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ABSTRACT 

 

 Cholesterol plays an important role in physiology, serving as a membrane 

constituent and steroid hormone precursor.  Recently, cholesterol has also been 

associated with skeletal muscle homeostasis, leading to the purpose of this research, 

which was to examine the role of cholesterol metabolism during perturbations of skeletal 

muscle homeostasis.  We evaluated skeletal muscle responses and proteins involved in 

cholesterol metabolism [sterol regulatory element-binding protein-2 (SREBP-2) and 

low-density lipoprotein-receptor (LDL-R)] under conditions of unloading, exercise and 

dietary cholesterol (D-CL) administration.  We hypothesized that skeletal muscle mass, 

fractional synthesis rates (FSR), SREBP-2, and LDL-R would be lower in unloaded 

muscle while exercise and D-CL would have a positive effect. 

The first study examined the effect of hindlimb unloading (HU) on muscle mass, 

SREBP-2, and LDL-R.  HU animals showed lower muscle mass and a trend towards 

lower gastrocnemius SREBP-2 than cage controls (CC). 

The second study examined the effect of D-CL and resistance training (RT) on 

lean mass, FSR, SREBP-2, and LDL-R in ambulatory rats.  Unexpectedly, rats 

performing exercise without added resistance [(RT-Control (RTC)] had greater lean 

mass responses than the RT groups.  However, RT groups had higher plantaris to body 

mass ratio and FSR than RTC (plantaris FSR only) and CC (both variables) animals.  RT 

plus high D-CL administration resulted in greater plantaris FSR than the RT group 
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consuming normal D-CL.  Quadriceps SREBP-2 trended towards an increase in response 

to RT. 

The third study investigated the effect of D-CL and RT on muscle mass, FSR, 

SREBP-2, and LDL-R in the context of HU.  HU and HU rats performing RT had lower 

muscle mass than CC.  HU rats showed higher liver mature LDL-R than CC but showed 

a trend towards lower gastrocnemius SREBP-2 than CC.  There was no difference in 

FSR among activity or D-CL groups.  

These studies show evidence of shifts in content of proteins related to cholesterol 

metabolism and muscle FSR when muscle activity is manipulated from RT to complete 

unloading. However, effects such as elevated FSR with RT and high D-CL were not 

consistent throughout the studies, leaving doubt of the effect of activity on cholesterol 

metabolism. 



 

iv 

 

ACKNOWLEDGEMENTS 

 

I would like to begin by thanking my committee chair, Dr. Steven E. Riechman, 

for all of his mentoring and support throughout the years.  I would not be where I am at 

today without your help.  I would also like to thank my committee members, Dr. James 

D. Fluckey, Dr. Stephen B. Smith, and Dr. Christopher R. Woodman, for their 

assistance, support and advice during the course of both my Master’s and Doctorate of 

Philosophy degrees. 

Next I would like to thank my co-workers/friends in the Human 

Countermeasures Laboratory, especially Dr. Steve Bui and Chang Woock Lee.  We’ve 

gone through much together and I’m glad that we had the chance to cross paths.  Of 

course, I’m never going to forget our annual Thanksgiving dinner and occasional lab 

lunches and dinners. 

I would also like to thank my colleagues in the Muscle Biology Laboratory (Jess 

Cardin, Amanda Davis, Wendy Gapinski, Heath Gasier, Mats Nilsson, and Kevin 

Shimkus), the Bone Biology Laboratory (Dr. Susan Bloomfield, Raymond Boudreaux, 

Brandon Macias, Corinne Metzger, Joshua Swift), Josh Avila, Shiue-Mei Huang, Eunjoo 

Kim, Seung Kyum Kim, Yang Lee, John Seawright, Paul Taele and Teddy Wing for 

their generosity when it came to sharing their advice, equipment, and time with me.  I 

would also like to thank NSBRI and Dr. Nancy Turner for their support.  I want to thank 

the HLKN academic and business office, especially Mary Helen, Tami, Donna, and 

Susan, for all their hard work and for doing the little things, especially paperwork, to 



 

v 

 

help me reach this point.  I do apologize if I left anyone out as my limited number of 

brain cells have been overworked with this dissertation. 

Next, I would like to thank my Los Angeles friends Sokmuy, Quyen, Thanh, 

Siem, Larry, Lisa, Johnson, and Wayne.  You all made me feel welcomed whenever I 

visited home and gave me a reason to finish and come back.   

Finally, I want to recognize my mother and my brother Teak (yes he shares the 

same first name) for being my support system.  I would not have been able to complete 

my dissertation without your help.  This dissertation is as much as yours as it is mine 

even though I did the heavy lifting with the writing and researching.  I would like to 

thank my sister-in-law and nieces, Jenny and Tracy, as well for their support throughout 

my time in graduate school.  I still have many of the cards that you made me.  I also 

want to thank my father (as well as my mother again) for letting me pursue my dreams. 

 



 

vi 

 

TABLE OF CONTENTS 

 

              Page 

ABSTRACT ..............................................................................................................  ii 

ACKNOWLEDGEMENTS ......................................................................................  iv 

TABLE OF CONTENTS ..........................................................................................  vi 

LIST OF FIGURES ...................................................................................................  viii 

LIST OF TABLES ....................................................................................................  x 

CHAPTER I  INTRODUCTION ..........................................................................  1 

CHAPTER II  BACKGROUND ............................................................................  3 

 Space Physiology and Skeletal Muscle ...............................................................  3 

 Hindlimb Unloading as a Model .........................................................................  7 

 Cell Signaling Leading to Muscle Gain and Muscle Loss ..................................  9 

 Resistance Training .............................................................................................  13 

 Dietary Effects on Muscle ...................................................................................  15 

 Dietary Cholesterol as a Countermeasure ...........................................................  16 

 Cholesterol Metabolism ......................................................................................  18 

CHAPTER III THE EFFECTS OF HINDLIMB UNLOADING ON SREBP-2  

AND LDL-R IN RAT SKELETAL MUSCLE ...................................................  27 

  

 Introduction  ........................................................................................................  27 

 Methods   ........................................................................................................  28 

 Results   ........................................................................................................  31 

 Discussion  ........................................................................................................  34 

 

CHAPTER IV THE EFFECTS OF DIETARY CHOLESTEROL AND  

RESISTANCE TRAINING ON PROTEIN SYNTHESIS, SREBP-2 AND  

LDL-R IN RAT SKELETAL MUSCLE ............................................................  38  

 

 Introduction  ........................................................................................................  38 

 Methods   ........................................................................................................  40 

 Results   ........................................................................................................  44 



 

vii 

 

Page 

 Discussion  ........................................................................................................  52 

 

CHAPTER V THE RESPONSE TO DIETARY CHOLESTEROL AND 

RESISTANCE TRAINING AS COUNTERMEASURES TO  

ACCELERATED MUSCLE LOSS IN RATS ....................................................  56 

  

 Introduction  ........................................................................................................  56 

 Methods   ........................................................................................................  58 

 Results   ........................................................................................................  63 

 Discussion  ........................................................................................................  67 

 

CHAPTER VI  CONCLUSIONS ............................................................................  78 

 Overall Conclusions ............................................................................................  78 

Final Thoughts .....................................................................................................  80 

 

REFERENCES ..........................................................................................................  81 



 

viii 

 

LIST OF FIGURES 

 

                                                                                                                                       Page 

 

Figure 1  Mammalian target of rapamycin (mTOR) pathway ........................  11 

 

Figure 2  Mitogen activated protein kinase (MAPK) pathway .......................  12 

 

Figure 3  Cholesterol biosynthesis pathway ...................................................  21 

 

Figure 4   Sterol regulatory element-binding protein (SREBP)-2 pathway .....  24 

 

Figure 5  The effect of 28 days of hindlimb unloading on mature sterol  

regulatory element-binding protein-2 (SREBP-2) in  

gastrocnemius and plantaris muscles ..............................................  33 

 

Figure 6  The effect of 28 days of hindlimb unloading on precursor  

low-density lipoprotein-receptor (LDL-R) in gastrocnemius  

muscle ..............................................................................................  34 

 

Figure 7  The effect of dietary cholesterol and/or resistance training on  

plantaris fractional synthesis rates ...................................................  47 

 

Figure 8  The effect of dietary cholesterol and/or resistance training on  

soleus fractional synthesis rates ......................................................  48 

 

Figure 9  The effect of dietary cholesterol and/or resistance training on  

mature sterol regulatory element-binding protein-2  

(SREBP-2) in gastrocnemius muscle ..............................................  49 

 

Figure 10  The effect of dietary cholesterol and/or resistance training on  

mature sterol regulatory element-binding protein-2  

(SREBP-2) in quadriceps femoris muscle .......................................  50 

 

Figure 11  The effect of dietary cholesterol and/or resistance training on  

low-density lipoprotein-receptor (LDL-R) in quadriceps  

femoris muscle ................................................................................  51 

 

Figure 12  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on  

gastrocnemius fractional synthesis rates (FSR) ..............................  68 

 



 

ix 

 

Page 

 

Figure 13  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on soleus  

fractional synthesis rates (FSR) .......................................................  69 

 

Figure 14  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on mature  

sterol regulatory element-binding protein-2 (SREBP-2) in  

gastrocnemius muscle .....................................................................  70 

 

Figure 15  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on mature  

sterol regulatory element-binding protein-2 (SREBP-2) in  

soleus muscle ...................................................................................  71 

 

Figure 16  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on mature  

sterol regulatory element-binding protein-2 (SREBP-2) in  

liver ..................................................................................................  72 

 

Figure 17  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on low-density 

lipoprotein-receptor (LDL-R) in gastrocnemius muscle .................  73 

 

Figure 18  The effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on low-density 

lipoprotein-receptor (LDL-R) in liver .............................................  74 

 



 

x 

 

LIST OF TABLES 

 

                                                                                                                                  Page 

Table 1  Muscle volume loss following various durations of spaceflight .....  4 

Table 2  Slow oxidative fiber percentage in normal human lower limb  

muscles.............................................................................................  5 

 

Table 3  Comparison of muscle loss between spaceflight and models  

simulating spaceflight ......................................................................  6 

 

Table 4  Soleus muscle loss following various durations of hindlimb  

suspension ........................................................................................  8 

 

Table 5  Cholesterol biosynthesis enzymes ...................................................  22 

Table 6  Cholesterol metabolism genes .........................................................  25 

Table 7  Effect of 28 days of hindlimb unloading on body, skeletal  

muscle and adrenal mass..................................................................  32 

 

Table 8  Effect of dietary cholesterol and/or resistance training on body  

mass, food intake, and body composition ........................................  45 

 

Table 9  Effect of dietary cholesterol and/or resistance training on  

muscle and adrenal mass..................................................................  46 

 

Table 10  Effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on body mass,  

food intake, and body composition ..................................................  64 

 

Table 11  Effect of hindlimb unloading, hindlimb unloading plus  

resistance training, and/or dietary cholesterol on muscle and  

adrenal mass .....................................................................................  66 



 

1 

 

 

CHAPTER I 

 INTRODUCTION 

 

 The National Aeronautics and Space Administration (NASA) was established in 

1958.  Since then, tremendous progress has been made in space exploration and 

research.  This includes manned missions to the Moon and more recently, the 

construction of the International Space Station.  The future plans for NASA are to send 

astronauts into space for long duration missions.  The first destination will be to the 

Moon to establish a lunar base and to conduct research on living in an environment 

outside of Earth.  This knowledge will eventually be used to determine the feasibility of 

future manned missions to Mars. 

 Before these missions to the Moon and Mars can occur, many obstacles need to 

be overcome.  Space radiation and the associated deleterious effects provide the greatest 

threat to space exploration.  Additionally, the deterioration of the musculoskeletal 

system and deconditioning of the cardiovascular system may jeopardize the successful 

completion of a mission.  As a result, countermeasures are being developed and tested to 

prevent or minimize these problems in space.  Moreover, these interventions may also 

reduce the time needed for rehabilitation when crewmembers return to Earth. 

 The current intervention used in space to counteract skeletal muscle atrophy has 

been ineffective.  The Advanced Resistive Exercise Device (ARED) is a type of exercise 

equipment that permits astronauts to lift weights while in space.  Crew members using 

the ARED can perform a variety of exercises targeting a wide range of muscle groups 
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with a resistance of up to 600 lbs.  Despite allocating sufficient time for exercise, 

astronauts returning from space still experience significant skeletal muscle loss, 

suggesting other countermeasures are necessary. 

 One promising countermeasure may be the use of dietary cholesterol, when 

consumed in conjunction with resistance training.  Cholesterol has garnered much 

attention for its role in cardiovascular disease.  However, cholesterol also plays a critical 

physiological role within cells through its functional role in membrane integrity and 

fluidity and biochemical precursor to steroid biogenesis.  One previous study has 

reported that higher dietary cholesterol consumption was associated with greater lean 

mass gains following 12 weeks of resistance training (69).  We hypothesized that dietary 

cholesterol is not only beneficial, but is also necessary to increase or preserve lean mass, 

when combined with resistance training.   

 This research was designed to provide support for the use of dietary cholesterol 

as a supplement to augment or maintain skeletal muscle mass.  These results may 

provide evidence for the use of dietary cholesterol in other conditions that involve 

muscle atrophy, such as sarcopenia and bed rest. 
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CHAPTER II 

BACKGROUND 

 

Space Physiology and Skeletal Muscle 

 On Earth, the human body is exposed to gravitational forces equal to 1g.  Once a 

person leaves the gravitation field of Earth and enters space, the body begins to 

experience microgravity (< 1g), which reduces the forces imposed on the body.   As a 

result, muscles typically active on Earth, especially weight bearing muscles, are 

profoundly affected by the microgravity, resulting in muscle function being severely 

compromised (12).  These muscles include the intrinsic back muscles, psoas, quadriceps 

femoris, hamstrings, gastrocnemius, soleus, and anterior leg muscles (34, 56).   

 In Table 1, muscle volume loss following various durations of spaceflight for the 

gastrocnemius, soleus, and quadriceps muscles are shown.  Following short duration 

spaceflight (17 days), gastrocnemius and soleus muscle volume decreased by ~10% each 

while quadriceps muscle volume was reduced by 5-7% (56).  During missions of longer 

duration (115-197 days; ~16-28 weeks), gastrocnemius and soleus muscle volume 

diminished by 16.9% and 16.8%, respectively, while quadriceps muscle volume 

decreased by 10.1% (56).  It is important to note that although exercise countermeasures 

were employed during longer duration missions, muscle atrophy still persisted (56, 96).  

Additionally, the discrepancy observed in muscle volume loss between the LeBlanc 

(2000) study and the two other long duration studies could be attributed to the time when 

the data were collected (LeBlanc: landing day, Trappe: ~4 days after landing, and 
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Gopalakrishnan: ~5 days after landing).  This would be problematic as volume 

measurements done days after landing have been reported to be higher than landing day 

(41). 

 

 

 

 To understand why muscle loss occurred, an examination of the muscle fiber 

composition would be insightful.  Following spaceflight, type I muscle fibers atrophy as 

well as diminish in number, and many of the postural muscles contain a considerable 

proportion of type I muscle fibers (2, 8, 33, 103) (Table 2).  Because type I muscle 

fibers possess abundant myoglobin, mitochondria, oxidative enzymes, and capillaries, 

they are capable of maintaining contractile activity for prolonged periods of time.  

Therefore, the atrophy of type I muscle fibers in response to microgravity appears 

reasonable since the stimulus (Earth’s gravity) has been diminished and these muscle 

fibers no longer need to be constantly activated. 

 

Table 1. Muscle volume loss following various durations of spaceflight

Duration Quadriceps Gastrocnemius Soleus Subject Number, n

8 days 6% (57) 6.3%* (57) 6.3%* (57)  3-4

17 days 5-7% (56) ~10% (56) ~10% (56) 4

115-197 days 10.1% (56) 16.9% (56) 16.8% (56) 16

161-192 days 10% (96) 15% (96) 9

161-194 days 5.9% (41) 10.3%† (41) 18.6% (41) 4

*denotes gastrocnemius and soleus were measured together. 

†denotes only medial gastrocnemius was measured.
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 Due to limitations in conducting scientific studies in space, models simulating 

microgravity have been developed, including the bed rest paradigm that NASA prefers 

as its primary model of unloading.  Bed rest involves the subject lying supinely in bed 

throughout a predetermined period of time (91).  In one version, a participant’s head is 

also tilted downward by 6 degrees, which mimics the cardiovascular fluid shift observed 

in space (91).  Unfortunately the costs, as well as availability of facilities, make 

conducting bed rest studies difficult (10).  Nevertheless, this paradigm has provided 

useful similarities in skeletal muscle atrophy for comparison with actual spaceflight 

(Table 3).  Following 14 days of bed rest, gastrocnemius muscle volume decreased 

between 7.7 to 9.4% while soleus volume, which was analyzed with the flexor hallucis 

longus, diminished by 6.2% (9).  Furthermore, rectus femoris and vasti (collectively the 

quadriceps) muscle volume was reduced by 4.1 and 6.7%, respectively (9).  These 

muscle volume losses following 14 days of bed rest are similar to the losses observed 

after 17 days of spaceflight for gastrocnemius and quadriceps.  However, prolonged bed 

rest may not be an ideal simulation of spaceflight, as atrophy appears more severe in the 

former.  After 90 days of bed rest, the volume of the triceps surae significantly 

Table 2. Slow oxidative fiber percentage in normal human lower limb muscles

Muscle Percentage of slow oxidative fibers

Soleus 70% (28)

Gastrocnemius 50% (28)

Quadriceps

        Vastus Intermedius 47% (28)

        Vastus Lateralis 32% (28)
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diminished by 29% while the volume of the quadriceps was significantly reduced by 

18% (5). 

 

 

 

 In addition to the bed rest model, another human paradigm of disuse has been 

used.  This model is known as unilateral lower limb suspension (ULLS).  Participants 

subjected to ULLS wear an elevated shoe on one leg while the other leg remains mobile 

and non-weight bearing, permitting the suspended leg to be unloaded (2, 45).  Subjects 

utilize crunches in order to walk around on the limb with the elevated shoe (2).  From 

the results of short-term ULLS, it appears that the muscle losses exhibited for the 

quadriceps and gastrocnemius are comparable to that of short-duration spaceflight 

(Table 3).  Quadriceps muscle volume significantly declined by 6.9% after 20 days of 

ULLS while soleus and gastrocnemius muscle volumes decreased by 7 and 8.8%, 

respectively, following 23 days of ULLS (3, 77).  Moreover, prolonged ULLS has 

reported results similar to long-duration spaceflight, at least for the quadriceps muscle.  

Table 3. Comparison of muscle loss between spaceflight and models simulating spaceflight

Spaceflight Bed Rest ULLS

Short Duration 17 days 14 days 20-23 days

Quadriceps 5-7% (56) 4.1-6.7% (9) 6.9% (3)

Gastrocnemius ~10% (56) 7.7-9.4% (9) 8.8% (77)

Soleus ~10% (56) 6.2% (9) 7% (77)

Long Duration 115-197 days 90 days 35 days

Quadriceps 10.1% (56) 18% (5) 11% (18)

Gastrocnemius 16.9% (56) 29%* (5)

Soleus 16.8% (56) 11% (18)

* denotes combined gastrocnemius  and soleus muscle volume loss.  Unilateral Lower Limb 

Suspension, ULLS. 
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After a group of men and women completed 5 weeks of ULLS, significant reductions of 

11% in both soleus and vastus lateralis muscle mass were observed (18).  Thus, both 

human models can reasonably simulate spaceflight, which permits further investigation 

into the mechanisms responsible for muscle atrophy associated with unloading. 

 

Hindlimb Unloading as a Model 

 In addition to humans, rodents have also been flown in space to advance research 

on muscle atrophy associated with unloading.  When rats are in space, movement is 

achieved exclusively with their forelimbs (71).  As a result of microgravity, skeletal 

muscle size diminishes, which can be attributed to a reduced (20 to 40%) muscle fiber 

cross sectional area (71).  Additionally, fast twitch muscle fibers appear to become more 

prevalent in rats following spaceflight (71). 

 The number of rats that can be flown in space is limited.  However, a ground-

based rodent model simulating spaceflight does exist.  This paradigm, known as 

hindlimb unloading (HU) or hindlimb suspension (HS), was developed in the mid-1970s 

(62).  The current model involves the rodent lifted up by its tail, which causes its 

hindlimbs to be elevated off the floor and the head angled downward (54).  Typically, 

the tail is suspended until a 30º angle is formed between the ground and the body (62).  

At this angle, the forelimbs are subjected to only half of its body mass (62).  

Furthermore, this paradigm requires the rat to ambulate with only its forelimbs, which 

mimics the movement of space-flown rats. 
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 To validate this model, HU rats had been tested against space-flown rats.  When 

HU rats were compared to space-flown rats, the decrease in muscle mass was similar 

(62).  Moreover, HU rats were similar to space-flown rats in other aspects, such as 

alterations in bone, heart, and immune function (62).  As a result, the HU paradigm has 

been regarded as the gold standard for ground-based rodent models simulating 

spaceflight. 

 Extensive research has been conducted using the HU model.  Similar to humans 

in space, the slow twitch muscles of HU rodents decrease in size (12).  After 4 days of 

unloading, HU rats had 15% less soleus muscle mass than cage control rats (36) (Table 

4).  When rats were suspended for 28 days, their soleus muscle mass atrophied to about 

49% below control levels (106).  Additionally, while this concept is unsubstantiated in 

humans, rodent type I muscle fibers have been reported to change into type II muscle 

fibers with unloading (11).  To prevent muscle atrophy, allowing standing for 1h, 2h, or 

4h daily was investigated as countermeasures, but was ineffective in completely 

ameliorating soleus muscle loss (62%, 72%, and 88%, respectively, of controls) in rats 

unloaded for 4 weeks (106).  Thus, the pursuit of additional countermeasures is 

warranted to alleviate this muscle atrophy. 

 

 

Table 4. Soleus muscle loss following various durations of hindlimb suspension

Days Relative to Control Rats' Soleus Relative to Own Body Mass (mg/g)

4 85% (36) 0.38 (36); 0.46 (72)

7 82% (50) 0.35 (50); 0.39 (72)

11 0.32 (72)

14 63% (50) 0.27 (50); 0.28 (72)

28 45% (54); 51% (106) 0.20 (54); 0.22 (106)
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Cell Signaling Leading to Muscle Gain and Muscle Loss 

 Skeletal muscle is a dynamic tissue that results from the balance between muscle 

protein synthesis and protein degradation.  In order to gain muscle mass, net muscle 

protein balance needs to be in favor of muscle protein synthesis.  Conversely, to lose 

skeletal muscle, net muscle protein balance needs to be in favor of muscle protein 

degradation.  Both muscle protein synthesis and protein degradation involve complex 

and integrative pathways. 

 Two independent pathways have been associated with protein synthesis.  The 

first pathway involves the mammalian target of rapamycin (mTOR) (Figure 1).  Several 

different signals have been reported to turn this pathway on (14).  For example, when 

insulin or insulin-like growth factor 1 (IGF-1) associates with the insulin receptor, this 

leads to insulin receptor substrates-1 and -2 (IRS-1 and IRS-2) phosphorylation, which 

go on to bind to and activate phosphatidylinositol 3-kinase (PI3K) (14, 58).  Once PI3K 

is turned on, it leads to the phosphorylation of phosphatidylinositol-dependent protein 

kinase (PDK1), which then activates Akt (14).  Three events result from Akt activation:  

glycogen synthase kinase (GSK) becomes inhibited, tuberous sclerosis complex 2 

(TSC2) becomes inhibited, and mTOR becomes activated (14).  When GSK becomes 

inactivated, its substrate, eukaryotic initiation factor 2B (eIF2B), is no longer 

phosphorylated and can participate in translation initiation (14).  After Akt 

phosphorylates TSC2, this protein, which usually combines with tuberous sclerosis 

complex 1 (TSC1), loses its ability to inactivate ras homologue enriched in brain (Rheb) 

(14).  Rheb can then activate mTOR through an unknown pathway (14).  As for mTOR, 
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before it can carry out its function, GβL and the regulatory associated protein of target of 

rapamycin (raptor) must associate with it, forming the mTOR complex 1 (mTORC1) 

(14).  Following mTORC1 formation, eukaryotic initiation factor 4E (eIF4E)-binding 

protein 1 (4E-BP1) and ribosomal protein S6 protein kinase 1 (S6K1) get 

phosphorylated (14).  4E-BP1 becomes inactivated when it is phosphorylated, which 

causes 4E-BP1 to relinquish eIF4E and permit that factor to participate in messenger 

ribonucleic acid (mRNA) translation initiation (14).  Conversely, S6K1 becomes 

activated when it is phosphorylated, leading to certain mRNA to be translated more (14).  

Collectively, these events increase protein synthesis. 

 The second pathway involved with protein synthesis is the mitogen-activated 

protein kinase (MAPK) pathway (Figure 2).  While mTOR signaling affects mainly 

translation, both transcription and translation appear to be the targets of the MAPK 

pathway (61, 102).  Similar to mTOR signaling, the insulin receptor can also initiate 

MAPK signaling (102).  After the insulin receptor is turned on, the SHc-Growth factor 

receptor-bound protein 2 (Grb2) complex is assembled, which leads to the activation of 

Ras (102).  When Ras associates with Raf, they become known as MAPK/extracellular 

signal-regulated kinase (ERK) kinase kinase (MEKK) that targets the protein MEK for 

phosphorylation (102).  MEK then activates its substrate, the mitogen activated protein 

kinase ERK (102).  After ERK is turned on, mitogen- and stress-activated protein kinase 

(MSK) and p90 ribosomal S6 kinase (p90rsk) become phosphorylated (102).  When 

MSK is phosphorylated, this kinase is turned on, which can then activate the 

transcription factor cyclic adenosine monophosphate response element-binding protein 
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(CREB) (102).  The activated p90rsk phosphorylates its substrate, eukaryotic elongation 

factor-2 kinase (eEF2K), causing it to be inhibited and leading to elevated mRNA 

translation (61).  Together, these events increase gene expression. 

 

 

Figure 1.  Mammalian target of rapamycin (mTOR) pathway.   denotes the 

target protein or process is stimulated while ┤denotes the target protein is 

inhibited.  The question mark signifies Rheb activating mTORC1 through an 

unknown mechanism.  IRS, insulin receptor substrate; PI3K, phosphatidylinositol 

3-kinase; PDK1, phosphatidylinositol-dependent protein kinase 1; GSK, 

glycogen synthase kinase; TSC, tuberous sclerosis complex; eIF2B, eukaryotic 

initiation factor 2B; mTORC1, mammalian target of rapamycin complex 1; 

Rheb, ras homologue enriched in brain; 4E-BP1, eukaryotic initiation factor 4E-

binding protein; S6K1, ribosomal protein S6 protein kinase; eIF4E, eukaryotic 

initiation factor 4E. 



 

12 

 

 

 

Figure 2.  Mitogen activated protein kinase (MAPK) pathway.   denotes the 

target protein or process is stimulated while ┤denotes the target protein or 

process is inhibited.  Grb2, growth factor receptor-bound protein 2; MEKK, 

MAPK/extracellular signal-regulated kinase kinase; MEK, MAPK/extracellular 

signal-regulated kinase; ERK, extracellular signal-regulated kinase; MSK, 

mitogen-and stress-activated protein kinase; p90rsk, p90 ribosomal S6 kinase; 

CREB, cyclic adenosine monophosphate response element-binding protein; 

eEF2K, eukaryotic elongation factor-2 kinase. 
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 Pathways leading to protein degradation have also been investigated.  The 

primary route of protein breakdown is through the ubiquitin-proteasome degradation 

pathway.  When proteins become dysfunctional, ubiquitin polymers are attached to 

them, targeting them for 26S proteasome catabolism (68).  Three separate proteins are 

required to add ubiquitin to the target molecules.  The initial protein, ubiquitin-activating 

enzyme or E1, activates the ubiquitin molecule, which is followed by the next protein, 

ubiquitin carrier protein or E2, taking ubiquitin to the final protein, ubiquitin ligase or E3 

(68).  E3 catalyzes the addition of ubiquitin from E2 to the target molecule (68).  

Although there are many different E3 enzymes, the two most important for muscle 

protein degradation is the muscle RING finger 1 (MuRF1) and the muscle atrophy F-box 

(MAFbx) (40).  Regulatory and structural proteins at the myofibril have been reported to 

be broken down by MuRF1 while phosphorylated and other post-translationally altered 

compounds are typically acted on by MAFbx (40).  Thus, the action of this pathway may 

lead to significant protein degradation and subsequently, muscle atrophy. 

 

Resistance Training 

 Resistance training (RT) is a countermeasure known to promote muscle 

hypertrophy or prevent atrophy in compromised situations on Earth (1, 21, 32, 63, 98).  

Following a resistance exercise (RE) session, both muscle protein synthesis and 

degradation rise, with synthesis increasing relatively more than degradation and leading 

to increased net muscle protein balance (66, 93).  This improvement in net muscle 

protein balance remains for up to 2 days after exercise (66).  When RE is repeated 
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chronically (i.e. RT) and appropriate nutrition is provided, the proteins in skeletal muscle 

begin to accrue, which leads to increases in muscle mass (93). 

 Many human studies have investigated the effectiveness of RT in maintaining 

muscle mass during unloading.  Following 6 months of spaceflight, thigh muscle volume 

of 4 exercising astronauts decreased between 4 to 7% while calf muscle volume 

diminished by 10 to 16% (41).  When a group of men exercised with a gravity 

independent flywheel RE device during 29 days of bed rest, knee extensor muscle loss 

was prevented while plantarflexor deterioration was attenuated but remained 

significantly less (4).  Furthermore, similar results were reported after these same 

subjects were assessed following 90 days of bed rest (5).  In one study involving 5 weeks 

of ULLS, the group exercising with the flywheel significantly increased vastus lateralis 

muscle mass (9%), but similar to bed rest, there was atrophy of soleus muscle mass (18). 

 RT has also been examined with unloaded animals.  Soleus muscle mass to body 

mass ratio and protein synthesis rates were reduced in rats undergoing 4 weeks of HU 

(37).  When HU rats performed RT with the flywheel, that group of rats and the cage 

control group demonstrated comparable rates of protein synthesis (37).  Although RT 

attenuated the decline in soleus muscle mass to body mass ratio due to unloading, the 

ratio in the HU rats performing RT remained significantly lower in comparison to the 

cage control rats (37).  Consistent with these results, 2 weeks of RE reduced, but did not 

completely prevent, the decline in soleus muscle mass to body mass ratio (26).  Thus, 

RT alone is not a sufficient countermeasure to preserve skeletal muscle mass. 
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Dietary Effects on Muscle 

   Nutrients such as amino acids and carbohydrates affect net muscle protein 

balance (93).  Following consumption of amino acids, protein synthesis in skeletal 

muscle increases to the extent that net muscle protein balance is positive (93).  

Moreover, RE and amino acid ingestion produces a synergistic effect on protein 

synthesis and net muscle protein balance (93). 

 Carbohydrates also influence muscle protein balance.  Following consumption of 

carbohydrates, protein synthesis in skeletal muscle is stimulated, but this effect requires 

an adequate supply of amino acids for protein synthesis (93).  The addition of RE with 

carbohydrate consumption results in an attenuation of protein degradation, but has only a 

limited effect on protein synthesis (93).  When carbohydrates are combined with amino 

acids and RE, the largest effect on net muscle protein balance is achieved (93). 

 Carbohydrates promote the release of insulin from pancreatic beta cells, which 

leads to the initiation of the mTOR pathway (93).  When amino acids are present, mTOR 

and raptor become linked (14).  Furthermore, S6K1 and 4E-BP1 are more likely 

phosphorylated in the presence of the amino acid leucine and activated mTOR (14). 

 Several studies have explored the use of amino acids as a dietary countermeasure 

to unloading.  In one 60 day bed rest study, a group of women consumed either a normal 

diet or a high protein diet, which included high levels of leucine (95).  The group 

consuming the high protein diet demonstrated knee extensor and plantarflexor muscle 

volume atrophies of 24% and 28%, respectively, which were comparable or even worse 

than bed rest only subjects (95).  In another study, subjects underwent 28 days of bed 
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rest with and without a supplement consisting of carbohydrates and essential amino 

acids (65).  The subjects receiving the supplement preserved leg lean mass while the bed 

rest only subjects lost mass (+0.2 vs. –0.4 kg, respectively) (65).  However, those 

subjects receiving the supplement also showed elevated bone resorption (108).  Finally, 

during 28 days of bed rest, a group of males were supplemented with essential amino 

acids and performed RT (16).  The group supplemented with the essential amino acids 

and performing RT significantly attenuated leg lean mass loss (approximately –5%) 

when compared to a group that received amino acids only (–7%) (16).  Thus, amino 

acids and/or RT may not be completely effective in preserving lean mass following 

unloading. 

 

Dietary Cholesterol as a Countermeasure 

 One promising strategy may be to supplement cholesterol in conjunction with 

RT.  Cholesterol plays multiple roles in the body, including serving as a precursor for 

Vitamin D and steroid hormones [androgens (testosterone), estrogens, progesterone, 

mineralocorticoids (aldosterone), and glucocorticoids (cortisol)].  The bile that is 

involved in lipid digestion and absorption contains cholesterol as well as bile acids, 

which are derived from cholesterol (109).  Cellular membranes, including skeletal 

muscle sarcolemma, contain cholesterol, which provides fluidity to the membrane (84).  

Cholesterol, along with sphingolipids, can be found aggregated on the cell membrane to 

form lipid rafts that may be important structurally for proper cell signaling (83).  After 

skeletal muscle is sufficiently overloaded following a RE session, lipid rafts are believed 
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to participate in the signaling pathways associated with muscle growth (70).  This 

suggests that cholesterol may play an essential role in muscle hypertrophy not only as 

the building blocks for new sarcolemma but also to optimize cell signaling. 

 There is only a limited number of studies that examined blood cholesterol levels 

and RE.  In one study, a decline in serum total cholesterol was observed right after a 

group of men completed a bout of eccentric RE (79).  An earlier study reported that 

plasma total cholesterol decreased and remained low for 3 days after a group of young 

men performed a session of eccentric exercise (85).  Similarly, a group of women 

performing eccentric contractions demonstrated reduced serum total cholesterol on days 

2-4 following exercise (64).  The decline in blood cholesterol may coincide with the use 

of cholesterol as a cellular membrane constituent for skeletal muscle repair. 

 Besides blood cholesterol, the transcription factor regulating the expression of 

the genes involved in cholesterol metabolism is also affected by RE.  In one study, the 

mRNA for the transcription factor sterol regulatory element-binding protein-2 (SREBP-

2) was elevated immediately after RE in skeletal muscle of men performing eccentric 

contractions to failure (59).  Furthermore, at 48h post-RE, transcription of the genes 

targeted by SREBP-2 as well as the gene regulating SREBP-2 was augmented (59). 

 One training study assessed the effects of dietary cholesterol on muscle gain after 

12 weeks of full body RT in elderly men and women and found that greater dietary 

cholesterol intake was associated with larger lean mass gains (69).  However, a 

comparable training study did not find a relationship between dietary cholesterol and 

lean mass change (51).  The earlier study adjusted dietary cholesterol for lean mass 
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while the second reported total dietary cholesterol intake.  The approach taken by the 

first study may be more appropriate, because the adjustment accounted for muscle, the 

tissue that is hypothesized to utilize the cholesterol following RT (69).  Thus, dietary 

cholesterol, when combined with RT, may prove to be an effective countermeasure 

against muscle atrophy. 

 

Cholesterol Metabolism 

 Cholesterol in the body is derived from the diet and endogenous synthesis.  

Dietary cholesterol is consumed in the diet, absorbed in the digestive tract, and 

transported to the liver as chylomicron remnants.  Endogenous synthesis, which occurs 

primarily in the liver, involves the cellular production of cholesterol from precursor 

molecules.  These two sources are interdependent, ultimately determining the amount of 

cholesterol present in the body. 

 Dietary cholesterol enters the body through a sequence of steps beginning at the 

mouth.  Following initial oral digestion, food particles enter the stomach and then the 

small intestinal lumen.  The small intestinal lumen also receives bile, which contains 

cholesterol and bile acids (molecules derived from cholesterol) (109).  Subsequently, 

mixed micelles are formed, consisting of a surface of hydrolyzed lipids and conjugated 

bile acids, and a hydrophobic core of non-esterified cholesterol (43).  Before cholesterol 

can be absorbed, this mixed micelle must carry the lipids past the unstirred layer of 

water, which is located next to the intestinal cell surface (43).  Since free cholesterol is 

hydrophobic, it can easily diffuse across the intestinal cell membrane (43).  Once inside 
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the cell, cholesterol can combine with a fatty acid molecule to form cholesterol ester, 

which gets integrated into a chylomicron that is released into the lacteals and eventually 

reaches the circulation (43).  Ultimately, the liver removes these chylomicrons from the 

blood (43). 

 In addition to chylomicrons, the liver also plays a role in the metabolism of other 

lipoproteins.  The liver is responsible for synthesizing and releasing the very low-density 

lipoprotein (VLDL) into circulation (43).  While VLDL is in circulation, cholesterol 

esters begin to fill the center of the lipoprotein (43).  Additionally, triglycerides in 

VLDL are degraded and released, which decreases VLDL size and converts it into 

intermediate density lipoprotein (IDL) (43).  As IDL travels in the blood, it eventually 

loses most of its triglycerides, some of its cholesterol esters, and specific 

apolipoproteins, transforming it into low-density lipoprotein (LDL) (43).   

 The LDL particle continues to travel in the blood and delivers cholesterol to cells 

either through desorption or receptor-mediated endocytosis (84, 94).  Desorption 

consists of the cholesterol from the particle being transferred to the extracellular face of 

the cell membrane (84).  Receptor-mediated endocytosis involves cells with surface 

LDL-receptors (LDL-R) binding to and internalizing the LDL (43).  Within the cell, 

lysosomes merge with the internalized vesicles containing LDL (43).  The proteins and 

lipids comprising LDL are then degraded (43).  The cell can now take the liberated 

cholesterol and send it to the plasma membrane or store it for later use (43). 

 Besides exogenous sources, the body can also synthesize the 27 carbon 

cholesterol molecule.  The process involves an acetyl-CoA molecule being converted 
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into cholesterol through a minimum of 21 enzyme-catalyzed steps (Figure 3 and Table 

5) (43).  The initial 2 steps occur in the cytoplasm, while the remaining reactions take 

place in the endoplasmic reticulum (44, 83).  Towards the later end of this pathway, 

there is a division on where lanosterol goes (Bloch vs. Kandutsch-Russell), with the key 

difference attributed to when the reduction of the double bond at carbon 24 occurs (52). 

 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is the rate-

limiting enzyme, which is heavily regulated (17).  In the presence of sterols, cholesterol 

synthesis is unnecessary, leading to the catabolism of the HMG-CoA reductase protein 

as well a decline in the amount of its mRNA (17). 

 The interdependence between dietary cholesterol and synthesized cholesterol can 

be attributed to SREBP, specifically SREBP-2.  Three isoforms of SREBP exist:  

SREBP-1a, SREBP-1c/adipocyte determination differentiation factor-1 (ADD-1), and 

SREBP-2 (75, 101).  Distinct differences exist between the 3 proteins.  The SREBF1 

gene encodes SREBP-1 while the SREBF2 gene encodes SREBP-2 (15, 82).  Each 

isoform targets different genes, with SREBP-1c affecting genes for fatty acid production 

and SREBP-1a targeting both fatty acid and cholesterol synthetic genes (80).  SREBP-2 

is responsible for upregulating cholesterol uptake and biosynthetic genes (17). 
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Figure 3.  Cholesterol biosynthesis pathway.  CoA, coenzyme A.  The name of the 

enzymes catalyzing each respective numbered reaction is listed in Table 4. (Figure 

adapted from information found in 13, 44, 53, 81, and 104). 
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 In order to affect cholesterol metabolism, SREBP-2 needs to be activated to its 

truncated mature form.  The process begins at the ER membrane with immature SREBP 

(125 kDa) linked to SREBP cleavage activating protein (SCAP), which is a protein that 

senses sterols (Figure 4) (17, 27).  During times of elevated sterol levels, the sterol-

sensing region on SCAP is occupied by cholesterol, which causes SCAP to bind to 

another protein, insulin-induced gene (Insig), and prevent SREBP-SCAP from leaving 

the ER (27).  Insig interacts with SCAP when oxysterols attach to Insig, providing an 

Table 5. Cholesterol biosynthesis enzymes

Reaction Number Enzyme Name

1 Acetyl-CoA acetyltransferase

2 3-hydroxy-3-methylglutaryl-CoA synthase

3 3-hydroxy-3-methylglutaryl-CoA reductase

4 Mevalonate kinase

5 Phosphomevalonate kinase

6 Diphosphomevalonate decarboxylase

7 Isopentenyl-diphosphate ∆-isomerase 1/2

8 Farnesyl-pyrophosphate synthase

9 Geranylgeranyl-pyrophosphate synthase

10 Squalene synthase

11 Squalene monooxygenase

12 Lanosterol synthase

13 Lanosterol 14α-demethylase

14 Lanosterol 14α-demethylase

∆14-Sterol reductase

Lamin B receptor

15 Methylsterol monooxygenase 1

Sterol-4-α-carboxylate 3-dehydrogenase

3-Keto-steroid reductase

16 3-β-Hydroxysteroid ∆8,∆7-isomerase

17 Lathosterol oxidase

18 7-dehydrocholesterol reductase

19 ∆24-Sterol reductase

20 Methylsterol monooxygenase 1

3-Keto-steroid reductase

21 Sterol-4-α-carboxylate 3-dehydrogenase
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additional method of sterol regulation (17).  However, when sterol levels are low, Insig 

no longer associates with SCAP (30).  As a result, SREBP-2 can now be transferred to 

the Golgi apparatus by SCAP to become activated (17).  To accomplish this, a 

cytoplasmic protein called Sar1attaches to the ER, leading to Sar1 attracting a protein 

complex known as Sec23/24 (17).  The SREBP-2/SCAP complex then associates with 

Sec24 (17).  Next, CopII-coated vesicles that include all these proteins leave the ER for 

the Golgi (17). 

 At the Golgi apparatus, SREBP-2 is cleaved into two membrane-bound 

molecules by site-1 protease (17).  The SREBP-2 molecule not associated with SCAP is 

then cut by site-2 protease, which liberates the mature SREBP-2 (68 kDa) (29).  Next, 

the emancipated transcription factor attaches to the protein importin and together 

traverses the nuclear membrane (27).  This process permits mature SREBP-2 to initiate 

transcription of specific genes by attaching to the sterol regulatory element (SRE) DNA 

sequence in the nucleus (29).  For example, HMG CoA-reductase and LDL-R are genes 

that possess the SRE in their promoters (30).  In fact, SREBP-2 upregulates the majority 

of the genes encoding enzymes involved in cholesterol biosynthesis as well as other 

genes participating in cholesterol homeostasis (Table 6) (23, 48, 81).  Thus, SREBP-2 

provides the link between dietary and synthesized cholesterol. 
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Figure 4.  Sterol regulatory element-binding protein (SREBP)-2 pathway.  When 

sterol levels are high, the SREBP-2-SCAP complex remains associated with 

Insig at the ER.   As sterol levels become low, the SREBP-2-SCAP complex 

dissociates from Insig and gets transported to the Golgi.  At the Golgi, two 

proteases, S1P and S2P, cleave the immature SREBP-2 to release a mature 

SREBP-2.  This shortened fragment then enters the nucleus, binds to the SRE 

and activates the transcription of certain genes.  SREBP-2, sterol regulatory 

element-binding protein-2; SRE, sterol regulatory element; ER, endoplasmic 

reticulum; Insig, insulin-induced gene; SCAP, SREBP-cleavage activating 

protein; S1P, site-1 protease; S2P, site-2 protease. 
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 Several cell culture studies have provided evidence that the signaling involved in 

protein synthesis may also regulate SREBP-2.  In Chinese Hamster Ovary cells, the 

SREBP-2 pathway has been reported to be activated by Akt (58).  Akt is believed to 

activate a signal that promotes SREBP-SCAP delivery to the Golgi from the ER (24).  

Depending on the cell type examined, one of the downstream targets of mTORC1 may 

play a more prominent role in controlling cholesterol metabolism than another (100).  

For example, cholesterol metabolism in hepatocellular carcinoma cells is controlled by 

S6K1 while in NIH 3T3 cells, 4E-BP1 appears more significant (100).  Besides this, 

MAPK signaling may regulate SREBP-2 activity in HepG2 cells (55). 

 

 

Table 6. Cholesterol metabolism genes

Gene Enzyme Coded Function SREBP-2 Target?

ACAT2 Acetyl-CoA acetyltransferase 2 Cholesterol Biosynthesis Yes (59, 81)

HMGCS1 3-hydroxy-3-methylglutaryl-CoA synthase Cholesterol Biosynthesis Yes (81)

HMGCR 3-hydroxy-3-methylglutaryl-CoA reductase Cholesterol Biosynthesis Yes (81)

MVK Mevalonate kinase Cholesterol Biosynthesis Yes (81)

PMVK Phosphomevalonate kinase Cholesterol Biosynthesis Yes (81)

MVD Diphosphomevalonate decarboxylase Cholesterol Biosynthesis Yes (81)

IDI1/2 Isopentenyl-diphosphate ∆-isomerase 1/2 Cholesterol Biosynthesis Yes (81)

FDPS Farnesyl-pyrophosphate synthase Cholesterol Biosynthesis Yes (81)

GGPS1 Geranylgeranyl-pyrophosphate synthase Cholesterol Biosynthesis Yes (81)

FDFT1 Squalene synthase Cholesterol Biosynthesis Yes (81)

SQLE Squalene monooxygenase Cholesterol Biosynthesis Yes (81)

LSS Lanosterol synthase Cholesterol Biosynthesis Yes (81)

CYP51A1 Lanosterol 14α-demethylase Cholesterol Biosynthesis Yes (81)

TM7SF2 ∆14-Sterol reductase Cholesterol Biosynthesis Yes (81)

LBR Lamin B receptor Cholesterol Biosynthesis No (81)

SC4MOL Methylsterol monooxygenase 1 Cholesterol Biosynthesis Yes (81)

NSDHL Sterol-4-α-carboxylate 3-dehydrogenase Cholesterol Biosynthesis Yes (81)

HSD17B7 3-Keto-steroid reductase Cholesterol Biosynthesis Yes (81)

EBP 3-β-Hydroxysteroid ∆8,∆7-isomerase Cholesterol Biosynthesis Yes (81)

SC5D Lathosterol oxidase Cholesterol Biosynthesis Yes (81)

DHCR7 7-dehydrocholesterol reductase Cholesterol Biosynthesis Yes (81)

DHCR24 ∆24-Sterol reductase Cholesterol Biosynthesis Yes (81)

SREBF2 SREBP-2 Transcription Factor Yes (59)

LDLR Low-density lipoprotein receptor Cholesterol Uptake Yes (48, 59)

INSIG1 Insulin induced gene 1 Regulates SREBP-2 Yes (17, 59)

INSIG2 Insulin induced gene 2 Regulates SREBP-2 No (17)
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 Another key regulator of cholesterol metabolism is adenosine monophosphate-

activated protein kinase (AMPK).  As AMP levels rise, this enzyme becomes active, 

which leads to the inhibition of pathways that use energy and stimulation of those that 

produce energy (105).  HMG-CoA reductase is a target of AMPK and becomes inactive 

following AMPK phosphorylation (105).  Collectively, this evidence suggests that 

cholesterol may play an important role in cellular growth and may serve as a potentially 

useful countermeasure for conditions associated with muscle loss, such as unloading. 
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CHAPTER III 

THE EFFECTS OF HINDLIMB UNLOADING ON SREBP-2 AND LDL-R IN RAT 

SKELETAL MUSCLE 

 

Introduction 

 Dietary cholesterol has garnered a negative reputation as a result of its role in 

cardiovascular disease (99).  However, cholesterol plays an essential role in cellular 

homeostasis as a critical constituent of all plasma membranes, a precursor to steroid 

hormones such as testosterone, estrogen and vitamin D, and a component of bile acids 

(70, 84, 109).  Furthermore, dietary and low-density lipoprotein (LDL) cholesterol have 

been associated with greater lean mass gains following 12 weeks of RT in older adults 

(69). 

Cholesterol found in the body is derived from one of two sources, the diet or 

endogenous synthesis.  Interestingly, these two seemingly distinct sources are connected 

to each other through a key transcription factor, SREBP-2 (17).  When intracellular 

sterol (such as cholesterol) levels become low, inactive SREBP-2 is transported from the 

endoplasmic reticulum to the Golgi apparatus by SCAP (27, 30).  At the Golgi 

apparatus, two proteases sequentially convert the 125 kDa precursor into a 68 kDa 

mature transcription factor (17, 29).  This mature SREBP-2 then traverses the nuclear 

envelope and upregulates the expression of genes involved in cholesterol metabolism by 

attaching to their promoter (29).  Target genes include cholesterol biosynthetic enzymes 

as well as the LDL-R, which serves a vital role in the cellular uptake of cholesterol from 
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the circulation (30).  The increase in SREBP-2 and LDL-R can lead to higher 

intracellular cholesterol levels.  Since cholesterol plays a critical role in cellular 

homeostasis and is positively associated with changes in lean mass, SREBP-2 and LDL-

R may also play an important part in maintaining or altering muscle cell size in response 

to changing environments. 

 Hindlimb unloading is an established animal paradigm that has been used to 

mimic spaceflight and the associated muscle atrophy (, 36, 37, 50, 54, 62, 72, 106).  

Only one study to date has examined SREBP-2 in the context of HU (rat liver), but 

SREBP-2 has not been investigated in skeletal muscle (97).  The purpose of this study 

was to examine the effects of 28 days of HU on SREBP-2 and LDL-R in rat skeletal 

muscle.  We hypothesized that SREBP-2 and LDL-R protein expression in rat skeletal 

muscle would be reduced in response to HU since muscle cell size is smaller and 

subsequently cholesterol needs may be lower. 

 

Methods 

Animals 

Thirteen 6-month-old male Sprague Dawley rats were obtained from Harlan 

Laboratories (Houston, TX).  Following 14 days of acclimation, the rats were allocated 

to individual cages in a climate and light regulated (12h light/12h dark cycle) room.  

Rats were given free access to a standard rodent diet (Harlan Teklad 8604) and water.  

Rats were then assigned to one of two groups based on body mass:  cage control (CC, 
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n=7) or hindlimb unloading (HU, n=6).  All experimental procedures were approved by 

Texas A&M University’s Institutional Animal Care and Use Committee. 

Hindlimb Unloading 

Rats in the HU group underwent 28 days of tail suspension (90).  Following 

anesthesia with isoflurane, the rat’s tail was cleaned with a brush and soap, rinsed, and 

dried with a towel.  A gauze pad containing acetone was applied to the tail and a hair 

dryer was used to dry the tail.  The tail was then covered with a quick drying adhesive 

(Cramer Q.D.A. tape adherent, Gardner, KS), which was allowed to dry before an 

additional adhesive was applied to the sides of the tail (Amazing Goop, Eclectic 

Products, Pineville, LA).  A harness consisting of cloth tape, a bobby pin, a paper clip, 

and staples was placed over the second adhesive on the tail.  After allowing 

approximately 30 min. for the second adhesive to dry, the animal was placed in an HU 

cage, and the harness was fixed to a pulley and cable apparatus that was situated across 

the top center region of the cage.  This attachment was adjusted to create an 

approximately 30° head-down tilt in order to preclude the animal’s hindlimbs from 

touching the walls and floor of the cage, but to permit it to move freely with its 

forelimbs everywhere else. 

Tissue Harvest 

After 28 days of HU, rats were anesthetized with an intraperitoneal injection of 

ketamine (50 mg/kg) and medetomidine (0.5 mg/kg), and the gastrocnemius and 

plantaris muscles were excised, weighed and frozen immediately in liquid nitrogen for 
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subsequent analysis.  Adrenal glands were also removed and wet weights were measured 

to determine the stress responses to HU. 

Western Blotting 

Following pulverization in liquid nitrogen, approximately 40 mg of 

gastrocnemius and plantaris muscle was weighed and placed in individual vials with 270 

μl of a lysis buffer [25 mM HEPES, 5 mM ß-glycerophosphate, 200 µM ATP, 25 mM 

Benzamidine, 2 mM PMSF dissolved in DMSO, 4 mM EDTA, 10 mM MgCl2, and 0.5% 

protease inhibitor (Sigma-Aldrich, St. Louis, MO)] and 30 μl of 10% Triton X-100.  The 

samples were then homogenized, placed on ice for 1-1.5h and centrifuged at 14,000 rpm 

at 4°C for 30 min.  The supernate, which contained the cytosolic and membrane-bound 

proteins, was saved for the bicinchoninic acid protein assay and electrophoresis (86). 

Eighty micrograms of protein was obtained from each sample and mixed with 

Laemmli sample buffer.  The samples were heated for 10 minutes and separated by SDS-

PAGE for 101 min at 30 mA.  The proteins from the gels were transferred to 

nitrocellulose membranes through a 3-step wet transfer protocol (1.3 mA/cm
2
 for 1h, 3.8 

mA/cm
2 

for 14h, 7.5 mA/cm
2 

for 1h).  The membranes were blocked with non-fat milk 

in TBS (blocking buffer) for 1h at room temperature, washed with TBS  for 5 min for 3 

replicates and then incubated with either SREBP-2 (Santa Cruz Biotechnology, Dallas, 

TX) or LDL-R (Abcam, Cambridge, MA) primary antibodies overnight at 4ºC.  The 

membranes were subjected to a set of 3 TBS washes and then incubated with secondary 

antibody for 1h at room temperature.  After another series of 3 TBS washes, enhanced 

chemiluminescence (SuperSignal West Pico Chemiluminescent Substrate, Thermo 
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Scientific, Rockford, IL) was used to detect (FluorChem Alpha Innotech) the protein 

bands of interest.  The integrated density values (IDV) of the bands were normalized to 

the standard for the respective membranes and to the Ponceau stain as a loading control 

(74).  The values were reported in arbitrary units with the cage control values set at 1. 

Statistical Analysis 

All data were analyzed using Statistical Analysis System (SAS) Enterprise Guide 

(v.7.1).  An independent samples t-test was used to analyze differences between HU and 

CC groups.  For gastrocnemius mature SREBP-2, adrenal mass and adrenal mass to 

body mass ratio, since these variables did not pass the Shapiro-Wilk Test of Normality, a 

Wilcoxon rank-sum test was used instead.  All data were expressed as mean ± standard 

error (SE) and a p-value of < 0.05 was considered significant. 

 

Results 

Effect of 28 Days of Hindlimb Unloading on Body, Muscle and Adrenal Mass 

 

 Following 28 days of unloading, there was no significant difference in body mass 

(p = 0.09) (Table 7), but there was a significant difference in the change in body mass 

between HU and CC groups (-23.8 ± 2.8 g and 12.4 ± 3.7 g, respectively, p < 0.05).  

Gastrocnemius and plantaris masses and the body mass ratios were also significantly 

lower (p < 0.05) in the HU rats than control rats.  Adrenal mass to body mass ratio (p < 

0.05), but not adrenal mass (p = 0.08), was significantly higher in the HU rats than the 

CC rats. 
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Table 7. Effect of 28 days of hindlimb unloading on body, skeletal muscle and adrenal mass 

  

Cage Control 

(n = 7) 

Hindlimb Unloading 

(n = 6) 

Baseline body mass (g) 

Post-study body mass (g) 

481.6 ± 15.0 

494.0 ± 16.2 

478.8 ± 12.8 

455.0 ± 12.1 

Gastrocnemius (mg) 2553.8 ± 77.8 1907.1 ± 53.5
a
 

Gastrocnemius to body mass (mg/g) 5.18 ± 0.09 4.20 ± 0.13
a
 

Plantaris (mg) 535.7 ± 19.9 420.7 ± 15.7
a
 

Plantaris to body mass (mg/g) 1.08 ± 0.02 0.93 ± 0.04
a
 

Adrenal mass (mg) 28.8 ± 2.3 51.7 ± 18.9 

Adrenal to body mass (mg/g) 0.06 ± 0.01 0.11 ± 0.04
b
 

Data are means ± standard error (SE). 
a
Significantly different (P < 0.005) from cage control animals 

b
Significantly different (P < 0.05) from cage control animals 

 

Effect of 28 Days of Hindlimb Unloading on SREBP-2 and LDL-R in Skeletal Muscle 

 There were no significant differences between groups in mature SREBP-2 for the 

gastrocnemius (p = 0.14) or plantaris muscles (p = 0.56) (Figure 5).  Similarly, there 

was no significant difference between groups in precursor LDL-R in the gastrocnemius 

muscle (p = 0.48) (Figure 6). 
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Figure 5. The effect of 28 days of hindlimb unloading on mature sterol regulatory 

element-binding protein-2 (SREBP-2) in gastrocnemius and plantaris muscles.    Data 

are means ± standard error (SE).  Cage Control (n = 7).  Hindlimb Unloading (n = 6). 
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Figure 6. The effect of 28 days of hindlimb unloading on precursor low-density 

lipoprotein-receptor (LDL-R) in gastrocnemius muscle.  Data are means ± standard error 

(SE).  Cage Control (n = 6).  Hindlimb Unloading (n = 4). 

 

 

 

Discussion 

 

 This current study investigated the effect of 28 days of HU on muscle mass, 

SREBP-2, and LDL-R in rat skeletal muscle.  Following HU, both gastrocnemius and 

plantaris muscle masses and their muscle mass to body mass ratios were significantly 

lower in the HU animals.  Several studies previously reported significant atrophy of the 

gastrocnemius and plantaris muscles following various durations of HU (50, 54, 106).  

The gastrocnemius muscle mass to body mass ratios in the HU (4.20 mg/g) and CC (5.18 

mg/g) animals in the current study were comparable to the ratios in a separate 28-day 

unloading study (HU: 4.05 mg/g; CC: 5.31 mg/g) (54).  Furthermore, the plantaris 
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muscle mass to body mass ratios in the HU (0.93 mg/g) and CC (1.08 mg/g) rats also 

were similar (HU: 0.91 mg/g; CC: 1.08 mg/g) to that study’s ratios, demonstrating the 

effectiveness of the HU methodology utilized in this investigation.  However, to our 

knowledge, no studies have explored the effects of HU on SREBP-2 or LDL-R in 

skeletal muscle. 

 In the current study, mature SREBP-2 protein levels in the gastrocnemius and 

plantaris muscles were not significantly different between groups.  However, there 

appeared to be a trend (p = 0.14) towards significance for mature SREBP-2 in the 

gastrocnemius muscle, with HU rats expressing lower levels.  In a previous study 

investigating the liver of rats undergoing 14 days of HU, mature SREBP-2 expression 

was reported to be elevated in comparison to CC animals (97).  Those results, in 

combination with our data, present contrasting effects of HU on cholesterol metabolism 

in the liver and muscle.  In the liver, since HU rats have been reported to have higher 

hepatic cholesterol synthesis than control animals, the elevated mature SREBP-2 

expression in unloaded rats may lead to higher cholesterol synthesis (97).  In the 

gastrocnemius muscle, the lower levels of mature SREBP-2 in the HU animals compared 

to CC animals may reflect a diminished need for cholesterol in the atrophied muscle.  

Since skeletal muscle is a relatively low endogenous producer of cholesterol, SREBP-2 

activation should target uptake more than biosynthesis (76, 87).  Lower levels of mature 

SREBP-2 may lead to less cholesterol uptake, which may partially explain the elevated 

blood cholesterol levels observed in HU rats in a previous study (97).  In one study 

investigating the effects of resistance exercise on mRNA levels in skeletal muscle, 
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SREBP-2 mRNA was reported to be elevated immediately postexercise in men (59).  

The greater amount of SREBP-2 may lead to higher levels of cholesterol in muscle to 

facilitate repair following exercise.  These contrasting results demonstrate the 

importance of skeletal muscle activity on SREBP-2 and possibly cholesterol.  Future 

studies should further explore the effects of RE and unloading on SREBP-2 and 

cholesterol. 

After 28 days of HU, there was no difference in the protein expression of 

precursor (130 kDa) LDL-R in the gastrocnemius muscle between HU and CC groups.  

During western blot analysis, the LDL-R may separate into a mature (160 kDa) form and 

two precursor forms (110 kDa and 130 kDa).  In this study, the 110 kDa precursor and 

160 kDa mature LDL-R could not be detected with our technique.  However, disuse has 

been compared to aging since both conditions are associated with decrements in muscle 

mass (49).  In one aging study, the gastrocnemius muscle of older rats exhibited 

significantly lower mature LDL-R when compared with younger rats (76).  Since muscle 

mass is lowered in both conditions, it is possible that the reduction in mature LDL-R 

protein content may occur in unloading as well, coinciding with a diminished need for 

cellular cholesterol and consequently a decrease in SREBP-2 protein levels.  The 

reduced uptake of cholesterol by LDL-R could be problematic as this may lead to 

elevated LDL cholesterol and consequently, increased risk for cardiovascular disease 

(42). 

 One limitation of this study was the inability to measure total cholesterol content 

within the cell.  Since only SREBP-2 and LDL-R protein expressions were measured, 
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the effects of these proteins on cholesterol homeostasis were not directly observed and 

can only be hypothesized.  Future studies assessing cholesterol content within the cell in 

conjunction with measuring the expression of these essential proteins should be 

considered. 

 In summary, 28 days of HU resulted in significantly lower muscle mass in HU 

rats compared with CC animals.  Furthermore, HU animals exhibited a trend towards 

lower mature levels of SREBP-2 in the predominantly fast glycolytic gastrocnemius 

muscle.  However, unloading did not significantly affect protein levels of mature 

SREBP-2 in the predominantly fast oxidative plantaris or precursor LDL-R in the 

gastrocnemius muscles of HU animals when compared with CC rats.  Thus, there may 

be a relationship between HU, decreased muscle mass and the proteins involved in 

cholesterol metabolism but the exact nature of that association remains unclear. 
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CHAPTER IV 

THE EFFECTS OF DIETARY CHOLESTEROL AND RESISTANCE TRAINING ON 

PROTEIN SYNTHESIS, SREBP-2 AND LDL-R IN RAT SKELETAL MUSCLE 

 

Introduction 

The loss of muscle mass (sarcopenia) and concomitantly strength, poses a serious 

risk to the elderly population.  Every decade starting around the age of 40, adults lose 

about 8% of their muscle mass, which may lead to greater body fat and higher risk for 

chronic diseases such as cardiovascular disease and diabetes (35, 49).  Thus, there is a 

need to maintain and preferably increase muscle mass in this population to minimize this 

risk. 

Resistance training with and without dietary supplementation are current 

interventions that have shown success in increasing or maintaining muscle. Following an 

acute session of RE, skeletal muscle protein synthesis rises above resting levels (66).  

The addition of a supplement (amino acids and carbohydrates) after a single bout of RE 

augments this increase in protein synthesis (67).  Through repeated bouts of RT with and 

without supplementation, the elevated rates of protein synthesis may lead to muscle 

accretion, even in the elderly.  For example, 10 weeks of RT increases muscle mass and 

strength in the elderly (32).  Furthermore, postmenopausal women increased lean mass 

and muscular strength following 24 weeks of RT with post-exercise dietary 

supplementation (protein and carbohydrate) (47).   
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Besides dietary supplementation with protein and carbohydrate, another nutrient 

has also been associated with increasing lean mass.  In particular, dietary cholesterol, in 

conjunction with RT, has been strongly associated with improvements in lean mass.  We 

observed that older adults who performed 12 weeks of RT had significantly higher gains 

in lean mass with greater intakes of dietary cholesterol (69).  Moreover, greater LDL 

cholesterol was also associated with larger gains in lean mass independent of dietary 

cholesterol (69). 

Cholesterol is a critical constituent of all plasma membranes, including skeletal 

muscle sarcolemma, and provides membrane fluidity (84).  Additionally, cholesterol is a 

component of lipid rafts, which plays a role in cellular signaling involved with muscle 

growth (70).  One of the key proteins involved in cholesterol metabolism is SREBP-2.  

SREBP-2 is a transcription factor that increases the expression of cholesterol 

biosynthetic enzymes and cholesterol uptake proteins (LDL-R) when intracellular sterol 

levels are low (30).  The purpose of this study was to examine the effects of dietary 

cholesterol on skeletal muscle responses following 5 weeks of RT in rats.  We 

hypothesized that dietary cholesterol and RT would enhance skeletal muscle mass, 

elevate rates of protein synthesis and increase the protein expression of SREBP-2 and 

LDL-R when compared to the cage control animals and rats performing RT only. 
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Methods 

Animals and Operant Conditioning 

Forty-two male Sprague-Dawley rats (age = 5-6 months) were purchased from 

Harlan Laboratories (Houston, TX) and resided in individual cages within a temperature 

and light (12h light/12h dark cycle) regulated room at an animal housing facility.  

Following 7 days of acclimation, rats were randomized by body mass to one of the 

following groups:  cage control (CC, n=7), cage control + cholesterol (CC+CL, n=4), 

resistance training control (RTC, n=7), resistance training control + cholesterol 

(RTC+CL, n=8), resistance training (RT, n=8) or resistance training + cholesterol 

(RT+CL, n=8).  The Institutional Animal Care and Use Committee at Texas A&M 

University approved all experimental procedures. 

Operant conditioning was used to train the RT and RTC groups to pull down on 

an illuminated bar situated high above the rat to turn it off.  To achieve this movement, 

the rat needed to rise up on its hindlimbs to depress the switch.  A foot shock of short 

duration (1 mA, 60 Hz) was utilized as negative reinforcement to promote this learning 

process.  These animals performed this exercise for 4 sessions of 50 repetitions without 

any added resistance.  Following these 4 sessions, an additional 2 bouts were completed 

with the rats performing the same protocol while wearing a non-weighted, leather and 

Velcro vest.  Throughout the study, rats in the cage control groups did not perform any 

operant conditioning or RT. 
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Resistance Training 

During the study, the RT groups engaged in 5 weeks of progressive resistance 

training.  Each week, 3 resistance exercise sessions were completed, which were 

separated by at least 48h.  For the 1
st
 session, 80 g was added to the vest, and rats needed 

to perform 50 repetitions.  Subsequently, weight was increased but repetitions were 

concomitantly reduced, resulting in total volume gradually decreasing by 5% per week 

such that the final session consisted of 16 repetitions with 410 g.  The RTC groups 

performed similar training and experienced the same number of shocks as the RT 

groups; however, the former groups exercised without resistance. 

Food 

All rats were given free access to a standard rat chow diet (Purina Test Diet 

5001).  This diet consisted of 54% carbohydrates, 24% protein, 12% fat, 7% ash, 5% 

fiber and vitamins.  However, at the start of the study, the CL groups were fed a similar 

chow that differed only in cholesterol levels (1800 ppm for CL vs. 180 ppm for standard 

chow). 

Dual Energy X-ray Absorptiometry (DEXA) 

 At baseline and at the end of the study, DEXA (GE Lunar Prodigy) scans of the 

animals using a special program designed for rats were taken after administering 

anesthesia via Ketamine (40-55 mg/kg) and Medetomidine (0.4 mg/kg) in order to 

determine alterations in body composition. 
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Deuterium Oxide for Protein Synthesis 

 Twenty hours before the final resistance exercise session, 1.5 ml of deuterium 

oxide was injected intraperitoneally into each rat.  Animals were also given free access 

to drinking water containing 4% deuterium oxide to maintain enrichment levels (25). 

Tissue Harvest 

After the rats were euthanized with Ketamine and Medetomidine, blood samples 

were obtained from the carotid artery, and then skeletal muscle (soleus, gastrocnemius, 

plantaris and quadriceps femoris) was harvested, weighed, and immediately placed in 

liquid nitrogen.  To assess stress responses to the exercise protocol, adrenal glands were 

also removed and weighed. 

Fractional Synthesis Rates (FSR) 

Plasma samples and standards were prepared and analyzed as described 

previously (39).  Briefly, 20 μl of plasma/standard, 4 μl of 5% acetone in acetonitrile 

(vol/vol), and 2 μl of 10N NaOH were combined and permitted to settle for 24h.   Each 

sample/standard was thoroughly mixed with 600 μl of chloroform and 0.5 g of Na2SO4.  

The sample/standard was analyzed on a GC-MS [Agilent 5973N-MSD furnished with an 

Agilent 6890 GC System and DB17-MS capillary column].   

Approximately 0.030 g of muscle (soleus and plantaris) from each sample was 

homogenized with 0.3 ml of 10% TCA and centrifuged for 15 min at 3,800 rpm at 4°C.  

The resultant pellet was then washed with 10% TCA, centrifuged, and disposed of the 

supernate for an additional 3 times.  The pellet was then mixed with 6N HCl and 

incubated for 18h at 100°C.  The hydrolysate was then freeze dried for 24h before 100 µl 
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of a 3:2:1 ratio of methyl-8, methanol and acetonitrile were added to each sample and 

analyzed on the GC-MS. 

The following equation was used to determine the mixed muscle protein FSR: 

 

EA · [EBW  3.7  t]
-1

 

 

EA signifies the quantity of 
2
H-labeled alanine in protein (%), EBW indicates the amount 

of 
2
H2O found in body water (%), and t represents time in h (39). 

Western Blotting 

Approximately 0.040 g of pulverized quadriceps femoris or red gastrocnemius 

muscle sample was homogenized with a lysis buffer [25 mM HEPES, 5 mM β-

Glycerophosphate, 200 μM ATP, 25 mM Benzamidine, 2 mM PMSF in DMSO, 4 mM 

EDTA, 10 mM MgCl2, 0.5% protease inhibitor (Sigma-Aldrich, St. Louis, MO)] and 

10% Triton X-100.  After at least 1h on ice, homogenates were centrifuged (30 min, 

14,000 rpm, 4ºC) to isolate membrane-bound and cytosolic proteins (supernate) from 

myofibrillar proteins (pellet).  The supernate was retained for SDS-PAGE, with an 

aliquot taken to determine protein concentration via the bicinchoninic acid method (86).  

Eighty micrograms of protein from each sample was combined with Laemmli buffer, 

heated and separated by electrophoresis on 8% gels for 101 minutes (30 mA).  The 

proteins in the gels were transferred to nitrocellulose membranes using a 3-step wet 

transfer (1.3 mA/cm
2
 for 1h, 3.8 mA/cm

2
 for 14h, 7.5 mA/cm

2
 for 1h) procedure.  The 

membranes were blocked with 5% non-fat milk in TBS for 1h at room temperature and 
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washed with TBS for 3 replicates at 5 min each.  The membrane was incubated with 

SREBP-2 (Santa Cruz Biotechnology, Dallas, TX) or LDL-R (Abcam, Cambridge, MA) 

antibody at 4ºC overnight.  The membranes were washed again with TBS for 3 replicates 

at 5 min each and subsequently reacted with secondary antibody for 1h at room 

temperature. Following another 3 washes with TBS, the membranes were imaged 

(FluorChem Alpha Innotech) using enhanced chemiluminescence (SuperSignal West 

Pico Chemiluminescent Substrate, Thermo Scientific, Rockford, IL).  The integrated 

density value (IDV) for each sample was normalized to the IDV of the standard for that 

particular membrane and to the Ponceau stain (74).  The cage control values were set at 

1, with all values reported in arbitrary units. 

Statistical Analysis 

IBM (SPSS) Statistics 23 was used to analyze all data, which were presented as 

mean ± standard error (SE).  Two-way analysis of variance (ANOVA) was performed 

for activity and cholesterol groups.  A p-value of < 0.05 was accepted as significant.  

Post hoc analysis with the Tukey-Kramer test was used to determine significant 

differences between groups. 

 

Results 

Effect of Dietary Cholesterol and/or Resistance Training on Body Mass and 

Composition, Food Intake and Organ Masses 

 At baseline, there was no significant difference in body mass among groups 

(Table 8).  After 5 weeks, body mass was significantly less in the RT animals compared 
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to the RTC groups, with no effect of dietary cholesterol.  Furthermore, weight gain was 

significantly lower in the RT rats compared to the RTC and cage control animals.  Food 

intake in the RT and RTC groups were significantly less than the cage control rats. 

 

 

Table 8. Effect of dietary cholesterol and/or resistance training on body mass, food 

intake, and body composition 

Variable  CC RTC RT 

Baseline body mass (g) 
No CL 408.0 ± 6.7 418.0 ± 10.3 403.9 ± 10.4 

CL 404.5 ± 10.0 412.5 ± 11.4 400.1 ± 12.0 

Post-study body mass 

(g) 

No CL 443.4 ± 14.4 463.1 ± 8.1 404.7 ± 16.7
a
 

CL 444.9 ± 12.5 444.2 ± 15.3 417.6 ± 15.1
a
 

Average daily food 

intake (g/day) 

No CL 24.1 ± 0.6 21.7 ± 0.9
b
 20.4 ± 0.8

b
 

CL 24.0 ± 0.3 22.8 ± 0.8
b
 21.4 ± 0.4

b
 

Baseline lean mass (g) 
No CL 338.6 ± 4.5 345.7 ± 9.8 338.8 ± 7.4 

CL 353.5 ± 15.7 344.8 ± 7.0 327.1 ± 9.4 

Post-study lean mass 

(g) 

No CL 350.9 ± 8.6 375.7 ± 10.7 336.3 ± 9.9
a
 

CL 356.5 ± 4.9 362.0 ± 11.5 343.1 ± 12.6
a
 

Baseline fat mass (g) 
No CL 43.6 ± 2.6 50.6  ± 6.2 46.0  ± 3.4 

CL 43.3 ± 4.4 45.4 ± 4.6 43.8 ± 2.4 

Post-study fat mass (g) 
No CL 72.3 ± 6.3 54.9 ± 5.9

b
 42.8 ± 6.1

b
 

CL 63.8 ± 4.5 51.8 ± 4.7
b
 43.9 ± 4.4

b
 

Data are means ± standard error (group size n).  CC = Cage Control.  RTC = Resistance 

training control.  RT = Resistance training.  CL = Cholesterol. n = 4-8 per group. 
a
Significantly different (P < 0.05) from RTC groups. 

b
Significantly different (P < 0.05) from CC groups. 

 

 

 

Based on DEXA data, there were no significant differences in total lean or fat 

mass among groups at baseline.  However, at the end of the study, the RT animals had 

significantly less total lean mass than the RTC groups while the RTC and RT rats had 

significantly lower body fat compared to the cage control groups. 

 Soleus, soleus to body mass ratio, gastrocnemius, gastrocnemius to body mass 

ratio, and plantaris were not significantly different among groups (Table 9).  However, 
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plantaris to body mass ratio was significantly higher in the RT rats than the cage control 

animals.  Adrenal mass and adrenal mass to body mass ratio were significantly higher in 

the RTC and RT groups compared to the cage control rats.  It should be noted that 

gastrocnemius to body mass ratio and adrenal mass failed Levene’s test for homogeneity 

of variances.   

 

Table 9. Effect of dietary cholesterol and/or resistance training on muscle and adrenal 

mass 

Variable  CC RTC RT 

Gastrocnemius (mg) 
No CL 2250.5 ± 56.3 2305.4 ± 60.4 2058.6 ± 120.0 

CL 2318.9 ± 65.5 2300.9 ± 80.8 2191.7 ± 107.7 

Gastrocnemius to 

BM (mg/g) 

No CL 5.12 ± 0.12 4.98 ± 0.07 5.18 ± 0.19 

CL 5.21 ± 0.06 5.19 ± 0.10 5.32 ± 0.09 

Soleus (mg) 
No CL 183.9 ± 13.3 185.6 ± 7.4 168.9 ± 9.7 

CL 183.8 ± 10.2 183.6 ± 10.6 174.3 ± 8.7 

Soleus to BM (mg/g) 
No CL 0.42 ± 0.05 0.40 ± 0.01 0.42 ± 0.01 

CL 0.41 ± 0.02 0.41 ± 0.02 0.42 ± 0.01 

Plantaris (mg) 
No CL 452.3 ± 20.6 487.4 ± 13.8 444.9 ± 19.6 

CL 462.3 ± 9.1 472.1 ± 17.4 460.8 ± 20.1 

Plantaris to BM 

(mg/g) 

No CL 1.03 ± 0.05 1.05 ± 0.02 1.12 ± 0.03
a
 

CL 1.04 ± 0.02 1.07 ± 0.03 1.12 ± 0.02
a
 

Adrenal mass (mg) 
No CL 39.3 ± 7.0 63.9 ± 10.5

a
 50.9 ± 4.5

a
 

CL 38.3 ± 2.7 65.1 ± 7.1
a
 64.4 ± 2.3

a
 

Adrenal to BM 

(mg/g) 

No CL 0.09 ± 0.01 0.14 ± 0.02
a
 0.13 ± 0.01

a
 

CL 0.09 ± 0.01 0.14 ± 0.01
a
 0.16 ± 0.01

a
 

Data are means ± standard error (group size n).  CC = Cage Control.  RTC = Resistance 

training control.  RT = Resistance training.  CL = Cholesterol.  BM = Body mass.  n = 4-

8 per group. 
a
Significantly different (P < 0.05) from CC groups. 

 

 

 

Effect of Dietary Cholesterol and/or Resistance Training on Fractional Synthesis Rates 

 After 5 weeks of exercise, the RT groups had significantly higher plantaris mixed 

muscle FSR than the RTC and CC animals (Figure 7).  Furthermore, there was a 
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significant effect of cholesterol, with the CL groups showing greater plantaris mixed 

muscle FSR than the No CL rats.  There was no significant difference among groups for 

soleus mixed muscle FSR (Figure 8).  It should be noted that plantaris FSR failed both 

Levene’s test for homogeneity of variances and the Shapiro-Wilk test of normality. 

 

 
Figure 7. The effect of dietary cholesterol and/or resistance training on plantaris 

fractional synthesis rates.  Data are means ± standard error (SE).  n = 3-5 per group. 
a
Significantly different (P < 0.05) from CC and RTC groups. 

b
Significantly different (P < 0.05) from No CL groups.   
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Figure 8. The effect of dietary cholesterol and/or resistance training on soleus fractional 

synthesis rates.  Data are means ± standard error (SE).  n = 4-5 per group. 

 

 

 

Effect of Dietary Cholesterol and/or Resistance Training on SREBP-2 and LDL-R in 

Skeletal Muscle 

 Following 5 weeks of exercise, there was no significant difference among groups 

for mature SREBP-2 in the red gastrocnemius (Figure 9) or quadriceps femoris (Figure 

10) muscles.  Similarly, there was no significant difference among groups for precursor 

(130 kDa) or mature LDL-R in the quadriceps femoris muscle (Figure 11).  It should be 

noted that mature LDL-R for the quadriceps femoris failed the Shapiro-Wilk test of 

normality. 
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Figure 9. The effect of dietary cholesterol and/or resistance training on mature sterol 

regulatory element-binding protein-2 (SREBP-2) in gastrocnemius muscle.  Data are 

means ± standard error (SE).  n = 3-8 per group. 
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Figure 10. The effect of dietary cholesterol and/or resistance training on mature sterol 

regulatory element-binding protein-2 (SREBP-2) in quadriceps femoris muscle.  Data 

are means ± standard error (SE).  n = 4-8 per group. 

  



 

51 

 

 

 

 

 

 
Figure 11. The effect of dietary cholesterol and/or resistance training on low-density 

lipoprotein-receptor (LDL-R) in quadriceps femoris muscle.  (A) Precursor LDL-R.  n = 

3-6 per group.  (B) Mature LDL-R.  Data are means ± standard error (SE).  n = 3-7 per 

group. 
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Discussion 

 In the present study, the effects of dietary cholesterol and RT on muscle mass, 

protein synthesis, SREBP-2, and LDL-R were investigated in rat skeletal muscle.  After 

5 weeks of training, the RT animals gained significantly less body and lean mass than 

the RTC groups.  This attenuated increase may be attributed to two related issues.  The 

exercise performed by the RT and RTC rats was stressful, as demonstrated by the 

significantly higher adrenal mass and adrenal mass to body mass ratio than the cage 

control animals.  Second, the RT and RTC groups consumed on average, significantly 

less food per day than the cage control rats, with the RT animals consuming the least 

amount.  In fact, the exercise may have contributed to the lower food intake, with the 

stress deterring the rats from consuming more food.  Thus, the combination of exercise 

and lower food consumption may explain why the RT groups gained less lean and body 

mass than the RTC animals. 

The RTC groups gained the most lean mass (23.2 g) while the RT animals gained 

the least (6.8 g).  Moreover, the cage control rats gained more lean tissue (8.9 g) than the 

RT groups.  With the exception of the plantaris to body mass ratio, gastrocnemius, 

soleus and plantaris and their respective body mass ratios did not show any significant 

differences among groups.  Additionally, post-study total fat mass was significantly 

lower in the RT & RTC groups than the CC animals. Taken together, this exercise 

protocol did not enhance muscle size but did promote overall leanness for the RTC 

groups.  One study that utilized an exercise protocol similar to this study also reported 

no change in muscle mass for these particular muscles (31).  However, that study did not 
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measure total lean mass.  Future studies investigating RT in animals should include total 

body lean mass to provide an overall effect of the exercise protocol. 

Dietary cholesterol did not appear to play a significant role in skeletal muscle 

gains with RT, but did with plantaris mixed muscle FSR.  We observed significant gains 

in lean mass with greater dietary cholesterol intake following 12 weeks of RT in older 

adults (69).  Other investigators have reported no significant effect of dietary cholesterol 

on lean mass gains with RT (51).  Since the RT and RTC animals consumed less food 

than the cage control animals, the potential beneficial effects of dietary cholesterol 

following RT may not have been observed.  Future studies should address this issue of 

food intake. 

 Following 5 weeks of exercise, the RT groups had significantly higher plantaris 

mixed muscle FSR and plantaris to body mass ratio than the CC animals.  Since fast 

twitch fibers are more responsive to RT, predominantly fast twitch muscles such as the 

plantaris muscle are more likely to hypertrophy in response to training than slow twitch 

muscles (soleus) (6, 7).  From one study on acute RE, both plantaris and soleus FSR 

were not significantly different between exercising rats and cage control animals (39).  

Those results, combined with our data, suggest that repeated resistance exercise is 

necessary to observe changes in FSR.   

 At the end of 5 weeks of training, SREBP-2 was not significantly different 

among groups in either the red gastrocnemius or quadriceps femoris muscles.  However, 

there was a trend (p = 0.17) towards higher mature SREBP-2 with greater activity in the 

quadriceps femoris.  Consistent with those results, SREBP-2 mRNA levels were higher 
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immediately after an acute resistance exercise session (59).  We previously reported that 

HU animals demonstrate a trend towards lower protein levels of mature SREBP-2 than 

cage control rats (Chapter III).  Collectively, these data suggest that cholesterol plays a 

role in skeletal muscle’s response to various conditions.  With a decrease in activity 

levels, mature SREBP-2 protein levels diminish, coinciding with a reduced need for 

cholesterol.  Through activities that promote muscle growth (RT), SREBP-2 mRNA and 

protein levels rise, eventually leading to elevated amounts of cholesterol.  This 

additional cholesterol could be utilized in building new cell membrane for skeletal 

muscle repair and growth. 

 LDL-R was not affected by dietary cholesterol or RT.  Following 5 weeks of 

training, there were no significant differences among groups in either precursor (130 

kDa) or mature LDL-R protein content in the quadriceps femoris.  In one study, animals 

consuming normal or high cholesterol diets did not show significant difference in 

hepatic LDL-R activity or protein content (73).  These data suggest that dietary 

cholesterol or RT may not play a significant role in promoting LDL-R protein content 

and that the amount of LDL-R available is sufficient to meet the needs of each 

environment. 

 In summary, 5 weeks of exercise led to greater gains in lean and body mass in the 

RTC rats than RT animals but higher plantaris to body mass ratio and mixed muscle FSR 

in the RT than the RTC (plantaris FSR) and CC (both) animals.  Moreover, the groups 

consuming cholesterol had greater plantaris FSR than the rats not consuming cholesterol.  

Mature SREBP-2 in quadriceps femoris exhibited a trend where the RT groups were 
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greater than the CC animals.  However, mature SREBP-2 in red gastrocnemius muscle 

and LDL-R protein levels in the quadriceps femoris were not significantly different 

among groups.  Thus, this study provides evidence for cholesterol metabolism being 

associated with skeletal muscle homeostasis. 
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CHAPTER V 

THE RESPONSE TO DIETARY CHOLESTEROL AND RESISTANCE TRAINING 

AS COUNTERMEASURES TO ACCELERATED MUSCLE LOSS IN RATS 

 

Introduction 

 Accelerated muscle loss poses a serious problem for a variety of populations.  

Sarcopenia, or age-associated loss of muscle mass, is a concern for the elderly 

population as it may lead to higher risk for chronic diseases (49).  Astronauts exposed to 

only 8 days of microgravity have also been reported to lose muscle (57).  

Countermeasures such as RT have been reported to be effective for the former, but less 

efficacious for the latter (32, 56).  After a single session of RE, rates of protein synthesis 

rise above baseline levels (66).  Through repeated bouts of RT, the elevated rates of 

protein synthesis may lead to skeletal muscle hypertrophy. 

 Hindlimb unloading is an established animal model of accelerated muscle loss 

(62, 107).  After 4 weeks of unloading, soleus muscle mass and protein synthesis rates 

were reduced in HU rats (37).  However, HU rats that performed RT demonstrated 

soleus protein synthesis rates comparable to that of cage control animals (37).  Although 

RT attenuated the decline in soleus muscle mass due to unloading, the muscle mass in 

the HU rats performing RT remained significantly lower in comparison to cage control 

animals (37). 

 One potential solution may be to include dietary cholesterol in conjunction with 

RT.  We reported that older adults consuming higher amounts of dietary cholesterol had 
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greater lean mass gains (69).  Furthermore, greater LDL cholesterol was correlated with 

higher lean mass gains, which was independent of dietary cholesterol (69).  Those 

effects may be attributed to cholesterol’s important role as a plasma membrane 

constituent as well as its involvement in cellular signaling for muscle growth (70).   

 The cholesterol found in the body can be attributed to two sources, diet and 

endogenous synthesis.  These two distinct sources are connected to each other through a 

transcription factor, SREBP-2.  Normally, SREBP-2 is situated in the unit membrane of 

the endoplasmic reticulum in a precursor form (27).  When sterol levels within the cell 

diminish, SREBP-2 is transported to the Golgi complex to be enzymatically cleaved 

(17).  This mature form of SREBP-2 then enters the nucleus to upregulate genes for 

proteins involved with cholesterol uptake (LDL-R) and biosynthesis (17, 23).  

 We previously investigated the effects of HU as well as the combination of 

dietary cholesterol and RT on muscle mass, SREBP-2, and LDL-R.  The purpose of this 

study was to examine the effects of those countermeasures on protein synthesis and 

proteins involved in cholesterol metabolism in the context of HU.  We hypothesized that 

RT and cholesterol supplementation will maintain both protein synthesis and muscle 

mass at levels similar to the cage control animals.  We also hypothesized that SREBP-2 

and LDL-R protein levels will be down-regulated in HU rats when compared to control 

rat muscles but will be up-regulated with RT and dietary cholesterol. 
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Methods 

Animals and Operant Conditioning 

Thirty-six male Sprague Dawley rats (6-7 months old) were purchased from 

Harlan Laboratories (Houston, TX).  Upon arriving, animals were housed in separate 

cages within a temperature controlled 12h light-12h dark cycle room.  Following at least 

7 days of acclimation, all rats were operant conditioned to depress an illuminated switch 

located above the animals to turn off the light.  The movement necessary to achieve this 

resembles that of a jump squat.  To facilitate this learning process, negative 

reinforcement through the use of a brief foot shock (1 mA, 60 Hz) was employed to 

encourage the rat to locate, jump and turn off the light switch.  For the 1
st
 3 sessions, the 

rat was trained to depress the light switch or get close to it for 50 repetitions.  On the 4
th

 

session, a weighted leather and Velcro vest was attached to the rat’s trunk, and the rat 

then completed 50 repetitions.   

After operant conditioning and a baseline DEXA scan, rats were randomized by 

body mass to one of the following groups:  cage control (CC, n = 6), cage control + 

cholesterol (CC+CL, n = 6), hindlimb unloading (HU, n = 6), hindlimb unloading + 

cholesterol (HU+CL, n = 6), hindlimb unloading + resistance training (HURT, n = 6), or 

hindlimb unloading + resistance training + cholesterol (HURT+CL, n = 6).  All 

experimental procedures were approved by the Institutional Animal Care and Use 

Committee at Texas A&M University. 
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Hindlimb Unloading (HU) 

Animals in the HU groups underwent 28 days of tail suspension (90).  Following 

anesthesia with Ketamine (50 mg/kg) and Dexmedetomidine (0.5 mg/kg), the rat’s tail 

was cleaned with soap and a brush and then dried with a paper towel.  Acetone was 

applied to the tail with a gauze and dried with a hair dryer.  Cramer Q.D.A. tape adherent 

(Gardner, KS) was sprayed on the tail and also dried with the hair dryer.  A harness 

constructed of cloth tape, a paper clip, a bobby pin, and staples was trimmed to the width 

of the tail, and Marine Goop (Pineville, LA) was applied to the harness.  The harness 

with glue was then attached to the sides of the rat’s tail and Durapore tape was added 

along the length of the harness to provide additional support.  The glue was allowed to 

dry for ~1h before the harness was attached to a pulley on a cable located along the top 

center region of a HU cage.  The attachment height was adjusted (approximately 30° 

head-down tilt) to ensure that the hindlimbs did not reach the bottom or sides of the cage 

while permitting the animal to ambulate freely throughout the rest of the cage on its 

forelimbs.   

Resistance Training (RT) 

Rats in the RT groups participated in a progressive resistance training program (3 

days per week for 4 weeks) consisting of the same exercise from operant conditioning.  

During the 1
st
 week of training, the rats wore the same leather and Velcro vest from 

operant conditioning and performed 2 sets of 25 repetitions, with 1-2 min of rest 

between sets.  The animals then performed the same number of sets and repetitions but 

the rest period was increased to 3 min and weight was added to the vest such that the 
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resistance was ~0.2 g, ~0.3 g, and ~0.4 g/g of body mass for weeks 2, 3, and 4, 

respectively. 

Food 

Both laboratory rodent diets were purchased from Lab Supply (Fort Worth, TX).  

All rats were fed ad libitum a diet (Laboratory Rodent Diet 5001) that consisted of 

48.7% nitrogen-free extract, 23.9% protein, 10.7% fat, 7% ash, 5.1% fiber and vitamins.  

The CL groups consumed a similar diet but total cholesterol content was increased to 

2000 ppm (normal diet = 200 ppm). 

Dual Energy X-ray Absorptiometry (DEXA) 

At baseline, day 14, and day 26 of the study, DEXA (GE Lunar Prodigy) scans 

using a special program designed for rats were taken after the rats were anesthetized as 

previously described.  The same investigator completed all the body composition 

analyses to ensure experimental consistency. 

Deuterium Oxide for Protein Synthesis 

On the final day of exercise (day 27), 99.8% 
2
H2O (Cambridge Isotope 

Laboratories, Andover, MA) was injected intraperitoneally (20 μl/g body mass) 24h 

before euthanization and 8h before RE.  Additionally, animals were allowed free access 

to drinking water containing 4% 
2
H2O up until tissue harvest. 

Tissue Harvest  

Sixteen hours after RE, rats were anesthetized as previously described, and blood 

was obtained through a cardiac puncture and separated by centrifugation.  The resulting 

plasma was saved and immediately frozen for future analysis. Soleus and gastrocnemius 
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muscles as well as liver were then harvested, weighed, and immediately frozen in liquid 

nitrogen for later analyses (7).  Adrenal glands were also excised and weighed to assess 

stress responses to the HU and RT protocols. 

Fractional Synthesis Rates (FSR) 

Plasma samples and standards were analyzed as described previously (39).  

Briefly, 20 μl of plasma sample/standard was mixed with 10N NaOH and 5% acetone in 

acetonitrile (vol/vol).  After 24h, each sample/standard was mixed with Na2SO4 and 

chloroform.  The sample/standard was then analyzed on a GC-MS [Agilent 5975 MSD 

furnished with an Agilent 7890 GC System].  All samples were run in triplicate. 

For mixed muscle FSR, ~30 mg of soleus and gastrocnemius samples were 

mixed with 10% TCA and homogenized.  For myofibrillar FSR, the myofibrillar pellets 

from the Western Blotting preparations were mixed with 10% TCA and homogenized.  

The homogenates for both analyses were centrifuged and the resulting supernate was 

discarded.  A sequence of steps involving the addition of 10% TCA, centrifugation, and 

removal of supernate was repeated 2 additional times.  The pellet was mixed with 6N 

HCl and incubated for 24h at 100ºC.  Fifty μl of sample/standard was heated at 100ºC 

and mixed with 3:2:1 methyl-8, methanol and acetonitrile.  The mixtures were heated for 

1h at 70ºC before GC-MS analysis. 

The following equation was utilized to assess FSR: 

 

EA · [EBW  3.7  t]
-1

  100 
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Where EA represents the amount of 
2
H-labeled alanine in protein (mole % excess), EBW 

signifies the quantity of 
2
H2O found in body water (mole % excess), and t indicates time 

in hours (39). 

Western Blotting   

Following pulverization, approximately 0.030 g of soleus, 0.060 g of 

gastrocnemius, and 0.040 g of liver from each animal was placed in individual vials and 

mixed with 10% Triton X100 and a kinase buffer [25 mM HEPES, 5 mM ß-

Glycerophosphate, 200 µM ATP, 25 mM Benzamidine, 2 mM PMSF in DMSO, 4 mM 

EDTA, 10 mM MgCl2, 0.5% (v/v) Protease Inhibitor (Sigma-Aldrich, St. Louis, MO)].  

This mixture was homogenized and allowed to settle on ice for at least 1h.  The samples 

were centrifuged (14,000 rpm, 30 min, 4C) and the resulting supernates containing 

cytosolic and membrane-bound proteins were retained for analysis.  Ten microliters of 

sample was removed from the supernates to determine protein concentration by the 

bicinchoninic acid method (86).  Eighty µg of protein for each sample was separated by 

SDS-PAGE on an 8% gel for 101-120 minutes at 30 mA and transferred to nitrocellulose 

membranes through a 3 step wet transfer method (1.3 mA/cm
2
 for 1h, 3.8 mA/cm

2
 for 

14h, 7.5 mA/cm
2
 for 1h).  The membranes were blocked in 5% non-fat milk in TBS 

(blocking buffer) at room temperature for 1h and washed 3 times with TBS for 5 min 

each time.  The membranes were incubated overnight at 4ºC in primary antibodies 

[SREBP-2 (Santa Cruz Biotechnology, Dallas, TX) and LDL-R (Abcam, Cambridge, 

MA)].  The membranes were washed 3 times with TBS for 5 min each time and 

subsequently exposed to secondary antibodies for 1h at room temperature.  Following 
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another 3 replicates of washes with TBS, the protein bands of interest were visualized 

(FluorChem Alpha Innotech) by enhanced chemiluminescence (SuperSignal West Pico 

Chemiluminescent Substrate, Thermo Scientific, Rockford, IL).  The protein bands were 

reported as integrated density values (IDV) that were normalized to the standard used in 

each membrane and to the Ponceau stain (74).  The cage control values were set at 1 

(arbitrary units). 

Statistical Analysis   

All data was analyzed on IBM (SPSS) Statistics 23.  Data are presented as mean 

± standard error (SE).  Two-way analysis of variance (ANOVA) was conducted for 

cholesterol and activity groups. Significance was set at a p-value of < 0.05.  Post hoc 

analysis using the Tukey-Kramer test was utilized to assess significant differences 

among groups. 

 

Results 

Effect of Hindlimb Unloading, Hindlimb Unloading plus Resistance Training, and/or 

Dietary Cholesterol on Body Mass and Composition, Food Intake, and Organ Mass  

 At the start of the study, there were no significant differences among groups in 

body mass (Table 10).  After 28 days of hindlimb unloading, body mass in the HU and 

HURT animals were significantly lower than the CC rats, with no effect from 

cholesterol.  Moreover, change in body mass was significantly different among groups 

with the HU and HURT groups losing mass (CC groups 10.9 ± 4.1 g, HU groups -47.2 ± 

7.0 g, HURT groups -65.5 ± 5.4 g, p < 0.01).  Food intake in the HU animals was 
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significantly higher than the CC rats.  In contrast, the CL groups consumed significantly 

less per day than the No CL animals.  It should be noted that post-study body mass and 

change in body mass failed the Levene’s test of homogeneity of variances and the 

Shapiro-Wilk test of normality. 

 

Table 10. Effect of hindlimb unloading, hindlimb unloading plus resistance training, 

and/or dietary cholesterol on body mass, food intake, and body composition 

Variable  CC HU HURT 

Baseline body mass (g) 

 

No CL 496.1 ± 26.3 497.5 ± 18.9 504.3 ± 12.1 

CL 468.4 ± 25.2 477.6 ± 16.1 483.4 ± 13.9 

Post-study body mass (g) 
No CL 501.6 ± 22.3 444.0 ± 13.7

a
 437.6 ± 10.4

a
 

CL 484.9 ± 25.1 436.7 ± 15.3
a
 419.1 ± 8.7

a
 

Average daily food intake 

(g/day) 

No CL 23.4 ± 1.1 26.1 ± 0.9
a
 25.4 ± 1.1 

CL 22.1 ± 0.7
b
 25.5 ± 0.7

a,b
 22.2 ± 0.5

b
 

Baseline lean mass (g) 
No CL 427.5 ± 22.5 439.7 ± 16.8  438.5 ± 8.6 

CL 412.3 ± 18.3 433.3 ± 16.2 442.8 ± 6.2 

Day 14 lean mass (g) 
No CL 456.2 ± 25.0 414.7 ± 13.3 413.0 ± 6.1 

CL 436.5 ± 18.0 421.8 ± 17.9 408.8 ± 6.5 

Day 26 lean mass (g) 
No CL 450.8 ± 22.4 424.7 ± 15.8 412.5 ± 8.1 

CL 437.3 ± 20.1 428.2 ± 17.5 415.2 ± 8.4 

Baseline fat mass (g) 
No CL 50.8 ± 5.4 52.2 ± 7.5 55.0 ± 4.3 

CL 45.5 ± 7.1
b
 41.8 ± 5.4

b
 38.8 ± 5.0

b
 

Day 14 fat mass (g) 
No CL 50.5 ± 4.9 23.3 ± 5.6

a
 22.7 ± 6.5

a
 

CL 44.8 ± 7.6 19.0 ± 4.5
a
 16.4 ± 1.8

a
 

Day 26 fat mass (g) 
No CL 54.2 ± 6.1 20.5 ± 2.9

a
 19.3 ± 6.2

a
 

CL 48.5 ± 9.6 20.3 ± 1.7
a
 4.8 ± 1.2

a
 

Data are means ± standard error.  CC = Cage control.  HU = Hindlimb unloading.  RT = 

Resistance training.  CL = Cholesterol.  n = 5-6 per group. 
a
 = Significantly different (P < 0.05) from CC groups. 

b
 = Significantly different (P < 0.05) from No CL groups. 

 

 

At the beginning, middle and end of the study, there were no significant 

differences in total lean mass among groups as determined by DEXA (Table 10).  

However, there was a significant difference in total lean mass change, with all three 
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activity groups significantly different from each other (CC groups 24.2 ± 2.5 g, HU 

groups -10.1 ± 5.0 g, HURT groups -26.8 ± 5.1 g, p < 0.01).  At baseline, the No CL 

groups had significantly more body fat than the CL groups.  At day 14 and 26, fat mass 

was significantly lower in the HU and HURT groups than the CC animals, with no effect 

of cholesterol.  Furthermore, there was a significant change in fat mass with the HU and 

HURT rats losing fat (CC groups 3.2 ± 2.6 g, HU groups -26.6 ± 3.9 g, HURT groups -

36.5 ± 4.1 g, p < 0.01).  It should be noted that post-study fat mass and post-study lean 

mass failed the Shapiro-Wilk test of normality while the day 14 lean mass failed the test 

of normality and Levene’s test for homogeneity of variances.  

Gastrocnemius, soleus, and their respective body mass ratios were all 

significantly lower in the HU and HURT animals when compared to the CC rats (Table 

11).  Adrenal mass was significantly lower in the HURT groups than the CC animals, 

but there were no significant differences among any groups for adrenal mass to body 

mass ratio.  It should be noted that soleus, soleus to body mass ratio, gastrocnemius and 

adrenal mass failed the Shapiro-Wilk test of normality while the gastrocnemius to body 

mass ratio failed the Levene’s test for homogeneity of variances. 
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Table 11. Effect of hindlimb unloading, hindlimb unloading plus resistance training, 

and/or dietary cholesterol on muscle and adrenal masses 

Variable  CC HU HURT 

Gastrocnemius (mg) 
No CL 2677.1 ± 132.8 1859.2 ± 39.6

a
 1905.6 ± 58.0

a
 

CL 2609.4 ± 115.4 1764.3 ± 59.0
a
 1759.2 ± 72.3

a
 

Gastrocnemius to BM 

(mg/g) 

No CL 5.33 ± 0.08 4.20 ± 0.09
a
 4.35 ± 0.06

a
 

CL 5.40 ± 0.14 4.08 ± 0.23
a
 4.19 ± 0.12

a
 

Soleus (mg) 
No CL 205.7 ± 17.0 87. 3 ± 5.0

a
 94.4 ± 5.3

a
 

CL 200.0 ± 18.3 86.0 ± 4.5
a
 99.4 ± 2.3

a
 

Soleus to BM (mg/g) 
No CL 0.41 ± 0.02 0.20 ± 0.01

a
 0.22 ± 0.01

a
 

CL 0.41 ± 0.02 0.20 ± 0.01
a
 0.24 ± 0.01

a
 

Adrenal mass (mg) 
No CL 54.5 ± 4.9 45.4 ± 3.3 44.3 ± 2.3

a
 

CL 48.8 ± 5.1 47.7 ± 2.8 40.2 ± 2.5
a
 

Adrenal to BM (mg/g) 
No CL 0.11 ± 0.01 0.10 ± 0.01 0.10 ± 0.01 

CL 0.10 ± 0.01 0.11 ± 0.01 0.10 ± 0.01 

Data are means ± standard error.  CC = Cage control.  HU = Hindlimb unloading.  RT = 

Resistance training.  CL = Cholesterol.  BM = Body mass.  n = 6 per group. 
a
 = Significantly different (P < 0.05) from CC groups. 

 

 

Effect of Hindlimb Unloading, Hindlimb Unloading plus Resistance Training, and/or 

Dietary Cholesterol on Fractional Synthesis Rates 

 Gastrocnemius mixed muscle and myofibrillar FSR were not significantly 

different among activity or cholesterol groups (Figure 12).  Similarly, there were no 

significant differences among activity or cholesterol groups in soleus mixed muscle or 

myofibrillar FSR (Figure 13).  It should be noted that the gastrocnemius mixed muscle 

FSR and soleus myofibrillar FSR did not pass the Shapiro-Wilk test of normality. 

Effect of Hindlimb Unloading, Hindlimb Unloading plus Resistance Training, and/or 

Dietary Cholesterol on SREBP-2 and LDL-R in Skeletal Muscle and Liver 

 Following 28 days of hindlimb unloading, there was no significant difference in 

mature SREBP-2 among groups in gastrocnemius, soleus, or liver (Figures 14, 15, and 
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16, respectively).  Gastrocnemius mature LDL-R (Figure 17) and liver precursor LDL-R 

(Figure 18) was also not significantly different among groups.  Liver mature LDL-R 

was significantly different, with the HU groups higher than the CC animals (Figure 18).  

It should be noted that gastrocnemius mature LDL-R failed the Shapiro-Wilk test of 

normality. 

 

Discussion 

 HU has consistently been reported to induce body mass loss as well as muscle 

loss in hindlimb musculature (37, 38, 46, 54).  One previous study has demonstrated a 

partial mitigation of muscle loss with the use of RT (37).  In this study, we did not 

observe a partial restoration of muscle mass with RT.  The discrepancies between the 

two studies could be attributed to the intensity of the RT.  Unlike that study, which 

utilized flywheel technology to provide variable resistance, we used a progressive RT 

protocol, starting with 0.1 g/g of body mass and increasing the resistance by 0.1 g/g of 

body mass each week.  This amount of resistance may not have been sufficient to elicit 

an anabolic response, which is reflected by the non-significant differences among groups 

in FSR. 
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Figure 12. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on gastrocnemius fractional synthesis rates (FSR).  

(a) Mixed muscle FSR.  (b) Myofibrillar FSR.  Data are means ± standard error (SE).  n 

= 6 per group. 
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Figure 13. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on soleus fractional synthesis rates (FSR).  (a) Mixed 

muscle FSR.  (b) Myofibrillar FSR.  Data are means ± standard error (SE).  n = 6 per 

group. 
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Figure 14. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on mature sterol regulatory element-binding protein-2 

(SREBP-2) in gastrocnemius muscle.  Data are means ± standard error (SE).  n = 6 per 

group. 
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Figure 15. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on mature sterol regulatory element-binding protein-2 

(SREBP-2) in soleus muscle.  Data are means ± standard error (SE).  n = 6 per group. 
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Figure 16. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on mature sterol regulatory element-binding protein-2 

(SREBP-2) in liver.  Data are means ± standard error (SE).  n = 6 per group. 
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Figure 17. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on low-density lipoprotein-receptor (LDL-R) in 

gastrocnemius muscle.  Data are means ± standard error (SE).  n = 2-4 per group. 
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Figure 18. The effect of hindlimb unloading, hindlimb unloading plus resistance 

training, and/or dietary cholesterol on low-density lipoprotein-receptor (LDL-R) in liver.  

(a) Precursor LDL-R.  (b) Mature LDL-R.  Data are means ± standard error (SE).  n = 3-

6 per group.  

* = Significantly different (P < 0.05) from CC groups.  

 



 

75 

 

 

Soleus and gastrocnemius mixed muscle and myofibrillar FSR were not 

significantly different among groups.  In a previous study, soleus muscle rates of protein 

synthesis were lower in HU rats while rats performing RT had rates comparable to cage 

control rats (37).  The difference between the studies may be due to the type of RT.  

Fluckey (2002) used flywheel technology, which permits the animals to exert maximal 

effort during each repetition (5).  This maximal effort from the flywheel may be 

necessary to increase FSR and consequently muscle mass. 

Dietary cholesterol did not play a role in mitigating muscle loss or enhance rates 

of protein synthesis as the HU + CL and HURT + CL groups had similar muscle masses 

to the HU and HURT groups that did not consume additional cholesterol.  This result 

may be attributed to the CL groups consuming significantly less food per day than the 

normal chow animals.  Without sufficient food intake, these rats would not be provided 

with sufficient calories to maintain body mass as well as enough cholesterol to repair the 

muscle following RT.  Another related concern may be a diminished uptake of 

cholesterol, as well as other molecules, by unloaded muscle.  However, cholesterol 

uptake in unweighted muscle may not be impaired as one study reported muscle glucose 

uptake, as measured through hindlimb perfusion, is actually enhanced with unloading 

(89). 

After 28 days of unloading, there were no significant differences among groups 

for mature SREBP-2 in the gastrocnemius and soleus or mature LDL-R in the 

gastrocnemius.  Although the p-value (p = 0.09) did not reach significance, there appears 

to be a trend in the gastrocnemius with the HU animals showing lower mature SREBP-2.  
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This result for HU rats was similar to the results that we observed in a previous study 

with animals suspended for 28 days (Chapter III).  Since unweighted skeletal muscle is 

reduced in size, there might not be a need for additional cholesterol and consequently 

more SREBP-2.  However, RT creates an environment where extra cholesterol may be 

required for the repair of muscle plasma membrane and consequently growth (70).  This 

effect may be more important in predominantly fast twitch muscles (gastrocnemius 

muscle) than in predominantly slow twitch muscles (soleus) that are less responsive to 

RT (6).  Since sterol synthesis is relatively low in rat skeletal muscle, the higher SREBP-

2 may lead to the greater cholesterol through uptake from the circulation (87).  Our data 

indicate that mature LDL-R in the gastrocnemius was not significantly different among 

groups.  

Another paradigm that has demonstrated phenotypically similar muscle atrophy 

is aging (49).  In one study, older rats demonstrated significantly less mature LDL-R in 

the gastrocnemius muscle than younger animals (76).  The discrepancy between the two 

studies may be due to this study being limited by the small sample for the 6 groups.  

Collectively, these results suggest a role for cholesterol in skeletal muscle homeostasis 

that requires further elucidation.     

In the liver, mature SREBP-2 and precursor LDL-R was not significantly 

different among groups but mature LDL-R was different, with HU animals showing 

higher LDL-R protein expression than the control and HU rats performing RT.  Our 

results on liver mature SREBP-2 differ in contrast to a previous study (97).  That study 

reported a significant difference between groups, with the HU group expressing a higher 
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amount of mature SREBP-2 than the control group (97).  The discrepancy between the 

two studies may be attributed to those authors examining mature SREBP-2 in a nuclear 

fraction while this study explored mature SREBP-2 in a lysate.  The lysate includes 

mature SREBP-2 from both the nucleus and the cytoplasm, which might have diluted the 

higher amount of mature SREBP-2 in the HU rats than the control and HU rats 

performing RT.  Vecchini’s (2003) result for greater hepatic mature SREBP-2 suggests 

that unloading promotes an upregulation in cholesterol metabolism in the liver.  Since 

that study showed greater hepatic cholesterol synthesis in unloaded rats than control 

animals and hepatic cholesterol concentration did not change significantly, cholesterol 

uptake may be decreased (97).  In contrast, we observed higher mature LDL-R in the 

unloaded animals than the cage controls.  Since Vecchini (2003) did not measure LDL-R 

but only SREBP-2 protein expression, future studies should further examine these 

proteins concurrently with hepatic and blood cholesterol content. 

In summary, following 28 days of unloading, HU and HURT rats had 

significantly lower body and muscle masses than control animals.  Furthermore, mature 

SREBP-2 in the gastrocnemius and mature LDL-R in the liver had contrasting effects 

with HU.  However, gastrocnemius and soleus mixed muscle and myofibrillar FSR were 

not different among groups.  Collectively, these results provide some evidence for the 

role of cholesterol metabolism in determining skeletal muscle homeostasis. 
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CHAPTER VI 

CONCLUSIONS 

 

Overall Conclusions 

 Cholesterol’s role in cardiovascular disease is undisputed but what is largely 

forgotten is this sterol’s importance in normal physiological homeostasis.  For example, 

all cells with a unit membrane contain cholesterol, steroid hormones that are needed for 

normal daily functions are synthesized from this sterol and the digestion of fats requires 

bile acids, which are derived from cholesterol.  These experiments were conducted to 

examine the role of cholesterol metabolism on skeletal muscle homeostasis.  Based on 

our results, we can conclude that cholesterol metabolism is linked to skeletal muscle 

homeostasis in a variety of conditions. 

Muscle and Lean Mass 

 Skeletal muscle loss poses a serious problem for older adults as well as 

individuals experiencing disuse (astronauts) (60, 78, 88, 92).  Resistance training has 

been reported to be effective for the former, but not completely for the latter (19, 20, 22, 

41).  The effect of dietary cholesterol with resistance training on lean muscle mass gains 

has been equivocal (51, 69).  In Chapters IV and V, we observed that the addition of 

dietary cholesterol with resistance training was not able to restore muscle mass that was 

lost due to unloading or promote muscle gains in normal ambulatory rats.  However, 

animals performing exercise (Chapter IV) or fed the high cholesterol diet (Chapter V) 

consumed less food, which may prevent a benefit from the cholesterol from being 
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observed.  Future studies should consider developing a method that ensures adequate 

food intake for the unloaded animals. 

Muscle Protein Synthesis 

 Resistance exercise has been reported to increase muscle protein synthesis (66).  

In Chapter IV, we observed a significantly greater fractional synthesis rate in the 

plantaris of rats performing resistance training than cage controls and rats performing 

exercise without additional resistance.  Moreover, groups that consumed the high 

cholesterol diet had higher plantaris fractional synthesis rate than normal cholesterol 

consuming rats.  These results suggest that cholesterol does influence protein synthesis 

rates following resistance training, especially in the predominantly fast twitch plantaris 

muscle.  In Chapter V, this result was not observed as gastrocnemius and soleus mixed 

muscle and myofibrillar fractional synthesis rates were not different among groups.  This 

discrepancy in fractional synthesis rates could be due to the unloaded animals that 

performed resistance training not consuming enough rodent chow, preventing those 

animals from receiving the benefits of the additional cholesterol. 

Proteins Involved in Cholesterol Metabolism 

 SREBP-2 is the master regulator of cellular cholesterol homeostasis.  The 

production of mature SREBP-2 leads to the upregulation of cholesterol biosynthetic 

enzymes and LDL-R (17).  In Chapters III-V, we observed trends toward significance in 

mature SREBP-2 in the gastrocnemius and quadriceps femoris muscles.  Gastrocnemius 

mature SREBP-2 was lower in the hindlimb unloaded animals than cage control rats 

while quadriceps femoris mature SREBP-2 was higher in groups performing resistance 
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training than in cage control animals.  These trends support our initial hypothesis 

involving SREBP-2 and its response to the extreme conditions tested in these studies.  

The greater or lesser mature SREBP-2 in each condition should consequentially 

upregulate or downregulate, respectively, the LDL-R.  We did not observe any 

significant difference among groups in precursor and mature LDL-R in select muscles.  

We did notice that liver mature LDL-R was significantly higher in the hindlimb 

unloaded animals than the cage control rats.  Despite greater LDL-R protein content, 

plasma cholesterol has been reported to be significantly higher in unloaded rats (97).  

The higher LDL-R reported here might not necessarily be fully functional, contributing 

to the higher plasma cholesterol.  Future studies should assess the LDL-R protein 

content as well as LDL-R activity in the liver to elucidate the effects of unloading. 

 

Final Thoughts 

Through the work completed in this dissertation, the important physiological role 

of cholesterol was being studied in the context of activity levels and cholesterol 

consumption.  The consumption of dietary cholesterol, once thought to contradict a 

healthy lifestyle, is complicated by important considerations such as if individuals are 

engaging in exercise, specifically resistance training.  Future studies that attempt to 

resolve these complex roles of cholesterol on health and disease should provide a more 

lucid understanding of the importance of this sterol, particularly in the context of skeletal 

muscle in a variety of activity levels.



 

81 

 

 

REFERENCES 

 

1. Abe T, Kojima K, Kearns CF, Yohena H, and Fukuda J.  Whole body muscle 

hypertrophy from resistance training: distribution and total mass.  Br J Sports 

Med 37: 543-545, 2003. 

2. Adams GR, Caiozzo VJ, and Baldwin KM. Skeletal muscle unweighting: 

spaceflight and ground-based models. J Appl Physiol 95: 2185-2201, 2003.  

3. Akima H, Hotta N, Sato K, Ishida K, Koike T, and Katayama K. Cycle 

ergometer exercise to counteract muscle atrophy during unilateral lower limb 

suspension. Aviat Space Environ Med 80: 652-656, 2009.  

4. Alkner BA and Tesch PA. Efficacy of a gravity-independent resistance exercise 

device as a countermeasure to muscle atrophy during 29-day bed rest. Acta 

Physiol Scand 181: 345-357, 2004.  

5. Alkner BA and Tesch PA. Knee extensor and plantar flexor muscle size and 

function following 90 days of bed rest with or without resistance exercise. Eur J 

Appl Physiol 93: 294-305, 2004.  

6. Anderson JL and Aagaard P.  Effects of strength training on muscle fiber types 

and size; consequences for athletes training for high-intensity sport.  Scand J 

Med Sci Sports 20: 32-38, 2010. 

7. Armstrong RB and Phelps RO.  Muscle fiber type composition of the rat 

hindlimb.  Am J Anat 171: 259-272, 1984. 



 

82 

 

 

8. Baldwin KM, Haddad F, Pandorf CE, Roy RR, and Edgerton VR.   

Alterations in muscle mass and contractile phenotype in response to unloading 

models: role of transcriptional/pretranslational mechanisms.  Front Physiol  4:  

284, 2013. 

9. Belavy DL, Miokovic T, Armbrecht G, Richardson CA, Rittweger J, and 

Felsenberg D. Differential atrophy of the lower-limb musculature during 

prolonged bed-rest. Eur J Appl Physiol 107: 489-499, 2009.  

10. Berg HE, Dudley GA, Haggmark T, Ohlsen H, and Tesch PA. Effects of 

lower limb unloading on skeletal muscle mass and function in humans. J Appl 

Physiol 70: 1882-1885, 1991.  

11. Berg HE, Larsson L, and Tesch PA. Lower limb skeletal muscle function after 

6 wk of bed rest. J Appl Physiol 82: 182-188, 1997.  

12. Berg HE and Tesch PA. Force and power characteristics of a resistive exercise 

device for use in space.  Acta Astronaut 42: 219-230, 1998.  

13. Bloch K. The biological synthesis of cholesterol.  Science150: 19-28, 1965. 

14. Bolster DR, Jefferson LS, and Kimball SR. Regulation of protein synthesis 

associated with skeletal muscle hypertrophy by insulin-, amino acid- and 

exercise-induced signalling.  Proc Nutr Soc 63: 351-356, 2004.  

15. Bommer GT and MacDougald OA.  Regulation of lipid homeostasis by the 

bifunctional SREBF2-miR33a locus.  Cell Metab 13:  241-247, 2011. 

16. Brooks N, Cloutier GJ, Cadena SM, Layne JE, Nelsen CA, Freed AM, 

Roubenoff R, and Castaneda-Sceppa C. Resistance training and timed 



 

83 

 

 

essential amino acids protect against the loss of muscle mass and strength during 

28 days of bed rest and energy deficit. J Appl Physiol 105: 241-248, 2008.  

17. Brown MS and Goldstein JL. Cholesterol feedback: from Schoenheimer's 

bottle to Scap's MELADL. J Lipid Res 50 Suppl: S15-S27, 2009.  

18. Carrithers JA, Tesch PA, Trieschmann J, Ekberg A, and Trappe TA. 

Skeletal muscle protein composition following 5 weeks of ULLS and resistance 

exercise countermeasures. J Gravit Physiol 9: P155-P156, 2002.  

19. Conceição MS1, Bonganha V, Vechin FC, Berton RP, Lixandrão ME, 

Nogueira FR, de Souza GV, Chacon-Mikahil MP, and Libardi CA. Sixteen 

weeks of resistance training can decrease the risk of metabolic syndrome in 

healthy postmenopausal women.  Clin Interv Aging 8:  1221-1228, 2013. 

20. Correa CS, Baroni BM, Radaelli R, Lanferdini FJ, Cunha Gdos S, 

Reischak-Oliveira Á, Vaz MA, and Pinto RS.  Effects of strength training and 

detraining on knee extensor strength, muscle volume and muscle quality in 

elderly women.  Age(Dordr) 35:  1899-1904, 2013. 

21. D'Antona G, Lanfranconi F, Pellegrino MA, Brocca L, Adami R, Rossi R, 

Moro G, Miotti D, Canepari M, and Bottinelli R.  Skeletal muscle 

hypertrophy and structure and function of skeletal muscle fibres in male body 

builders.  J Physiol 570: 611-627, 2006. 

22. Delshad M, Ghanbarian A, Mehrabi Y, Sarvghadi F, and Ebrahim K.  Effect 

of Strength Training and Short-term Detraining on Muscle Mass in Women Aged 

Over 50 Years Old.  Int J Prev Med  4:  1386-1394, 2013. 



 

84 

 

 

23. Dong XY, Tang SQ, and Chen JD.  Dual functions of Insig proteins in 

cholesterol homeostasis.  Lipids Health Dis 11: 173, 2012. 

24. Du X, Kristiana I, Wong J, and Brown AJ. Involvement of Akt in ER-to-Golgi 

transport of SCAP/SREBP: a link between a key cell proliferative pathway and 

membrane synthesis. Mol Biol Cell 17: 2735-2745, 2006.  

25. Dufner DA, Bederman IR, Brunengraber DZ, Rachdaoui N, Ismail-Beigi F, 

Siegfried BA, Kimball SR, and Previs SF.  Using 2H2O to study the influence 

of feeding on protein synthesis: effect of isotope equilibration in vivo vs. in cell 

culture.    Am J Physiol Endocrinol Metab  288: E1277-E1283, 2005. 

26. Dupont-Versteegden EE, Fluckey JD, Knox M, Gaddy D, and Peterson CA. 

Effect of flywheel-based resistance exercise on processes contributing to muscle 

atrophy during unloading in adult rats. J Appl Physiol 101: 202-212, 2006.  

27. Eberle D, Hegarty B, Bossard P, Ferre P, and Foufelle F. SREBP 

transcription factors: master regulators of lipid homeostasis. Biochimie 86: 839-

848, 2004.  

28. Edgerton VR, Smith JL, and Simpson DR.  Muscle fibre type populations of 

human leg muscles.  Histochem J 7: 259-266, 1975. 

29. Edwards PA, Tabor D, Kast HR, and Venkateswaran A. Regulation of gene 

expression by SREBP and SCAP. Biochim Biophys Acta 1529: 103-113, 2000.  

30. Espenshade PJ and Hughes AL. Regulation of sterol synthesis in eukaryotes. 

Annu Rev Genet. 41: 401-427, 2007.  



 

85 

 

 

31. Farrell PA, Fedele MJ, Hernandez J, Fluckey JD, Miller JL 3rd, Lang CH, 

Vary TC, Kimball SR, and Jefferson LS.  Hypertrophy of skeletal muscle in 

diabetic rats in response to chronic resistance exercise.  J Appl Physiol  87:  

1075-1082, 1999. 

32. Fiatarone MA, O'Neill EF, Ryan ND, Clements KM, Solares GR, Nelson 

ME, Roberts SB, Kehayias JJ, Lipsitz LA, and Evans WJ. Exercise training 

and nutritional supplementation for physical frailty in very elderly people. N 

Engl J Med 330: 1769-1775, 1994.  

33. Fitts RH, Riley DR, and Widrick JJ.  Functional and structural adaptations of 

skeletal muscle to microgravity. J Exp Biol  204:  3201-3208, 2001. 

34. Fitts RH, Riley DR, and Widrick JJ.  Physiology of a microgravity 

environment invited review: microgravity and skeletal muscle.  J Appl Physiol 

89: 823-839, 2000. 

35. Flakoll P, Sharp R, Baier S, Levenhagen D, Carr C, and Nissen S.  Effect of 

β-hydroxy-β-methylbutyrate, arginine, and lysine supplementation on strength, 

functionality, body composition, and protein metabolism in elderly women.  

Nutrition 20: 445-451, 2004. 

36. Fluckey JD, Dupont-Versteegden EE, Knox M, Gaddy D, Tesch PA, and 

Peterson CA. Insulin facilitation of muscle protein synthesis following 

resistance exercise in hindlimb-suspended rats is independent of a rapamycin-

sensitive pathway. Am J Physiol Endocrinol Metab 287:  E1070-E1075, 2004. 



 

86 

 

 

37. Fluckey JD, Dupont-Versteegden EE, Montague DC, Knox M, Tesch P, 

Peterson CA, and Gaddy-Kurten D. A rat resistance exercise regimen 

attenuates losses of musculoskeletal mass during hindlimb suspension. Acta 

Physiol Scand 176: 293-300, 2002.  

38. Fujino H, Ishihara A, Murakami S, Yasuhara T, Kondo H, Mohri S, Takeda 

I, and Roy RR.  Protective effects of exercise preconditioning on hindlimb 

unloading-induced atrophy of rat soleus muscle.  Acta Physiol (Oxf) 197: 65-74, 

2009. 

39. Gasier HG, Riechman SE, Wiggs MP, Previs SF, and Fluckey JD.  A 

comparison of 2H2O and phenylalanine flooding dose to investigate muscle 

protein synthesis with acute exercise in rats.  Am J Physiol Endocrinol Metab 

297: E252-E259, 2009. 

40. Glass DJ. Skeletal muscle hypertrophy and atrophy signaling pathways. Int J 

Biochem Cell Biol 37: 1974-1984, 2005.  

41. Gopalakrishnan R, Genc KO, Rice AJ, Lee SM, Evans HJ, Maender CC, 

Ilaslan H, and Cavanagh PR. Muscle volume, strength, endurance, and exercise 

loads during 6-month missions in space. Aviat Space Environ Med 81: 91-102, 

2010.  

42. Griffin JD and Lichtenstein AH.  Dietary Cholesterol and Plasma Lipoprotein 

Profiles: Randomized-Controlled Trials.  Curr Nutr Rep 2:  274-282, 2013. 

43. Grundy SM. Cholesterol metabolism in man. West J Med 128: 13-25, 1978.  



 

87 

 

 

44. Gurr MI, Harwood JL, and Frayn KN.  In: Lipid biochemistry. An 

Introduction. Malden, MA: Blackwell Science, 2002, p 291. 

45. Hackney KJ and Ploutz-Snyder LL.  Unilateral lower limb suspension: 

integrative physiological knowledge from the past 20 years (1991-2011).  Eur J 

Appl Physiol  112:  9-22, 2012. 

46. Haddad F, Adams GR, Bodell PW, and Baldwin KM.  Isometric resistance 

exercise fails to counteract skeletal muscle atrophy processes during the initial 

stages of unloading.  J Appl Physiol  100:  433-441, 2006. 

47. Holm L, Olesen JL, Matsumoto K, Doi T, Mizuno M, Alsted TJ, Mackey 

AL, Schwarz P, and Kjær M.  Protein-containing nutrient supplementation 

following strength training enhances the effect on muscle mass, strength, and 

bone formation in postmenopausal women.  J Appl Physiol 105: 274–281, 2008. 

48. Horton JD, Goldstein JL, and Brown MS.  SREBPs: activators of the complete 

program of cholesterol and fatty acid synthesis in the liver.  J Clin Invest 109: 

1125-1131, 2002. 

49. Hunter GR, McCarthy JP, and Bamman MM.  Effects of resistance training 

on older adults.  Sports Med 34:  329-348, 2004. 

50. Hurst JE and Fitts RH. Hindlimb unloading-induced muscle atrophy and loss 

of function: protective effect of isometric exercise. J Appl Physiol 95: 1405-

1417, 2003. 

51. Iglay HB, Apolzan JW, Gerrard DE, Eash JK, Anderson JC, and Campbell 

WW. Moderately increased protein intake predominately from egg sources does 



 

88 

 

 

not influence whole body, regional, or muscle composition responses to 

resistance training in older people. J Nutr Health Aging 13: 108-114, 2009.  

52. Ikonen E.  Cellular cholesterol trafficking and compartmentalization.  Nat Rev 

Mol Cell Biol 9: 125-138, 2008. 

53. Kandutsch AA and Russell AE.  Preputial gland tumor sterols. 3. A metabolic 

pathway from lanosterol to cholesterol.  J Biol Chem 235: 2256-2261, 1960. 

54. Knox M, Fluckey JD, Bennett P, Peterson CA, and Dupont-Versteegden EE. 

Hindlimb unloading in adult rats using an alternative tail harness design. Aviat 

Space Environ Med 75: 692-696, 2004.  

55. Kotzka J, Muller-Wieland D, Roth G, Kremer L, Munck M, Schurmann S, 

Knebel B, and Krone W. Sterol regulatory element binding proteins (SREBP)-

1a and SREBP-2 are linked to the MAP-kinase cascade. J Lipid Res 41: 99-108, 

2000.  

56. LeBlanc A, Lin C, Shackelford L, Sinitsyn V, Evans H, Belichenko O, 

Schenkman B, Kozlovskaya I, Oganov V, Bakulin A, Hedrick T, and 

Feeback D. Muscle volume, MRI relaxation times (T2), and body composition 

after spaceflight. J Appl Physiol 89: 2158-2164, 2000.  

57. LeBlanc A, Rowe R, Schneider V, Evans H, and Hedrick T.  Regional muscle 

loss after short duration spaceflight. Aviat Space Environ Med 66: 1151-1154, 

1995. 



 

89 

 

 

58. Luu W, Sharpe LJ, Stevenson J, and Brown AJ.  Akt acutely activates the 

cholesterogenic transcription factor SREBP-2.  Biochim Biophys Acta 1823: 458-

464, 2012. 

59. Mahoney DJ, Safdar A, Parise G, Melov S, Fu M, MacNeil L, Kaczor J, 

Payne ET, and Tarnopolsky MA. Gene expression profiling in human skeletal 

muscle during recovery from eccentric exercise. Am J Physiol Regul Integr 

Comp Physiol 294: R1901-R1910, 2008.  

60. Miljkovic N, Lim JY, Miljkovic I, and Frontera WR.  Aging of skeletal 

muscle fibers.  Ann Rehabil Med 39:  155-162, 2015. 

61. Moore DR, Atherton PJ, Rennie MJ, Tarnopolsky MA, and Phillips SM. 

Resistance exercise enhances mTOR and MAPK signalling in human muscle 

over that seen at rest after bolus protein ingestion. Acta Physiol  (Oxf) 201: 365-

372, 2011.  

62. Morey-Holton ER and Globus RK. Hindlimb unloading rodent model: 

technical aspects. J Appl Physiol 92: 1367-1377, 2002.  

63. Nader GA, von Walden F, Liu C, Lindvall J, Gutmann L, Pistilli EE, and 

Gordon PM.  Resistance exercise training modulates acute gene expression 

during human skeletal muscle hypertrophy.  J Appl Physiol 116:  693-702, 2014. 

64. Nikolaidis MG, Paschalis V, Giakas G, Fatouros IG, Sakellariou GK, 

Theodorou AA, Koutedakis Y, and Jamurtas AZ. Favorable and prolonged 

changes in blood lipid profile after muscle-damaging exercise. Med Sci Sports 

Exerc 40: 1483-1489, 2008.  



 

90 

 

 

65. Paddon-Jones D, Sheffield-Moore M, Urban RJ, Sanford AP, Aarsland A, 

Wolfe RR, and Ferrando AA. Essential amino acid and carbohydrate 

supplementation ameliorates muscle protein loss in humans during 28 days 

bedrest. J ClinEndocrinol Metab 89: 4351-4358, 2004.  

66. Phillips SM, Tipton KD, Aarsland A, Wolf SE, and Wolfe RR. Mixed muscle 

protein synthesis and breakdown after resistance exercise in humans. Am J 

Physiol 273: E99-E107, 1997.  

67. Rasmussen BB, Tipton KD, Miller SL, Wolf SE, and Wolfe RR.  An oral 

essential amino acid-carbohydrate supplement enhances muscle protein 

anabolism after resistance exercise.  J Appl Physiol 88: 386-392, 2000. 

68. Reid MB. Response of the ubiquitin-proteasome pathway to changes in muscle 

activity. Am J Physiol Regul Integr Comp Physiol 288: R1423-R1431, 2005.  

69. Riechman SE, Andrews RD, Maclean DA, and Sheather S. Statins and dietary 

and serum cholesterol are associated with increased lean mass following 

resistance training. J Gerontol A Biol Sci Med Sci 62: 1164-1171, 2007.  

70. Riechman SE, Lee CW, Chikani G, Chen VC, and Lee TV. Cholesterol and 

skeletal muscle health. World Rev Nutr Diet 100: 71-79, 2009.  

71. Riley DA. Review of primary spaceflight-induced and secondary reloading-

induced changes in slow antigravity muscles of rats. Adv Space Res 21: 1073-

1075, 1998.  



 

91 

 

 

72. Riley DA, Slocum GR, Bain JL, Sedlak FR, Sowa TE, and Mellender JW.  

Rat hindlimb unloading: soleus histochemistry, ultrastructure, and 

electromyography. J Appl Physiol 69:  58-66, 1990. 

73. Roach PD, Balasubramaniam S, Hirata F, Abbey M, Szanto A, Simons LA, 

and Nestel PJ.  The low-density lipoprotein receptor and cholesterol synthesis 

are affected differently by dietary cholesterol in the rat.  Biochim Biophys Acta  

1170:  165-172, 1993. 

74. Romero-Calvo I, Ocón B, Martínez-Moya P, Suárez MD, Zarzuelo A, 

Martínez-Augustin O, and de Medina FS.  Reversible Ponceau staining as a 

loading control alternative to actin in Western blots.  Anal Biochem 401:  318-

320, 2010. 

75. Sato R.  Sterol metabolism and SREBP activation.  Arch Biochem Biophys 501: 

177-181, 2010. 

76. Segatto M, Trapani L, Marino M, and Pallottini V.  Age- and sex-related 

differences in extra-hepatic low-density lipoprotein receptor.  J Cell Physiol  

226: 2610-2616, 2011. 

77. Seynnes OR, Maganaris CN, de Boer MD, di Prampero PE, and Narici MV.  

Early structural adaptations to unloading in the human calf muscles.  Acta 

Physiol (Oxf)  193: 265-274, 2008. 

78. Shackelford LC1, LeBlanc AD, Driscoll TB, Evans HJ, Rianon NJ, Smith 

SM, Spector E, Feeback DL, and Lai D.  Resistance exercise as a 

countermeasure to disuse-induced bone loss.  J Appl Physiol  97:  119-129, 2004. 



 

92 

 

 

79. Shahbazpour N, Carroll TJ, Riek S, and Carson RG. Early alterations in 

serum creatine kinase and total cholesterol following high intensity eccentric 

muscle actions. J Sports Med Phys Fitness 44: 193-199, 2004. 

80. Shao W and Espenshade PJ.  Expanding roles for SREBP in metabolism.  

CellMetab  16: 414-419, 2012. 

81. Sharpe LJ and Brown AJ.  Controlling cholesterol synthesis beyond 3-

hydroxy-3-methylglutaryl-CoA reductase (HMGCR). J Biol Chem 288: 18707-

18715, 2013. 

82. Shimano H.  Sterol regulatory element-binding proteins (SREBPs): 

transcriptional regulators of lipid synthetic genes. Prog Lipid Res 40: 439-452, 

2001. 

83. Simons K and Toomre D. Lipid rafts and signal transduction. Nat Rev Mol Cell 

Biol 1: 31-39, 2000. 

84. Simons K and Ikonen E. How cells handle cholesterol. Science 290: 1721-1726, 

2000.  

85. Smith LL, Fulmer MG, Holbert D, McCammon MR, Houmard JA, Frazer 

DD, Nsien E, and Israel RG. The impact of a repeated bout of eccentric 

exercise on muscular strength, muscle soreness and creatine kinase. Br J Sports 

Med 28: 267-271, 1994. 

86. Smith PK, Krohn RI, Hermanson GT, Mallia AK, Gartner FH, Provenzano 

MD, Fujimoto EK, Goeke NM, Olson BJ, and Klenk DC.  Measurement of 

protein using bicinchoninic acid. Anal Biochem 150: 76-85, 1985. 



 

93 

 

 

87. Spady DK and Dietschy JM.  Sterol synthesis in vivo in 18 tissues of the 

squirrel monkey, guinea pig, rabbit, hamster, and rat.  J Lipid Res  24:  303-315, 

1983. 

88. Stein TP and Wade CE.  Metabolic consequences of muscle disuse atrophy.  J 

Nutr  135:  1824S-1828S, 2005. 

89. Stump CS, Woodman CR, Fregosi RF, and Tipton CM.  Muscle glucose 

uptake in the rat after suspension with single hindlimb weight bearing.  J Appl 

Physiol  74:  2072-2078, 1993. 

90. Swift JM, Swift SN, Allen MR, and Bloomfield SA.  Beta-1 adrenergic agonist 

treatment mitigates negative changes in cancellous bone microarchitecture and 

inhibits osteocyte apoptosis during disuse.  PLoS One  9: e106904, 2014. 

91. Tabata I, Suzuki Y, Fukunaga T, Yokozeki T, Akima H, and Funato K. 

Resistance training affects GLUT-4 content in skeletal muscle of humans after 19 

days of head-down bed rest. J Appl Physiol 86: 909-914, 1999.  

92. Tesch PA, Trieschmann JT, and Ekberg A.  Hypertrophy of chronically 

unloaded muscle subjected to resistance exercise.  J Appl Physiol  96:  1451-

1458, 2004. 

93. Tipton KD and Ferrando AA. Improving muscle mass: response of muscle 

metabolism to exercise, nutrition and anabolic agents. Essays Biochem 44: 85-98, 

2008.  



 

94 

 

 

94. Trapani L, Segatto M, and Pallottni V.  Regulation and deregulation of 

cholesterol homeostasis: The liver as a metabolic “power station”.  

WorldJHepatol  4: 184-190, 2012. 

95. Trappe TA, Burd NA, Louis ES, Lee GA, and Trappe SW. Influence of 

concurrent exercise or nutrition countermeasures on thigh and calf muscle size 

and function during 60 days of bed rest in women. Acta Physiol (Oxf) 191: 147-

159, 2007.  

96. Trappe S, Costill D, Gallagher P, Creer A, Peters JR, Evans H, Riley DA, 

and Fitts RH. Exercise in space: human skeletal muscle after 6 months aboard 

the International Space Station. J Appl Physiol 106: 1159-1168, 2009. 

97. Vecchini A, Ceccarelli V, Orvietani P, Caligiana P, Susta F, Binaglia L, 

Nocentini G, Riccardi C, and Di Nardo P.  Enhanced expression of hepatic 

lipogenic enzymes in an animal model of sedentariness.  J Lipid Res  44: 696-

704, 2003. 

98. Verdijk LB, Gleeson BG, Jonkers RA, Meijer K, Savelberg HH, Dendale P, 

and van Loon LJ.  Skeletal muscle hypertrophy following resistance training is 

accompanied by a fiber type-specific increase in satellite cell content in elderly 

men.  J Gerontol A Biol Sci Med Sci 64: 332-339, 2009. 

99. Vislocky LM, Pikosky MA, Rubin KH, Vega-López S., Gaine PC, Martin 

WF, Zern, TL, Lofgren IE, Fernandez ML, and Rodriguez NR. Habitual 

consumption of eggs does not alter the beneficial effects of endurance training on 



 

95 

 

 

plasma lipids and lipoprotein metabolism in untrained men and women. J Nutr 

Biochem 20: 26-34, 2009. 

100. Wang BT, Ducker GS, Barczak AJ, Barbeau R, Erle DJ, and Shokat KM. 

The mammalian target of rapamycin regulates cholesterol biosynthetic gene 

expression and exhibits a rapamycin-resistant transcriptional profile. Proc Natl 

Acad Sci U S A 108: 15201-15206, 2011. 

101. Weber LW, Boll M, and Stampfl A.  Maintaining cholesterol homeostasis: 

sterol regulatory element-binding proteins.  World J Gastroenterol 10: 3081-

3087, 2004. 

102. Widegren U, Ryder JW, and Zierath JR. Mitogen-activated protein kinase 

signal transduction in skeletal muscle: effects of exercise and muscle contraction. 

Acta Physiol.Scand. 172: 227-238, 2001.  

103. Widrick JJ, Knuth ST, Norenberg KM, Romatowski JG, Bain JL, Riley DA, 

Karhanek M, Trappe SW, Trappe TA, Costill DL, and Fitts RH. Effect of a 

17 day spaceflight on contractile properties of human soleus muscle fibres. J 

Physiol 516: 915-930, 1999. 

104. Wilcox CB, Feddes GO, Willett-Brozick JE, Hsu LC, DeLoia JA, and Baysal 

BE.  Coordinate up-regulation of TMEM97 and cholesterol biosynthesis genes in 

normal ovarian surface epithelial cells treated with progesterone: implications for 

pathogenesis of ovarian cancer. BMC Cancer  7:  223, 2007. 



 

96 

 

 

105. Yang J, Maika S, Craddock L, King JA, and Liu ZM. Chronic activation of 

AMP-activated protein kinase-alpha1 in liver leads to decreased adiposity in 

mice. Biochem Biophys Res Commun 370: 248-253, 2008.  

106. Zhang LF, Sun B, Cao XS, Liu C, Yu ZB, Zhang LN, Cheng JH, Wu YH, 

and Wu XY. Effectiveness of intermittent -Gx gravitation in preventing 

deconditioning due to simulated microgravity. J Appl Physiol 95: 207-218, 2003.  

107. Zhang P, Chen X, and Fan M.  Signaling mechanisms involved in disuse 

muscle atrophy. Med Hypotheses 69: 310-321, 2007. 

108. Zwart SR, Davis-Street JE, Paddon-Jones D, Ferrando AA, Wolfe RR, and 

Smith SM. Amino acid supplementation alters bone metabolism during 

simulated weightlessness. J Appl Physiol 99: 134-140, 2005. 

109. Zwicker BL and Agellon LB. Transport and biological activities of bile acids. 

Int J Biochem Cell Biol 45: 1389-98, 2013. 


