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ABSTRACT 

ApoE helps regulate serum cholesterol levels by adding in transport of cholesterol into the cells, 

as well as, to the liver.  ApoE knockout mice (ApoE KO) present a model that demonstrates the 

effects of hypercholesterolemia. Damage to muscle stimulates a complex regenerative response. 

The effects of high cholesterol on this regenerative response are not known. PURPOSE: To 

determine if skeletal muscle regeneration is altered in apoE KO mice by measuring protein 

synthesis regulator IGF-1, Akt, mTOR, and p70S6K, cell cycle regulator cyclin D1, and 

myogenic regulatory factors myoD and myogenin.  METHODS: Female C57/BL6 (WT) and 

apoE KO were assigned to wither an uninjured or injured group. To induce skeletal muscle 

damage the tibialis anterior (TA) was injected with either bupivacaine or phosphate buffered 

saline (PBS). TA muscle was extracted 3 days post-injection. Quantitative PCR was conducted 

to determine gene expression for IGF-1, myoD, myogenin, and Cyclin D1. Western blot analysis 

was performed to quantitate the markers of protein synthesis Akt, mTOR, and p70S6K.   

RESULTS: IGF-1 gene expression increased 5-fold (p < 0.05) and 3.5-fold (p < 0.05) during 

skeletal muscle regeneration in WT and aopE-KO mice, respectively. Cyclin D1 increased 1.75-

fold (p < 0.05) in WT mice 3 days post-bupivacaine injection. However, cyclin D1 gene 

expression increased 12-fold (p < 0.05)3 days post-bupivacaine injection in apoE-KO mice. An 

attenuation of myoD was observed in apoE  KO mice, as there was only an 1.5-fold increase 

occurred in the apoE KO group compared to a 3.5-fold in the WT controls. An increase in the 

phosphorylated forms of markers of protein synthesis was observed after bupivacaine injection; a 

4.44-fold, 2.5-fold, and a 1.0-foldincrease was observed in Akt, mTOR, and p70 respectively. 

CONCLUSION: A deficiency in the apoE gene has no effect on markers of protein synthesis 

expression but does however have an effect on cyclin D1 and myoD expression. 
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      CHAPTER 1 

INTRODUCTION 

Atherosclerosis is a disease characterized by thickening of arterial walls due to plaque 

accumulation, this plaque is a mix of fat, cholesterol, calcium, and other substances found in the 

blood(1). Atherosclerosis can lead to many other life threating pathologies such as coronary 

artery disease (CAD), cardiovascular disease (CV), peripheral artery disease (PAD), and chronic 

kidney disease; it is also the leading cause of myocardial infarction (MI) in the United States(1). 

 Cholesterol is a fatty, wax-like substance produced naturally in the human body and can 

be found in some foods. Cholesterol is used to make hormones, support and repair cell 

membranes, make vitamin D, and to process ingested foods (1). Lipoproteins package and carry 

cholesterol, triacylglycerol (TAG), and fatty acids throughout the body.  The interior of the 

lipoprotein is made of cholesterol, TAG, and fatty acids, while the exterior is made of protein 

(1,2,3).  The binding of lipoproteins to receptors located in the cell membrane facilitate the 

release of the cholesterol into the cell (1,2,3). The protein of greatest importance is a class of 

proteins called Apolipoproteins.  These proteins serve as the primary peptide in lipoproteins.  

The two classes of most concern are low density lipoprotein (LDL) and high density lipoprotein 

(HDL). HDL, often called “good cholesterol”, has the task of reverse cholesterol transport where 

cholesterol is transported back to liver where it is removed from the body. LDL-C, or “bad 

cholesterol”, transports cholesterol to the cells of the body. Having high LDL increases your risk 

for atherosclerosis, as well as, angina and myocardial infarction (1,4,5). Apolipoprotein E has a 

drastic effect on LDL levels as it causes an increase in circulating cholesterol. This excess 

stimulates an upregulation of LDL, which has negative effects on the total cholesterol level that 

can lead to CAD, CV, PAD, kidney disease and MI (4).  
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 Protein synthesis is a crucial component in the regenerative response of skeletal muscle.  

Protein synthesis involves the copying of DNA to an mRNA transcript (transcription) and then 

taking that mRNA transcript and translating it into a protein (translation).  Without protein 

synthesis the newly differentiated myofibers would lack the ability to contract properly, as well 

as maintain viability.  There are multiple known markers of protein synthesis; these markers 

have been shown to up regulate following muscle damage and precede regeneration (6, 7, 8, 9).  

These markers include IGF-1, Akt, mTOR, and p70s6k.  In the canonical pathway each of these 

markers phosphorylates the next and the end result is the upregulation of protein synthesis. The 

relationship of these markers to one another and to the regulation of protein synthesis has been 

extensively studied (6, 7, 8, 9). 

 Skeletal muscle regeneration is dependent on a group of myogenic cells called satellite 

cells; these cells are found in the basil lamina of skeletal muscle cells.  The proliferation and 

differentiation of these cells cause new nuclei to be added to the fibers allowing for the fiber to 

increase in size, as skeletal muscle is postmitotic. It has been documented that satellite cell 

number and activity reaches its peak within three days of muscle damage, this has been 

confirmed using immunochemical analysis (10, 11, 12, 13, 14, 15).  Cyclin D1 is a cell cycle 

regulator, responsible for the progression of somatic cells through G1 phase of the cell cycle to S 

phase of the cell cycle.  Cyclin D1 is up regulated during muscle regeneration; this upregulation 

indicates that cells have become mitotically active (16).  Another regulator of satellite cell 

function are the myogenic regulatory factors (MRFs), these include myoD and myogenin. MyoD 

has a dual role in the function of satellite cells; it regulates satellite cell proliferation and 

regulates myogenin (10).  Myogenin is responsible for the differentiation of satellite cells only; 



 

3 

 

as when myogenin was inhibited and MyoD was left to function normally proliferation occurred 

while a decrement in differentiation was observed (10).   

The effects of hypercholesterolemia on arterial endothelial cells are well documented; 

however very little research has investigated the effects on skeletal muscle. Multiple studies have 

shown that high cholesterol impairs angiogenesis after arterial injury (17, 18, 19, 20, 21). The 

effect of hypercholesterolemia on the repair of arterial smooth muscle raises a question on the 

effects it could possibly have on skeletal muscle. Literature on high cholesterol’s effects on 

skeletal muscle is limited. One study has shown that after ischemia induced muscle damage 

skeletal muscle healing is delayed (22). The mechanism attributed to this delay was a chronic 

inflammatory response that persisted longer in the hypercholeterolemic group than in the control. 

The inflammatory response was the only mechanism that was investigated in this study leaving 

questions on the regenerative response of skeletal muscle in hypercholesterolemic hosts. The 

purpose of this investigation is to examine the effects of hypercholesterolemia on skeletal muscle 

regeneration by quantitating markers of protein synthesis and satellite cell function in mice that 

have high cholesterol after a damaging event.  

 

CHAPTER 2  

REVIEW OF LIERATURE 

This literature review is divided by topic into 4 main sections: 1) hypercholesterolemia’s 

effects on muscle, 2) models of muscle damage and the response of muscle tissue, 3) muscular 

protein synthesis and its role in muscle regeneration, and 4) satellite cell function as it relates to 

the regeneration of damaged muscle tissue.  This review will include general knowledge on 

cholesterol and how it has been shown to effect muscle regeneration in previous research, as well 
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as, how the regenerative response occurs in muscle under normal conditions.  The two 

components of muscle regeneration that will be examined in this study, protein synthesis and 

satellite cell response.  Previous literature on markers of satellite cell function; myoD, myogenin, 

and cyclin D1 and the role these play in skeletal muscle regeneration will be reviewed.  Markers 

of protein synthesis including IGF-1, AKT, mTOR, p70S6K, will be reviewed in their role in the 

regenerative response. 

I. Hypercholesterolemia and muscle  

Hypercholesterolemia and smooth muscle 

Hypercholesterolemia, or high cholesterol, is a disease that is characterized by a total 

serum cholesterol of 240 mg/dL, an LDL level of greater than 70 mg/dL, or an HDL level of 

greater than 170 mg/dL (1).  It is a primary risk factor for many pathologies including heart 

attack, angina, and cardiovascular disease.  Apolipoproteins, a ligand for lipoprotein binding in 

cellular membrane, helps to regulate circulating levels of cholesterol (23).  A subtype, apoE, is 

responsible for facilitating the binding of LDL’s to the cellular membrane (24).  Without apoE 

LDL begins to accumulate in the blood and one begins to develop high cholesterol. Mice 

genetically altered to lack expression of the gene responsible for apoE production has given a 

consistent and proven model of hypercholesterolemia (25, 26).    ApoE deficient mice have 

presented total cholesterol levels 5 times higher than normal litter mates (26).  These mice also 

present lower HDL and higher LDL levels compared to normal litter mates (26, 27, 28).  

Because of the proven effectiveness investigators have consistently used this model in 

experiments involving high cholesterols effects on various interventions.   Several studies have 

investigated the effects of high cholesterol on arterial smooth muscle (18, 20, 21, 25). These 

studies suggest that high cholesterol inhibits angiogenesis after arterial injury.  These studies 
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suggest the primary mechanism for this delayed repair lies in the function of the regenerated 

endothelial cells (EC).  The proliferative response to damage seems to be normal in a 

hypercholesterolemic environment; however, the newly formed EC show dysfunction in the 

ability to vasodilate and vasoconstrict (18, 21).  Contrarily; Rosenbaum, Miyazaki, and Graham 

(2011) suggest a different mechanism for the delayed healing.  In this study a decrease in the 

early EC proliferation and differentiation was observed suggesting that healing was delayed by a 

lack of viable cells to repair the injury.  Regardless of the mechanism of dysfunction these 

studies suggest, a normal regenerative response was seen after seven days and the function of the 

regenerated tissue was below that of normal tissue.  Although the mechanism behind the delayed 

angiogenesis in mice with high cholesterol is unclear, it is fairly definitive that high cholesterol 

causes a dysfunction in regeneration of arterial smooth muscle.   

Hypercholesterolemia and skeletal muscle 

While the effects of high cholesterol on angiogenesis are well documented the effects on 

skeletal muscle have not been extensively studied.  To our knowledge only one study has 

investigated the effects hypercholesterolemia on skeletal muscle regeneration has been 

completed (22).  In this study muscle was damaged by suspending the hind limbs of both WT 

and hypercholesterolemic (apoE deficient) mice causing ischemia due to lack of blood flow.  A 

delay in muscle regeneration was observed in the apoE deficient mice but not in the WT 

controls.  Results suggest the apoE deficient mice have a prolonged inflammatory response not 

seen in the WT controls.  No significant difference was observed in a marker for satellite cell 

proliferation (myoD); however, a significant difference was observed in the marker for satellite 

cell differentiation (myogenin).  A dual mechanism for the delayed regenerative response 

involving dysfunction in both satellite cell function and inflammatory response is suggested.  
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The suggested dysfunction of satellite cells in this experiment agrees with the results of 

Rosenbaum et al. (2011).  The differentiation of satellite cells seems to be significantly impaired 

by hypercholesterolemia.   

II. Models of muscle damage and the response of muscle tissue 

Scientists use various models of muscle damage in research involving markers of 

regeneration.  These studies are used to investigate disease related atrophy, age related atrophy, 

and many other disease related dysfunctions in muscle regeneration.  Several models of muscle 

damage exist; however, some models are more popular because of the lack of limitations and 

confounding factors.  One of the more diverse models used to investigate the regenerative 

response is the model of eccentric exercise.  This model is unique in that it can be used in 

research involving muscle regeneration after exercise induced injury in a diseased or biologically 

deficient population, response to exercise in the elderly, and the hypertrophic response of muscle 

in a healthy population.  A classic study on eccentric exercise induced muscle damage showed 

downhill running to be a more effective way to cause muscle damage compared to level or uphill 

running (29).  Results showed a larger increase and a higher total level of plasma enzymes and 

macrophages associated with necrosis of muscle tissue common with muscle damage in the 

downhill running group compared to the uphill or level running group.  An unintended result was 

the observation of mitotic “figures” resembling satellite cells near the damaged muscle fibers.  

Although these figures were not identified definitively the assumption can be drawn that 

eccentric exercise in the form of downhill running up regulates satellite cells in response to 

injury.  Although this model is effective in causing muscle damage it does require a good deal of 

time and supplies.  This model requires a specialized treadmill as well as a technician trained to 

use the equipment as the animals or human subjects must be monitored while performing the 
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action.  This is also an exercise model causing it to be used primarily in hypertrophy studies or in 

research investigating the response of a particular population to exercise.   Because of these 

factors other models of muscle damage are frequently used.  Two models commonly used in 

research investigating atrophy are hind limb immobilization and suspension.  In both models 

protein synthesis is decreased during the period inactivity, this is paired with increased protein 

degradation and a decrease in myonuclear domain(30).  The increase in protein degradation and 

decrease in protein synthesis are indicative of muscle cell dysfunction caused by the 

immobilization of the limb, while the decrease in myonuclear number suggest muscle cell death 

as a result of this dysfunction.  Upon remobilization of the limb increases in satellite cell 

proliferation, myonuclear number, and protein synthesis were observed.  The increase in satellite 

cell proliferation in combination with an increase in myonuclear number suggests that in 

response to tissue damage satellite cells are mobilized and differentiate to aid in the regeneration 

of viable muscle tissue.  Concurrently the increase of protein synthesis above baseline values 

suggests not only a return to normal function of the cell but also a role of protein synthesis in the 

regenerative response.  The model chosen for this study was a bupivacaine (Marcaine) injection 

into the muscle, as it is the least time intensive models that can cause muscle damage.  A classic 

study by Benoit and Belt (1970) investigated the effects of the long lasting anesthetic 

bupivacaine.  Previously research had definitely proven that local anesthetics like lidocaine 

causes damage to skeletal muscle that is followed by regeneration of new muscle fibers.  This 

study investigated the effects of the long lasting anesthetic, bupivacaine, on muscle fibers and the 

regenerative response to the damage it caused.  After a single injection of bupivacaine the 

damaged muscle fibers were seen throughout the muscle, up to one half of the muscle thickness 

in depth.  Fourteen hours post injection macrophages were observed invading the tissue that had 
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been injected, the first evidence that muscle damage had occurred.  At three days post injection a 

few singly nucleated myoblasts were seen in combination with a significantly reduced number of 

macrophages and an increased amount of multinucleated tubes.  All this in combination suggests 

after damage induced by bupivacaine injection a regenerative response involving satellite cell 

proliferation and differentiation occurs.  Sequential injections of bupivacaine caused further 

damage to the muscle identical to that of a single injection followed by an identical regenerative 

response (11).  The regenerative response was not delayed or prolonged by sequential injections 

of bupivacaine; the only differences were the amount of damage incurred and the total of 

regenerative markers observed.   

III. Protein synthesis 

Protein synthesis is an event that occurs in all the cells of the body.  This process involves 

taking a portion of DNA code and copying it onto an mRNA transcript (transcription), then 

taking this copy and assembling the protein that the code is specific to (translation).  This is an 

essential process in all cells as it provides the proteins needed to make the structural components 

of cells, as well as, creates the enzymes that catalyze the reactions of the cells.  A cascade of 

reactions involving many intermediates is required to up regulate transcription and translation.  

These intermediates and reactions will be covered in this section of the literature review.   

IGF-1 

 IGF-1 is a hormone produced in the body by the liver and also by organ that frequently 

use the hormone, this happens in an autocrine/paracrine fashion.   When muscle receives an 

overload stimulus an upregulation of IGF-1 is observed (31, 32).  This upregulation is attributed 

to an increase in production by the damaged myofibers using the aforementioned 

autocrine/paracrine relationship (31).  Although these results do not provide insight into the 
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mechanism of action for IGF-1 it does provide us with evidence that when muscle damage 

occurs IGF-1 concentrations increase. 

 An increase in IGF-1 gene expression and IGF-1 concentration has been shown to 

precede hypertrophy in response skeletal muscle overload in rats (32, 33, 34).  It has also been 

shown that a local overexpression of IGF-1 promotes an increase in contractile protein mRNAs 

that precedes a regenerative and hypertrophic response (35).  mRNA is a component of the 

transcription stage of protein synthesis, the increase in mRNA suggests a possible increase in 

protein synthesis.  This data leads us to postulate that an increase in IGF-1 causes an increase in 

protein synthesis.  A study using mice with chronic renal failure showed that a decrease in IGF-1 

caused by the disease lead to a decrease in skeletal muscle protein synthesis (9).  The data from 

these two studies suggest that changing IGF-1 concentrations has an effect on protein synthesis 

in skeletal muscle. 

 Although IGF-1 has been shown to affect protein synthesis through an increase in 

mRNA, it does not act directly on DNA.  A cascade of reactions occurs to cause this 

upregulation in protein synthesis.  A study by Glass (2005) gave a detailed investigation of the 

canonical pathway involving IGF-1, AKT, mTOR, and p70s6k with each intermediate being 

activated, at least in part, by its predecessor in the pathway.  A study by Rommel et al. (2001) 

suggests that IGF-1 induced hypertrophy requires an activation and phosphorylation of AKT.  

This was shown when a decrease in protein synthesis and hypertrophy occurred in mice where 

AKT was inhibited through gene manipulation.  The same results were seen when other 

downstream targets of IGF-1 such as mTOR and p70s6k were blocked.  Another study 

duplicated these results showing that an increase in IGF-1 alone is not sufficient to cause skeletal 

muscle regeneration or hypertrophy (36).  The data from previous studies suggests that to 
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accurately assess the response of a host to damaging stimuli via protein synthesis, more than 

IGF-1 concentration must be quantified.   

 Another point of interest found in the literature is the role of IGF-1 in satellite cell 

function.  Mice genetically altered to overexpress IGF-1 were shown to have significantly higher 

concentration of satellite cells after injury then wild type controls (13), suggesting that 

upregulation of IGF-1 causes satellite cells to proliferate. Support for this hypothesis can be 

found in the review by Phillippou et al. (2007).  Another study suggests that IGF-1 is released by 

proliferating satellite cells and that the observed increase in IGF-1 expression is caused by the 

increase in proliferation not the reverse (37).  An alternative hypothesis is that the IGF-1 

mediated increase in protein synthesis causes quiescent satellite cells to proliferate (32).  

Although the role of IGF-1 in satellite cell function has not been extensively studied, the aim of 

this study was not to investigate these effects.  The fact that IGF-1 is postulated to affect satellite 

cell function simply adds to the importance of quantifying its expression in this experiment.   

AKT 

 The next step in the conical protein synthesis pathway is phosphorylation of AKT 

(protein kinase B).  Phosphorylation of AKT is dependent upon a reaction with 

phosphoinositide-dependent-kinase-1 (PDK1).  An increase in activation of AKT has been 

observed to precede skeletal muscle hypertrophy, a response similar to that observed in 

regenerative models (7, 38, 39, 40).  It has also been shown that an increase in AKT 

phosphorylation, dependent of an increase in IGF-1 concentration causes a statistically 

significant increase in skeletal muscle hypertrophy (7, 38, 40).  It should be noted that in Bodine 

et al. (2001) there were no damaging stimuli and consequently no increase in satellite cell 

proliferation, suggesting that an increase in AKT phosphorylation alone is sufficient to induce 



 

11 

 

skeletal muscle hypertrophy.  Mice genetically altered to over express AKT were observed 

having skeletal muscle mass two- to three-fold larger than WT control animals (40).  These mice 

were not introduced to any damaging stimuli and were fed identical diets, further supporting the 

postulation that AKT alone is sufficient to induce skeletal muscle hypertrophy assuming the 

proper function of its downstream targets.  Although AKT can cause an increase of protein 

synthesis that can induce skeletal muscle hypertrophy, it is similar to IGF-1 in that it does not 

have this effect without activation of its downstream targets.  Without the activation of mTOR by 

phosphorylated AKT muscle hypertrophy does not occur, this suggested in multiple studies 

where mTOR was inhibited by rapamycin after a damaging stimulus was induced (7, 39).  An 

increase in phosphorylated AKT was observed with no increase in mRNA concentration or 

skeletal muscle hypertrophy.  The data from these studies further support the importance of the 

downstream cascade of this pathway.   

mTOR 

   As previously noted mTOR is biochemically regulated by phosphorylated AKT; 

however, in the absence of phosphorylated AKT skeletal muscle contraction can cause mTOR 

phosphorylation (41).  It has also been observed that regardless of concentration of 

phosphorylated AKT, if IGF-1 concentration is elevated mTOR phosphorylation occurs (8).  

This suggests that although AKT is part of the conical pathway, increased protein synthesis is 

most dependent on an increase in IGF-1 expression and the subsequent phosphorylation of 

mTOR.   

The primary role of mTOR is to phosphorylate p70s6k, p70s6k and its role will be 

discussed in the next section.  Multiple studies suggest that a lack of mTOR phosphorylation 

leads to a decrease in mRNA synthesis, protein synthesis, and subsequent skeletal muscle 
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hypertrophy (7, 12, 39).  It has also been shown that a complete inhibition of mTOR causes no 

negative effect on muscle (13), suggesting that mTOR’s role lies strictly in the regeneration and 

hypertrophy responses in skeletal muscle and play no role in cell maintenance.   

p70s6k 

 P70s6k is the primary downstream target of mTOR.  Studies suggest that phosphorylation 

of mTOR is the only mechanism that causes an increase in p70s6k in skeletal muscle cells (35).  

P70s6k  is a protein kinase that phosphorylates S6, a ribosomal protein that causes an 

upregulation of mRNA that code for translation of DNA codons.  This increase in translation rate 

is the primary mechanism of protein synthesis (8, 42).  It has been shown in multiple studies that 

an increase in p70s6k phosphorylation precedes an increase in translational rate and subsequent 

protein synthesis (8, 42, 43).  Inhibition of p70s6k through genetic alteration of mice supports the 

previous data, as there was no phosphorylation of S6 seen in these mice (42).  There was also no 

upregulation of mRNA synthesis or protein synthesis in this model, suggesting that an 

upregulation of protein synthesis is dependent on phosphorylation of p70s6k.  

 

 

IV. Satellite cell function 

Myosatellite cells or satellite cells are myogenic cells that line the basal lamina of all human 

muscle tissue.  As mature muscle fibers are postmitotic, meaning they cannot forgo cell division, 

satellite cells are essential for myogenesis to occur.  Three stages in satellite cell function exist, 

activation which occurs as a result of damaging stimuli, proliferation in which these cells 

become myoblasts, and finally differentiation in which these cells become a more complex 



 

13 

 

myofiber.  Known genetic markers of the proliferation and differentiation can be quantified using 

a variety of laboratory tests.   

MyoD/ Myogenin 

 MyoD and myogenin are two of the genetic markers used to quantitate satellite cell 

function and both have a crucial role in the regenerative response of skeletal muscle.  Although 

concentration of satellite cells can be quantified by using immunochemical analysis (14, 15, 44) 

these results are only useful in quantitating the number of satellite cells not the mechanism 

behind the activation.   

The role of myoD and myogenin in proper satellite cell proliferation was first postulated 

in a classic study by Fuchtbauer and Westphal (1991).  This study suggested a dual mechanism 

by which an increase in myoD and myogenin caused satellite cell proliferation and 

differentiation, that fact has since been disputed.  A more recent study suggests that the role of 

myoD is to initiate the proliferation of active satellite cells, as well as, to up regulate the 

production of myogenin (15), while myogenin has the role of specializing these cells 

(differentiating).  Data suggest that in absence of myoD not only did activated satellite cells not 

proliferate; there was also a deficiency in myogenin not seen in wild type control animals.  There 

was also a decrement in the differentiation of the satellite cells, this was attributed to the lack of 

myogenin upregulation because when myoD was left to function normally and myogenin was 

inhibited satellite cells proliferated but did not differentiate.  A deficiency in myoD expression 

through genetic manipulation showed a dysfunction in the total regenerative response, regardless 

of myogenin concentration (14).  This data supports the notion that the myogenic response to 

skeletal muscle damage is dependent on an increase in myoD concentration and the subsequent 

proliferation of satellite cells, as well as, the myoD dependent increase in myogenin.   
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A study by Lowe and Alway (1998) suggest that myoD and myogenin concentrations are 

increased as a response to overload.  This study also suggests that the release and upregulation of 

these proteins originates from mature myofibers that were exposed to the damaging stimuli.  

From the results of this study it can be postulated that in a normally functioning host any 

damaging stimuli will cause an upregulation of these proteins and a dysfunction of this 

upregulation will effect skeletal muscle regeneration.   

Cyclin D1 

 Cyclin D1 is a protein involved in regulation of the cell cycle.  As cells enter G1 phase 

(the first growth phase of the cell cycle) an increase in cyclin D1 is observed (46, 47).  During 

this phase the cell is increasing in size and preparing for DNA synthesis.  Cyclin D1 has a dual 

role during this phase of the cell cycle.  The first is phosphorylating downstream targets that 

result in the upregulation of DNA polymerase, a key step in somatic cell mitosis.  Another 

primary function of cyclin D1 is to bind to and phosphorylate cyclin- dependent kinases 4 and 6 

to form CDK4 and CDK6, these complexes are responsible for the transition from G1 to S phase 

of the cell cycle.  It is postulated that the increase in the CDK4 and CDK6 complexes are 

responsible for communicating the correct time for the transition out of G1 (48).   

Cyclin D1 is relevant to satellite cell function because an increase in cyclin D1 

concentration is seen following a damaging stimulus.  This was suggested when cyclin D1 was 

measured following heavy resistance exercise regimen (49).  It is postulated that the activation of 

cyclin D1 has a role in satellite cell function as an increase in cyclin D1 correlated with an 

increase in satellite cell proliferation and differentiation (49), suggesting that a similar increase in 

the CDK complexes causes satellite cells to progress through the steps of maturation into 

myofibers. It should be noted that no significant increase was observed in cyclin D1 
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concentration at any time point of detraining suggesting that cyclin D1 is only up regulated in 

response to damage, not in response to atrophy (49).   

In summary, multiple factors play a role in both damage induced protein synthesis as well 

as satellite cell function in response to a damaging stimulus.  There are multiple intermediates 

that play key roles in the downstream cascade of reactions involved in the upregulation of 

protein synthesis.  Of these, it seems that IGF-1 and mTOR are of the utmost importance, as 

AKT phosphorylation is dependent on IGF-1 expression.  Also, the absence of AKT, IGF-1 can 

cause the downstream phosphorylation of mTOR usually enacted by AKT.  It is also important to 

note that p70s6k cannot be left out of the pathway as it is the intranuclear target of mTOR and 

has direct effect on mRNA synthesis.  Similarly, many different proteins control the proper 

function of satellite cells. MyoD regulates proliferation of satellite cells, while myogenin 

controls the specialization (differentiation) of the proliferated cells.  The cell cycle regulator 

cyclin D1 assists in this process with a mechanism similar to that seen in somatic cells, where it 

is responsible for the maturation and progression from proliferation to differentiation.   

The data in total suggests that all of these markers up regulate in response to damaging 

stimuli, inferring that in a normally functioning cell these markers should be in seen at levels 

higher than baseline.  This information gives proficient evidence that quantifying these markers 

and then comparing to baseline, as well as, normally functioning control hosts given the same 

experimental intervention should provide insight into the effects hypercholesterolemia on 

skeletal muscle regeneration.   
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CHAPTER 3 

SPECIFIC AIMS 

 Hypercholesterolemia, commonly called high cholesterol, is a condition in which total 

serum cholesterol is greater than 240 mg/dL, LDL cholesterol above 70 mg/dL.  Of most concern 

is LDL cholesterol level and its control as LDL’s role in the body is to transport cholesterol into 

the cell.  Over 38% of Americans have high LDL cholesterol (1).   High cholesterol is a primary 

risk factor for cardiovascular disease (CVD), angina, atherosclerosis, and myocardial infarction.   

 Skeletal muscle regeneration involves the coordinated response of protein synthesis 

upregulation and satellite cell activation.  Protein synthesis is up regulated in response to a 

damaging stimulus (30).  One way to quantitate the function of skeletal muscle tissue is to 

measure the concentration of protein synthesis markers.  These markers include IGF-1, Akt, 

mTOR, and p70s6k.  Each of these markers up regulate during muscle regeneration (34, 7).  

Satellite cells react to a damaging stimulus by proliferating and differentiating.  The cell cycle 

regulator cyclin D1 and myogenic regulatory factors (MRFs) control these processes.  It has been 

shown that cyclin D1 and MRFs are up regulated during muscle regeneration in normal 

conditions (47, 44).   

The effects of hypercholesterolemia on smooth muscle like that found in the arteries and 

veins have been extensively studied.  A dysfunction in the repair of veins and arteries has been 

shown to occur in mice genetically altered to be hypercholesterolemic (apoE KO) (7, 9, 10, 14).  

In these studies the repair of the damaged smooth muscle occurred; however, the newly 

developed cells lacked normal function (7, 10).  A study by Rosenbaum, Miyazaki, and Graham 

(2011) showed a dysfunction in proliferation and differentiation of EC cells (vascular satellite 

cells) 3 days post injury did not occur in mice with high cholesterol, while the wild type (WT) 
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controls maintained this response.  This suggests that angiogenesis was delayed due to a lack of 

viable cells to repair the injury.   

 The existing literature gives insight into the effects of high cholesterol on cardiac smooth 

muscle regeneration following injury; however, investigation into high cholesterol and the effect 

it has on skeletal muscle regeneration is limited.  Ischemia-reperfusion, a model of muscle 

damage, was used in aopE-KO mice. This study demonstrated that skeletal muscle regeneration 

was delayed in apoE KO mice and this was attributed to an increased and prolonged 

inflammatory response and decreased myogenin levels.  Although this study examined the 

effects of hypercholesterolemia on skeletal muscle regeneration, it left significant investigation 

to be completed.  Based on previous literature high cholesterol has some effect on satellite cell 

function, as well as, protein synthesis.  This has serious real world implications as many patients 

suffering from hypercholesterolemia are also co-morbid with obesity, and common practice to 

combat obesity is resistance training.  If having high cholesterol negatively effects muscle 

regeneration then these patients may be contraindicated for exercise.  Our central hypothesis is 

that abnormal muscle regeneration that involves a dysfunction in protein synthesis and/or 

satellite cell function will occur in apoE KO mice.  

 

Aim 1.  To determine if hypercholesterolemia has an inhibitory effect on markers of 

protein synthesis during skeletal muscle regeneration.  Experiments will examine the process 

of protein synthesis in a hypercholesterolemic host.  ApoE KO mice will be used as these mice 

are proven models of hypercholesterolemia.  Experiments will examine upstream and 

downstream markers of protein synthesis including IGF-1, Akt and p-Akt, mTOR and p-mTOR, 

p70s6k and p-p70s6k.  This will allow investigators to determine high cholesterol effects protein 
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synthesis and where this effect occurs.  These markers will be measured from tissue taken 3-days 

post bupivicaine injection. We hypothesize that IGF-1 will be lower in apoE KO mice 

compared to WT mice during skeletal muscle regeneration. We also hypothesize that each 

downstream marker (Akt, mTOR, p70s6k, and their phosphorylated forms) will be lower. 

in apoE KO mice compared to WT mice during skeletal muscle regeneration. Aim 2. To 

determine if hypercholesterolemia has an inhibitory effect on markers of satellite cell 

function during skeletal muscle regeneration.  Experiments will examine three markers of 

satellite cell function.  These markers include cell; cylin D1, myoD, and myogenin; as all of 

these are known to be up regulated when satellite cells function normally in a regenerative 

response.  These markers will be measured in tissue taken 3-days post bupivicaine injection.  We 

hypothesize that cyclin D1 concentrations will be lower in apoE KO mice compared to WT 

mice during skeletal muscle regeneration.  We hypothesis that myoD concentrations will be 

lower in apoE mice compared to WT mice during skeletal muscle regeneration.  We also 

hypothesize that myogenin concentration will be lower in apoE KO mice compared to WT 

mice during skeletal muscle regeneration.  

CHAPTER 4 

METHODS 

Animals and housing 

70-80 week old apoE KO mice were donated by Rigel Pharmaceuticals; 12 week old WT 

mice were purchased from Jackson Laboratories.  Animals were housed in the University of 

Arkansas Central Laboratory Animal Facility.  Animals were kept on a 12:12-h light-dark cycle, 

and given access to normal rodent chow and water for the duration of the study.  The mice were 

randomly assigned to one of two groups: 1) uninjured (control; n= 12) or 2) injured (n = 6).  All 
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procedures were approved by the University of Arkansas Institutional Animal Care and Use 

Committee (IACUC).   

Bupivacaine Injection 

 Mice were anesthetized with a subcutaneous injection of a cocktail containing ketamine 

hydrochloride (45 mg/kg body weight), xylazine (3 mg/kg body weight), and acepromazine (1 

mg/kg body weight).  Muscle damage was induced by injecting 0.03ml of 0.75% bupivacaine 

(Marcaine) in the left and right tibialis anterior (TA). A 25-gauge, 5/8 (0.5 X 16 mm) needle was 

inserted along the longitudinal axis of the muscle, and the bupivacaine was injected slowly as the 

needle was withdrawn.  Bupivacaine was delivered in an isotonic solution of NaCl.  The control 

group was injected with 0.03ml of phosphate buffered saline (PBS). 

Muscle and Tibia Extraction 

Three days post-bupivacaine injection, the TA and tibias were extracted.  Mice were 

anesthetized with a subcutaneous injection of a cocktail containing ketamine hydrochloride (90 

mg/kg body weight), xylazine (3 mg/kg body weight), and acepromazine (1 mg/kg body weight).  

The left TA was snap frozen in liquid nitrogen and stored at -80°C for protein and gene 

expression analysis. After the TA was dissected out it was weighed, then the tibia was removed 

and measured with a plastic caliper.  

Western blotting 

Tissue will be homogenized in Muller Buffer and protein concentration was measured 

using the Qubit 2.0® (Invitrogen).  Muscle homogenate (40ug) will be fractionated in a 7-12% 

SDS-polyacrylamide gels.  Gels will be transferred overnight to polyvinylidene difluoride 

(PVDF) membranes.  Membranes will be Ponceau S stained before blotting to verify equal 

loading of the gels.  Membranes will be blocked in non-fat milk, in Tris-buffered saline with 
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0.1% Tween-20 (TBST), for 2 hours. Primary antibodies for Akt (CST-4691), pAkt (Ser 473; 

CST-4060). mTOR (CST-2983), p-MTOR (Ser 2448;CST-5536), p70s6k (CST-2708) and p-

p70s6k (Thr 389; CST-9234) will be diluted 1:2000 to 1:10,000 in 5% non-fat milk, in TBST, 

and incubated at 4°C overnight. Anti-rabbit secondary antibodies (Santa Cruz) will be diluted 1: 

10,000 in non-fat milk, in TBST, and then incubated at room temperature for 1 hour.  Enhanced 

Chemiluminescence (ECL) will be performed using Fluorochem M imager (Protein Simple, 

Santa Clara, California) or the Li-Cor C-Digit 
TM 

Blot Scanner to visualize antibody-antigen 

interaction.  Blotting images will be quantified by densitometry using Alphaview
TM 

software.  

The Ponceau-stained membranes will be digitally scanned, and the 45-kDa actin bands will be 

quantified by densitometry and used as a protein loading correction factor for each lane.   

RNA Isolation, cDNA synthesis, and quantitative RT-PCR  

RNA will be extracted using a Trizol reagent (Life Technologies, Grand Island, NY, 

USA). Total RNA will be isolated, DNase treated and concentration and purity will be 

determined by fluorometry using the Qubit 2.0 (Life Technologies).  cDNA will be reverse 

transcribed from 1 µg of total RNA using the Superscript Vilo cDNA synthesis kit (Life 

Technologies, Carlsbad, CA, USA).  Real-time PCR will be performed, and results were 

analyzed by using the ABI StepOne Real-Time PCR System (Step One; Applied Biosystems, 

Foster City, CA, USA).  cDNA will be amplified in a 25 µL reaction containing appropriate 

primer pairs and TaqMan Universal Mastermix (Applied Biosystems).  Samples will be 

incubated at 95°C for 4 min, followed by 40 cycles of denaturation, annealing and extension at 

95°C, 55°C and 72°C respectively.  TaqMan fluorescence will be measured at the end of the 

extension step each cycle.  Fluorescence labeled probes for MyoD (FAM dye), myogenin (FAM 

dye), cyclin D1 (FAM dye) and IGF-1 (FAM dye), dye will be purchased from Applied 
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Biosystems and quantified with TaqMan Universal mastermix.  Cycle threshold (Ct) will be 

determined, and the ΔCt value calculated as the difference between the Ct value and the 18s Ct 

value.  Final quantification of gene expression was calculated using the ΔΔCT method Ct = 

[ΔCt(calibrator) – ΔCt(sample)].  Relative quantification will then be calculated as 2
-ΔΔCt

.  

 

Data analysis. Results are reported as mean SE.  Data were analyzed using 2-way ANOVA test.   

To assess main effects and interactions and if significant main effects or interactions are found, 

group differences will be analyzed by Bonferonni analysis. Statistics will be performed with 

Sigma Stat with the significance level set at p < 0.05.     

CHAPTER 5 

RESULTS 

Muscle and Bone Data 

 Immediately following extraction the TA was weighed and the tibia bone was measured.  

There was a significant decrease in the wet weight in both the injured B6 and apoE-KO groups 

when compared to the uninjured group, while no significant difference was seen in the length of 

the tibia in any group (Table 1).  The ratio of muscle weight to bone length was significantly 

lower in both injured groups. TA mass to tibia length decreased 20.8% (2.4 ± 0.1 vs. 1.9 ±0.2 

mg/mm) (p < 0.05) and 15.4% (2.98 ± 0.19 vs. 2.52 ± 0.12 mg/mm) (p < 0.05) 3 days post 

injection in B6 and apoE injured groups respectively.   
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Table 1 

Muscle Mass, Bone Length, and Mass to Length Raatio  Note. There was a significant difference 

between tibialis anterior length in both injured groups of mice while no difference was observed 

in tibia length in either group. A significant difference was observed in muscle mass/tibia/length 

in both te B6 and apoE KO groups respectively (20.8% and 15.4% respectively). 

 

 

Wild Type 
 

apoE Knockout 

  

 

uninjured  

 

injured 
  

 

uninjured  

 

injured 

Tibialis anterior  

(mg) 

 

38.3 ± 1.4 31.9 ± 3.0* 
 

50.63 ± 3.22 43.70 ± 2.16* 

Tibia length  

(mm) 

 

15.8 ± 0.6 16.8 ± 0.1 
 

17.30 ± 0.05 17.36 ± 0.12 

Muscle mass/Tibia 

length  

(mg/mm) 

 

2.4 ± 0.1 1.9 ± 0.2* 
 

2.98 ± 0.19 2.52 ± 0.12* 

Body weight  

(g) 
24.65 ± 1.59 24.13 ± 1.05*   24.37 ± 1.56 25.87 ± 1.56* 

 

Gene Expression of Myogenic and Growth-related Factors 

An increase in myoD expression of 2.4 fold was seen in injured B6 compared to 

uninjured while no change was observed following injury in apoe-KO mice (Figure 1).  

Although mean increase was seen in both groups following injury, only the increase observed in 

the B6 control group was significant.   
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Figure 1.Comparison of fold change in MyoD expression in both WT and apoE KO mice for     

both injured and uninjured groups. A significant increase (p<0.05) was seen in the WT group of 

injured mice; however, there was a blunted response in the apoE KO injured group. 

*Shows significance within group; + Shows significance between groups  

 

Myogenin expression increased in both groups compared to their uninjured counterpart. A 2.1 

and 3.3 fold increase was observed in the B6 and apoE-KO groups, respectively (Figure 2).  

Interestingly, the increase in the apoE-KO group trended towards being significantly greater 

when compared to the increase observed in the B6 group. 
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Figure 2. Comparison of fold change in myogenin expression in both WT and apoE KO mice for 

both injured and uninjured groups. A significant increase (p<0.05) in myogenin expression was 

seen in both groups of injured mice. There was no significant difference between the two injured 

groups, although there was a trend towards a significant increase in the apoE KO mice. 

*Shows significance within group 

 

 

Similarly, cyclin D1 expression was elevated in both the B6 and apoE-KO injured groups when 

compared to their uninjured counterparts.  A 13 fold increase was observed in the apoE-KO 

group while no significant increase was observed in the B6 injured group. 
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Figure 3. Comparison of fold change in cyclin D1 expression in both WT and apoE KO mice for 

both injured and uninjured groups. A significant increase (p<0.05) was seen in both groups of 

injured mice; however, a significantly larger increase in expression was observed in the apoE 

mice.    

*Shows significance within group; + Shows significance between groups 

 

 

IGF-1 expression was observed to increase in response to bupivacaine injection induced 

muscle damage.  Although the apoE-KO group had a slightly lower increase (3.4 fold increases) 

compared to the B6 group (5 fold increase) there was no significant difference between the two 

groups.   
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Figure 4. Comparison of fold change in IGF-1expression in both WT and apoE KO mice for both 

injured and uninjured groups. A significant increase (p<0.05) was seen in both groups of injured 

mice. There was no difference between the two injured groups.  

*Shows significance within group 

 

Expression of Markers of Protein Synthesis 

 Markers of protein synthesis downstream of IGF-1including Akt, mTOR, and p70S6K 

were measured as to allow for quantification of the response to muscular damage.  It was 

observed that in the apoE model the phosphorylated version of all of these markers was 

significantly higher in injured mice compared to non-injured mice (Figure 5-7).  This was 

reported as a ratio of the content of the phosphorylated version to the total content of the marker.  

A 4.44-fold, 2.5-fold, and 1.0-fold increase was seen in the ratio of phosphorylated Akt, mTOR, 

and p-70S6K to the total Akt, mTOR, and p-70S6K respectively. 
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Figured 5. Comparison of fold change in p-Akt compared to total Akt in apoE KO mice for both 

injured and uninjured groups. A significant increase (p<0.05) was seen in the injured (treatment) 

mice. 

 *Shows significance within group 
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Figure 6. Comparison of fold change in p-mTOR compared to total mTOR in apoE KO mice for 

both injured and uninjured groups. A significant increase (p<0.05) was seen in the injured 

(treatment) mice.  

*Shows significance within group 

 

Figure 7. Graph showing fold change in p-p70 compared to total p-70 in apoE KO mice for both 

injured and uninjured groups. A significant increase (p<0.05) was seen in the injured (treatment) 

mice.  

*Shows significance within group 
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CHAPTER 6 

 DISCUSSION 

 

 The currents study brought insight into the differences in the regenerative response in the 

apoE KO model as it relates to satellite cell function and protein synthesis.  The effect the model 

has on markers of protein synthesis has not been previously demonstrated.  Although the effects 

of apoE KO has on cyclin D1 has been previously demonstrated other markers of satellite cell 

function have  not been quantified. 

This study was intended to give insight into the effects hypercholesterolemia may have 

on skeletal muscle regeneration as only limited data is available on the topic at this time.  It has 

been shown previously that in wild type mice IGF-1, Akt, and mTOR are up regulated three days 

after skeletal muscle damage, specifically with muscle damage resulting from bupivacaine 

injection (50).  The up regulation of markers of protein synthesis that occurs as a result of 

bupivacaine injection has also been shown to occur in other models of muscle damage (31, 32, 

38, 39, 41, 42), supporting the supposition that a lack of this up regulation in apoE KO mice 

would indicate that hypercholesterolemia negatively affects skeletal muscle regeneration.   

We hypothesized that this up regulation of the IGF-1-Akt-mTOR pathway would be 

attenuated by hypercholesterolemia, and would present as low or non-existent levels of these 

proteins.  Contrary to our hypothesis there was no difference in the phosphorylation of any 

markers of protein synthesis in the injured apoE KO mice compared to the uninjured counterpart.  

Although it has been noted that phosphorylation of Akt is not dependent on IGF-1 up regulation 

(39), and phosphorylation of mTOR can occur dependent of Akt in the presence of skeletal 

muscle contraction, in the current study phosphorylated forms of these markers are up regulated 
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in injured mice ruling out any of these mechanisms for the up regulation of the final product of 

the Akt- mTOR pathway, p70S6K.  The lack of attenuation in these markers suggests that 

protein synthesis is unaffected by high cholesterol.  This would mean that amino acid chains are 

formed correctly and in normal concentrations in apoE KO mice, allowing for these chains to be 

associated into newly forming proteins.  This is a crucial mechanism in skeletal muscle 

regeneration as the structure of the muscle cells is damaged and requires these newly formed 

proteins to reestablish the structure of these cells.  Although no data was obtained on the 

response to bupivacaine injection in wild type mice, the current data can be held in esteem as 

previous studies show a normal up regulation in protein synthesis in response bupivacaine 

induced muscle damage (50).   Protein turnover is of significance when investigating the 

response to skeletal muscle damage, this is the ratio of protein synthesis to protein degradation.  

Although there was no difference in protein synthesis protein turnover may be affected leading to 

the decrease in muscle mass to tibia length observed in the apoE model.   

Attenuation in myoD expression and an accentuation cyclin D1 was observed in injured 

apoE KO mice while no change was observed in myogenin expression compared to the uninjured 

apoE KO mice.  These results partially support our hypothesis on markers of satellite cell 

function, in that some but not all markers of satellite cell function were attenuated in the apoE 

KO mice.An accentuation of cyclin D1 with attenuation of myoD suggests that while a 

dysfunction in satellite cell proliferation may occur other cells are progressing normally through 

the cell cycle.  White et al. (2009) showed a similar attenuation of myoD and accentuation of 

cyclin D1 in mice lacking inflammatory cytokine interleukin-6 (IL-6), suggesting that the lack of 

a proper inflammatory response to muscle damage can cause dysfunctions in satellite cell 

proliferation. Somewhat similarly Kang et al. (2008) demonstrated attenuation of myogenin with 
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a concurrent prolonged inflammatory response resulting in lower than normal satellite cell 

differentiation in the apoE KO model.   

The investigators postulated that the change in the inflammatory response caused 

unknown changes in satellite cell function following muscle damage.  Taken together these 

studies provide novel insight into a possible mechanism for dysfunctional muscle regeneration 

related to the inflammatory response following muscle damage in a high cholesterol 

environment. 

 While increases in cyclin D1 and myoD expression are essential for proper satellite cell 

function and subsequent muscle regeneration, the relationship between the two is delicate.  

Previous studies demonstrate that overexpression of cyclin D1 causes satellite cell differentiation 

arrest (52, 53).  This is a point of interest in that a similar overexpression was seen in apoE KO 

mice; however, examination of skeletal muscle at a time point greater than 3 days was not 

completed thus disallowing investigation into the long term effects of overexpression of cyclin 

D1.  Expression of myoD has been shown to gradually increase during the cell cycle, this 

increase in myoD leads to a translocation of cyclin dependent kinase 4 (CDK4) to the nucleus 

which is essential for cyclin D1 mediated cell cycle progression (54).  This data suggests an 

interdependence of cyclin D1 and myoD, possibly providing insight into the dysfunction 

observed in the current study.  Interestingly Havely et al. (1995) suggests that increases in myoD 

expression cause an increase in the CDK inhibitor p21, which consequently decreases the 

reactions between cyclin D1 and CDK4 and allows the cell to withdraw from the cell cycle.  

Latella et al. (2001) shows that terminally differentiated cells can be driven into the cell cycle 

with increases in cyclin D1, further supporting the essential nature that a decrease in cyclin D1 

has on progression of satellite cells through the cell cycle.  These data together not only 
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demonstrate the importance of normal increases in myoD and cyclin D1 but how the two work in 

concert to illicit a complete and sufficient regenerative response and how decreases in cyclin D1 

must occur to allow for proper satellite cell function.  From the current research it can be seen 

that a decrement in apolipoprotein E causes dysfunction in the regulation of both myoD and 

cyclin D1 that leads to improper satellite cell function.  

Future research involving the apoE KO model and muscle regeneration should 

investigate the effects the early dysfunction of satellite cells has at a time point of 21-28 days 

post muscle damage, as this has been shown to be when muscle regeneration is in its final stages 

in normal conditions.  Another important area that should be investigated is the effect of apoE 

KO on markers of inflammation as data from this study resemble those in White et al. (2009) 

where inflammation was genetically disrupted.  Future investigation into other MRF’s are 

warranted, as the entire family of proteins are interrelated and affect the results brought on by 

one another and any dysfunction seen as a result of a decrement of one may be attenuated or 

nullified by the other.   And finally further investigation should incorporate markers of protein 

degradation as to allow for complete analysis of protein turnover.  

The current study shows that the apoE KO model has no effect on markers of protein 

synthesis at the three day time point.  It also shows that there is a dysfunction in markers of 

satellite cell cell cycle regulation as well as satellite cell proliferation.  This is important as it 

guides future research into the mechanisms behind this dysfunction.  On completion of this study 

it is need be noted that skeletal muscle regeneration may be affected by high cholesterol and so 

resistance training may need be avoided in some capacity.  Also, an intervention may be needed 

for sufferers of hypercholesterolemia to avoid muscle wasting from lack of regenerative response 

following muscle damage resulting from ADL’s or other injury. 



 

33 

 

REFERENCES 

1. US Department of Health and Human Services. (2012). What Is Cholesterol?  Retrieved 

Sept. 1, 2013, from http://www.nhlbi.nh.gov/health/health-topics/topics/hbc/ 

 

2. Schekman, R. (2013). Discovery of the cellular and molecular basis of cholesterol 

control. Proceedings of the National Academy of Sciences, 110(37), 14833-14836.  

 

 

3. Olson, R. E. (1998). Discovery of the lipoproteins, their role in fat transport and their 

significance as risk factors. The Journal of nutrition, 128(2), 439S-443S.  

 

4. Biggerstaff, K. D., & Wooten, J. S. (2004). Understanding lipoproteins as transporters of 

cholesterol and other lipids. Advances in physiology education, 28(3), 105-106.  

 

 

5. Caligiuri, G., Levy, B., Pernow, J., Thorén, P., & Hansson, G. K. (1999). Myocardial 

infarction mediated by endothelin receptor signaling in hypercholesterolemic mice. 

Proceedings of the National Academy of Sciences, 96(12), 6920-6924.  

 

6. Ding, H., Gao, X.-L., Hirschberg, R., Vadgama, J. V., & Kopple, J. D. (1996). Impaired 

actions of insulin-like growth factor 1 on protein Synthesis and degradation in skeletal 

muscle of rats with chronic renal failure. Evidence for a postreceptor defect. Journal of 

Clinical Investigation, 97(4), 1064.  

 

 

7. Rommel, C., Bodine, S. C., Clarke, B. A., Rossman, R., Nunez, L., Stitt, T. N., . . . Glass, 

D. J. (2001). Mediation of IGF-1-induced skeletal myotube hypertrophy by PI (3) 

K/Akt/mTOR and PI (3) K/Akt/GSK3 pathways. Nature cell biology, 3(11), 1009-1013.  

 

8. Song, Y.-H., Godard, M., Li, Y., Richmond, S. R., Rosenthal, N., & Delafontaine, P. 

(2005). Insulin-like growth factor I–mediated skeletal muscle hypertrophy is 

characterized by increased mTOR-p70S6K signaling without increased Akt 

phosphorylation. Journal of investigative medicine: the official publication of the 

American Federation for Clinical Research, 53(3), 135.  

 

 

9. Adams, G., & Haddad, F. (1996). The relationships among IGF-1, DNA content, and 

protein accumulation during skeletal muscle hypertrophy. Journal of Applied Physiology, 

81(6), 2509-2516.  

 

10. Megeney, L. A., Kablar, B., Garrett, K., Anderson, J. E., & Rudnicki, M. A. (1996). 

MyoD is required for myogenic stem cell function in adult skeletal muscle. Genes & 

Development, 10(10), 1173-1183.  



 

34 

 

11. Benoit, P. W., & Belt, W. D. (1970). Destruction and regeneration of skeletal muscle 

after treatment with a local anaesthetic, bupivacaine (Marcaine). Journal of anatomy, 

107(Pt 3), 547.  

 

12. Ge, Y., Wu, A.-L., Warnes, C., Liu, J., Zhang, C., Kawasome, H., . . . Chen, J. (2009). 

mTOR regulates skeletal muscle regeneration in vivo through kinase-dependent and 

kinase-independent mechanisms. American Journal of Physiology-Cell Physiology, 

297(6), C1434-C1444.  

 

 

13. Rabinovsky, E. D., Gelir, E., Gelir, S., Lui, H., Kattash, M., DeMayo, F. J., . . . Schwartz, 

R. J. (2003). Targeted expression of IGF-1 transgene to skeletal muscle accelerates 

muscle and motor neuron regeneration. The FASEB Journal, 17(1), 53-55.  

 

14. Cooper, R., Tajbakhsh, S., Mouly, V., Cossu, G., Buckingham, M., & Butler-Browne, G. 

(1999). In vivo satellite cell activation via Myf5 and MyoD in regenerating mouse 

skeletal muscle. Journal of Cell Science, 112(17), 2895-2901.  

 

 

15. Yablonka-Reuveni, Z., Rudnicki, M. A., Rivera, A. J., Primig, M., Anderson, J. E., & 

Natanson, P. (1999). The transition from proliferation to differentiation is delayed in 

satellite cells from mice lacking MyoD. Developmental biology, 210(2), 440-455.  

 

16. Adams, G. R., Haddad, F., & Baldwin, K. M. (1999). Time course of changes in markers 

of myogenesis in overloaded rat skeletal muscles. Journal of Applied Physiology, 87(5), 

1705-1712.  

 

 

17. Simons, M. (2005). Angiogenesis where do we stand now? Circulation, 111(12), 1556-

1566.  

 

18. Tirziu, D., Moodie, K. L., Zhuang, Z. W., Singer, K., Helisch, A., Dunn, J. F., . . . 

Simons, M. (2005). Delayed arteriogenesis in hypercholesterolemic mice. Circulation, 

112(16), 2501-2509.  

 

 

19. Voisine, P., Li, J., Bianchi, C., Khan, T. A., Ruel, M., Xu, S.-H., . . . Nakai, Y. (2005). 

Effects of l-Arginine on Fibroblast Growth Factor 2–Induced Angiogenesis in a Model of 

Endothelial Dysfunction. Circulation, 112(9 suppl), I-202-I-207.  

 

20. Rosenbaum, M. A., Miyazaki, K., & Graham, L. M. (2012). Hypercholesterolemia and 

oxidative stress inhibit endothelial cell healing after arterial injury. Journal of Vascular 

Surgery, 55(2), 489-496.  

 

 



 

35 

 

21. Weidinger, F., McLenachan, J., Cybulsky, M., Fallon, J., Hollenberg, N., Cooke, J., & 

Ganz, P. (1991). Hypercholesterolemia enhances macrophage recruitment and 

dysfunction of regenerated endothelium after balloon injury of the rabbit iliac artery. 

Circulation, 84(2), 755-767.  

 

22. Kang, J., Albadawi, H., Patel, V. I., Abbruzzese, T. A., Yoo, J.-H., Austen Jr, W. G., & 

Watkins, M. T. (2008). Apolipoprotein E< sup>–/–</sup> mice have delayed skeletal 

muscle healing after hind limb ischemia–reperfusion. Journal of vascular surgery, 48(3), 

701-708.  

 

 

23. O'Neill, T. (1997). Apolipoprotein E-deficient mouse model of human atherosclerosis. 

Toxicologic pathology, 25(1), 20-21.  

 

24. Kingsbury, K. J. (2007). Understanding the essentials of blood lipid metabolism.  

Retrieved Sept. 1, 2013, from http://www.medscape.com/viewarticle/451762_7v/ 

 

 

25. Plump, A. S., Smith, J. D., Hayek, T., Aalto-Setälä, K., Walsh, A., Verstuyft, J. G., . . . 

Breslow, J. L. (1992). Severe hypercholesterolemia and atherosclerosis in apolipoprotein 

E-deficient mice created by homologous recombination in ES cells. Cell, 71(2), 343-353.  

 

26. Zhang, S. H., Reddick, R. L., Piedrahita, J. A., & Maeda, N. (1992). Spontaneous 

hypercholesterolemia and arterial lesions in mice lacking apolipoprotein E. Science, 

258(5081), 468-471.  

 

 

27. Vasquez, E. C., Peotta, V. A., Gava, A. L., Pereira, T., & Meyrelles, S. S. (2012). Cardiac 

and vascular phenotypes in the apolipoprotein E-deficient mouse. J Biomed Sci, 19, 22.  

 

28. van Ree, J. H., van den Broek, W. J., Dahlmans, V. E., Groot, P. H., Vidgeon-Hart, M., 

Frants, R. R., . . . Hofker, M. H. (1994). Diet-induced hypercholesterolemia and 

atherosclerosis in heterozygous apolipoprotein E-deficient mice. Atherosclerosis, 111(1), 

25-37.  

 

 

29. Armstrong, R., Ogilvie, R., & Schwane, J. (1983). Eccentric exercise-induced injury to 

rat skeletal muscle. Journal of Applied Physiology, 54(1), 80-93.  

 

30. Machida, S., & Booth, F. W. (2004). Regrowth of skeletal muscle atrophied from 

inactivity. Medicine and science in sports and exercise, 36(1), 52-59.  

 

 

31. Adams, G. R. (2002). Autocrine and/or paracrine insulin-like growth factor-I activity in 

skeletal muscle. Clinical orthopaedics and related research, 403, S188-S196.  



 

36 

 

32. Philippou, A., Halapas, A., Maridaki, M., & Koutsilieris, M. (2007). Type I insulin-like 

growth factor receptor signaling in skeletal muscle regeneration and hypertrophy. J 

Musculoskelet Neuronal Interact, 7(3), 208-218.  

 

33. Coleman, M. E., DeMayo, F., Yin, K. C., Lee, H. M., Geske, R., Montgomery, C., & 

Schwartz, R. J. (1995). Myogenic vector expression of insulin-like growth factor I 

stimulates muscle cell differentiation and myofiber hypertrophy in transgenic mice. 

Journal of Biological Chemistry, 270(20), 12109-12116.  

 

 

34. Singh, M. A. F., Ding, W., Manfredi, T. J., Solares, G. S., O’Neill, E. F., Clements, K. 

M., . . . Evans, W. J. (1999). Insulin-like growth factor I in skeletal muscle after weight-

lifting exercise in frail elders. American Journal of Physiology-Endocrinology And 

Metabolism, 277(1), E135-E143.  

 

35. Bibollet‐Bahena, O., & Almazan, G. (2009). IGF‐1‐stimulated protein synthesis in 

oligodendrocyte progenitors requires PI3K/mTOR/Akt and MEK/ERK pathways. 

Journal of neurochemistry, 109(5), 1440-1451.  

 

 

36. Glass, D. J. (2005). Skeletal muscle hypertrophy and atrophy signaling pathways. The 

international journal of biochemistry & cell biology, 37(10), 1974-1984. 

 

37. Jennische, E., Skottner, A., & HANSSON, H. A. (1987). Satellite cells express the 

trophic factor IGF‐I in regenerating skeletal muscle. Acta Physiologica Scandinavica, 

129(1), 9-15.  

 

 

38. Blaauw, B., Canato, M., Agatea, L., Toniolo, L., Mammucari, C., Masiero, E., . . . 

Reggiani, C. (2009). Inducible activation of Akt increases skeletal muscle mass and force 

without satellite cell activation. The FASEB journal, 23(11), 3896-3905.  

 

39. Bodine, S. C., Stitt, T. N., Gonzalez, M., Kline, W. O., Stover, G. L., Bauerlein, R., . . . 

Glass, D. J. (2001). Akt/mTOR pathway is a crucial regulator of skeletal muscle 

hypertrophy and can prevent muscle atrophy in vivo. Nature cell biology, 3(11), 1014-

1019.  

 

 

40. Lai, K.-M. V., Gonzalez, M., Poueymirou, W. T., Kline, W. O., Na, E., Zlotchenko, E., . . 

. Glass, D. J. (2004). Conditional activation of akt in adult skeletal muscle induces rapid 

hypertrophy. Molecular and cellular biology, 24(21), 9295-9304.  

 

41. Parkington, J. D., LeBrasseur, N. K., Siebert, A. P., & Fielding, R. A. (2004). 

Contraction-mediated mTOR, p70S6k, and ERK1/2 phosphorylation in aged skeletal 

muscle. Journal of Applied Physiology, 97(1), 243-248.  



 

37 

 

42. Kawasome, H., Papst, P., Webb, S., Keller, G. M., Johnson, G. L., Gelfand, E. W., & 

Terada, N. (1998). Targeted disruption of p70s6k defines its role in protein synthesis and 

rapamycin sensitivity. Proceedings of the National Academy of Sciences, 95(9), 5033-

5038.  

 

43. Baar, K., & Esser, K. (1999). Phosphorylation of p70S6kcorrelates with increased 

skeletal muscle mass following resistance exercise. American Journal of Physiology-Cell 

Physiology, 276(1), C120-C127.  

 

 

44. Füchtbauer, E. M., & Westphal, H. (1992). MyoD and myogenin are coexpressed in 

regenerating skeletal muscle of the mouse. Developmental dynamics, 193(1), 34-39. 

  

45. Lowe, D. A., & Alway, S. E. (1999). Stretch-induced myogenin, MyoD, and MRF4 

expression and acute hypertrophy in quail slow-tonic muscle are not dependent upon 

satellite cell proliferation. Cell and tissue research, 296(3), 531-539.  

 

 

46. Baldin, V., Lukas, J., Marcote, M., Pagano, M., & Draetta, G. (1993). Cyclin D1 is a 

nuclear protein required for cell cycle progression in G1. Genes & development, 7(5), 

812-821.  

 

47. Pagano, M., Theodoras, A. M., Tam, S. W., & Draetta, G. F. (1994). Cyclin D1-mediated 

inhibition of repair and replicative DNA synthesis in human fibroblasts. Genes & 

development, 8(14), 1627-1639.  

 

 

48. Lin, J., Jinno, S., & Okayama, H. (2001). Cdk6-cyclin D3 complex evades inhibition by 

inhibitor proteins and uniquely controls cell's proliferation competence. Oncogene, 

20(16), 2000.  

 

49. Kadi, F., Schjerling, P., Andersen, L. L., Charifi, N., Madsen, J. L., Christensen, L. R., & 

Andersen, J. L. (2004). The effects of heavy resistance training and detraining on satellite 

cells in human skeletal muscles. The Journal of physiology, 558(3), 1005-1012. 

 

  

50. White, J. P., Baltgalvis, K. A., Sato, S., Wilson, L. B., & Carson, J. A. (2009). Effect of   

nandrolone decanoate administration on recovery from bupivacaine-induced muscle 

injury. Journal of Applied Physiology, 107(5), 1420-1430. 

 

51. White, J. P., Reecy, J. M., Washington, T. A., Sato, S., Le, M. E., Davis, J. M., ... & 

Carson, J. A. (2009). Overload‐induced skeletal muscle extracellular matrix remodelling 

and myofibre growth in mice lacking IL‐6. Acta Physiologica, 197(4), 321-332. 

 

 



 

38 

 

52. Hu, G., Lee, H., Price, S. M., Shen, M. M., & Abate-Shen, C. (2001). Msx homeobox 

genes inhibit differentiation through upregulation of cyclin D1. Development, 128(12), 

2373-2384. 

 

53. Ratineau, C., Petry, M. W., Mutoh, H., & Leiter, A. B. (2002). Cyclin D1 represses the 

basic helix-loop-helix transcription factor, BETA2/NeuroD. Journal of Biological 

Chemistry, 277(11), 8847-8853. 

 

54. Zhang, J. M., Wei, Q., Zhao, X., & Paterson, B. M. (1999). Coupling of the cell cycle 

and myogenesis through the cyclin D1-dependent interaction of MyoD with cdk4. The 

EMBO Journal, 18(4), 926-933. 

 

 

55. Halevy, O., Novitch, B. G., Spicer, D. B., Skapek, S. X., Rhee, J., Hannon, G. J., ... & 

Lassar, A. B. (1995). Correlation of terminal cell cycle arrest of skeletal muscle with 

induction of p21 by MyoD. Science, 267(5200), 1018-1021. 

 

56. Latella, L., Sacco, A., Pajalunga, D., Tiainen, M., Macera, D., D'Angelo, M., ... & 

Crescenzi, M. (2001). Reconstitution of cyclin D1-associated kinase activity drives 

terminally differentiated cells into the cell cycle. Molecular and cellular biology, 21(16), 

5631-5643. 

 

 

 

 


	The Effects of ApoE Knock Out on Skeletal Muscle Regeneration: A Look into Markers of Protein Synthesis and Satellite Cell Function
	Citation

	tmp.1481207046.pdf.RwNF2

