 

repair. Repair promotion was not d~pendent on the laser irradiation, as vitamin E 

enhancement of repair could also ~e demonstrated using alternate independent 

methods of creating disruptions an9 of monitoring repair: cells scraped from their 
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culture substratum to induce meibrane disruptions exhibited enhanced survival 

with vitamin E loading. Thus, vitamin E supplementation promotes membrane 

repair, specifically the Ca2+-depen~ent response to plasma membrane iiljury. 

V.B.1 Membrane Location Importance 

How does vitamin E promote membrane repair? Clearly, the anti-oxidant 

·capacity of vitamin E is crucial. Thus, two different anti-oxidants, namely Trolox 

· and vitamin C, could duplicate its repair-promoting capacity in vitro. Additionally, 

imposed oxidative stress (addition of H202 to the medium) strongly inhibited 

repair, and both analogs of vitamin E could prevent this inhibition from 

developing. Targeting of membr~ne phospholipids, which could influence the 

fusion events required for repa_ir, by the antioxidant is an attractive but 

unsubstantiated hypothesis that de'mands future testing. 

A membrane localization of the antioxidant may in fact be crucial for repair 

promotion. Although Trolox does not partition via a hydrophobic domain into the 

bilayer, it does rapidly associate wi~h the bilayer via binding to negatively charged 

phospholipid head groups (Bitew et al., 2010). Thus, both vitamin E and Trolox 

are positioned intimately with their potential phospholipid targets in the 

membranes that are fusing during the repair response. Further evidence that 

membrane localization is important: derives from the results obtained after a brief 

incubation with these two antioxidgnts. Only Trolox, which can rapidly associate 

with the membrane, promoted rep~ir under this condition; a-tocopherol, which 
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must be carried by serum protiins with hydrophobic domains to membrane 
I 

destinations, was ineffective in shbrt-term preincubations. 
I 

! 

I 

How then does vitamin Ci, an antioxidant that does not insert into the 

plasma membrane, promote repair? The simplest explanation is that it does so 

by regenerating an antioxidant already located in cell membranes, endogenous 

vitamin E. Vitamin C has been shpwn not only to exhibit an antioxidant effect on 
I 

cells but also to regenerate vitamin E within the cell membrane (Burton, 1985; 

Stoyanovsky et al., 1995). Horseradish peroxidase, a potent catalytic antioxidant 

that neither localizes to the m~mbrane nor regenerates vitamin E, did not 

promote repair. Taken together,: these results indicate that the anti-oxidant 

capacity of vitamin E is crucial fpr repair promotion, as is its location in cell 

membranes. 

V.B.2 Vitamin E Therapeutic Value 

Where in the mammalian bpdy might vitamin E-induced repair promotion 

i 

by be essential? We mentioned apove the strong in vivo phenotypes implicating 

vitamin E in skeletal muscle health (see section I.C.1 ). We mentioned, moreover, 

that muscular dystrophy can resul, from a failure in plasma membrane repair by 

skeletal muscle myocytes (Ban~al et. al, 2003). Additionally, vitamin E 

supplementation can prevent mu~cle injury caused by eccentric contractions 
I 

(Bloomer et al., 2004; Sacheck et al., 2003), which induce a high level of 

disruption injury in skeletal muscll,e. In fact, ROS are generated by eccentric 
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contraction exercise (Meydani et al., 1993), and vitamin E supplementation can 

prevent this increase (Meydani et al., 1993; Bloomer et al., 2004; Sacheck et al., 

2003). We here show in intact skeletal muscle that oxidative stress severely 
I 

impairs membrane repair, and that this impairment is prevented if the muscle is 
I 

first exposed to Trolox, a water-soluble analogue of vitamin E, which rapidly 

associates with cell membranes. All of this evidence is consistent with the 

hypothesis that skeletal muscle I is one location where vitamin E performs a 

crucial repair-promoting function in vivo. 

Because repair promotion', is a desirable goal, for example in repair-
1 

I 
I . 

defective muscular dystrophy pati.ents, there has been a search for compounds 
, ; 

that might be of therapeutic valu~ in this context. To date, the only compounds 

shown to promote repair, in vitro, are surfactants, such as pluronic F68 NF 

(Clarke, 1992; Togo, 1999). However, there is clearly a potential for pluronics to 

I 

be toxic in vivo, based on the in vi~ro concentrations required for repair promotion 

(Steinhardt and Alderton, 2006). 

Could vitamin E be used; as a therapeutic? Evidence that vitamin E 
I 

supplementation can promote mu~cle health has been met with some scrutiny. 

Previous studies have found that vitamin E supplementation has no effect on 
I 

I 

creatine kinase release, indicating ithat supplementation does not prevent muscle 

damage (Cannon et al., 1990; Warren et al., 1992). Other studies have found 

that there is a decrease in muscle force loss and in muscle pain after eccentric 
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exercise (Bloomer, 2004; Sacheck, 2003) indicating that the vitamin does offer 

some protection. However, in J small study involving 16 patients, it did not 

ameliorate the symptoms of DJchenne muscular dystrophy (Backman et al., 

1988), which is characterized by an increased frequency of plasma membrane 

disruption injury. Due to the small study size, this result may need to be 

investigated further to determine if, for instance, an increased dosage of vitamin 
i 

E or supplementation at the onset of disease diagnosis improves therapeutic 

value. 

One possibility for explaini:ng these failures is a simple one: the normal 
I 

human diet supplies vitamin E at a level that supplementation cannot improve 

upon. However, the results of this study and the studies mentioned above that 

focused on eccentric contraction injury of muscle suggest that vitamin E should 

not be generally eliminated as a supplement for promoting muscle health. For 
I 

example, it will be important to \ determine if .vitamin E supplementation can 

ameliorate the symptoms of limb girdle muscular dystrophy, where failed repair is 

suspected as the key pathophysiological mechanism. Additionally, it may be 

possible to identify, through use ofi high throughput screens, analogues of vitamin 
I 

i 

E possessing an enhanced level of repair-promoting activity. 

Chapter VI. Summary 

We show that the diabetic environment produces a cell membrane repair 

defect that could negatively impa:ct muscle health, via muscle cell death and 
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I 

I 

resulting atrophy. Figure 22 disJlays a schematic of how these present results 

may be interpreted. The hig -glucose levels exhibited in diabetes were 

determined to be sufficient to produce a membrane repair defect in vitro. 

Chemical inhibition of AGE formJtion was shown to prevent this glucose-induced 

membrane repair defect. In th~ absence of the glucose-induced membrane 

repair defect, forced RAGE expression alone was insufficient to produce a 

membrane repair defect. However, addition of exogenous AGE to cells with 

forced RAGE expressing resulteq in a membrane repair deficiency. In fact, AGE 
I 

I 

treatment alone was capable dr inducing a membrane repair defect in the 

absence of forced RAGE. However, AGE/RAGE interactions cannot be ruled out, 

as the membrane repair defect w~s exhibited only after 3 days of AGE treatment. 

This effect will need to be char~cterized further as AGE has been shown to 

induce RAGE expression (Hudson et al., 2002). 

The current study provid~s definitive evidence for a direct impact of 

diabetes on muscle: the high-glucose levels in diabetes compromise membrane 

repair in skeletal muscle myocyte~. Since other cell types develop a repair defect 

with chronic elevated glucose, de~ective membrane repair may also contribute to 

other diabetic complications in addition to diabetic myopathy. 

We also provide direct evid1

1

,ence in support of a novel function for vitamin 

E: that this vitamin promotes repair of plasma membrane disruption injury. Our 

results indicate that the requisite ptoperties of vitamin E conferring this function 
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Figure 22: Summary of the I present results. Elevated glucose causes 
irreversible non-enzymatic glycaNon on cellular proteins (AGE). This can be 
prevented with the glycation inhibitor aminoguanidine (AMG). AGE bind to the 
cell surface receptor (RAGE) but PMA treatment leads to removal of cell surface 
RAGE. AGE to RAGE binding induces ROS formation. Oxidative challenge can 
create a membrane repair defetjt. Vitamin E enables cells to overcome this 
oxidative stress induced repair deficiency. 
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are: 1) its antioxidant capacity; and 2) its ability to associate as an antioxidant 

with membranes, which brings itl into close physical proximity with phospholipid 
I 

headgroups that are highly vulne~able to oxidative damage. Finally, based on the 
\ 

i 

well-known phenotype resulting !from deprivation, and on our direct assay of 

repair in intact skeletal muscle, we propose that repair promotion is an important 

biological function of vitamin E, specifically, for skeletal muscle in vivo. Without 

normal dietary levels, myocyte recrosis ensues following contraction-induced 
! 

disruption injuries, and dystrophy 8evelops over time. 
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