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ABSTRACT 
 
 
 

THE EFFECTS OF METABOLIC PERTURBATIONS ON FATTY ACID 
TRANSPORT PROTEIN CELLULAR LOCATION 

 
 
 
Leslie Elizabeth Stefanyk      Advisor:  
University of Guelph, 2012      Dr. David J. Dyck 
 
 

Fatty acid (FA) transport proteins are important regulators of FA uptake at the cell 

surface and the mitochondria where they are oxidized. Tight regulation of this process is 

necessary in order to meet metabolic requirements, while preventing excess lipid 

accumulation. In an obese state, there is an increase in FA uptake and increased storage 

of lipids in skeletal muscle, including diacylglycerol (DAG) and ceramides, which 

interfere with insulin-stimulated glucose uptake. Leptin administration has been shown to 

reduce muscle triacylglycerol accumulation and restore insulin response in obese rodents. 

However, it is not known whether this is mediated through a redistribution of the FA 

transport proteins to the cell surface and mitochondria. In addition to hyperglycemia, 

post-prandial lipidemia is also observed in the obese state, suggesting a resistance to 

insulin-stimulated FA uptake. The possibility that insulin-stimulated FA transporter 

translocation is impaired has received little attention. Lastly, while recent studies have 

demonstrated that the transverse (t)-tubules may be an important site for glucose uptake 

in muscle, this has not yet been examined with regards to the FA transporters.  

In the first study of this thesis, the recovery of insulin response with short-term (2 

week) chronic leptin administration in high-fat fed rats was associated with a decrease in 

muscle reactive lipid species (DAG, ceramide) and an increase in markers of oxidative 
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capacity. Contrary to our expectations, this was not mirrored by an alteration in the 

distribution of FA transport proteins (FAT/CD36 or FABPpm) at the sarcolemma or the 

two major mitochondrial populations. To gain further insight into FA transporters and 

their localization at the cell surface, the second study of this thesis analyzed both the 

sarcolemma and t-tubules (constitute 40 and 60% of the cell surface, respectively). The 

novel observation was made that the t-tubules contain FA transport proteins (FAT/CD36, 

FABPpm, FATP1 and FATP4), and that the distribution and response of these 

transporters to acute metabolic stimuli (insulin and muscle contraction) was unique from 

that of the sarcolemma. The third study of this thesis characterized the translocation of 

FA transport proteins in response to insulin in the obese, insulin resistant Zucker rat. FA 

transport proteins were chronically increased on both membrane fractions in muscle from 

the obese rats. Furthermore, a blunting of the insulin-induced translocation of FA 

transporters to both cell surface domains was observed, demonstrating that insulin 

resistance extends to the movement of FA as well as glucose transport proteins. The t-

tubules appear to play an important role regarding substrate uptake.  

Together the data from this thesis suggests that a chronic elevation in FA 

transporters at both cell surface domains contributes to lipid accumulation in obese 

skeletal muscle, and that reduced sensitivity of both FA and glucose transport proteins to 

translocate in response to insulin may explain the lipidemia and hyperglycemia that often 

characterizes post-prandial situations in the obese condition. As the prevalence of obesity 

reaches epidemic proportions, research into the functional role of FA transport proteins in 

the progression of obesity related pathologies is warranted as we work to further our 

knowledge of this significant health issue.  
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CHAPTER 1: Review of the Literature 

1.1  Introduction 

 

Skeletal muscle, by virtue of its mass and high metabolic activity, is an important 

tissue to analyze in the investigation of metabolic pathologies. Skeletal muscle 

metabolism is influenced by lifestyle factors (specific dietary nutrients and physical 

activity), and also by factors released into the circulation by other organs/tissues in the 

body (hormones, cytokines, and stored nutrients). As the prevalence of obesity increases, 

so does the need for effective and specific treatments for obesity-related pathologies, 

namely insulin resistance. Therefore it is essential that the underlying metabolic 

alterations that occur during the development of obesity are understood. One of the 

contributing factors to the increased incidence of insulin resistance is the availability of 

high-fat foods and an increase in lipid storage in peripheral tissues such as skeletal 

muscle. In order to advance our understanding of fatty acid (FA) transport and its 

contribution to lipid accumulation and insulin response, the studies in this thesis used 

various physiological and metabolic interventions to perturb glucose and FA homeostasis 

(high-fat diets, leptin administration, acute insulin and contraction stimulation, 

obese/insulin resistant genetic rodent models), and techniques to assess cellular location 

of the FA transport proteins (subcellular membrane fractionation, mitochondrial 

isolation) to analyze this relationship.  
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1.2  Importance of FA in Skeletal Muscle 

 

Dietary FA are an essential macronutrients for proper growth and development, 

energy provision, cellular signaling, and as a component of cellular structures. Fatty acids 

are carboxylic acids with long hydrocarbon chains that can be consumed in the diet 

primarily in the form of triacylglycerides (TAG) but can also be synthesized by the body. 

Fatty acids circulate bound to albumin or as TAG, bound to other lipid molecules 

(lipoproteins, phospholipids, or chylomicrons). Fatty acids are primarily stored in adipose 

tissue as TAG, although lipid deposits are present in other organs and tissues, such as 

liver, heart, pancreas and skeletal muscle as local energy sources. Fatty acids are energy 

dense compared to carbohydrates and protein and are the primary fuel used by skeletal 

muscle at rest and during low to moderate intensity exercise (81, 179). Substrate 

utilization in skeletal muscle is of particular interest due to its role in the clearance and 

maintenance of both blood glucose and lipids. Fatty acids are vital for the physical 

structure of skeletal muscle as they are components of phospholipids, which comprise the 

lipid bilayer surrounding each cell and subcellular organelle. Alterations in the FA 

composition of biological membranes effects the stability, permeability, and associated 

protein function due to alterations in membrane fluidity, dictated by the associations 

between neighbouring FA and phospholipids (129, 170, 217). Fatty acids can also affect 

signal transduction and gene expression in skeletal muscle as they, and their derivatives, 

are ligands for nuclear receptors such as the peroxisome proliferator-activated receptor 

(PPAR) family (91, 122).  
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Fatty acids can exert harmful effects and cause cellular injury due to their 

hydrophobic properties (91, 242). Membrane phospholipids are susceptible to oxidation 

by reactive oxygen species and form lipid peroxides, which can result in cellular damage 

and the reorganization of membranes leading to the disruption of associated proteins and 

enzymes (75). Lipid stores within skeletal muscle can have adverse affects on signaling 

pathways and subsequently muscle function and metabolism (31, 48, 116, 161). Due to 

the many roles of FA, it is critical that their actions are characterized, especially in 

association with metabolic pathologies.  

 

1.3  Role of FA Transport Proteins 

 

Fatty acid uptake across the cell surface is a key regulatory step for the entry and 

subsequent metabolism of FA in skeletal muscle. It is necessary to have tight regulation 

of this process due to the requirement of FA as a structural component and to meet the 

energy requirements within the cell under a potentially wide range of energy demands, 

while minimizing lipid accumulation and its associated negative effects. This regulation 

is mediated via a group of FA transport proteins, which facilitate FA uptake into cells and 

subcellular organelles.  

 

1.3.1 Historical Perspective 

It was originally proposed that the uptake of FA into cells occurred passively 

through the cell membrane (99, 128) and was a function of blood flow and circulating FA 

concentrations (91, 97). The entry of FA into the cell was believed to occur through three 

main steps, absorption into the outer lipid bilayer, transmembrane movement to the inner 
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monolayer (‘flip-flop’), and desorption into the cytosol (100). It has since been 

established that FA uptake is mediated largely through transport proteins at the cell 

surface in a tightly regulated process to protect the cell from FA accumulation while 

meeting metabolic demands (2, 3, 32, 53, 91). The hypothesis that FA uptake in muscle 

was largely protein mediated, as opposed to simple diffusion, was derived from the 

analysis of the uptake of the unbound or “free” FA at the muscle (233). Fatty acids are 

transported in the aqueous plasma environment bound to albumin; however, it is the free 

or unbound portion that is taken up the muscle. The analysis of unbound FA uptake 

revealed a plateau or saturation, implicating the involvement of FA transport proteins and 

binding proteins at the cell surface (27, 149, 233). In support, transfection studies that 

overexpress each of the FA transport proteins individually show an increase in FA 

transport into skeletal muscle (64, 169). Furthermore, specific FA transport protein 

inhibitors or modulators of their activity decreases FA uptake into muscle cells (57, 58, 

65). This does not dismiss the contribution of passive diffusion to FA uptake, although in 

metabolically stimulated conditions, this appears to be quantitatively less relevant (32, 

65).  

Fatty acid uptake and esterification are related to transport protein content of 

skeletal muscle. It is not the total muscle content of transporters that is a determinant of 

uptake, but rather its cellular location. Increased uptake of FA and subsequent 

metabolism correlates to the increase in FA transport protein content on the sarcolemma, 

a component of the outer cell surface (98, 150). Fatty acid transport proteins are stored in 

intracellular vesicles, and when stimulated (contraction, insulin), translocate to the cell 

surface where they increase FA uptake (28, 31, 101). This phenomenon is analogous to 
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that of glucose uptake by cells. The translocation of internally located glucose transport 

protein (GLUT4) containing vesicles to the outer membrane occurs in the presence of 

insulin and contraction-stimulated mediators, and then recycled to the cell interior when 

the stimulus has subsided. Many FA transport proteins have been identified in various 

tissues. The distribution of these proteins differs between tissues depending on their 

metabolic properties with regards to FA uptake or utilization, and also between species 

(humans, rats, mice) (201).  

 

1.3.2 FAT/CD36 

Fatty acid translocase (FAT/CD36) is an 88 kDa integral membrane bound 

protein (1) that binds many ligands including oxidized low density lipoprotein, oxidized 

phospholipids and long-chain FA (10). FAT/CD36 has been implicated to play a 

regulatory role in cell adhesion, angiogenesis, inflammation and lipid metabolism (77, 

78, 222). FAT/CD36 is a highly glycosylated protein believed to have only two 

transmembrane spanning regions (1, 222) and has been found to be located in specialized 

membrane microdomains called caveolae due to its colocalization with caveolin-3 (239). 

Due to its transmembrane structure it is believed that FAT/CD36 would not form a 

channel/pore but rather act as a translocase, to assist the movement of FA across the 

membrane (149, 222), or to trap FA (1). Its presence in skeletal muscle and its 

responsiveness to acute mechanical (contraction (101, 120)) and hormonal (insulin (44, 

151, 152) and leptin (210)) stimuli and subsequent translocation to the sarcolemma, is 

well described in the literature. A giant sarcolemmal vesicle preparation is commonly 

utilized in these analyses, and acute contraction stimuli have been shown to increase 
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palmitate uptake to the same extent that FAT/CD36 is increased on this membrane 

domain (28). Similarly, increased sarcolemmal FAT/CD36 content and palmitate uptake 

have been demonstrated with acute insulin stimulation, which are additive to the effects 

of contraction (118). Studies with FAT/CD36 knockout mice have established the 

necessity of this transport protein in facilitating FA uptake, as this is blunted in skeletal 

muscle, cardiac muscle and adipose tissue of these animals (32, 53, 76). In addition, 

stimulation of FA oxidation in the presence of 5-amino-1-β-D-ribofuranosyl-imidazole-4-

carboxamide (AICAR; pharmacological activator of AMP activated protein kinase 

(AMPK)) is blunted in FAT/CD36 knockout mice (32). Similarly, inhibitors of 

FAT/CD36 (reactive sulfo-N-succinimidyl derivative of oleic acid, SSO) result in 

decreased FA uptake in adipocytes (103) and in giant sarcolemmal vesicles prepared 

from skeletal muscle (149).  

A novel role for FAT/CD36 has been established at the mitochondria where it is 

believed to regulate FA entry and subsequent oxidation. Such a role is in agreement with 

the observation that FAT/CD36 is expressed highly in skeletal muscle, cardiac muscle, 

and in adipose tissue, and to a lesser extent in liver, kidney, lung, and the large intestine 

(169). This distribution does not reflect FA uptake capacity, as liver has a large capacity 

to take up FA; rather it more closely matches the oxidative capacity of these tissues, with 

the exception of adipose tissue, which demonstrates low rates of oxidation (30, 169, 201). 

FAT/CD36 has been identified on the mitochondria of cardiac muscle, oxidative skeletal 

muscle, and to a lesser extent glycolytic muscle (30). This finding challenges the current 

dogma in terms of carnitine-palmitoyl transferase (CPT)-1 and malonyl-Coenzyme A 

(CoA) being the principal regulators of FA flux into the mitochondria. There is however, 
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some debate in the literature surrounding both the presence and function of this FA 

transport protein at the mitochondria. By some investigators, FAT/CD36 has been located 

on the mitochondrial membrane of skeletal muscle (22, 41), and has been shown to 

regulate FA entry and subsequent oxidation into this organelle (110, 112, 169, 189, 191). 

Furthermore, it has been reported that FAT/CD36 is required for increased FA uptake 

into the mitochondria with muscle contractions (113). Multiple laboratories have 

consistently observed FAT/CD36 on both subsarcolemmal (SS) and intermyofibrillar 

(IMF) mitochondria populations (41, 112, 191). However, not all laboratories have 

identified the presence of FAT/CD36 on the mitochondria or been able to demonstrate 

the absolute requirement as a regulator of FA oxidation (120, 134). The reasons for these 

discrepancies have not been resolved. 

 

1.3.3 FABPpm 

Fatty acid binding protein (FABP)pm is a 43 kDa peripheral membrane bound 

protein (1). The function of this protein has yet to be clearly elucidated. However, due to 

the fact that it is located on the periphery of the cell membrane, it may function to trap 

circulating FA, which then diffuse into the cell (1). Its role in mediating FA uptake in 

skeletal muscle has been demonstrated through the overexpression of FABPpm via 

transfection, which results in increased FA uptake and oxidation (52, 110). In accordance, 

exposure to a FABPpm antiserum results in decreased palmitate uptake into giant 

sarcolemmal vesicles prepared from both cardiac and skeletal muscles (149). The 

increase in oxidation that occurs with overexpression appears to be a result of increased 

FA delivery into the muscle cell rather than a direct effect of FABPpm on transport into 
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the mitochondria and subsequent oxidation (110). FABPpm appears to be identical to 

mitochondrial aspartate aminotransferase (150), a protein on the mitochondrial membrane 

involved in amino acid metabolism and the malate-aspartate shuttle, not FA transport (19, 

218).  

Within the muscle cell, FABPc is a chaperone protein important for cellular FA 

uptake and movement within the cell (186). FABPc appears to be in excess in skeletal 

muscle and therefore does not appear to be a site of regulation (90). However, studies 

with models lacking FABPc show a reduction in FA uptake and oxidation; therefore it 

appears that its role as a FA sequestering protein is important in the regulation of 

transport (24, 186).  

 

1.3.4 FATP 

A family of FA transport proteins (FATP) 1-6 (60 kDa) are present in tissues with 

high rates of FA uptake and metabolism (65, 187), and absent from tissues that display 

low rates of FA uptake (colon, spleen) (80, 200). It has been proposed that FATPs may 

facilitate FA uptake through a trapping mechanism, specifically for very long-chain FA 

(54, 243). It has also been proposed that due to the fact that FATPs have 6 membrane 

spanning regions that they may function as “true” transport proteins for FA (149, 187). 

These proteins are coexpressed with other transport proteins but are not ubiquitously 

expressed in all tissues. FATP1, 4, and 6 are the only FATPs expressed in skeletal muscle 

(118, 169). FATP1 is the most predominant FATP in skeletal muscle and adipose tissue 

and is found to a lesser extent in cardiac muscle (122, 201). FATP2 is the predominant 
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FATP isoform in the kidney, FATP3 in the lung and pancreas, FATP4 in the small 

intestine and brain, FATP5 in liver, and FATP6 in cardiac muscle (201).  

Conflicting data exists regarding the transport capacities of the various FATPs 

(17, 169, 247). In some instances, FATP1 appears have the greatest transport efficiency 

(118, 147), while others identify FATP4 as having a greater transport efficiency (64, 

169), and report that the transport efficiency of FATP1 is low in relation to other 

transport proteins (17, 64, 169). The controversy regarding the functions and activities of 

these proteins is primarily due to the various cell types that have been used to study them, 

all of which have unique extra- and intra-cellular environments (169). FATP1 appears to 

be an insulin sensitive long-chain FA transport protein (132, 247), and is highly 

expressed in tissues where FA uptake is increased in response to insulin, such as skeletal 

muscle and adipose tissue (201). Knocking out the FATP1 transport protein does not 

appear to affect basal FA uptake of adipose tissue or skeletal muscle in vivo (247). 

FATP4 along with FATP1 are predominant in the brain (80). In addition, FATP4 is the 

only FA transport located in the small intestine and plays a role in dietary FA absorption 

(200). Whole body FATP4 knockout studies prove to be lethal, implicating them as 

important proteins (89, 106). Lastly, in skeletal muscle, stimulation by both insulin and 

contraction fails to increase FATP6 content of the sarcolemma, making its role in FA 

uptake regulation unclear (118). 

Interestingly, FATP proteins possess acetyl-coenzyme A synthetase (ACS) 

activity, which modulates FA uptake and metabolism by converting FA into fatty acyl-

CoA; this activation is necessary for storage, entry into the mitochondria, and oxidation 

(132). Increases in FATP1 in soleus muscle via transfection results in increased palmitate 
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transport and oxidation, with no change in TAG esterification (114). It appears that 

FATP1 may channel FA towards oxidation (114, 132). Furthermore, FATP1 has been 

shown to associate with the mitochondria and function together with CPT-1 in muscle 

(191).  

 

1.3.5 The Analysis of Individual FA Transport Proteins 

 There is still much to be determined with regards to the individual FA transport 

proteins as it is difficult to study them in isolation. Knockout studies allow for some 

insight into their functions, although results may be confounded by the fact that other FA 

transporters may be upregulated in compensation (32, 96). In an attempt to overcome this 

limitation, and directly relate a specific FA transporter to a metabolic effect, DiRusso et 

al. (64) utilized a unique yeast strain that was not capable of FA transport or activation 

due to a deletion in the Fat1p structural gene, the yeast FATP orthologue. The researchers 

exposed these cells to a known concentration of FATP1-6 separately to observe their 

effect both on transport and FA activation (64). This analysis identified FATP1, 2 and 4 

as the FATP proteins most active in increasing FA transport and as the FATP proteins 

with the highest ACS activity (64).  

In another attempt to characterize the transport capacities of individual FA 

transport proteins, Nickerson et al. (169) transfected each FA transport protein 

individually in vivo into the soleus and tibialis anterior muscles, which were removed 

after one to two weeks to assess FA transport protein content and FA transport in giant 

sarcolemmal vesicles, as well as rates of FA oxidation. Transfection of FAT/CD36 and 

FATP4 resulted in similar increases in palmitate transport that were approximately 2-fold 
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greater than either FABPpm or FATP1, and FAT/CD36 and FABPpm were the most 

closely linked to FA oxidation compared to FATP1 and 4 (169). This is in general 

agreement with other observations that FAT/CD36, FABPpm, and FATP4, but not 

FATP1, correlate highly with muscle oxidative capacity (30, 169).  

It is not clear why there are many different FA transport proteins in skeletal 

muscle. It appears that these proteins are not redundant but have unique functions and 

play different roles in FA metabolism (64). Protein contents of FAT/CD36, FABPpm, 

and FATP4 also correlate well with CPT-1 protein content, an index of mitochondrial 

oxidation, and PGC1α, a regulator of mitochondrial biogenesis (7). These data suggest 

that these transport proteins may play important specific roles in the regulation of FA 

oxidation. However, the specific function(s) of each of the transport proteins, the 

membrane domains to which they translocate to, and whether they traffic FA to different 

fates is not currently known. Clearly, such information would give important insight into 

the control of FA metabolism. From a practical perspective, understanding this control is 

imperative as all FA transport proteins have been implicated in the dysregulation of FA 

metabolism in many tissues in models of insulin resistance and type 1 and 2 diabetes (30, 

58, 101, 112, 132, 150). 

 

1.4 Substrate Uptake and Metabolism; Signaling Pathways 

 

 Energy substrate (glucose, FA) uptake into skeletal muscle to meet metabolic 

demands requires the assistance of transport proteins which are prompted to translocate to 

the cell surface by specialized signaling cascades triggered by cell surface receptors upon 

ligand binding. The signaling pathways leading to GLUT4 translocation have been well 
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characterized and occur through insulin-activated signaling, and an insulin-independent 

signaling, most commonly muscle contraction (121). However, the signaling pathways 

leading to FA transport protein translocation have not been fully elucidated (Figure 1.1). 

 

1.4.1 Insulin Stimulation and Signaling 

 Insulin is a hormone released post-prandially that stimulates an increase in 

glucose uptake into insulin responsive cells such as skeletal muscle and liver, and a 

decrease in glucose production and release from the liver (231). The signaling pathway 

through which glucose uptake is increased in peripheral tissues is well characterized. 

Activation of the insulin receptor involves tyrosine autophosphorylation of the insulin 

receptor-beta subunit, increasing the intrinsic tyrosine kinase activity of the receptor 

leading to tyrosine phosphorylation of insulin receptor substrate (IRS)-1 (126). IRS-1 

propagates the signal by attracting and activating phosphatidylinositol 3-kinase (PI3K), 

which phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) in the membrane to 

produce phosphatidylinositol 3,4,5-trisphosphate (PIP3). Increased PIP3 activates a 

kinase cascade involving PIP3-dependent kinases (PDK1/2), which activate Akt 

isoforms, namely Akt 2, and phosphorylates Akt-substrate of 160 kDa (AS160). AS160 is 

phosphorylated at its phospho-Akt substrate (PAS) motif and dissociates from the 

GLUT4 containing vesicles (139). This dissociation allows for the mobilization of 

GLUT4 vesicles to the cell surface, and vesicular exocytosis to increase glucose transport 

into the muscle (139, 231).  

Insulin signals an increase in substrate availability and stimulates the storage of 

TAG (anabolism) while simultaneously decreasing its breakdown (catabolism) (184, 
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216). Insulin has this effect on both adipose tissue and in skeletal muscle, where an 

increase in the net uptake of FA results in lipid accumulation due to increased lipogenesis 

and decreased oxidation (71, 115, 151, 163, 164, 247). Insulin stimulates the 

translocation of intracellular storage vesicles containing FA transport proteins to the cell 

surface so that FA can enter and be directed towards storage (32, 118, 151, 247). The 

factors involved in the signaling cascade to stimulate FA uptake are not as well defined 

as those involved in glucose transport. The signaling pathways of GLUT4 and 

FAT/CD36 appear to be similar, in that the insulin-induced translocation of GLUT4 and 

FAT/CD36 are mediated via the PI3K-Akt 2 signaling pathway (61, 224). It has also been 

speculated that FAT/CD36 translocation is mirrored by plasma membrane associated 

FABPpm (47), which is supported by the finding that palmitate uptake into giant 

sarcolemmal vesicles prepared from cardiac muscle correlates with both FAT/CD36 and 

FABPpm protein content (149). In contrast, FABPpm and FATP4 have been shown to be 

regulated to translocate to the membrane in the presence of insulin through a pathway 

other than PI3K-Akt 2, although this has not been defined (91, 117). Insulin-stimulated 

translocation of FATP1, which has only been examined in adipose tissue, appears to 

involve both the PI3K and the mitogen-activated protein kinase (MAPK) pathways (201). 

 

1.4.2 Muscle Contraction   

In situations where energy requirements are increased, such as with muscle 

contraction, the uptake of both glucose and FA into skeletal muscle are increased (121). 

Local energy stores (TAG, glycogen) are catabolized and utilized in these conditions and 

adipose tissue is stimulated to break down stored TAG and liberate FA so that they can 
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be transported through the circulation to the contracting muscles to be oxidized. The 

hormonal signals that stimulate TAG breakdown in adipose tissue (mainly 

catecholamines (93, 115, 244)) may also stimulate FA transport protein translocation to 

the cell surface of skeletal muscle so that FA can enter to be metabolized.  

Mediators of the insulin-independent contraction mediated signaling pathway are 

not as well characterized as that of insulin (Figure 1.1). With muscle contraction a rapid 

rise in second messengers occurs that stimulate appropriate actions within skeletal 

muscle; these include AMP, cyclic (c)AMP, calcium, and reactive oxygen species (91). It 

has been proposed that GLUT4 translocation to the muscle surface with contraction is 

mediated by AMPK activation via AMP (28, 44, 154). Similarly, AMPK is believed to be 

a mediator of contraction-stimulated FA transport protein translocation and increased FA 

uptake into skeletal muscle (32, 46). Stimulation of cardiac muscle with AICAR activates 

AMPK, and has been shown to increase both FAT/CD36 and FABPpm on the plasma 

membrane of cardiac myocytes along with increased palmitate uptake and oxidation (32, 

46). The observation that contraction induced uptake is not additive to AMPK activating 

agents (AICAR, oligomycin), also suggests that they share a common signaling 

component i.e. AMPK (153). This finding reinforces the similarities of FAT/CD36 and 

GLUT4 signaling pathways. However, the involvement of AMPK as a regulator of 

FAT/CD36 translocation in skeletal muscle has recently been questioned, as contraction-

stimulated FAT/CD36 translocation and FA uptake are similar in muscle from wild type 

and α-2 AMPK kinase dead mice (120). In agreement, it has been shown that FAT/CD36 

translocation to the membrane can occur very rapidly (one minute after initiation of 

contraction), and prior to the activation of AMPK (120). It has been proposed that 
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calcium, released from the sarcoplasmic reticulum when the transverse (t)-tubules are 

depolarized to initiate contraction, is a mediator of GLUT4 (121) and potentially FA 

transport protein translocation. Activation of calmodulin-dependent protein kinases 

(CaMK)II and protein kinase C (PKC) by calcium occur upon initiation of the contraction 

stimulus, prior to AMPK activation (108, 180). Interestingly, contraction and AICAR 

both increase AS160 phosphorylation in rat skeletal muscle and may represent a site of 

signal convergence or integration for transport protein translocation (38). Movement of 

FATP1 and 4, but not FATP6, to the sarcolemma has been observed with contraction of 

mouse hindlimb muscles along with an increase in FA uptake, although the signaling 

pathway that dictate this movement has not been established (118).  

 

1.4.3 Additivity of Metabolic Stimuli 

Insulin and contraction stimulate glucose transport in skeletal muscle in an 

additive manner, suggesting that these two stimuli result in the recruitment of different 

intracellular pools of GLUT4 transport proteins (145, 168). Recent evidence also 

indicates that the increase in muscle sarcolemmal FAT/CD36 and FATP1 content are 

each stimulated in an additive manner by contraction and insulin, suggesting that these 

two transporters are located in separate insulin-sensitive and contraction-sensitive 

intracellular depots (118, 152). FABPpm and FATP4 appear to be stimulated maximally 

by each of the stimuli individually and therefore do not likely have multiple intracellular 

pools (118). Whether the different intracellular pools of FAT/CD36, FATP1 and GLUT4 

are selective with respect to the cell surface domain they target (sarcolemma or t-tubule) 

has yet to be determined.  
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Figure 1.1: Signaling pathways of insulin and exercise/muscle contraction involved in 

the translocation of GLUT4 and FA transport proteins to the extracellular membrane of 

skeletal muscle. 

 

1.5 Skeletal Muscle Membrane Domains 

 

 The cell surface of skeletal muscle is comprised of the sarcolemma, which 

represents ~40% of the muscle cell surface, while the remaining portion of the cell 

surface (~60%) is comprised of the t-tubules (5, 11, 66, 182, 198). T-tubules are deep 

invaginations of the cell surface and play a vital role in propagating signals for muscle 
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contraction and substrate transport into the muscle cell (5, 11, 66, 182, 198). Both 

membrane fractions are exposed to extracellular fluid and are potential sites for substrate 

uptake into the muscle. Quantification of total muscle content of specific glucose and FA 

transport proteins provides limited information as to the functional pool of these proteins, 

as they can be induced to translocate from intracellular stores to the cell surface when 

exposed to different stimuli (28, 118). In certain pathologies, chronic electrical 

stimulation, or high-fat diet interventions, certain transport proteins can permanently 

relocate to the cell surface (sarcolemma) membrane resulting in a chronic increase in 

substrate uptake, while the total muscle content of this protein remains unchanged (31, 

150). For these reasons, determination of transport proteins at the cell surface allows for a 

better understanding of transport potential. 

Isolation of subcellular organelles provides potential information regarding the 

trafficking of FA and how they are metabolized. For example, mitochondria are the site 

of oxidative metabolism. Fatty acids enter the mitochondria through transport proteins, 

primarily through the carnitine-palmitoyl transferase (CPT) system. Recently, FAT/CD36 

has been found in both the SS and IMF mitochondria and its presence has been shown to 

effect FA oxidation (110, 112, 169, 189, 191). Interestingly, it has been proposed from 

co-immunoprecipitation studies that CPT-1 and FAT/CD36 may work together at the 

mitochondria to transport FA (41). As an imbalance between FA uptake and oxidation 

appears to be an important causative factor leading to intramuscular lipid accumulation in 

obese and insulin resistant states, studying the movement of FA transporters to specific 

organelles such as the mitochondria may provide valuable information regarding the 

trafficking of FA, and how this is altered in pathological states such as diabetes.  
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1.5.1 Membrane Analysis 

There are various preparations that allow for the isolation of membrane fractions 

to facilitate the study of glucose or FA transport in the absence of potentially 

confounding downstream metabolism. Giant sarcolemmal vesicles are sarcolemmal 

membrane fractions that can be prepared from metabolically important tissues such as 

cardiac muscle (149), skeletal muscle (28), and adipose tissue (150). These vesicles are 

oriented right-side-out and fortuitously contain the cytosolic FABPc which acts as a FA 

sink (27). With the use of this preparation, the sarcolemmal content of specific proteins as 

well as substrate uptake can both be examined without the confounding issue of 

downstream metabolism (150). The giant sarcolemmal vesicle preparation is devoid of t-

tubule membranes (174). A separate technique utilizing subfractionation of muscle by 

ultracentrifugation and a discontinuous sucrose gradient allows for the recovery of both 

sarcolemmal and t-tubule fractions from the same skeletal muscle sample (66). Whether 

or not membrane fractions yielded through subfractionation procedures are suitable for 

generating vesicles for transport studies i.e. orientation, capture of FABPc as a FA sink, 

etc., has not been determined.  

The isolation of mitochondrial membranes has been well established and allows 

for the separation of SS and IMF mitochondria from the same muscle sample (173). This 

preparation allows for the determination of substrate uptake and oxidation to be 

performed on the isolated mitochondria (112), in the absence of confounding factors such 

as transport across the surface membrane. Isolation of both the extracellular (sarcolemma, 

t-tubule) and mitochondrial membranes allow for the investigation of uptake of substrates 

into the muscle, and the capacity to oxidize them, independently of each other.   



 19 

1.6 Obesity and Insulin Resistance 

 

1.6.1  Accumulation of Lipid Stores in Skeletal Muscle 

A chronic imbalance between energy intake and energy expenditure resulting in 

an increase in lipid storage in peripheral tissues has been implicated in the development 

of obesity related pathologies such as insulin resistance and type 2 diabetes. Obese 

individuals exhibit increased levels of circulating plasma lipids (156), a chronic increase 

of FA transport proteins on the sarcolemma (FAT/CD36 and FABPpm) (31, 101, 150), 

increased intramuscular lipid stores (31, 234), and a disruption in GLUT4 trafficking (36, 

234). The impairment in glucose uptake is mirrored by impaired Akt and AS160 

phosphorylation (133, 226), potentially due to the increase in intramuscular lipids. 

Triacylglycerol accumulation has been implicated in the disruption of the insulin 

signaling cascade (40, 171). However, TAG stores are a relatively non-reactive lipid 

storage depot (48, 188, 225), and are not likely causative in the disruption of insulin 

signaling. Rather, it is more likely to be the reactive lipid species, diacylglycerol (DAG) 

and ceramide, which can directly impair insulin signaling (18, 48, 161). Increases in 

cellular DAG results in the chronic activation and translocation of protein kinase C 

(PKC), and insulin resistance in obese Zucker rats and other insulin resistant models due 

to IRS-1 Serine307 phosphorylation (8, 131, 161). Ceramides have also been identified as 

mediators of the negative effects of saturated FA on insulin signaling (48) through 

activation of DAG insensitive PKC (148), increased c-Jun N-terminal kinases (Jnk) or 

IkKβ activity which inhibits IRS-1 phosphorylation (107), or through inhibition of 

insulin-stimulated Akt/protein kinase B (PKB) activation in skeletal muscle due to 

activation of protein phosphatase 2A (48, 190, 219).  
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In obese (112) and high-fat fed rats (104) there is a larger accumulation of TAG 

in red compared to white skeletal muscles. Insulin-stimulated glucose uptake is blunted in 

obese Zucker rat perfused hindlimbs (101), and in all muscle types in isolation (red 

soleus, fast-twitch oxidative glycolytic red gastrocnemius, and white gastrocnemius) (35). 

There is evidence that impairment of glucose transport in insulin resistant animals is 

greater in red (-43%) than in white (-17%) skeletal muscles (245). This increased 

susceptibility of red muscles to insulin resistance may be attributed to the high contents 

of the FA transport proteins FAT/CD36, FABPpm, and FATP4, as these are highest in 

oxidative muscles (27, 70). 

 

1.6.2  Experimental Models of Obesity 

The study of obesity and its related pathologies is facilitated through many 

experimental models, including both environmental (typically diet) and genetic 

(predisposition to become obese), and their combination. High-fat feeding can be utilized 

to create a situation of chronic energy oversupply, or animals can be pair fed to control 

for calorie intake while the macronutrient content of the diet will differ in order to elicit 

obesity and related pathologies. The type of FA utilized in research studies differs and 

has an effect on the extent of the metabolic consequences that result (40). Cultured 

adipocytes and myotubes exposed to long chain saturated FA (palmitic acid; 16:0, stearic 

acid; 18:0, arachidic acid; 20:0, lignoceric acid; 24:0) for 16 hours become insensitive to 

insulin-stimulated glycogen synthesis and Akt/PKB activation, whereas exposure to short 

chain FA (lauric acid; 12:0, myristic acid; 14:0) or monounsaturated FA (oleic acid; 18:1 

n-9) do not result in this resistance (49). Similarly, animals fed a diet containing saturated 
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animal fats, n-6 (linoleic acid; 18:2 n-6) or polyunsaturated n-9 (arachidonic acid; 20:4 n-

9) FA generate obese insulin resistant animals, while diets high in or supplemented with 

n-3 FA (eicosapentaenoic acid; 20:5 n-3, and docosahexaenoic acid; 22:6 n-3) do not (40, 

214, 227). Some studies also utilize the so-called “cafeteria diet” which allows animals 

access to highly palatable, energy dense, unhealthy human foods ad libitum (185). This is 

meant to mimic unhealthy snacking, which contributes to a large amount of the excess 

calories consumed in a western diet (185). The “cafeteria diet” contains high-salt, high-

saturated fat, low-fiber, highly processed foods and induces obesity, insulin resistance, 

and heightened inflammation (185).  

Genetic models have been well established to study obesity and insulin resistance, 

such as obese Zucker rats and Zucker Diabetic Fatty (ZDF) rats which both have a fa 

mutation of the extracellular domain of the receptor for leptin, preventing leptin from 

having its effect (51). The homozygosity for this mutation is responsible for alterations in 

the body’s lipid homeostasis, resulting in accumulation of fat mass (98). Obese Zucker 

rats are a model of impaired glucose tolerance, mild hyperglycaemia, hyperinsulinemia, 

and decreased insulin sensitivity, whereas ZDF rats are diabetic and have defective beta-

cell function (237). Similar characteristics of these rat models include high circulating 

levels of FA, increased intramuscular TAG, (18, 112, 192), DAG, and ceramides (18) and 

consequently impaired insulin-stimulated glucose uptake (36, 74). Mouse models of 

obesity and type 2 diabetes also include either mutations to the leptin receptor (db/db 

mice) or leptin deficiency (ob/ob mice). These animals become insulin resistant and 

diabetic secondary to an increase in energy uptake and a decrease in energy expenditure 

(84, 98, 160, 167). Through its direct link to the development of obesity in genetic 
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models, leptin is clearly an important metabolic factor to investigate as a player in 

metabolic disturbances. Lastly, models of type 1 diabetes can be induced through the 

injection of streptozotocin (STZ), a N-nitroso derivative of glucosamine, which 

degenerates pancreatic beta cells (124).  

Humans who are obese or diabetic are often utilized in research studies where 

weight loss, diets, exercise, or drugs are used to examine metabolic changes. What is not 

possible is the administration of a long-term high-fat diet or genetic manipulation to 

assess ensuing metabolic derangements in humans. Each model is valuable in the 

progression of obesity research, although some may result in conflicting findings. Sex 

differences in metabolic pathologies exist in both rodent and human models (59, 95, 178, 

240), the physiological relevance of knockout or profound overexpression studies can 

sometimes be questioned, and compensatory changes as a result of genetic manipulations 

can be difficult to control for.  

 

1.7 Leptin as a Regulator of Skeletal Muscle Substrate Metabolism  

 

Leptin is an adipokine produced primarily by adipose tissue that acts on numerous 

tissues expressing leptin receptors, including adipocytes, the basomedial hypothalamus, 

and several peripheral tissues including the pancreas, liver and skeletal muscle. Thus, 

leptin plays a role in numerous metabolic processes including satiety, insulin secretion, 

hepatic glucose production, and skeletal muscle energy metabolism (60, 192, 204, 242, 

248). There are three leptin receptors: secreted receptors which bind circulating leptin 

(88), a short form of the receptor of which the function is not clear, and the long form of 

the leptin receptor which is critical for leptin’s actions (12, 25, 167). The short and long 
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forms of the receptor share the same extracellular and transmembrane domains but differ 

in their amino acid sequence that extends intracellularly (50, 223). The amino acid chain 

of the long form of the leptin receptor that extends into the cell has Janus kinase (Jak) 

binding domains, one of which is also located on the short form, and also a signal 

transducer and activator of transcription 3 (STAT) binding sites and tyrosine residues 

found only on the long form (221). The leptin receptor does not possess intrinsic tyrosine 

kinase activity and therefore signaling events are dependent primarily on associations 

with Jak which phosphorylates both the receptor and downstream targets (221).  

 

1.7.1 Leptin Signaling   

Leptin signals primarily through the Jak/STAT signaling pathway (Figure 1.2). 

Phosphorylation of the Tyr1138 domain of the leptin receptor by Jak2 recruits STAT3 

which binds to the tyrosine residues of the leptin receptor, and is phosphorylated and 

activated by Jak2 in order to exert its downstream effects (14, 25, 85). These downstream 

effects involve activation of transcription factors of target genes which aid in energy 

homeostasis and the regulation of body weight (14, 167). The activation of STAT3 can 

also turn on the suppressors of the cytokine signaling family (SOCS3), which acts on the 

complex formed by the long form of the leptin receptor and Jak2, mediating a negative 

feedback effect on leptin signaling (14, 248). Jak2 can also phosphorylate the Tyr985 

residue on the leptin receptor, leading to phosphorylation of the src homology 2 (SH2) 

domain of the tyrosine phosphatase SHP-2 which activates extracellular signal-regulated 

kinases (ERK) signaling (12, 25). Both ERK1 and 2 phosphorylation increase with acute 

leptin exposure in mouse myoblasts (157). Leptin receptor associated Jak2 can also act 
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without tyrosine phosphorylation to activate MAPK including ERK1/2, and also recruit 

and activate PI3K and subsequent downstream signals (14, 157, 221). Leptin activation 

of components of the insulin signaling cascade involved in glucose uptake has been 

shown in mouse myotubes, namely IRS-1, PI3K, and Akt (130, 157). The signaling of the 

short form of the leptin receptor has not been fully elucidated; however it is capable of 

binding Jak, and may be capable of signaling independent of tyrosine residue 

phosphorylation and STAT signaling (221). Phosphorylation of PI3K by IRS-1 in 

cultured myotubes has been attributed to Jak2 association with the short form of the 

leptin receptor, as only trace amounts of the long form was detected (130). 

Leptin can also activate AMPK, the ‘energy sensor’ of the cell, and is believed to 

be one of leptin’s major signaling pathways in skeletal muscle, responsible for its 

stimulatory effects on FA and glucose metabolism (158, 211). AMPK signaling occurs 

via the long form of the leptin receptor, as db/db mice lacking this receptor show no 

AMPK activation with leptin stimulation (158). Leptin’s effects on FA oxidation in 

muscle are mediated by AMPK activation through subsequent acetyl-CoA carboxylase 

(ACC) phosphorylation and inactivation (158). This inhibition results in less production 

of malonyl CoA, a known inhibitor of CPT-1, and thereby increasing FA entry into the 

mitochondria where it is oxidized (183, 208). The effect of leptin on AMPK stimulation 

in skeletal muscle is more pronounced in red skeletal muscles (soleus and red 

gastrocnemius), which have higher rates of FA oxidation (158).  
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Figure 1.2: Signaling cascades initiated by leptin in skeletal muscle. 

 

1.7.2 Leptin Expression 

Circulating leptin concentrations correlate both with changes in acute nutritional 

status and chronic lipid stores (82, 155). Leptin secretion from adipose tissue is increased 

upon stimulation of the Ob gene by insulin and glucocorticoids (15, 137, 167, 230, 240), 

and is inhibited with fasting, testosterone, and cold exposure (15, 102, 230, 240). The 

nature of this regulation of leptin supports its role in energy balance, as it is increased 

with energy excess (insulin) and decreased with energy deficit as observed with fasting 

and with cold exposure (energy expenditure increases through shivering and non-

shivering thermogenesis) (167, 230). The effects of testosterone are thought to be the 

reason for lower circulating leptin in males compared to females (240). Chronically, there 
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is an increase in circulating leptin concentrations in obesity (increase fat mass) in both 

humans (85) and rats (82, 102, 155). This paradoxical finding is believed to be an 

indication that, in the obese state, the body has become resistant to leptin’s effects (13, 

207, 210, 238).  

 

Leptin Administration   
 
 
1.7.3 Acute Leptin Administration 

 Various experimental models have been used to investigate the acute effects of 

leptin on skeletal muscle glucose and FA metabolism. These include single injections of 

leptin into the animal, perfusion of an isolated group of muscles in situ (hindlimb 

perfusion), and the incubation of an isolated single muscle ex vivo. In terms of 

carbohydrate metabolism, acute leptin exposure has shown to mimic the effects of insulin 

in incubated skeletal muscles (43), in vivo (127), and in myotubes (21) resulting in 

increased glucose uptake and increased glycogen synthesis. Leptin has also been shown 

to increase PDH activity and the activity of the Kreb’s cycle intermediates (43). 

However, leptin’s acute effects on glucose metabolism are not consistent, as some 

researchers have failed to observe an effect of leptin on skeletal muscle glucose uptake, 

storage, or oxidation (86, 163, 177, 255). With regards to FA metabolism, leptin’s effects 

are much more consistent. Acute leptin exposure increases endogenous and exogenous 

FA oxidation and increases TAG lipolysis in healthy human skeletal muscle (210), rodent 

skeletal muscle (163, 192), and cultured pancreatic islets, hepatocytes, and skeletal 

muscle cells (192). Leptin exposure in leptin deficient (ob/ob) mice consistently shows an 

increase in FA oxidation and a decreased formation of TAG, which seems intuitive as 
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leptin receptors are present in the skeletal muscle from these mice (146, 164), whereas 

leptin administration to db/db rodents have no effect due to the absence of leptin 

receptors (192).  

 

1.7.4 Chronic Leptin Administration 

 Long term repeated or chronic leptin administration has consistently shown 

beneficial effects on glucose metabolism. Injections of leptin daily for 10 (228) or 12 

days (196, 250, 251), twice daily (252) for 10 days, or chronic leptin administration for 

14 days via a mini-osmotic pump (196, 209, 249) have resulted in increased insulin 

responsiveness (response to maximal insulin stimulation) or sensitivity in skeletal 

muscle. Insulin resistant rats have benefited from leptin treatment through increased 

insulin-stimulated glucose uptake through normalization of proteins in the insulin 

signaling pathway (PI3K) and increased GLUT4 protein content (196, 251). Leptin 

administration has been shown to relieve the inhibition on the insulin signaling cascade, 

and it is believed that the increased insulin responsiveness is due in part to a decrease in 

TAG within the muscle (209, 250, 252). The ability of leptin to reduce intramuscular 

lipid stores and TAG esterification (69, 192, 196) may be achieved through a reduction in 

FA uptake (196, 209) and/or an increase in FA oxidation (196, 208, 228).  

In lean rats, chronic leptin administration has been shown to decrease the 

sarcolemmal content of the FA transport proteins, FAT/CD36 and FABPpm, resulting in 

decreased palmitate uptake into skeletal muscle giant sarcolemmal vesicles (209). This 

finding is intriguing as previous studies have demonstrated increased content of skeletal 

muscle FA transporters (FAT/CD36 and FABPpm) in obese rats (150) and humans (31, 
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195), suggesting that the enhanced rate of TAG accumulation is due at least in part to 

increased FA transport. However, whether leptin can normalize, i.e. reduce the 

localization of FA transporters to the plasma membrane in obese insulin resistant rodent 

models, has not been determined. In fact, leptin treatment in high-fat fed insulin resistant 

rats has resulted in increased in FA uptake, although no change in TAG stores were seen 

due to an increase in FA oxidation resulting in a decreased FA esterification to oxidation 

ratio (228). The increase in FA oxidation with prolonged leptin administration (209, 228), 

as with acute administration, has been linked to increases in AMPK activity and resulting 

decreased ACC activation (211).  

 

1.7.5 Leptin Resistance 

Leptin’s actions in skeletal muscle to increase FA oxidation and decrease lipid 

accumulation are blunted in an obese state, and has been characterized as a state of leptin 

resistance (82, 207, 210, 238). The mechanisms leading to diminished leptin response in 

skeletal muscle are not completely clear, but may include a decreased receptor 

population, decreased receptor activation, or a disruption in signaling downstream from 

the receptor. Changes in the content of the leptin receptor as a cause of impaired response 

would seem intuitive, although findings are inconsistent. Some studies have failed to 

establish a relationship between plasma leptin levels and muscle leptin receptor content in 

humans (94, 95), while others have reported a reduction in the content of the long leptin 

receptor isoform in the deltoid and vastus lateralis muscles of obese humans (85). 

Overexpression of SOCS3, a post receptor inhibitor of leptin signaling, inhibits leptin 

stimulated Jak2 and STAT3 phosphorylation in cultured myotubes and as a result inhibits 
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activation of AMPK (213). An increase in SOCS3 mRNA has been observed in skeletal 

muscle from obese humans (213) and after 4 weeks of high-fat feeding in rats (212), and 

SOCS3 protein has been shown to increase after 5 (181) and 12 weeks (253) in rats fed a 

high-fat diet. SOCS3 is also believed to hinder insulin signaling as it co-

immunoprecipitates with IRS-1 and the insulin receptor-beta subunit after high-fat 

feeding in rats and impairs tyrosine phosphorylation and activation (253). Together with 

an increase in SOCS3 expression, a decrease in STAT3, AMPK, and ACC 

phosphorylation is observed in obese human vastus lateralis muscle in a basal condition 

(85). It has been shown that a resistance to leptin in rat muscle is developed with nutrient 

overload quite rapidly, after only seven days, and precedes insulin resistance (181). 

Interestingly, it appears that it is possible to overcome leptin resistance, at least in 

muscle, as leptin administration resulting in the elevation of circulating concentrations by 

several fold causes a decrease in muscle TAG/total lipid content and an improved 

response to insulin (196, 228, 249, 250, 252). Since there is a well-known association 

between insulin resistance and a disruption of FA metabolism, the possibility that leptin 

resistance is important in the progression of this pathology is an issue that warrants 

further investigation. 

 

1.8 Summary 

 

 FA uptake and metabolism in skeletal muscle are highly regulated processes 

allowing for the adequate provision of energy for cellular functions, while preventing 

excess storage which can interfere with insulin signaling. Fatty acid uptake in skeletal 
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muscle is altered acutely and chronically by hormones (insulin and leptin) and 

contraction. Fatty acid uptake is regulated through a translocation/redistribution of 

transport proteins to the sarcolemma, although the exact signaling pathways through 

which these stimuli induce translocation are not known. In situations where FA/lipid 

supply to skeletal muscle is chronically elevated, such as with a high-fat diet or in 

obesity, a chronic redistribution of FA transport proteins to the sarcolemma is observed 

along with the accumulation of intramuscular lipids and the development of insulin 

resistance. However, there are many unanswered questions that remain, largely pertaining 

to the specific roles of each of the transporters, and how these are related to muscle 

adaptations to altered conditions such as obesity, insulin resistance, or training. A more 

complete analyses of FA transport proteins, including a characterization of their 

movement to both major muscle surface domains (sarcolemma and t-tubules) with insulin 

and contraction stimulation, as well as partitioning to both the cell surface and 

mitochondria in response to dietary and hormonal (leptin) interventions should provide 

valuable information to help improve our understanding of FA transport and it’s 

relationship to subsequent metabolism in muscle.  
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CHAPTER 2: Thesis Objectives 

 
 The purpose of this thesis was to better understand FA trafficking in skeletal 

muscle. Specifically, the focus was to examine the basal subcellular locations of FA 

transport proteins as well as their movement with acute metabolic stimuli (insulin and 

contraction) and short-term chronic leptin administration. In addition, given the 

prevalence of obesity, characterization of FA transport proteins in an obese, insulin 

resistant state with and without the administration of leptin was required to further our 

understanding of the progression of related pathologies and avenues through which 

metabolic function could recover. 

 

To these ends, the primary objectives and corresponding hypotheses for this thesis were 

as follows: 

 

Study 1 

  Objectives: a) Perform an in depth examination of the FA partitioning and FA 

transport protein distribution to the sarcolemma and mitochondria (SS and IMF) in rats 

fed a high-fat diet, and b) analyze the effect of a short-term chronic leptin treatment on 

lipid stores and FA transport protein profiles of the sarcolemma and mitochondria with 

and without a high-fat diet, and to relate changes in these parameters to the recovery of 

muscle insulin response in high-fat fed rats.  

 Hypothesis: Leptin would alter the distribution of FA transport proteins, decreasing 

their presence on the sarcolemma and increasing mitochondrial FAT/CD36. This would 

result in less lipid accumulation (TAG, DAG, and ceramide) as a result of a decrease in 
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uptake and an increase in oxidation, ultimately contributing to increased insulin 

responsiveness. 

 

Study 2  

 Objectives: To characterize a) the FA transport protein content of both cell surface 

membrane domains, the sarcolemma and t-tubules, and b) the acute effects of insulin 

stimulation and muscle contraction on FA transport protein translocation to these 

domains.  

 Hypothesis: FA transport proteins will be present on the t-tubule membrane and be 

responsive to metabolic stimuli. 

 

Study 3  

 Objectives: To examine the FA transport protein content of the sarcolemma and t-

tubules of obese, insulin resistant obese Zucker rats and their trafficking with insulin 

stimulation. 

Hypothesis: All FA transport proteins will be chronically upregulated on both the t-

tubules and the sarcolemma of obese Zucker rats and exhibit a resistance to insulin-

stimulated translocation to both membrane domains. 
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CHAPTER 3:  Recovered insulin response by 2 weeks of leptin administration in 

high-fat fed rats is associated with restored AS160 activation and decreased reactive 

lipid accumulation.  

 

As published, with minor revisions: 
 
Leslie E. Stefanyk, Roberto A. Gulli, Ian R. Ritchie, Adrian Chabowski, Laelie A. Snook, 

Arend Bonen, and David J. Dyck (2011). Am J Physiol Regul Integr Comp Physiol 301: 

R159–R171. 
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3.1 Abstract 

 
Leptin is an adipokine that increases fatty acid (FA) oxidation, decreases 

intramuscular lipid stores, and improves insulin response in skeletal muscle. In an attempt 

to elucidate the underlying mechanisms by which these metabolic changes occur, we 

administered leptin (Lep) or saline (Sal) by mini-osmotic pumps to rats during the final 2 

weeks of a 6 week low-fat (LF) or high-fat (HF) diet. Insulin-stimulated glucose transport 

was impaired by the HF diet (HF-Sal), but was restored with leptin administration (HF-

Lep). This improvement was associated with restored phosphorylation of Akt and AS160, 

and decreased reactive lipid species (ceramide, diacylglycerol), known inhibitors of the 

insulin signaling cascade. Total muscle citrate synthase (CS) activity was increased by 

both leptin and HF diet, but was not additive. Leptin increased subsarcolemmal (SS) and 

intramyofibrillar (IMF) mitochondria CS activity. Total muscle, sarcolemmal, and 

mitochondrial (SS and IMF) FA transporter (FAT/CD36) protein content was 

significantly increased with the HF diet, but not altered by leptin. Therefore, the decrease 

in reactive lipid stores and subsequent improvement in insulin response secondary to 

leptin administration in HF-fed rats was not due to a decrease in FA transport protein 

content or altered cellular distribution.   
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3.2 Introduction 

 
Obesity is characterized by increased lipid availability, increased fatty acid (FA) 

uptake into skeletal muscle, increased intramuscular lipid stores, and insulin resistance 

(112, 171, 235). Leptin is an adipokine known to improve insulin response in skeletal 

muscle (125) and insulin-stimulated glucose disposal (249, 252), an effect largely 

attributed to an increase in FA oxidation and a decrease in intramuscular triacylglycerol 

(TAG) content (158). Skeletal muscle expresses all leptin receptor isoforms, and leptin’s 

effects on FA oxidation are mediated at least in part by the activation of AMP-activated 

protein kinase (AMPK) (211). Leptin administration improves insulin signaling in 

skeletal muscle in obese and high-fat (HF) fed rodents; in particular, leptin administration 

can restore muscle glucose transport protein (GLUT4) content and Akt phosphorylation 

in rats fed a chronic HF diet (250). Leptin can also rapidly restore insulin-stimulated 

GLUT4 translocation in isolated muscle acutely exposed to high concentrations of 

palmitate, an effect strongly associated with the recovery of AS160 (Akt substrate of 

160kDa) phosphorylation (4). AS160 is one of the distal proteins in the insulin signaling 

cascade, and it’s phosphorylation has been shown to have a positive correlation with both 

glucose transport and palmitate oxidation (4, 42). Whether short-term chronic (e.g. 2 

weeks) leptin treatment can improve phosphorylation of AS160 in insulin resistant states 

associated with obesity and HF feeding remains to be determined.  

Impaired insulin signaling in skeletal muscle is often associated with increased 

intramuscular TAG content (39, 171). However, it is also generally accepted that TAG 

are a relatively non-reactive form of lipid (48, 188, 225) and may not be the causative 

factor in the disruption of insulin signaling in situations of lipid overload. Rather, it is the 
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more reactive lipid species, ceramide and diacylglycerol (DAG), which can directly 

impair insulin signaling (48, 161). It has been postulated that one of leptin’s most 

important peripheral effects is the prevention of lipotoxicity (236). While there is no 

debate as to the ability of leptin administration to significantly reduce TAG content in 

peripheral tissues, including skeletal muscle (69, 192, 196, 208), there is surprisingly 

little information regarding the effect of leptin on DAG and ceramide lipid species which 

are more important in terms of impaired insulin signaling. Furthermore, an analysis of the 

FA subclasses of each lipid storage depot in response to leptin is lacking, and could 

provide valuable information relating changes in FA composition, diet, and metabolic 

function, as these have been shown to be related (9). Two recent studies have 

demonstrated that leptin has relatively little effect or even increases muscle DAG and 

ceramide content in situations of acute lipid overload (4, 69). However, no study has yet 

examined the effect of leptin administration on muscle DAG and ceramide content in 

more prolonged situations of lipid overload, such as a HF diet.  

The accumulation of intramuscular lipid stores in obesity is related to an increase 

in the FA transport capacity at the sarcolemma (31, 101). Fatty acid translocase 

(FAT/CD36) and FA binding protein (FABPpm) are two key regulators of FA uptake at 

the cell surface (101). FAT/CD36 is also present in the mitochondrial membrane (22, 41), 

and regulates FA entry and subsequent oxidation into this organelle (169). Muscle from 

obese rats (150) and humans (31, 195) have increased sarcolemmal FAT/CD36 protein 

content. Our laboratory (209) has previously demonstrated that chronic leptin 

administration to lean rats fed a low-fat (LF) diet significantly decreased skeletal muscle 

FA transporters (FAT/CD36, FABPpm) on the sarcolemma which may contribute to the 



 37 

marked reduction in intramuscular TAG content that was also observed. It is tempting to 

speculate that leptin might also cause a redistribution of FAT/CD36 to the mitochondria 

as a mechanism to promote FA oxidation and reduce lipid accumulation. There are two 

distinct mitochondrial populations, subsarcolemmal (SS) and intramyofibrillar (IMF). 

These mitochondria are unique both in their cellular location and their function, as SS 

mitochondria have been shown to be more responsive to certain perturbations (17, 55). 

For example PGC-1alpha overexpression has been shown to increase FA oxidation in the 

SS but not IMF mitochondria (17). Thus, to gain a more complete picture of FA handling 

in the muscle, it is important to examine both mitochondrial populations and the 

sarcolemma in isolation.  

The purpose of this study was to examine the effect of short-term chronic in vivo 

administration of leptin (2 weeks) on the restoration of insulin-stimulated glucose 

transport in a model of HF feeding. It was our objective to determine whether improved 

insulin response induced by leptin was associated with i) restored phosphorylation of 

AS160, ii) reduced ceramide and DAG content, and iii) a redistribution of FAT/CD36 to 

the SS and/or IMF mitochondria and away from the sarcolemma. Furthermore, we 

examined these parameters in oxidative and glycolytic muscles separately to determine if 

there were fiber-type differences, as leptin has been shown to act in a fiber-type specific 

manner (251).  
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3.3 Methods 

 

3.3.1 Animals 

 
Female Sprague-Dawley rats (initial body mass ~140 g; Charles River, Saint-

Constant, Quebec) were used. After a 1 week acclimatization period, animals were 

randomly assigned to one of two isocaloric dietary groups for 4 weeks; 1) an ad libitum 

LF fed group (LF diet: 12% kcal from fat (derived from safflower oil), 16% kcal from 

protein and 72% kcal from carbohydrate; n=24), or 2) a pair-fed HF group (HF diet: 60% 

kcal from lard; n=24) (Appendix I). After 4 weeks, the 2 groups were each randomly split 

into one of two treatment groups for an additional 2 weeks i.e. 6 weeks in total: a sham 

saline group (Sal, n=12) or a short-term chronic leptin treated group (Lep, n=12). All 

groups were pair-fed to the LF-Lep group for the last 2 weeks. For osmotic pump 

insertion, animals were anesthetised with halothane and a small incision was made 

through the skin on the superior region of the back between the scapulae. Mini-osmotic 

pumps (Alzet 2ML2; Durect, Cupertino, CA) were inserted and delivered either saline 

(0.9% NaCl) or recombinant rat leptin (PeproTech, Rocky Hill, NJ). The incision was 

then closed with a single surgical staple. A leptin dose of 0.5 mg/kg/day was maintained 

throughout the 2 weeks as in our previous study (211). Animals were maintained on a 

12:12 hour reverse light-dark cycle and water was readily available to all groups. Body 

mass was monitored throughout the 6 weeks of the study. All experimental procedures 

were approved by the Animal Care Committee of the University of Guelph. 
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3.3.2 Blood Analysis 

Blood was collected in the morning after a 10 to 12 hour fast. Blood glucose was 

measured directly using a glucometer (EliteXL, Bayer Inc., Toronto, ON), and other 

measures were made from samples collected via the tail vein at 4, 5, and 6 weeks of 

feeding. Blood samples were centrifuged at 10,000 x g for 4 minutes and the plasma was 

stored at -80ºC. Plasma insulin and leptin was measured in triplicate with specific RIA 

kits (Linco, St. Charles, MO).  

 

3.3.3 Muscle Sampling 

Animals were anesthetised by an intraperitoneal injection of sodium pentobarbital 

(6 mg/kg body weight) after an overnight fast (10 hours). Each soleus muscle was 

stripped into three intact sections (approximately 25 to 30 mg each), and used for the 

determination of: i) maximal insulin-stimulated glucose uptake (Appendix II), ii) proteins 

in the insulin stimulation pathway, and iii) lipid content (TAG, DAG, ceramide) and FA 

profiles. Red and white sections of the gastrocnemius, vastus lateralis and tibialis anterior 

muscles were removed from each limb and pooled by fiber-type. The red and white 

muscles were either i) immediately used for the preparation of sarcolemmal vesicles and 

ii) mitochondrial isolation (SS and IMF), or iii) frozen for quantification of muscle lipids 

and their FA profiles. 

 

3.3.4 Maximal Glucose Transport  

Soleus strips were equilibrated for 30 minutes in 2 mL of pregassed (95 % O2/5 

% CO2) Medium 199 (Sigma Aldrich, Oakville, ON; Cat #M3769; supplemented with 
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0.1 % BSA and warmed to 30 °C) containing 8 mM glucose and 32 mM mannitol, in the 

absence or presence of insulin (10 mU/mL; Humulin R; Eli Lilly, Toronto, ON), in a 

gentle shaking bath. The soleus strips were washed (2 x 10 minutes) with glucose-free 

Medium 199 containing 4 mM pyruvate and 36 mM mannitol. Soleus strips were then 

incubated for 20 minutes (insulin) or 40 minutes (basal, no insulin) in Medium 199 

containing 4 mM pyruvate, 8 mM 3-O-[3H]methyl-D-glucose (0.5 µCi/ml; ARC, St. 

Louis, MO), and 28 mM [14C]mannitol (0.2 µCi/mmol; GE Heathcare; Baie d'Urfe, QC). 

Muscles were blotted, weighed, and digested (95°C, 10 minutes, 1 mL of NaOH). 

Glucose transport was calculated from a 200 µL aliquot of muscle digest to quantify 

intracellular 3-O-[3H]methyl-D-glucose as described previously (241) (Appendix III).  

 

3.3.5 Sarcolemmal Vesicle Preparation 

Red and white muscles were used separately to prepare giant sarcolemmal 

vesicles as described previously (138). The vesicles were frozen at -80°C until analyzed 

for sarcolemmal membrane-associated transport protein expression (FAT/CD36, 

FABPpm, GLUT4) and leptin receptor isoforms (Appendix IV). 

 

3.3.6 Mitochondrial Isolation 

Isolation of SS and IMF Mitochondrial Fractions.  

Subsarcolemmal and IMF mitochondria were isolated from pooled red or white 

muscles based on the method from Peters et al (173) with minor modifications. Briefly, 

the muscle was placed onto an ice-cold Petri dish with solution I (100 mM KCl, 50 mM 

Tris HCl, 5 mM MgSO4, 5 mM EDTA, pH 7.4). Muscles were then weighed and placed 
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in 10 volumes of solution II (Solution I with 0.25 mM ATP) and minced. The minced 

muscle was transferred to a glass potter and homogenized using a Teflon pestle on ice at 

3000 rpm. The homogenate was then centrifuged for 10 minutes at 800 x g. The 

supernatant (containing SS mitochondria) was retained and kept on ice. The pellet was re-

suspended in 4 mL of Solution II containing nagarse (0.025 mg/g wet weight), and 

incubated for 5 minutes. The nagarse action was terminated by the addition of 15 mL of 

solution II and immediately centrifuged for 5 minutes at 5,000 x g. The pellet was 

retained and re-suspended in 4 mL of solution II and spun for 10 minutes at 800 x g. The 

resulting supernatant (containing IMF mitochondria) was retained. Each supernatant (SS 

and IMF mitochondria) was centrifuged for 10 minutes at 9,000 x g. Lastly, the pellets 

were resuspended in 1 mL Solution II and spun for 10 minutes at 9000 x g. The final 

pellet was re-suspended in 1 µL/mg wet weight sucrose/mannitol buffer (220 mM 

sucrose, 70 mM mannitol, 10 mM Tris HCl, 0.1 mM Na2EDTA, pH 7.4) (Appendix V).  

 

3.3.7 Citrate Synthase  

Citrate synthase (CS) activity of the total muscle homogenate and mitochondrial 

fractions was measured as an indicator of mitochondrial recovery and quality (173). 

Citrate synthase activity was measured on a spectrophotometer (412 nm) using the 

enzymatic method linking the release of CoASH to the colourometric agent dithiobis-

nitrobenzoate (DTNB), as previously described (199) (Appendix VI). 
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3.3.8 Percoll Gradient 

A Percoll gradient was used to purify SS and IMF mitochondrial fractions (110) 

enriched in mitochondrial markers and containing negligible traces of sarcolemmal, 

transverse-tubule, golgi, nuclear, or sarcoplasmic reticulum membrane proteins as 

previously demonstrated (203). Briefly, isolated mitochondria were layered onto 1 mL of 

a 60% Percoll solution and centrifuged at 20,000 x g for 1 hour. Mitochondria were 

harvested from the interface and spun at 20,000 x g for 5 hours. The interface, containing 

purified mitochondria, was retained and stored at -80°C (Appendix VII). 

 

3.3.9 Insulin Signaling Proteins  

Soleus strips were incubated (4% FA-free BSA, 5 mM glucose, and 0.5 mM 

palmitate) for 15 minutes in the presence or absence of insulin (10 mU/mL) for the 

determination of total and phosphorylated insulin signaling proteins. After incubation, the 

strips were flash frozen in liquid nitrogen and stored at -80°C. 

 

3.3.10 Western Blot Analyses  

Muscle tissue was homogenized (1:5 dilution) in ice-cold buffer (50 mM Tris, 1 

mM EDTA, 1 mM EGTA, 50 mM NaF, 5 mM Na-pyrophosphate, 10% glycerol, 1% 

Triton-x, 1 mM DTT, 1 mM PMSF, and protease inhibitor cocktail) suitable for protein 

extraction and preserving the phosphorylation state of the signaling proteins. 

Homogenates were sonicated for 5 seconds, rocked end-over-end for 30 minutes and 

centrifuged at 1,500 x g for 15 minutes at 4°C (Appendix VIII). The supernatant was 

removed and protein content was determined using a BCA assay (Appendix IX). 
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Whole cell lysate protein (35 µg), sarcolemmal vesicle protein (15 µg) or mitochondrial 

protein (9 µg) was solubilized in 4 x Laemmli's buffer, boiled (95°C, 5 minutes), resolved 

by SDS-PAGE, and wet-transferred to polyvinylidene difluoride membranes [1–2 hours, 

100 V; except total and Ser79 phosphorylated ACC: 8–15 hours, 25–40 V, 4°C]. The 

membranes were blocked for 1 hour and then incubated overnight at 4°C with the specific 

primary antibodies for total and Thr172 phosphorylated AMPK (tAMPK, Thr172AMPK, 

Cell Signaling, Danvers, MA), total and Ser79 phosphorylated ACC (tACC, Cell 

Signaling; Ser79ACC, Upstate, Billerica, MA), sarcolemmal FABPpm (gift from Dr. J. 

Calles-Escandon, Wake Forest University School of Medicine, Winston-Salem, NC), 

FAT/CD36 (gift from Dr. N. Tandon, Otsuka Maryland Medicinal Laboratories, 

Rockville, MD), total, Ser473 and Thr308 phosphorylated Akt, (tAkt, Upstate; Ser473 and 

Thr308Akt, Santa Cruz Biotechnology, Santa Cruz, CA), total and Thr642 phosphorylated 

AS160 (tAS160; Cat #07-741, Upstate; Thr642AS160; Cat #44-1071G, Medicorp, 

Montreal, QC), GLUT4 (Chemicon, Rosemount, IL), cytochrome c oxidase subunit 4 

(COX4; Invitrogen Canada, Burlington, ON) and leptin receptor (Abcam, Cambridge, 

MA). After incubation with appropriate secondary antibodies for 1 hour, the immune 

complexes were detected using the enhanced chemiluminescence method (Western 

Lightning Plus-ECL; PerkinElmer, Waltham, MA), visualized using the ChemiGenius2 

Bioimaging system (Syngene, Cambridge, UK) and quantified (Gene Tools software, 

PerkinElmer). Equal loading was confirmed using protein staining with Ponceau-S 

(Sigma Aldrich, Oakville, ON) and quantification of alpha tubulin (Abcam; Appendix X). 
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3.3.11 Muscle Lipid Content Analysis 

 Soleus, red and white muscle samples were freeze-dried, powdered and cleaned 

of any visible connective tissue. Individual lipid species (TAG, ceramide, DAG) were 

extracted and separated by thin-layer chromatography and subsequently individual FA 

profiles were measured using gas-chromatography and mass spectroscopy as previously 

described (37). 

 

3.3.12 Calculations and Statistics 

All data are reported as mean ± standard error. A randomized block design 2-way 

analysis of variance (ANOVA) was used to analyze diet (HF vs. LF) X implant condition 

(leptin vs. saline) effects. When the ANOVA revealed significant differences, a Student 

Newman Keuls post hoc test was performed. The different fiber types (red and white) 

were analyzed separately. A one-way ANOVA was used to analyze diet (HF vs. LF) and 

time (weeks) effects when no additional treatment was present. Significance was 

accepted at p ≤0.05. 

 

3.4 Results 

 
 
3.4.1 Body Composition and Food Intake 

 Food intake and body mass did not differ between groups throughout the 6 week 

treatment period (Table 3.1). For the first 4 weeks of the feeding an average of 66 ± 1 

kcal/day was consumed. Compared to the week prior to the intervention (week 4), leptin 

treatment decreased caloric intake of the LF-Lep group in weeks 5 (-15%, p=0.001) and 6 
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(-11%, p=0.021), averaging 60 ± 1 kcal/day for the two weeks with the implants. All 

other groups were pair fed to match this reduced food intake. 

 

Table 3.1: Body mass and calorie intake 
 LF-Sal HF-Sal LF-Lep HF-Lep 
Day 1 Mass (g) 141 ± 6 138 ± 8 139 ± 9 137 ± 7 
Day 44 Mass (g)  273 ± 5 271 ± 4 265 ± 8 258 ± 6 
Average dietary intake (kcal) 65.6 ± 0.4 65.3 ± 0.4 64.0 ± 0.5 65.1 ± 0.4 
Body mass at the beginning and completion of study, and average dietary calorie intake 

throughout the 6 weeks of the study for all groups. High-fat; HF, low-fat; LF, saline; Sal, 

leptin; Lep. 

 

3.4.2 Blood Measures 

 Blood glucose was significantly higher in the HF groups compared to the LF 

groups at 4 weeks (Table 3.2). Blood glucose continued to increase only in the HF-Sal 

group (30% increase between weeks 4 and 6, p=0.035). Similarly, plasma insulin doubled 

in the HF-Sal group at 6 weeks compared to week 4 (p=0.020; Table 3.2). Leptin 

administration resulted in a greater than 10-fold increase (p<0.001) in plasma leptin 

between weeks 4 and 6 (Table 3.2). 
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Table 3.2: Fasting blood glucose, insulin and leptin measurements 
 LF-Sal HF-Sal LF-Lep HF-Lep 
Blood Glucose 
(mmol/L) 

    

Week 4 3.1 ± 0.2 4.3 ± 0.3 * 3.1 ± 0.2 4.3 ± 0.3 * 
Week 6 4.5 ± 0.5 5.8 ± 0.4 # 4.4 ± 0.5 5.1 ± 0.3 

Plasma Insulin 
(ng/mL) 

    

Week 4 0.30 ± 0.06 0.25 ± 0.07 0.30 ± 0.05 0.34 ± 0.06 
Week 6 0.39 ± 0.02 0.46 ± 0.03 # 0.32 ± 0.07 0.35 ± 0.06 

Plasma Leptin 
(ng/mL) 

    

Week 4 3.7 ± 0.3 3.0 ± 0.7  4.5 ± 0.7  4.2 ± 0.7  
Week 6 5.5 ± 0.7 10.1 ± 1.1 # 53.5 ±  3.1 # * 54.1 ± 2.0 # * 

# denotes significance from week 4 (before the implant), * denotes significance from LF-

Sal (control) in the same week. 

 

3.4.3 Mitochondrial Measures.  

 The percent recovery of mitochondria was 14 ± 1% and fractions contained 91± 

1% intact mitochondria. These numbers are consistent with previous studies in which 

mitochondrial isolations were performed (20, 173). The effect of leptin and HF diet on 

oxidative markers is presented in Table 3.3. In general, both the HF diet and leptin 

administration caused a significant increase in maximal CS activity in red (15-30%, 

p<0.05) and white (~20-30%, p<0.05) muscle. This was generally reflected by increased 

CS in isolated SS and IMF mitochondria. The effects of the HF diet and leptin were not 

additive. Total muscle COX4 protein content also increased with leptin (both LF and HF 

conditions), but not consistently with the HF diet alone. Furthermore, increases in total 

COX4 were not generally reflected by increased content in isolated mitochondria (for 

summary see Table 3.5). 
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Table 3.3: Citrate synthase activity and COX4 protein content in muscle, and isolated 
mitochondria.   
 LF-Sal HF-Sal LF-Lep HF-Lep 
CS  
(µmol/min/g wet wt) 

    

Red Wm 31.1 ± 1.0 a 40.6 ± 2.9 b 41.1 ± 4.3 b 35.7 ± 0.9 ab 
White Wm 12.5 ± 0.9 a 17.8 ± 1.4 b 16.1 ± 1.0 b 17.0 ± 1.2 b 
     
CS  
(nmol/mg mito 
protein/min) 

    

Red SS 96.5 ± 13.5 a 89.4 ± 15.9 a 122.9 ± 19.3 ab 161.6 ± 10.7 b 
White SS 96.1 ± 23.9 a 100.3 ± 18.5 a 165.2 ± 11.7 b 161.2 ± 32.8 ab 
     
Red IMF 103.4 ± 15.5 a 134.3 ± 9.4 ab 154.6 ± 13.2 b 154.1 ± 9.4 b 
White IMF 90.0 ± 7.6 a 126.0 ± 20.4 ab 143.5 ± 15.8 b 150.0 ± 9.5 b 
     
COX4      
Red Wm 100 ± 3.6 a 117 ± 5.1 b 122 ± 4.3 b 115 ± 5.6 b 
White Wm 100 ± 2.5 a 103 ± 5.7 a 117 ± 6.9 ab 132 ± 11.5 b 
     
Red SS 100 ± 10.5 109 ± 6.7 117 ± 8.6 119 ± 8.0 
White SS 100 ± 15.3 101 ± 10.7 93 ± 13.8 108 ± 12.3 
     
Red IMF 100 ± 9.6 94 ± 10.9 96 ± 9.0 105 ± 11.6 
White IMF 100 ±  12.5 87 ± 8.9 96 ± 8.1 103 ± 13.0 
Data presented as mean ± SE. Wm, whole muscle; SS, subsarcolemmal mitochondria; 

IMF, intramyofibrillar mitochondria. Different letters denote significance. 

 

3.4.4 Skeletal Muscle FA Oxidation Signaling Proteins 

 No differences in the two leptin receptor protein isoforms measured (100 kDa and 

150 kDa) were observed between groups in total muscle or sarcolemmal membrane 

fractions (Figure 3.1A). Total AMPK did not differ between groups; however 

phosphorylation of Thr172AMPK was 90% higher in red muscle (p=0.049) and 30% 

higher in white muscle (p=0.035) in the LF-Lep group compared to the LF-Sal group 

(Figure 3.1B). Phosphorylation of Thr172AMPK was 20% higher in the HF-Lep group 
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compared to the HF-Sal group in white muscle (p=0.050). Accordingly, total ACC also 

did not differ, but Ser79 phosphorylated ACC in red muscle was 40% higher (p=0.036) in 

the LF-Lep compared to the LF-Sal group, and Ser79 phosphorylation of ACC in white 

muscle increased significantly with leptin in both the LF (+22%, p=0.027) and HF groups 

(+27%, p=0.039; Figure 3.1C). 

 

3.4.5 GLUT4 Protein Content, Glucose Transport and Insulin Signaling Proteins in the 

Soleus 

GLUT4 protein. There was a minor effect of diet and leptin treatment on total 

GLUT4 content in either red or white muscle, as assessed in muscles of fasted animals 

under basal conditions. Leptin increased total basal GLUT4 content in the HF condition 

(+28%, p=0.034) and sarcolemmal basal GLUT4 (+21%, p=0.012) in the LF group in 

white muscle. There was no effect of diet or leptin on sarcolemmal GLUT4 in red muscle 

(data not shown).  

 

Maximal insulin-stimulated glucose transport. The basal rate of glucose transport 

was not different among groups (Figure 3.2). In an insulin-stimulated condition, the HF-

Sal group exhibited impaired glucose transport compared to the saline and leptin treated 

LF groups (-17%, p=0.026; -12%, p=0.012, respectively) and the HF-Lep group (-22%, 

p=0.018).  
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Figure 3.1: A) Leptin receptor proteins, and the leptin signaling proteins B) AMPK; 

AMP activated protein kinase and C) ACC; Acetyl-CoA carboxylase from red 

(gastrocnemius, vastus lateralis, tibialis anterior), and white muscles (gastrocnemius, 

vastus lateralis, tibialis anterior) and representative western blots. Different letters denote 

significance within each muscle sampled (p < 0.05). 
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Figure 3.2: Maximal glucose transport in the soleus under basal and insulin-stimulated 

conditions (15 minutes). Different letters denote significance within the insulin-

stimulated condition (p < 0.05). 

 

Insulin signaling proteins. The observed impairment in glucose transport was 

reflected in the expression of insulin signaling proteins. Total Akt protein content was 

lowest in the HF-Sal group (p=0.016) and restored in the HF-Lep group to a level similar 

to the LF groups (Figure 3.3A). Both Ser473 and Thr308 phosphorylation of Akt showed a 

significant leptin induced increase in the HF groups (+25%, p=0.046 and +55%, p=0.016, 

respectively). Total AS160 was not different among groups (Figure 3.3B). Thr642 

phosphorylation of AS160 in the HF-Sal group was significantly lower than all other 

groups (-50 to 70%, p<0.05) and was recovered with leptin administration. 
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Figure 3.3: Insulin signaling proteins: A) phosphorylation in response to insulin 

stimulus, B) total protein content measured in incubated soleus muscle. The differences 

seen with the Ser473 phosphorylation of Akt mimicked that of Thr308 represented above. 

Different letters denote significance (p<0.05).  

 

3.4.6 Fatty Acid Transport Proteins 

Total FAT/CD36 and FABPpm content in red and white whole muscle. 

 FAT/CD36 content. Total FAT/CD36 content in red muscle was significantly 

higher in the HF-Sal group compared to the LF-Sal and LF-Lep groups (+50%, p=0.003 

for both; Figure 3.4A); leptin administration combined with HF feeding decreased 
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FAT/CD36 content by 21% (p=0.036) compared to the HF-Sal group. In white muscle, 

the HF diet increased whole muscle FAT/CD36 content by 50% (p=0.040), regardless of 

whether leptin was administered or not. These measures were also made in soleus muscle 

for a direct comparison to the glucose transport measures. In this muscle, the HF-Sal 

group had 30% more FAT/CD36 than the LF-Sal group (p=0.021), and in the HF-Lep 

group FAT/CD36 content decreased 23% compared to the HF-Sal group (p=0.043, data 

not shown). 

 

Figure 3.4: Total A) FAT/CD36 and B) FABPpm protein content of red (gastrocnemius, 

vastus lateralis, tibialis anterior), and white muscles (gastrocnemius, vastus lateralis, 

tibialis anterior) and their corresponding western blots. Different letters denote 

significance (p < 0.05). 



 53 

 

FABPpm content. FABPpm content in red muscle was 23% higher in the HF-Sal 

group compared to the LF-Sal group (p=0.018; Figure 3.4B), and 24% lower in the HF-

Lep group compared to the HF-Sal group (p=0.035). No differences in FABPpm content 

were observed in white muscle. FABPpm content of the soleus in the HF-Sal group was 

20% higher than the LF-Sal group (p=0.046) and 18% lower in the HF-Lep group 

compared to the HF-Sal group (p=0.018, data not shown). 

 

FAT/CD36 and FABPpm content of the sarcolemma from red and white muscle. 

 

FAT/CD36 content. Sarcolemmal FAT/CD36 was 40% higher in the HF-Sal 

group compared to the LF-Sal group in both red (p=0.024) and white (p=0.016) muscle 

(Figure 3.5A).  

FABPpm content. A decrease in sarcolemmal FABPpm content was observed in 

the LF-Lep group compared to the LF-Sal group in red muscle (-33%, p=0.048; Figure 

5B). Sarcolemmal FABPpm content in white muscle was increased by the HF diet (HF-

Sal p=0.004) and leptin (LF-Lep; p=0.002, HF-Lep; p=0.010) compared to the LF-Sal 

group (Figure 3.5B).   
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Figure 3.5: Sarcolemmal A) FAT/CD36 and B) FABPpm protein content of red 

(gastrocnemius, vastus lateralis, tibialis anterior), and white muscles (gastrocnemius, 

vastus lateralis, tibialis anterior) and representative western blots. Different letters denote 

significance (p < 0.05). 

 

3.4.7 FAT/CD36 Content in Red and White Muscle SS and IMF Mitochondria 

SS mitochondria. Red muscle SS mitochondrial FAT/CD36 was higher in the HF-

Sal group than the LF-Sal group (+60%, p<0.001) and remained elevated in the HF-Lep 

group (p=0.035; Figure 3.6A). In SS mitochondria isolated from white muscle, 

FAT/CD36 was significantly lower in the LF-Lep group compared to the LF-Sal group (-
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37%, p=0.040). There was no effect of HF diet on FAT/CD36 content in white SS 

mitochondria.  

IMF mitochondria. Red muscle IMF mitochondrial FAT/CD36 protein content 

was significantly higher in the HF groups compared to the LF groups (Figure 3.6B). 

There was no additional effect of leptin. No difference in FAT/CD36 content was 

observed in the white IMF mitochondrial fraction.   

 

 

Figure 3.6: Subsarcolemmal (SS), and imtramyofribular (IMF) mitochondrial 

FAT/CD36 protein content of A) red (gastrocnemius, vastus lateralis, tibialis anterior), 

and B) white muscles (gastrocnemius, vastus lateralis, tibialis anterior) and representative 

western blots. Different letters denote significance (p < 0.05). 
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3.4.8 TAG, DAG, Ceramide Content and Lipid Subclass Composition 

 TAG. Total TAG stores were significantly increased in the HF-Sal group 

compared to the LF-Sal group in all muscles (red, white and soleus; Figure 3.7A). The 

administration of leptin to the HF group (HF-Lep) significantly decreased TAG content 

compared to the HF-Sal group in all muscles (red: -31%, p=0.036; white: -35%, p<0.001; 

soleus: -25%, p=0.033). In red muscle, the increase in TAG content with diet was 

primarily due to an increase in MUFA (4-fold, p<0.001; Table 3.4). In white muscle, both 

diet (p<0.001) and leptin (p<0.003) affected all major lipid subclasses. In soleus muscle, 

TAG were altered most by the HF diet through the alteration of SFA and MUFA (+50%, 

p=0.021; +70%, p=0.002, respectively), whereas SFA was the subclass predominantly 

affected by leptin (-30%, p=0.037). 

DAG. Diacylglycerol content in the HF-Sal group was significantly higher 

compared to all other groups in all three muscles; leptin significantly reduced DAG 

content in the HF group regardless of muscle fiber type (Figure 3.7B). DAG content in 

white muscle was affected by diet through changes in both SFA (+50%, p=0.023) and 

MUFA (+60%, p=0.023) content. SFA were the main contributors to HF diet induced 

increases in red muscle DAG (+50%, p=0.064; Table 3.4). 

Ceramide. Ceramide content in red muscle and soleus were significantly higher in 

the HF-Sal group compared to all other groups; most notably the HF-Lep group (red: 

+24%, p=0.015; soleus: +11%, p=0.044; Figure 3.7C). The increase in ceramide in these 

muscles was predominantly due to an increase in SFA content (red: +60, p=0.006; soleus: 

+14%, p=0.090; Table 3.4). Ceramide levels in the white muscle were unaffected by both 

diet and leptin treatments.
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Figure 3.7: Muscle lipid species in red (gastrocnemius, vastus lateralis, tibialis anterior), 

white muscle (gastrocnemius, vastus lateralis, tibialis anterior) and soleus muscle for all 

groups. TAG; triacylglycerides, DAG; diacylglyceride. Different letters denote 

significance within each muscle (p < 0.05). 
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Table 3.4: Fatty acid subclasses of lipid species from red, white and soleus muscle  
A) Red LF-Sal HF-Sal LF-Lep HF-Lep 
TAG      

SFA 9726 ± 1171ab 14195 ± 2035 a 8757 ± 802 b 10783 ± 1208 ab 
MUFA 8037 ± 1051a 14602 ± 2777 b 7658 ± 709 a 10727 ± 1316 ab 
PUFA 6117 ± 826  7787 ± 1223 5656 ± 760 5977 ± 650 

DAG      
SFA 1515 ± 129 a 2684 ± 407 b 1585 ± 123 a 1561 ± 147 a 
MUFA 342 ± 26  503 ± 53 398 ± 35 438 ± 50 
PUFA 340 ± 29 422 ± 53 374 ± 37 351 ± 46 

Ceramide      
SFA 456 ± 15 a 733 ± 98 b 480 ± 23 a 540 ± 43 a 
MUFA 63 ± 2 69 ± 4 66 ± 3 64 ± 5 
PUFA 34 ± 3 38 ± 3 38 ± 5 38 ± 4 

 
B) White  LF-Sal HF-Sal LF-Lep HF-Lep 
TAG     

SFA 8070 ± 721 a 24843 ± 1779 b 7221 ± 1313 a 16248 ± 1929 c 
MUFA 7015 ± 860 a 27919 ± 2286 b 6717 ± 1433 a 18562 ± 2493 c 
PUFA 4483 ± 660 a 14442 ± 1508 b 4112 ± 828 a 9086 ± 1178 c 

DAG     
SFA 1811 ± 184 a 2744 ± 246 b 1838 ± 206 a 2166 ± 221 ab 
MUFA 262 ± 34 a 425 ± 50 b 328 ± 39 ab 344 ± 27 ab 
PUFA 222 ± 12 325 ± 39 297 ± 37 286 ± 24 

Ceramide     
SFA 566 ± 14 598 ± 32 661 ± 45 696 ± 49 
MUFA 58 ± 4 62 ± 3 65 ± 5 65 ± 4 
PUFA 44 ± 7 47 ± 7 46 ± 5 48 ± 8 

 
C) Soleus LF-Sal HF-Sal LF-Lep HF-Lep 
TAG     

SFA 17484 ± 2114 a 25896 ± 1501 b 18613 ± 2092 a 19761 ± 2395 a 
MUFA 18509 ± 2449 a 31564 ± 1757 b 20061 ± 2096 a 24919 ± 3331 ab 
PUFA 15411 ± 2144 18255 ± 1743 17170 ± 1776 12446 ±1589 

DAG     
SFA 2112 ± 107 2546 ± 158 2092 ± 86 2209 ± 127 
MUFA 449 ± 45 568 ± 60 426 ± 54 532 ± 51 
PUFA 395 ± 41 432 ± 33 378 ± 44 403 ± 36 

Ceramide     
SFA 578 ± 12 661 ± 22 573 ± 22 583 ± 35 
MUFA 75 ± 3 84 ± 5 76 ± 2 72 ± 3 
PUFA 62 ± 13 56 ± 9 53 ± 5 56 ± 5 

Quantification of the fatty acid subclasses (nmol/g dry mass) within each lipid pool from 

the A) red (gastrocnemius, vastus lateralis, tibialis anterior), B) white (gastrocnemius, 
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vastus lateralis, tibialis anterior), and C) soleus muscle. SFA; saturated fatty acid, MUFA; 

monounsaturated fatty acid, PUFA; polyunsaturated fatty acid, TAG; triglyceride, DAG; 

diacylglyceride. Different letters denote significance within each fatty acid subclass. 

 
Table 3.5: Summary of high-fat diet and leptin’s effects on protein content 
  Red Muscle White Muscle 
Protein 
 

Fraction *HF diet 
effect 

Leptin effect *HF diet 
effect 

Leptin effect 

   HF LF  HF LF 
GLUT4 
 

Total — — — — ↑ — 

 
 

Sarcolemma — — — — — — 

        
FAT/CD36 
 

Total ↑ ↓ — ↑ — — 

 
 

Sarcolemma ↑ — — ↑ — — 

 
 

SS ↑ — — — — ↓ 

 
 

IMF ↑ — — — — — 

        
FABPpm 
 

Total ↑ ↓ — — — — 

 
 

Sarcolemma — — ↓ ↑ — ↑ 

        
CS 
 

Total ↑ ↑ ↑ ↑ ↑ ↑ 

 
 

SS — ↑ ↑ — ↑ ↑ 

 
 

IMF ↑ ↑ ↑ ↑ ↑ ↑ 

COX4 
 

Total ↑ ↑ ↑ — ↑ ↑ 

 SS — — — — — — 
 IMF — — — — — — 
A summary of the HF diet (* compared to the LF diet ) and leptin (leptin vs. Saline on 

both HF or LF diet) effects. High-fat; HF, low-fat; LF, subsarcolemmal; SS, 
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intramyofibrillar; IMF, citrate synthase; CS. Arrows denote a significant change in the 

specified protein (↑ increase, ↓ decrease), — denotes no change. 

 

3.5 Discussion 

 
 In this study, the short-term chronic administration of leptin successfully reversed 

many of the negative metabolic effects induced by a HF diet, ultimately restoring insulin-

stimulated glucose transport in the soleus muscle. Specifically, the restoration of insulin-

stimulated glucose transport was associated with a concomitant increase in the 

phosphorylation of proteins in the insulin (Akt and AS160) and leptin (AMPK) signaling 

pathways and in a decrease in the reactive lipid species, ceramide and DAG. To our 

knowledge, this is the first study to demonstrate that short-term chronic leptin 

administration in vivo can reduce reactive lipid species that are causative in the disruption 

of insulin signaling in skeletal muscle. The marked reduction in intramuscular lipid 

content following leptin treatment does not appear to be due to a repartitioning of 

FAT/CD36 to the mitochondria, but rather an increase in total mitochondrial content and 

thus total oxidative capacity of the skeletal muscle (see Table 3.5 for Results summary).  

 

3.5.1 Glucose Transport and Insulin Signaling 

 In the current study, leptin administration increased insulin-stimulated glucose 

transport in soleus in the HF group by ~30%, which is similar to improvements observed 

in previous studies (196, 250). In the study by Yaspelkis et al. (250), a 50% increase in 

glucose transport was observed, however the duration of the HF diet was much longer (3 

to 6 months) and led to a decrease in total muscle GLUT4 content which was restored 
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with 12 days of leptin treatment (250). The shorter administration of a HF diet in this 

study did not lead to a reduction in total GLUT4. In the present study, sarcolemmal 

GLUT4 was measured in muscle under basal (non-insulin-stimulated) conditions. Thus, 

our evidence for impairment of GLUT4 translocation with a HF diet, and subsequent 

improvement by leptin treatment was indirect. However, the ability of insulin to stimulate 

the phosphorylation of various insulin signaling intermediates was clearly impaired by 

the HF diet and rescued by leptin. A recent study by Alkhateeb et al. (4) demonstrated the 

ability of leptin to restore insulin response and insulin-stimulated GLUT4 translocation to 

the sarcolemma in soleus muscle during an 18 hour incubation while maintaining high 

palmitate availability. In that study, the restoration of insulin response and GLUT4 

translocation was most attributable to the recovery of AS160 phosphorylation. In 

agreement, we observed that a HF diet significantly impaired insulin-stimulated 

phosphorylation of AS160, which was completely restored with leptin treatment, and 

associated with a full recovery of glucose transport. Collectively, these findings suggest 

that improved phosphorylation of AS160 is an important target of both acute (4) and 

short-term chronic leptin treatment (present study). The importance of other insulin 

signaling proteins should not be discounted, as we have also observed improved 

phosphorylation of both Ser473 and Thr308 Akt, and others have demonstrated increased 

PI3-kinase activity in response to leptin (196) during HF feeding.  

 

3.5.2 Reactive Lipid Species 

A strong correlation between intramuscular TAG content and insulin resistance 

has consistently been observed, however it now appears that this lipid pool may in fact be 
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a safe inert storage depot for FA (48, 188, 225). Conversely, ceramides and DAGs are 

now considered the reactive lipid metabolites that interfere with insulin signaling (48, 

215, 225). In the present study, a HF diet increased TAG, ceramide and DAG content, 

which coincided with impaired insulin-stimulated glucose transport and insulin signaling. 

Improvements in muscle insulin response in obese Zucker rats with interventions 

such as exercise training and metformin are accompanied by decreases in ceramide and 

DAG content (197). Ceramides interfere with insulin-stimulated GLUT4 translocation to 

the membrane by activating protein phosphatase 2A which dephosphorylates and in turn 

inactivates Akt (48) and by increasing Jun N-terminal Kinase (JNK) activity and 

subsequently inhibiting IRS-1 (107). Diacylglycerols activate a number of serine kinases, 

most predominantly protein kinase C (α, θ, ε) which inhibit IRS-1 via Ser307 

phosphorylation (161). In this study, ceramides stores increased in red muscle and soleus 

but not in white muscle. In agreement, increased ceramide accumulation in the Sal-HF 

group was accompanied by a decrease in total and phosphorylated Akt. High-fat fed rats 

treated with leptin showed reduced levels of ceramide in the muscle which was 

associated with improved phosphorylation of Akt. 

The exact role of ceramide and DAG as causative factors in the development of 

insulin resistance is controversial, particularly as mediators of cytokine/adipokine 

induced changes in insulin response. For example, we have previously shown that resistin 

exacerbates rapid palmitate-induced insulin resistance, but this appears to be largely 

independent of ceramide accumulation (123). Furthermore, leptin-induced restoration of 

insulin response during prolonged palmitate incubation (4) occurs in the absence of any 

reduction in ceramide or DAG content. 
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3.5.3 Fatty Acid Subclasses 

 Examining changes in the FA species can provide insight into the metabolic 

changes induced by diet. For example, altering the ratio of MUFA to SFA changes the 

fluidity of the cell membranes and has been linked to obesity and diabetes (23, 232). 

From the analysis of the FA subclasses within each lipid store it appears that the increase 

in total lipids seen with our HF diet was primarily due to an increase in SFA. This 

increase reflects the high SFA content of the diet consumed. However SFA were not the 

only contributing FA subclass, nor was this trend significant in every muscle type 

examined as has previously been observed (9, 105). The MUFA content of the TAG pool 

increased significantly along with the SFA in all muscles in the HF-Sal group compared 

to the LF-Sal group. Stearoyl-CoA desaturase (SCD)-1 catalyzes the rate determining 

reaction in the synthesis of MUFA (23). SCD-1 activity could decrease FA oxidation 

since MUFA, unlike SFA, are unable to inhibit acetyl-CoA carboxylase resulting in 

malonyl CoA accumulation and subsequent inhibition of CPT-1 and FA oxidation (23). 

Interestingly, MUFA levels in the HF-Lep group were not significantly greater than the 

LF-Sal group. This link between leptin’s effects and SCD-1 transcription and activity has 

previously been reported (56) and is supported by these results. In red muscle we see a 

clear link between SFA content, total reactive lipid stores and decreased insulin action. 

However, in white muscle and the soleus it appears that all the subclasses are affected to 

a similar extent. Overall, and somewhat surprisingly, the total lipid content of the muscle 

seems to be more indicative of interference with insulin signaling than its FA subclass 

composition.  
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3.5.4 FA Transport as a Regulator of Lipid Accumulation  

 
Total muscle FA transport proteins. Lipid accumulation can be the result of 

multiple factors, including but not limited to an increased capacity to transport FA into 

the cell and a decrease in FA oxidation in the mitochondria. Total muscle FAT/CD36 and 

FABPpm content were clearly increased with a HF diet. Measures of total muscle FA 

transporter content are variable in studies with HF feeding in rodents and in the Zucker 

rat model of obesity (33). However, a more representative index of FA transport capacity 

is the presence of the transporter on the sarcolemma.  

Sarcolemmal FA transporters. In the current study, the sarcolemmal content of 

both FAT/CD36 and FABPpm were increased following 6 weeks of HF feeding in red 

and white muscle. This increase was associated with increased intramuscular lipid 

content. An increase in sarcolemmal FAT/CD36 content has previously been shown to 

correlate strongly with palmitate transport and intramuscular lipid content in obese rats 

(112) and humans (31).  

Interestingly, a reduction in sarcolemmal FA transporters was not observed with 

short-term chronic leptin administration in this study. Although difficult to compare due 

to differences in circulating leptin levels achieved (10-fold increase in current study), 

previous research from this laboratory has demonstrated that 2 weeks of chronic leptin 

administration (4-fold increase) decreased sarcolemmal FAT/CD36 and FABPpm content 

in LF fed rats, coinciding with a marked reduction in muscle TAG content (209). The 

level of circulating leptin is an important consideration as hyperleptinemia also reduces 

circulating insulin levels. It is possible that it was the reduction in insulin, and not the 
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increase in leptin per se, that caused the reduction in sarcolemmal FA transporter content 

observed in our previous study (209). Leptin might actually cause a relocation of FA 

transporters to the sarcolemma to facilitate FA clearance from the blood and its 

subsequent oxidation. In the current study, a higher level of hyperleptinemia was 

achieved compared to our previous study, which may have overridden the effect of 

reduced insulin. Regardless of differences observed between the studies, our current 

observations clearly indicate that short-term chronic hyperleptinemia can significantly 

reduce intramuscular lipid content, including ceramides and DAGs, without a reduction 

in FA transport capacity. This is consistent with Todd et al. (228) who found that leptin 

administration to HF fed rats, leading to an even greater degree of hyperleptinemia than 

that observed in the current study, resulted in increased rates of FA oxidation and a 

reduction in intramuscular TAG content, without a reduction in total FA uptake. Due to 

tissue limitations we were unable to procure additional soleus strips to measure FA 

oxidation. However, the administration of leptin clearly increased markers of oxidative 

capacity (CS, COX4) in both red and white muscle. In the present study there were 

generally no additive effects of leptin and the HF diet on oxidative capacity. This does 

not preclude the possibility that in vivo rates of FA oxidation were not further elevated by 

leptin in the HF condition. Indeed, this is precisely what Todd et al. (228) have 

demonstrated. 

Mitochondrial FA transporters. It was hypothesized that FAT/CD36 at the 

mitochondria would increase in order to support increased rates of oxidation, thereby 

leading to the decrease in lipid stores. There are contradictory reports in the literature 

with regards to the presence of FAT/CD36 on the mitochondrial membranes of skeletal 
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muscle. The current study, and those previously completed by ours and other laboratories 

have consistently observed FAT/CD36 on both SS and IMF mitochondria (41, 113, 191). 

In addition, it has been observed that this transport protein regulates FA uptake and 

oxidation in mitochondria (6, 111, 113, 189, 191). Not all laboratories have identified the 

presence of FAT/CD36 on the mitochondria or demonstrated its ability to increase 

markers of FA oxidation (119, 134). Whether this is due to differences in the preparations 

or the antibodies has not been resolved. For the purpose of the current study, FAT/CD36 

was clearly observed on both mitochondrial populations.  

In this study, leptin did not cause an increase in FAT/CD36 transporters in the SS 

or IMF mitochondria from either red or white muscles. Rather, leptin increased 

mitochondrial content as evident through whole muscle increases in COX4 protein 

content. Although tissue limitations precluded the direct determination of FA uptake or 

oxidation, our findings appear to be in agreement with those of Todd et al. (228), in 

which leptin administration in conjunction with a HF diet increased both FA uptake and 

oxidation, but decreased the FA esterification to oxidation ratio and improved insulin 

response. Taken together, these data suggest that an increase in FA oxidation rather than 

a decrease in FA uptake may be the cause of reduced DAG and ceramide stores in HF fed 

rodents. Thus, it appears that leptin increases oxidative capacity and decreases lipid 

accumulation in the Lep-HF group, but this is not due to a reduction in sarcolemma FA 

transport proteins, or a redistribution of FA transporters between the sarcolemma and 

mitochondria.   
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3.5.5 Role of AMPK as a Mediator of Leptin’s Effects 

Leptin can directly stimulate FA oxidation through the phosphorylation and 

activation of the α2 subunit of AMPK (220). This results in the subsequent 

phosphorylation of ACC, inhibiting its action and therefore the formation of malonyl-

CoA, ultimately increasing the activity of CPT-1 and FA entry into the mitochondria 

(211, 220). A significant increase in the phosphorylation of AMPK was observed in the 

HF-Lep group in this study. Interestingly, AMPK is a known activator of AS160 (42), as 

well as a stimulant for mitochondrial biogenesis in skeletal muscle (79). Thus, a chronic 

increase in muscle AMPK phosphorylation may be an important mediator for leptin’s 

metabolic effects. Although beyond the scope of the present study, leptin can also alter 

AMPK and metabolic regulation via neural efferents (158).  

 

3.5.6 Perspectives and Significance. 

 It is evident that a HF diet impairs insulin signaling, a common characteristic of 

obesity and a precursor to type 2 diabetes. Leptin production and its action on skeletal 

muscle are also altered in these states. It appears that leptin can have beneficial effects on 

insulin resistant muscle by targeting different aspects of the insulin signaling cascade, a 

pathway negatively effected by reactive lipid species. The present study demonstrated 

that leptin can rescue insulin response in muscle that had first been made resistant by a 

HF diet. This rescue of insulin response was associated with i) restoration of AS160 

signaling, ii) a decrease in the reactive ceramide and DAG lipid pools, and iii) an increase 

in AMPK phosphorylation and iv) mitochondrial oxidative capacity. Interestingly, a 

redistribution of FA transporters by leptin does not appear to be necessary to reduce the 
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diet-induced accumulation of reactive lipid species. A comprehensive analysis, like the 

one performed in the current study, is critical to understanding mechanisms through 

which leptin acts so that specifications can be made for the clinical application of this 

adipokine in the treatment of metabolic pathologies. 
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CHAPTER 4: Insulin and contraction-induced movement of fatty acid transport 

proteins to skeletal muscle transverse-tubules is distinctly different than to the 

sarcolemma 

 

As published, with minor revisions: 

Leslie E. Stefanyk, Arend Bonen, David J. Dyck (2012). Metabolism. [Epub ahead of 

print] doi:10.1016/j.metabol.2012.04.002 
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4.1 Abstract  

 
Objective. Fatty acid (FA) transport proteins are known to exist on the sarcolemma of 

skeletal muscle. However, it is unknown whether the t-tubules, which comprise ~60% of 

the cell surface, also harbor these proteins. We examined FA transport proteins from both 

membrane fractions in unstimulated, insulin-stimulated and contracted skeletal muscle.  

Materials/Methods. Sarcolemmal and t-tubule membrane fractions were isolated from the 

same muscle homogenate using a discontinuous sucrose gradient.  

Results. Our results demonstrate that the relative content of FA transport proteins within 

the two fractions and the magnitude to which they increase when stimulated were 

distinctly different. In unstimulated muscle FAT/CD36, FATP4, and FABPpm are 

abundant on the sarcolemma (3-, 22-, and 9-fold greater than t-tubule, respectively), 

whereas FATP1 resides primarily within the t-tubule fraction (1- to 2-fold greater than 

the sarcolemma). With both stimuli, in terms of absolute increase, FAT/CD36 

predominantly translocated to the sarcolemma and FATP1 to the t-tubules.  

Conclusions. There are clear differences in the profile of FA transport proteins and the 

response to stimuli of the sarcolemma and t-tubules. FATP1, a variable and unresponsive 

protein on the sarcolemma, appears to reside primarily in the t-tubules where it is 

responsive to stimuli. 
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4.2 Introduction 

 
Fatty acid (FA) uptake into skeletal muscle is tightly regulated in order to protect 

the cell from FA accumulation and meet metabolic demands (3, 32, 41, 53). Skeletal 

muscle expresses several FA transport proteins, including FA translocase (FAT)/CD36, 

plasma membrane associated FA binding protein (FABPpm) (47), and FA transport 

proteins (FATP) 1, 4, and 6 (118, 169). In skeletal muscle, FAT/CD36 and FATP4 

appear to be more closely associated with increased FA uptake than either FABPpm or 

FATP1 (169).  

Similar to GLUT4, FA transport proteins can be induced to translocate from 

intracellular stores to the muscle surface when exposed to different stimuli, including 

insulin and contraction (28, 118). To date, the translocation of FA transport proteins 

induced by insulin and muscle contraction has only been assessed in the sarcolemma. 

However, the sarcolemma represents only a portion of the muscle surface (~40%), while 

the remainder (~60%) is comprised of transverse (t)-tubules (5, 11, 66, 198). T-tubules 

play a vital role in propagating signals for muscle contraction and glucose transport (5, 

11, 66, 198). Subfractionation of muscle (66) allows for the recovery of both the 

sarcolemmal and t-tubule membranes, and has been used to characterize the translocation 

of GLUT4 with physiologic stimuli (66). The presence of FA transport proteins on t-

tubules and their ability to translocate to this domain has not yet been determined. 

Therefore, we examined the cell surface distribution of FA transporters under 

unstimulated and metabolically stimulated conditions (insulin, contraction). 
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4.3 Methods 

 

4.3.1 Animals 

Female Sprague-Dawley rats (Charles River, Senneville, QC) ~200g were 

provided standard chow and water ad libitum (Appendix I). All procedures were 

approved by the Animal Care Committee at the University of Guelph. Animals were 

anaesthetized with an intraperitoneal injection of sodium pentobarbital (6mg/kg body 

weight) after a 10 hour fast. 

 

4.3.2 Experimental Treatments 

Lower hindlimb muscles (red and white tibialis anterior, gastrocnemius, plantaris and 

extensor digitorum longus) were used for all analyses. Muscles were either unstimulated 

(basal), stimulated with an insulin injection into the vena cava (30 minutes, 1.0 U/kg 

body weight; Humunlin-R, Eli Lilly, Toronto, ON), or stimulated to contract via the 

sciatic nerve (10 ms impulses, 100 Hz/3 seconds at 10-20 V; train duration 100 ms) (28). 

The limb was stimulated twice for 13 minutes, separated by a 4 minute rest. During 

contraction, blood glucose remained stable. Insulin administration lowered blood glucose 

by 56 ± 6% after 30 minutes. 

 

4.3.3 Sarcolemmal and T-tubule Fractionation 

Sarcolemmal and t-tubule membranes were isolated as previously described (66). 

In brief, all muscles were cleaned of fat, minced in buffer A (10 mM NaHCO3, 0.25 M 

sucrose, 5 mM NaN3, 100 µM phenylmethylsulfonylfluoride, pH 7.4) and homogenized 

by polytron (low for 5 seconds). The sample was centrifuged for 10 minutes at 1,300 x g. 
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The supernatant was retained, and the previous steps were repeated with the pellet. The 

two supernatants were combined and centrifuged at 9,000 x g for 10 minutes. The 

resulting supernatant was spun at 190,000 x g for 1 hour. The pellet was layered on top of 

a discontinuous sucrose gradient of 25, 32, and 35% (wt/vol) and centrifuged at 150,000 

x g for 16 hours, resulting in two interfaces; sarcolemmal membrane (sample to 25%), 

and t-tubules (32 to 35%). Each interphase was extracted, resuspended in sucrose free 

buffer A and spun separately at 190,000 x g for 1 hour. Pellets were retained and frozen 

(Appendix XI). 

 

4.3.4 Western Blotting 

Protein concentration of whole muscle and the isolated fractions was determined 

using a BCA assay (Appendix IX). Protein from whole muscle (35 µg), sarcolemmal (10 

µg), and t-tubule (10 µg) membrane preparations were solubilized in Laemmli's buffer, 

boiled, resolved by SDS-PAGE, and wet-transferred to polyvinylidene difluoride 

membranes. Membranes were blocked and incubated overnight at 4°C with primary 

antibodies to measure MO25 FAT/CD36 (gift from Dr. N. Tandon, Otsuka Maryland 

Medicinal Laboratories); FABPpm (gift from Dr. J. Calles-Escandon, Wake Forest 

University); FATP1 and FATP4, (Santa Cruz Biotechnology, Santa Cruz, CA), and to 

test the purity of the membrane fractions, GLUT4 (Millipore, Temecula, CA), 

monocarboxylate transport protein 1 (MCT1; gift from Dr. Hatta, University of Tokyo); 

α-tubulin, α1-dihydropyridine Receptor (DHPR; Abcam, Cambridge, MA), α1-NaK 

ATPase (Upstate Biotechnology, Charlottesville, VA) and pyruvate dehydrogenase 

(PDH; Life Technologies, Burlington, ON). The immune complexes were detected using 
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enhanced chemiluminescence and quantified with densitometry. Equal loading was 

confirmed with Ponceau-S stain (Appendix X). Sarcolemma and t-tubule samples were 

run together on the same gel and all samples were transferred to one membrane so that 

comparisons between fractions could be made. Changes in protein content with 

stimulation are reported both as an absolute, and percent change relative to the basal 

amount due to the large variation in basal concentrations of the various proteins in each 

fraction. 

 

4.3.5 Statistical Analysis 

Data are reported as mean ± standard error. Comparisons between the sarcolemma 

and t-tubules were performed through a two-way ANOVA. The effects of the stimuli 

within each membrane fraction were analyzed using a one-way ANOVA and a Student 

Newman Keuls post hoc test. Significance was accepted at p≤0.05. 

 

4.4 Results 

 

4.4.1 Characterization of the Membrane Fractions 

The α1-subunit of the sarcolemmal marker NaK ATPase, was enriched in our 

isolated fraction (Figure 4.1). In contrast, a t-tubule marker, DHPR was exclusively 

located in this fraction. Both membrane fractions were devoid of the microtubular protein 

α-tubulin and contained only trace amounts of the mitochondrial protein PDH which did 

not change with metabolic stimulation. As expected, stimulation did not alter the 

sarcolemmal protein MCT1 which was relatively low in the t-tubules (29, 229). 
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Figure 4.1: Representative western blots A) showing the distribution of the α1-

dihydropyridine receptor (DHPR), α1-NaK ATPase, α-tubulin, and pyruvate 

dehydrogenase (PDH) in whole muscle (Wm), and sarcolemma and transverse (t)-tubule 

fractions, B) the distribution of DHPR, α1-NaK ATPase, monocarboxylate transporter 

(MCT1), and PDH under basal (B; unstimulated), and insulin (I) and contraction (C)-

stimulated conditions. 35 µg of Wm protein and 10 µg of membrane protein was used. 
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4.4.2 Sarcolemmal and T-tubule Content of Transport Proteins in Unstimulated 

Muscle. 

There was no difference in the GLUT4 protein content between the two fractions 

(Figure 4.2). FAT/CD36, FABPpm, and FATP4 content were all significantly greater 

(p<0.001) in the sarcolemma than the t-tubules (3-, 22-, and 9-fold, respectively). FATP1 

content in the t-tubules was 1- to 2-fold greater than in the sarcolemma (p<0.001). 

 

4.4.3 Sarcolemmal and T-tubule Content of Transport Proteins in Stimulated Muscle. 

Sarcolemma. 

Insulin stimulation increased the content of GLUT4 [+54 arbitrary units (AU) 

(+54%); p=0.009], FAT/CD36 (+37 AU and %; p<0.001), FATP1 (+23 AU and %; 

p=0.047) and FATP4 (+29 AU and %; p=0.016), but not FABPpm (Figure 4.2). 

Contraction increased GLUT4 (+54 AU and %; p=0.006), FAT/CD36 (+21 AU and %; 

p=0.012), and FATP4 (+41 AU and %; p=0.008), but not FABPpm or FATP1. 

 

T-tubule. 

Insulin increased the content of GLUT4 (+37 AU (+43%); p=0.025), FAT/CD36 (+12 

AU (+45%); p=0.02), FATP1 (+120 AU (+79%); p=0.008) and 4 (+44 AU (+375%); 

p=0.042) in the t-tubule (Figure 4.2). Contraction increased GLUT4 (+42 AU (+48%); 

p=0.035), FAT/CD36 (+13 AU (+48%); p=0.036), FATP1 (+91 AU (+60%); p=0.016) 

and 4 (+36 AU (+315%); p=0.036). The absolute content of FABPpm was only 

marginally increased (~+2 AU each), but given the low basal levels, corresponded to a 

significant percentage increase (insulin, +52%, p=0.049; contraction, +74%, p=0.022). 
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Figure 4.2: Representative western blots showing the distribution of (A) glucose 

transport protein (GLUT4), (B) FAT/CD36, (C) FABPpm, (D) FATP1 and (E) FATP4 

under basal (B; unstimulated), insulin (I)-stimulated, and contraction (C)-stimulated 

conditions on the sarcolemma (Sarco) and transverse (t)-tubule. All blots are 

representative, the data collected for statistics were from samples all exposed on the same 

membrane. Values are means ± SE, * denotes significance from basal within a prepared 

fraction, † denotes significance the of the t-tubule fraction from the sarcolemma, p≤0.05. 

 

4.5 Discussion 

This study demonstrates for the first time that FA transport proteins exist on the t-

tubules of skeletal muscle. Furthermore, these proteins translocate to the t-tubules with 

both insulin stimulation and contraction. 

 

4.5.1 Insulin-Stimulation. 

 Glucose and FAs are cleared from the blood postprandially in response to insulin. 

It is known that their clearance is achieved by the translocation of GLUT4 (142, 145) and 

FA transport proteins (27, 118, 151) to the sarcolemma in response to insulin, which we 

largely confirmed in this study. The novel observation in the present study was that 

insulin induced the translocation of all FA transport proteins to the t-tubules. FATP1, a 

variable and often unresponsive protein at the sarcolemma was abundant in the t-tubules 

and very responsive to insulin. The percent increase of all other FA transport proteins on 

the t-tubules was high, especially FATP4. However, the basal content of FAT/CD36 and 

FATP4 was considerably less than on the sarcolemma, and FABPpm content was 
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negligible; therefore, whether the absolute increases of these proteins contribute 

significantly to FA uptake is not known. Why FA transport proteins are distributed so 

differently at these two cell surface domains is unclear, and is further complicated by the 

differing transport efficiencies of these transporters. A limitation to our findings is that 

the absolute quantity of any transporter at the molar concentration is not known.   

 

4.5.2 Contraction Stimulation. 

 FA transport into skeletal muscle is increased with contraction in order to provide 

adequate substrate for ATP provision. In accordance, all FA transport proteins were 

increased in the t-tubules in response to contraction, also with the caveat that basal levels 

of some proteins were low. Again, FATP1 was more responsive on the t-tubules than the 

sarcolemma. Interestingly, mitochondria have been reported to be located adjacent to the 

triad (26). Given the importance of t-tubules in the propagation of action potentials and 

initiating muscle contractions, it is possible that the regulation of FA uptake at the t-

tubule may be an important facilitator of the adaptations to chronic exercise training. 

Only FAT/CD36 and FATP4 increased in the sarcolemma. FABPpm was not increased; 

however increases have been observed in giant sarcolemmal vesicles from mouse muscle 

(118) and on the sarcolemma of rat muscle (101) in response to muscle contraction. 

Translocation of this protein with both contraction and insulin has been an inconsistent 

observation (45, 118). It is not clear as to why there are different observations in rat and 

murine muscles or between preparations with FABPpm.  
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4.5.3 Perspectives and Significance   

T-tubules are potentially an important site of FA uptake. FATP1 appears to be 

predominant in the t-tubules and both FATPs increase to a large extent with stimulation. 

These observations are novel and challenge the prior notion that FATPs are minor 

contributors to FA uptake based on their variable responses on the sarcolemma (101). 

Future studies need to consider the t-tubule fraction when examining the regulation of FA 

uptake and metabolism. 
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CHAPTER 5: Sarcolemma and transverse-tubule fatty acid transport proteins are 

chronically increased, but display resistance to insulin-induced translocation in 

obese Zucker rats. 

 

As submitted: 

Leslie E. Stefanyk, Arend Bonen, and David J. Dyck. (2012). Am J Physiol Regul Integr 

Comp Physiol. 
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5.1 Abstract 

A permanent relocation of the fatty acid (FA) transporter FAT/CD36 to the 

sarcolemma strongly correlates with the intramuscular lipid accumulation in insulin-

resistant muscle. Transverse (t)-tubules comprise approximately half of the cell surface, 

and harbour all of the muscle FA transporters. However, it was not known whether in 

obesity i) FA transporters are also upregulated in the t-tubules thereby potentially 

contributing to lipid accumulation, and ii) whether insulin-induced translocation of FA 

transporters to t-tubules is impaired. Our results demonstrate that in muscle from obese 

rats in the basal state, FAT/CD36, FABPpm and FATP1 are all increased on the t-tubules 

(+114%, +120%, and +69%, respectively), and sarcolemmal FAT/CD36 (+50%) and 

FATP1 (+38%) are also upregulated. In addition, while insulin induced the appearance of 

FAT/CD36, FATP1 and FATP4 at the sarcolemma and t-tubules in lean rats, in obese 

Zucker rats insulin failed to further increase these transporters in either fraction beyond 

their elevated levels observed under basal conditions. In conclusion, in obese Zucker rat 

muscle, FA transport proteins are permanently upregulated on both the sarcolemmal and 

t-tubule membrane fractions, which may contribute to the accumulation of intramuscular 

lipid in obese animals. In addition, as with GLUT4, the ability to translocate additional 

FA transporters to either domain with insulin stimulation is impaired in obese skeletal 

muscle. 
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5.2 Introduction 

 
Fatty acid (FA) uptake in skeletal muscle is a predominantly protein-mediated 

transport process (3, 32, 53, 91). In skeletal muscle, FA transport proteins include FA 

translocase/CD36 (FAT/CD36), FA binding protein (FABPpm), and a family of FA 

transport proteins (FATP)1, 4 and 6. Altering the abundance of transport proteins on the 

membrane via translocation from intracellular stores allows for a tight matching of FA 

uptake with metabolic demand under normal circumstances (91). The distribution of 

these FA transport proteins has been characterized on both the sarcolemma (118, 205) 

and more recently the transverse (t)-tubule membrane (205), which comprise ~40 and 

60% of the cell surface of skeletal muscle, respectively (67, 72). All muscle FA transport 

proteins are present on both membrane fractions although the relative distribution to these 

fractions differs (205). Specifically, FAT/CD36, FATP4, and FABPpm are most 

abundant on the sarcolemma, whereas FATP1 resides primarily within the t-tubules 

(205).  

A chronic increase in lipid delivery to peripheral tissues and subsequent storage is 

a common factor linking obesity and insulin resistance (16). There is a permanent 

translocation of FAT/CD36 to the sarcolemma in muscle from obese and diabetic humans 

(31) as well as in obese (58, 101) and high-fat fed rats (104, 197). In these models, 

FAT/CD36 mediated FA transport is presumably an important contributor to the 

accumulation of intramuscular lipids. FA transport protein content of the t-tubules has not 

been examined in the obese, insulin resistant state, and specifically, whether there is a 

permanent elevation in FA transport protein content of the t-tubules has not been 

determined. 
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The t-tubules, like the sarcolemma, are exposed to circulating substrates and have 

been identified as a site of regulation of glucose uptake (66). Support for a role of t-

tubules in regulating substrate metabolism has been previously implicated as the glucose 

transport (GLUT4) protein content of the t-tubules is decreased in streptozotocin (STZ)-

induced diabetic rats, corresponding to a decrease in glucose uptake with insulin 

stimulation (67). Similar to the sarcolemma, the t-tubule represents a membrane fraction 

to which FA transport proteins can be stimulated to translocate with insulin (205). With 

insulin, FATP1 and 4 are greatly increased on the t-tubules, FAT/CD36 predominantly 

translocates to the sarcolemma, while the response of FABPpm is variable (101, 118, 

205). It is unknown whether the insulin-stimulated trafficking of FA transport proteins to 

these two muscle cell surface domains is impaired with obesity similar to that observed 

with GLUT4.  

Increased FA storage and a decreased response to insulin-stimulated glucose 

uptake in skeletal muscle are commonly observed in the obese state. Therefore, this study 

utilized obese Zucker rats, a well characterized model of insulin resistance and obesity, to 

determine i) whether there is a permanent relocation of FA transport proteins to the t-

tubule fraction in the obese state, and ii) whether the ability of insulin to induce the 

translocation of these proteins to the each of these two membrane fractions is impaired in 

obesity.  
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5.3 Methods 

 
5.3.1 Animals 

Female lean (250 g) and obese (350 g) Zucker rats were purchased from Charles 

River (Charles River, Wilmington MA) and maintained on a 12:12 hour light-dark cycle. 

Rats were allowed ad libitum access to standard chow (Research Diets D06052601M, 

New Brunswick, NJ; Appendix I) and water. All experimental procedures were approved 

by the Animal Care Committee of the University of Guelph. Animals were anaesthetized 

with an intraperitoneal injection of sodium pentobarbital (6 mg/kg body weight) before 

all experimental procedures, which took place in the morning after a 10 hour fast. 

 

5.3.2 Surgical Preparation and Insulin Stimulation 

All analyses were conducted using pooled red and white tibialis anterior, red and 

white gastrocnemius, plantaris and extensor digitorum longus muscles. Basal 

(unstimulated) muscles were removed and frozen from one limb of each rat after all 

major arteries were ligated at the hip to prevent blood loss. Insulin (1.0 U/kg body 

weight; Humunlin-R, Eli Lilly, Toronto, ON) was then injected directly into the vena 

cava with the needle kept in place to prevent blood loss during the experiment (118). 

After 30 minutes the same lower hindlimb muscles were extracted from the contralateral 

limb and immediately frozen in liquid nitrogen. This dosage and duration have previously 

been used to demonstrate translocation of glucose and FA transporters to the sarcolemma 

(118). Blood glucose remained stable during the removal of the muscles in the basal 

condition. Fasting blood glucose concentration was significantly greater in the obese 

compared to the lean rats (9.5 ± 0.8 vs. 5.6 ± 0.2 mM, p<0.05). The decline in blood 
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glucose 30 minutes following insulin injection was less in the obese than the lean rats (-

18% vs. -31%, p<0.05).  

 

5.3.3 Sarcolemmal and T-tubule Fractionation 

T-tubule and sarcolemmal membranes were isolated as described by Dombrowski 

et al. (66). This isolation procedure was carried out in parallel with muscles from one 

control, and one insulin-treated set of muscles from a lean and an obese animal to ensure 

that differences were not due to day-to-day variations. In brief, the muscle sample was 

cleaned of fat, minced in 15 volumes of buffer A (10 mM NaHCO3, 0.25 M sucrose, 5 

mM NaN3, 100 µM phenylmethylsulfonylfluoride, pH 7.4), and homogenized by 

polytron at low speed for 5 seconds. The sample was then centrifuged for 10 minutes at 

1,300 x g. The supernatant was retained, and the pellet was resuspended in buffer A, 

homogenized with the polytron and centrifuged at 1,300 x g for 10 minutes. The resulting 

supernatant was combined with that from the first spin and centrifuged at 9,000 x g for 10 

minutes. The resulting supernatant was spun at 190,000 x g for 1 hour. The pellet was 

then layered on top of a discontinuous sucrose gradient of 25, 32, and 35% (wt/vol in 50 

mM Tris HCL, pH 7.5, 1 mM EDTA, 0.05% lauryl maltoside) and centrifuged at 150,000 

x g for 16 hours, resulting in two interfaces with their respective membranes; 

sarcolemmal (sample to 25%) and t-tubule (32 to 35%) membranes. Each interface was 

extracted, resuspended in sucrose free buffer A, and spun separately at 190,000 x g for 1 

hour. The resulting pellet was frozen at -80°C (Appendix XI). 
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5.3.4 Western Blot Analyses 

Protein concentrations of the isolated sarcolemmal and t-tubule fractions were 

determined using a BCA assay (Appendix IX). Whole muscle (35 µg), sarcolemmal (~6 

µg), and t-tubule (~6 µg) membranes were solubilized in 4x Laemmli's buffer, boiled 

(95°C, 5 minutes), resolved by SDS-PAGE, and wet-transferred to 

polyvinylidenedifluoride membranes (1 hour, 100 V). The membranes were blocked for 1 

hour and then incubated overnight at 4°C with primary antibodies to measure the 

transport proteins: MO25 FAT/CD36 (gift from Dr. N. Tandon, Otsuka Maryland 

Medicinal Laboratories, FABPpm (gift from Dr. J. Calles-Escandon, Wake Forest 

University), FATP1 and FATP4 (Santa Cruz Biotechnology, Santa Cruz, CA), and 

GLUT4 (Millipore, Temecula, CA). Proteins involved in the GLUT4 insulin signaling 

pathway: total (Upstate, Billerica, MA) and Ser473 phosphorylated Akt (Santa Cruz 

Biotechnology), and total (Upstate) and Thr642 phosphorylated AS160 (Akt substrate of 

160 kDa; Medicorp, Montreal, QC). To verify the quality/purity of the membrane 

preparations, markers of microtubules (α-tubulin), t-tubules (α1-dihydropyridine receptor 

(DHPR; Abcam, Cambridge, MA)), the sarcolemma (α1-NaK ATPase (Upstate 

Biotechnology, Charlottesville, VA), monocarboxylate transporter-1 (MCT-1; gift from 

Dr. H. Hatta, University of Tokyo)), and mitochondria (pyruvate dehydrogenase (PDH; 

Life Technologies Inc., ON)) were analyzed. Secondary antibodies were purchased from 

Santa Cruz Biotechnology. 

After incubation with the appropriate secondary antibody for 1 hour, the immune 

complexes were detected using the enhanced chemiluminescence (Western Lightning 

Plus-ECL;PerkinElmer, Waltham, MA), and quantified with densitometry (Gene Tools 
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software, PerkinElmer). Equal loading was confirmed using nonspecific protein staining 

with Ponceau-S stain (Sigma Aldrich, Oakville, ON) (Appendix X). 

 

5.3.5 Statistical Analysis 

All data are reported as mean ± standard error. Comparisons of membrane 

transport proteins under basal conditions and insulin signaling proteins between lean and 

obese Zucker rats were performed using a two-way analysis of variance (ANOVA). The 

effects of insulin stimulation on proteins in the two membrane fractions were analyzed 

using a two-way ANOVA, and a Student Newman Keuls post hoc test was used to test 

significant differences revealed by the ANOVA. Significance was accepted at p ≤0.05. 

 

5.4 Results 

 
5.4.1 Characterization of the Membrane Fractions 

 The α1-subunit of the NaK ATPase is predominantly localized to the sarcolemma 

in rat skeletal muscle; accordingly, the sarcolemmal fraction was enriched in this protein 

(Figure 5.1). Similarly, the sarcolemmal marker MCT1 was relatively low in the t-tubules 

and did not change with insulin stimulation, as previously shown (29). α1-DHPR protein, 

a t-tubule marker, was enriched in the isolated t-tubule fraction. Neither α1-NaK ATPase 

nor α1-DHPR protein concentrations were altered on either membrane fraction in 

response to insulin, consistent with previous reports (182). Both isolated membrane 

fractions were devoid of the microtubular protein α-tubulin and the mitochondrial protein 

PDH (Figure 5.1). The purity of the fractions is similar to that reported in previous 

studies utilizing the same methodology (66, 205). 



 89 

 

 
Figure 5.1: Representative western blots showing the distribution of α1-NaK ATPase, 

monocarboxylate transporter (MCT)-1, the α1-dihydropyridine receptor (DHPR), α-

tubulin and pyruvate dehydrogenase (PDH) in sarcolemma, whole muscle (Wm), and 

transverse (t)-tubule fractions under basal (B), and insulin (I)-stimulated conditions. 35µg 

of Wm protein and 10µg of membrane protein was used. 

 

5.4.2 Fatty Acid Transport Protein Distribution in the Basal Condition 

Distribution between sarcolemma and t-tubules 

The relative concentrations of all FA transport proteins were compared between 

sarcolemmal and t-tubule fractions under basal conditions in muscle of lean and obese 

rats. Representative blots are shown in Figure 5.2A. In the lean Zucker rats, FAT/CD36 

(2- to 3-fold, p<0.01), FABPpm (13- to 14-fold, p<0.001) and FATP4 (11- to 12-fold, 

p<0.001) were higher in the sarcolemmal fraction when compared to the t-tubule fraction 

(Figure 5.3), whereas FATP1 was significantly higher in the t-tubule fraction compared 

to its presence at the sarcolemma (2-fold, p=0.01). These patterns confirm our recent 
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observations using lean Sprague-Dawley rats (205). Similarly, in the obese rats, 

FAT/CD36 (2-fold, p<0.001), FABPpm (6- to 7-fold, p<0.001) and FATP4 (10-fold, 

p<0.001) were higher in the sarcolemmal fraction than the t-tubules fraction (Figure 5.3), 

whereas FATP1 content was significantly greater in the t-tubule fraction compared to the 

sarcolemma (2- to 3-fold, p<0.001). 

 

 

Figure 5.2: Representative western blots showing the distribution of FAT/CD36, 

FABPpm, FATP1 and FATP4 under basal (B) and insulin (I)-stimulated conditions of A) 

the sarcolemma (Sarco), transverse (t)-tubule fractions and whole muscle (Wm; 10µg of 

membrane and Wm protein was used) and B) Wm (35µg of protein was used). 
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Figure 5.3: Basal protein contents of FAT/CD36, FABPpm, FATP1 and FATP4 in lean 

and obese Zucker rats on the two membrane fractions. Values are means ± SE, † denotes 

a significant difference from the sarcolemma fraction, and * denotes a significant 

difference between groups (Lean, open bars or Obese, hatched bars) within the same 

fraction (P<0.05). 

 
Differences Between Lean and Obese 

There was significantly more FAT/CD36 protein in both the sarcolemma and t-

tubule fractions of the obese compared to the lean Zucker rats (+61% and +72%, 

respectively; p<0.001; Figure 5.3). Similarly, FATP1 content in obese muscle was greater 

in both the sarcolemmal (+38%, p<0.001) and t-tubule (+69%, p<0.01; Figure 5.3) 

fractions compared to lean animals. FABPpm content was significantly greater in the t-
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tubule fraction in obese relative to lean muscle (+120%, p<0.001). Only FATP4 content 

was similar in both membrane fractions of lean and obese rats (Figure 5.3). 

Representative blots are shown in Figure 5.2A. 

 
5.4.3 Insulin Signaling Proteins 

 Proteins involved in the insulin signaling pathway were measured in basal and 

insulin-stimulated muscle (Figure 5.4). Akt Ser473 phosphorylation (expressed relative to 

total) increased 5.4-fold (p<0.001) in the lean rats, and much less (2.5-fold) in the obese 

Zucker rats (p<0.001) with insulin stimulation. AS160 Thr642 phosphorylation increased 

in response to insulin only in the lean rats (1.4-fold, p<0.05). 

 

 

Figure 5.4: Insulin signaling proteins measured in basal and insulin-stimulated whole 

muscle. Values are means ± SE, * denotes a significant difference from basal values 

within the same group (Lean, open bars or Obese, grey bars), and Λ denotes a significant 

difference where marked (P<0.05). 
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5.4.4 Changes in sarcolemmal and t-tubule transport protein content with insulin 

stimulation 

Total Protein Content. Insulin stimulation did not alter the total muscle protein content of 

GLUT4 or any FA transport proteins in either lean or obese rats.  

 

GLUT4. Insulin stimulation increased GLUT4 protein content ~ +60% (p<0.01; Figure 

5.5) in both the sarcolemma and t-tubules in muscle from lean rats. In contrast, in the 

obese rats, insulin stimulation did not increase GLUT4 content on either the sarcolemma 

(p=0.721) or t-tubules (p=0.415).  

 

 

Figure 5.5: GLUT4 protein content of isolated membrane fractions from basal and 

insulin-stimulated muscle. Values are means ± SE, * denotes a significant difference 

from basal lean (P<0.05). 
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Fatty acid transport proteins. With insulin stimulation in lean rat muscle, FAT/CD36 

(+28%, p<0.01), FATP1 (+21%, p<0.05) and FATP4 (+30%, p<0.05) protein contents 

were each significantly increased in the sarcolemma fraction (Figure 5.6). In addition, all 

FA transport proteins were increased in the t-tubule fraction with insulin stimulation in 

lean rat muscle (FAT/CD36, +48%, p<0.001; FABPpm, +60%, p<0.05; FATP1, +44%, 

p<0.05; FATP4, +60%, p<0.05). In the obese Zucker rats, none of the FA transport 

proteins increased in either the sarcolemma or t-tubule fraction in response to insulin 

(Figure 5.6).  
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Figure 5.6: FAT/CD36, FABPpm, FATP1 and FATP4 contents of isolated fractions 

from basal and insulin-stimulated muscle. Values are means ± SE, * denotes a significant 

difference from basal lean, † denotes a significant difference between lean and obese, and 

Λ denotes a significant difference where marked (P<0.05). 

 

5.5 Discussion 

 
In obesity there is an imbalance between skeletal muscle FA uptake and 

oxidation, resulting in lipid accumulation. It is believed that a permanent relocation of the 

FA transport protein FAT/CD36 to the sarcolemma is at least partly responsible for the 

increase in FA uptake (31, 101, 150). The current study extends these findings by 

demonstrating for the first time that FAT/CD36, FABPpm and FATP1 are also 

permanently relocated to the t-tubules of obese rats. This study also demonstrates that the 

ability of insulin to induce FA transport protein translocation to either the sarcolemmal or 

t-tubule fraction is essentially absent in muscle from obese rats. These findings establish 

that muscle insulin resistance in obesity affects both the movement of GLUT4 and FA 

transport proteins to the two major fractions of the muscle surface.  

 

5.5.1 Distribution of Transporters, not Total Content, Differs in Obese vs. Lean Muscle 

Total protein content of all FA transport proteins was not different between lean 

and obese Zucker rats. This is in accordance with previous analysis in obese and type 2 

diabetic humans (31), and obese Zucker rats (18, 58, 101, 150). The current study also 

found no difference in total muscle GLUT4 protein between lean and obese Zucker rats, 

which is also consistent with previous reports (67, 83, 135). Although it was originally 
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thought that obesity-related insulin resistance was due to a deficiency in GLUT4 protein 

(83), it is now well established that total content is normal, and there is a defect in its 

translocation (36, 74), insertion of the protein into the membrane (87), or activation of the 

GLUT4 protein (36, 83, 87). It appears that a similar dysfunction, in terms of impaired 

translocation, occurs with the FA transport proteins. 

In this study, we observed a permanent relocation of FAT/CD36 and FATP1 to 

both membrane fractions and FABPpm in the t-tubules of obese rats. Whether this 

relocation is due to a decrease in endocytosis of these proteins or an increase in 

recruitment of FA transport proteins to the cell surface through exocytosis has not been 

determined. This redistribution likely accounts for the increased FA uptake and 

intramuscular lipid accumulation frequently observed in this animal model (18, 101, 112, 

150). Previous studies using giant sarcolemmal vesicles (150) and sarcolemmal 

membranes isolated through subcellular fractionation (101) have found similar increases 

of FAT/CD36 in obese rats to those reported in this study (+33 to 80%), though not 

FATP1. In the current study, we did not observe an increase in FABPpm content in the 

sarcolemma of obese rats (+13%, p>0.05) in accordance to results previously reported in 

obese Zucker rats (150) and in humans with type 2 diabetes (31). Other studies have 

reported a significant increase in sarcolemmal FABPpm content from obese Zucker rats 

(101), although the percent increase was relatively small (+15%) and similar to our own 

observations. The function of FABPpm as a FA transport protein has yet to be elucidated 

and it has been reported not to be as strongly linked to FA uptake as other transport 

proteins (28, 169). Similarly, the transport capacity of FATP1 appears to be low in basal 

conditions (169, 247), however very prominent in insulin-stimulated FA uptake (247). 
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The role of FATP1 in the development of insulin resistance is controversial as the loss of 

FATP1 appears to protect against diet-induced obesity and accumulation of intramuscular 

TAG (247). Conversely, FATP1 overexpression has been found not to predispose mice to 

insulin resistance due to the fact that it may channel FA to oxidation as opposed to 

storage (114). The current study is novel in that a permanent relocation of FATP1 was 

observed to both cell surface domains in muscle from obese rats in a basal condition. 

Different methodologies have been utilized to analyze FA transporters on the 

sarcolemma, as well as the use of different genetic and obesity models, which may 

account for some of the inconsistent findings. Our finding that FATP1 is concentrated in 

the t-tubules in comparison to the sarcolemma in basal conditions, and that it is increased 

in obesity in both membrane fractions suggests that this protein warrants further 

investigation. In particular, whether FATP1 facilitates FA trafficking to storage or 

oxidation will be important to establish, particularly in relationship to obesity.   

Our results suggest that the relocation of FA transport proteins in both membrane 

fractions contribute to the increase in FA transport capacity and lipid accumulation in 

obese muscle. However, at this point, the relative contribution of the two membrane 

fractions to FA uptake cannot be determined as the protocol utilized does not generate 

membrane vesicles from the isolated sarcolemma and t-tubules fractions to allow for the 

analysis of FA transport. In addition, while we have assessed relative protein contents of 

the FA transport proteins in the two muscle cell surface membrane domains, the absolute 

quantity of any transporter at the molar concentration is not known.   
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5.5.2 Translocation of FA Transport Proteins is Impaired in the Obese, Insulin 

Resistant State 

It is known that insulin-stimulated GLUT4 translocation to both the sarcolemma 

and t-tubules is impaired in obese Zucker (present study) and STZ-induced diabetic rats 

(67). The novel finding from the current study is that this resistance to insulin also applies 

to the translocation of the FA transport proteins to both the sarcolemma and the t-tubule 

membranes. This supports previous functional observations that FA uptake in 

sarcolemmal vesicles from obese Zucker rats (101) and muscle from high-fat fed mice 

(247) failed to further increase in response to insulin.  

An elevated fasting plasma TAG concentration is observed in obese, insulin 

resistant humans (156) and obese Zucker rats (34, 58). The initial hydrolysis of 

circulating TAG is catalyzed by lipoprotein lipase (242). The subsequent clearance of the 

generated FA is mediated through FA transport proteins, which are stimulated to 

translocate to the cell surface by insulin (32, 118, 151, 247). The ability to clear plasma 

TAG in a postprandial situation is impaired in insulin resistant individuals (63, 156). 

Furthermore, the ablation of FAT/CD36 results in increased circulating TAG in rodents 

(76), and postprandial lipidemia is observed in humans with FAT/CD36 deficiency (140, 

159). The implication of these observations, together with our own findings, is that the 

inability to recruit additional FA transport proteins to the cell surface in the postprandial 

state results in impaired lipid clearance in this acute situation. That is, the already 

elevated content of surface FAT/CD36 appears to be insufficient to appropriately 

facilitate the rapid clearance of lipid immediately following a lipid-based meal.   
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The signaling pathways involved in the translocation of FA transport proteins to 

the muscle surface are not well characterized. The signaling pathways of GLUT4 and 

FAT/CD36 appear to be similar, in that the insulin-induced translocation of GLUT4 and 

FAT/CD36 are mediated via the phosphatidylinositol 3-kinase (PI3K)-Akt 2 signaling 

pathway (150), and contraction-induced translocation is mediated via AMP kinase 

activation (28, 153), although the involvement of this latter mechanism with FAT/CD36 

has recently been questioned (120). Observations from the current study demonstrate that 

in an obese model, insulin’s ability to stimulate the translocation of both GLUT4 and 

FAT/CD36 to the cell surface is impaired, reinforcing the similarities between the two 

signaling pathways. The insulin-induced translocation of FABPpm and FATP4 to the 

sarcolemma appears to occur through an alternate pathway than the PI3K-Akt 2 signaling 

pathway (91, 117), but this pathway has not been defined. Lastly, the insulin-induced 

translocation of FATP1 to the membrane has only been investigated in adipose tissue, 

and appears to involve both the PI3K and the MAPK pathways (202). Further 

investigation is required to fully understand the signaling pathways involved in the 

translocation of FA transport proteins to the different membrane domains in skeletal 

muscle.  

 

5.5.3 Perspectives and Significance 

The current study has demonstrated that certain FA transport proteins are 

chronically elevated in the t-tubules in obese skeletal muscle, as well as on the 

sarcolemma membrane. This study also demonstrates for the first time that there is a 

resistance to insulin-stimulated FA transport protein translocation to the two major 
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membrane fractions, similar to that observed with GLUT4 transport proteins. Pathologies 

such as obesity and Type 2 diabetes have been linked to increased uptake and storage of 

lipids in skeletal muscle. Our observations suggest that the t-tubules are potentially an 

important site of FA uptake and should be considered as a locus regulating lipid 

accumulation. It would be beneficial for future studies to investigate the channeling of 

FA trafficked i.e. storage vs. oxidation from the two membrane fractions.  
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CHAPTER 6: Integrative Discussion 

 
In order to better understand how altered FA metabolism might contribute to 

impaired insulin response in muscle, we investigated specific aspects of FA metabolism 

(uptake, storage, oxidation), and specifically how these were altered in different models 

of obesity and insulin resistance (both dietary and genetic models) as well as with 

treatments to reverse insulin resistance (leptin administration). A focal point of this thesis 

was to characterize FA transport protein translocation to each of the two extracellular 

domains (sarcolemma and t-tubule) of skeletal muscle, initially in lean rats using 

contraction and insulin stimulation, and subsequently with insulin stimulation in a Zucker 

rat model of obesity and insulin resistance. Prior to this thesis, there had been no 

examination of the potential contribution of the t-tubules, which comprise over half of the 

cell surface, as a regulated site of FA uptake into muscle.  

 

6.1  Study Summaries 

 
6.1.1  Study 1 

The first study examined the ability of leptin to recover muscle insulin response in 

high-fat fed rats, and how this was related to changes in the basal cellular location 

(sarcolemma, SS and IMF mitochondria) of the various FA transport proteins, as well as 

FA trafficking (oxidation, and storage as TAG, DAG, and ceramide). Our findings 

indicated that 6 weeks of a high-fat diet increased the total muscle content of FA 

transport proteins, which was reflected by increases in the sarcolemma and both 

mitochondrial fractions. Triacylglycerol, DAG, and ceramide content were all increased, 
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and coincided with a decrease in insulin-stimulated glucose uptake. This study was the 

first to show that two weeks of chronic leptin administration via a subcutaneous mini-

osmotic pump resulted in a decrease in reactive lipid stores within the muscle (DAG and 

ceramide), even with the continuation of the high-fat diet. While reductions in total 

FAT/CD36 and FABPpm content was seen in red muscle, their relative abundance in 

specific cellular locations including the sarcolemma and major mitochondrial fractions, 

which might account for a reduced uptake and/or altered trafficking of FA (increased 

oxidation, reduced esterification), was not altered with leptin. However, there was an 

increase in markers of oxidative capacity of the muscle and an increase in AMPK 

activation which together may have accounted for the reduction in intramuscular lipids. 

Overall, two weeks of chronic leptin administration was able to restore insulin-stimulated 

activation of proteins involved in the insulin signaling cascade and maximal glucose 

uptake in muscle, even in the face of a continued high saturated-fat diet, presumably due 

in part to a decrease in the reactive lipid stores.  

 

6.1.2  Study 2 

In order to gain further insight into FA transport proteins and their dynamics at 

the cell surface, the second study of this thesis utilized a fractionation technique to 

analyze both fractions of the cell surface, the sarcolemma and the t-tubules (constitutes 

40 and 60% of the cell surface, respectively (66, 72)), in basal (unstimulated) skeletal 

muscle, and with both insulin-stimulation and muscle contraction. In this study, the novel 

observation was made that the t-tubules harbour FA transport proteins (FAT/CD36, 

FABPpm, FATP1 and FATP4), and that this is a domain to which they translocate upon 
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stimulation. It was determined that the two cellular domains are distinctly different both 

in their basal contents of the transport proteins and in the extents to which these proteins 

increase with either stimulus. With acute metabolic stimulation, FAT/CD36 translocates 

primarily to the sarcolemma, and FATP1 to the t-tubules. FATP1 has previously been 

shown to be a variable and sometimes unresponsive protein based on analysis of the 

sarcolemma utilizing different fractionation techniques; however, its localization to the t-

tubules and its large response to stimuli may represent a specialized and previously 

unrecognized role of this protein.  

 

6.1.3  Study 3 

In obesity, increased FA uptake and storage has been attributed to a permanent 

relocation of the FA transport proteins (FAT/CD36 and FABPpm) to the sarcolemma (31, 

58, 101). In the third study, to further our knowledge of the basal distribution and insulin 

regulation of FA transport proteins in obesity, we isolated and examined sarcolemmal 

and t-tubule membrane domains in these two conditions from the obese, insulin resistant 

Zucker rat. The major finding was that while the basal content of some FA transport 

proteins on both membrane fractions was elevated in obese rats, there was a resistance to 

further increase movement to these domains with insulin stimulation. We speculate that 

an insensitivity of both FA and glucose transport proteins to insulin may at least in part 

explain the hyper-lipidemia and hyperglycemia that often characterizes post-prandial 

situations in obese individuals.   
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6.2  Skeletal Muscle Insulin and Leptin Resistance with Obesity; Implications For 

FA Uptake 

 
6.2.1  Insulin Actions in Skeletal Muscle; Consequences of Insulin Resistance 

 Resistance to insulin-stimulated glucose uptake is well characterized in states of 

obesity (74, 135, 196). This thesis has confirmed that GLUT4 transport proteins 

translocate to both the sarcolemma and the t-tubules with insulin stimulation (66) and that 

translocation to both membrane domains is blunted in an obese state, specifically in the 

obese Zucker rat (Thesis Study 3). The resistance to insulin-stimulated FA uptake has 

previously been identified in the perfused rat hindlimb in association with an inability to 

increase FAT/CD36 at the sarcolemma (101). Fatty acid transport proteins are chronically 

increased on both the sarcolemma (Thesis Studies 1 and 3, (101)), and t-tubules in an 

obese state (Thesis Study 3), and insulin fails to increase these transport proteins further 

(Thesis Study 3, (101)).  

These findings suggest that in an insulin resistant state, the muscle cannot 

compensate for the post-prandial rise in blood lipid (and glucose) availability by further 

increasing FA transporters at the cell surface, which could explain why in an obese state 

post-prandial lipidemia is prevalent (63, 156). Post-prandial lipidemia is seen in 

FAT/CD36 knockout mouse models along with an increased predisposition to type 2 

diabetes and related pathologies (68). FAT/CD36 overexpression has been suggested as a 

potential mechanism through which diabetic drug treatments decrease circulating plasma 

lipids post-prandially and as a result decrease the associated negative health 

consequences (175, 246). However, in an obese state FA transport proteins are already 

chronically elevated on the sarcolemma and the t-tubules; therefore, whether a further 
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increase in these transport proteins would increase their response to insulin stimulation is 

questionable. Furthermore, it may not be desirable for the muscle to chronically take up 

increased amount of FA, as this may lead to increased reactive lipid storage (DAG, 

ceramide) within the cell and potential cellular injury. Rather, it seems that addressing the 

issue of insulin resistance would be a more beneficial approach for better control of FA 

metabolism. Whether the impaired insulin-stimulated FA transport observed in the obese, 

insulin resistant condition can be improved with treatments such as exercise or leptin 

administration (as used in this thesis) has not yet been determined. The ability of leptin 

administration to improve insulin-mediated FA transport protein translocation to either 

the sarcolemma or t-tubules was not assessed in this thesis, due to tissue limitations. 

Interestingly, however, indirect evidence suggests that this may be the case as improved 

control of circulating FA and TAG is seen in obese individuals after >10% weight loss 

along with improvements in insulin sensitivity (62). It should be acknowledged that 

tissues other than skeletal muscle also contribute to the regulation of blood lipids. For 

example, a decreased responsiveness to insulin in adipose tissue increases lipolysis and 

the entry of FA into the circulation. As such, elevated circulating FA may be the result of 

a combination of factors.  

It has been proposed that the insulin-signaling pathways regulating the 

translocation of FA transport proteins is similar to GLUT4. Therefore, the locus of 

disruption may be similar as we see a resistance to insulin-stimulated translocation of all 

FA transport proteins (and GLUT4) to the membrane in an obese state. However, 

determinants of the basal cell surface concentrations of GLUT4 and FAT/CD36 proteins 

in obesity and type 2 diabetes appear to be dissimilar as GLUT4 is chronically 
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downregulated and FAT/CD36 is upregulated in these states (31, 112, 150). Further 

examination of the signaling pathways of these transport proteins is needed. 

 

6.2.2  Leptin Actions in Skeletal Muscle; Consequences of Leptin Resistance 

 In addition to insulin resistance, obesity can also be characterized by a resistance 

to leptin (162, 181). Furthermore, as is the case with muscle insulin resistance, it is 

inducible by diet (207, 238) and can be reversed with exercise (181, 212). Paradoxically, 

leptin administration to high-fat fed rodents, which would presumably be both insulin and 

leptin resistant, show clear improvements in muscle insulin response, which can at least 

partially be attributed to increases in FA oxidation and a reduction in intramuscular lipids 

(69, 192, 196, 208). This suggests that muscle leptin resistance, primarily assessed by 

decreased oxidation and lipolytic responses, may not be absolute, and can be overcome 

by high dosages of exogenous leptin. Alternatively, the reversal of resistance to insulin-

stimulated glucose uptake by certain paradigms, such as exercise, may not require a local 

increase in leptin sensitivity (181). It is possible that leptin administration may indirectly 

affect muscle metabolism through altered adrenergic activity (158) or through changes in 

other circulating factors (pro-inflammatory cytokines, reactive oxygen or nitrogen 

species, etc. (248)).  

 Skeletal muscle is not the only tissue that is responsive to leptin stimulation. 

Adipose tissue is the largest FA storage depot and contains both FA and glucose transport 

proteins (81, 201, 247). Leptin produced by adipose tissue can act on itself and also on 

other leptin-responsive tissues such as liver, pancreas, and the brain (73, 192, 194, 221). 

Understanding the effects of leptin on different tissues, including the causes and 



 108 

underlying significance of leptin resistance, would be important to the understanding of 

obesity and its related pathologies, as tissues are not affected, and do not operate in 

isolation. 

6.3 The T-tubules and Substrate Metabolism 

 
 The discovery of glucose transport proteins (GLUT4) on the t-tubule membranes 

of skeletal muscle revealed a potentially important function of this membrane fraction, 

namely substrate transport. The t-tubules are exposed to the circulating plasma, and due 

to the fact that they comprise ~60% of the cell surface, makes them an important 

consideration for the regulation of glucose and FA uptake in muscle (67, 72). The studies 

completed in this thesis are the first to identify FA transport proteins on the t-tubule 

membranes. Therefore, there is little information with regards to transport at this domain, 

although this does appear logical as they are in close proximity to the mitochondria, the 

site of FA and glucose oxidation.  

 

6.3.1 T-tubules Are in Close Proximity to FA Storage and Oxidation 

Mitochondria have been observed to align immediately adjacent to the triad (t-

tubule and terminal cisternae of the sarcoplasmic reticulum), located opposite the Z line 

(26). Therefore, given that the t-tubules are in stable association with energy producing 

organelles, and that t-tubules propagate action potentials to initiate muscle contraction, it 

would seem advantageous to also stimulate energy substrate (glucose, FA) uptake in 

these locations for ATPases and cross bridge cycling. It has been observed that different 

FA transport proteins have different transport capacities but may also traffic FA 

differently i.e. storage vs. oxidation (169). Interestingly, our observations that the t-
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tubules are enriched with FATP1, and given that t-tubules associate closely with 

mitochondria, pair well with observations that FATP1 transfection results in increased 

FA oxidation as opposed to storage in skeletal muscle (114).  

In cardiac muscle it has been proposed that FA are taken up into the cell at both 

the sarcolemma and the t-tubules where they reach the terminal cisternae of the 

longitudinal reticulum and are subsequently stored as TAG (206). Interestingly, in 

cardiac muscle, the largest accumulation of TAG occurs in the region of the dyad (t-

tubule and one terminal cisternae), thus suggesting greater uptake in these areas (206). 

With exercise training there is a well-documented increase in intramuscular TAG storage 

(92, 165); therefore, it is possible that the regulation of FA uptake at the t-tubules may be 

an important facilitator of the adaptations to chronic exercise training. Overall, the 

preliminary evidence points to the importance of both the specific FA transport protein 

and the membrane domain on which they are located as potential determinants of the 

metabolic fate of FA.  

 

6.3.2  The T-tubules are Suitable Environments for Substrate Transport 

T-tubules respond to external stimuli and have been shown to be a site of glucose 

uptake (143, 144). In skeletal muscle, insulin diffuses within the t-tubules where there are 

also insulin receptors, and insulin-mediated PI3K activity increases locally at the t-

tubules with stimulation (142, 193). GLUT4 does translocate to the t-tubule membranes, 

although the timing of this is delayed (~10 minutes) compared to the sarcolemma and 

reaches its maximal GLUT4 recruitment at 30 minutes (142). This delay is apparently 

due to the tortuous nature of the tubules (142, 193). It is unknown whether a similar delay 
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is observed when muscle contraction is employed. In the second study of this thesis, the 

insulin and contraction perturbations lasted for 30 minutes, which should be sufficient 

time for both membrane domains to respond to the stimuli. However, we do not know if 

this was a maximal response as time course measurements were not taken to clearly 

establish the timing of a peak response to either stimuli in each domain. In addition, it 

was not determined whether there is an additive effect of insulin and contraction on FA 

transport protein translocation to the t-tubules, like that observed with FAT/CD36 and 

FATP1 on the sarcolemma (118).  

Some FA transport proteins have been shown to closely associate with specialized 

microdomains on the cell surface, termed calveolin, that may aid or be required for their 

transport functions. Although originally found only in developing t-tubule network 

systems (172), mechanical dissection of the sarcolemma and use of immunofluorescence 

has revealed that calveolin-3, a protein located in calveolin microdomains in skeletal 

muscle, is located deep within the skeletal muscle fiber even in mature muscle (166). 

Calveolin-3 has been visualized along the length of the t-tubules and is concentrated 

primarily towards the junction of the t-tubules and the sarcolemma (166, 176). Calveolin-

3 has been shown to associate specifically with the FA transport protein FAT/CD36 

(239), supporting the possibility that the t-tubules are a suitable environment for FA 

transport proteins to function. Lastly, albumin is one of the major protein components of 

the plasma and is necessary to carry long-chain FA in the circulation (136). Albumin has 

been located in the extracellular space surrounding striated and smooth rat muscles (254). 

Importantly, albumin has also been found to be a major protein component of the t-

tubules (136), suggesting that t-tubules may very well act as a site for FA uptake.   
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In spite of the indirect evident suggesting the potential contribution of t-tubules to 

energy substrate uptake into the muscle, this has not yet been firmly identified. This is 

due at least in part to the absence of a technique to generate properly oriented vesicles 

from t-tubule membranes to directly assess uptake. Furthermore, even if such vesicles 

could be created, a remaining issue would be whether the extracellular environment 

would be a realistic physiological representation of the t-tubule network. In order to 

provide evidence that each fraction of the muscle cell surface contributes to substrate 

uptake, and to what capacity, it would be beneficial if FA (or GLUT) transporters could 

be overexpressed or silenced on specific membrane domains (sarcolemma and t-tubules) 

in skeletal muscle. In situ in living mice, a confocal time-lapse imaging technique was 

developed for monitoring dynamic changes in the localization of fluorescent-tagged 

proteins in skeletal muscle fibers in vivo (141). This technique has only been utilized to 

monitor glucose transport to the sarcolemma and t-tubules but might also facilitate the 

elucidation of the role of the t-tubules in FA uptake. 

 
 

6.5 Conclusions 

 
FA transport into muscle cells is a potential point of control of both FA oxidation 

and storage within skeletal muscle. A novel observation of this thesis was the presence of 

FA transport proteins on the t-tubule membranes. In this thesis, we characterized the 

distribution of FA transport proteins at the skeletal muscle cell surface (sarcolemma and 

t-tubules) and assessed how these changed with acute metabolic stimuli in both healthy 

rats, and in an obese Zucker rat model. The recovery of insulin response with leptin 

administration was associated with decreased reactive lipid species (DAG, ceramide) but 
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to our surprise, not in the distribution of FA transport proteins between the sarcolemma 

and the mitochondria. However, it is noteworthy that in this initial study we did not 

examine all FA transport proteins in a stimulated condition, or FA transporters in the t-

tubules, which may potentially have been affected. Future research into the functional 

role of FA transport proteins in the t-tubules and the recovery of insulin response with 

regards to FA transport is warranted as we work to further our knowledge on obesity 

related pathologies in hopes that they can be better managed. 
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Appendix I: Composition of Experimental Diets 

 
Diet (Product number) Low-fat (D05092806BM) High-fat (D12492) 
 gm% kcal% gm% kcal% 
Protein 19.2 20 26.2 20 
Carbohydrate 67.3 70 26.3 20 
Fat 4.2 10 34.9 60 
Total  100  100 
kcal/gm 3.85  5.24  
     
Ingredient gm kcal gm kcal 
Casein, 80 mesh 200 800 200 800 
L-Cystine 3 12 3 12 
     
Corn Starch 506.2 2025 0 0 
Maltodextrin 10 125 500 125 500 
Sucrose 68.8 275 68.8 275 
     
Cellulose, BW200 50 0 50 0 
     
Soybean Oil 0 0 25 225 
Lard * 0 0 245 2250 
Safflower Oil, USP 45 405 0 0 
     
Mineral Mix S10026 10 0 10 0 
DiCalcium Phosphate 13 0 13 0 
Calcium Carbonate 5.5 0 5.5 0 
Potassium Citrate, 1H20 16.5 0 16.5 0 
     
Vitamin Mix V10001 10 40 10 40 
Choline Bitartrate 2 0 2 0 
     
Total 1055 4057 773.8 4057 
 
*Typical analysis of cholesterol in lard = 0.95 mg/g. 
Cholesterol (mg)/4057 kcal = 232.8 
Cholesterol (mg)/kg = 300.8  
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Appendix II: Maximal Glucose Uptake 

REAGENTS 
 

1. Weekly Buffer (Base solution for M1, M2, & M3) 
Medium 199 (Sigma Aldrich M3769) 
0.1% Bovine Serum Albumin 

 
2. Medium 1 (Pre-Inc, pregassed with 95% O2 5% CO2) 

8 M Glucose 
32 M Mannitol 

 
3. Medium 2 (Wash, pregassed with 95% O2 5% CO2) 

36 M Mannitol 
4 mM Pyruvate 

 
4. Medium 3 (Uptake Buffer, pregassed with 95% O2 5% CO2) 

8 mM 3-O-Methyl-D-Glucose 
28 mM Mannitol 
4 mM Pyruvate 
0.5 µL/ mL Medium 3 of 3H-Methyl-O-Glucose (1 mCi/ 1000 µL) 
1.0 µL/ mL Medium 3 of 14C-Mannitol (250 µCi/ 1250µL) 
10 mU/ mL Insulin stock (986 µL + 13.3 µL Insulin [100U/ mL]) 

 ** Make just prior to addion, Insulin is more stable with 0.1% BSA. 
 ** Add 15 µL of Insulin stock/ 2 mL buffer (final [ ] =10 mU/ mL) 
 ** Add insulin to all vials for insulin stimulation (M1, M2 & M3) 

 
PROTOCOL 
 
1. Incubate muscle strips for 30 minutes in 2 mL Medium 1 (+/- insulin) 
2. Wash muscle strips two times, 10 minutes each in Medium 2 (+/- insulin) 
3. Incubate muscles for 20 minutes (+ insulin) or 40 minutes (- insulin) in Medium 3 (+/- 

insulin). 
4. Blot muscle dry and weigh. 
5. Solubilize muscles by boiling for 10 minutes in 1 mL of 1 M NaOH. Vortex 1-2 times 

during this time and keep the vial covered. 
6. Sample 200 µL of the muscle digest into scintillation vials and add 5 mL of cocktail. 

Do this in duplicate. 
7. Allow samples to quench overnight in a dark place. 
8. Count samples, 5 minutes per sample 
 
REFERENCE (241) 
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Appendix III: ATP and PCr 

REACTIONS 
 
          CPK 
PCr + ADP   ----->   Cr + ATP 
 
           HK 
ATP + Glu   ------>   ADP + Glu-6-P 
 
         G6PDH 
Glu-6-P + NADP   ------>     P-Gluconolactone + NADPH 
 
REAGENTS 
 
D1 100 mM Triethanolamine, pH 7.5 
 10 mM Mg(Ac)   
 1 mM EDTA.Na 
F1 1 mM DTT   
F2 1 mM NADP.Na 
F3 0.04 mM ADP.Na 
F4 5 mM Glucose  
F5 0.5 % NaHCO3 
 0.05 % BSA 
 
 
ENZYMES 
 
a) G6PDH - Glucose-6-Phosphate Dehydrogenase, use undiluted in reagent. 
b) HK - Hexokinase, dilute 1:1 with DDW and use 2 µl. 
c) CPK - Creatine Phosphokinase, dissolve 15 mg/ml in F5 and use 2 µl. 
 
PROTOCOL 
 
1. Prepare reagent (D1 25 µl/sample, F1 5 µl/sample, F2 10 µl/sample, F3 1 µl/sample, 

F4 10 µl/sample, G6PDH 0.75 µl/sample, and DDW 200 µl/sample).  
2. Add 25 µl muscle extract to cuvettes and 225 µl reagent. Mix. Place in photometer. 

Monitor background absorbance. 
3. Add 2 µl HK. Monitor absorbance (fast). 
4. Add 2 µl CPK. Monitor absorbance (4-5 minutes). 

TECHNICAL NOTES 

DU-70 settings: read at 340 nm; total time = 15 minutes; interval time = 20 seconds; 
lower limit = 0; upper limit = 1.3. 
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Appendix IV: Giant Sarcolemmal Vesicle Preparation 

REAGENTS 
 
Stock Solutions: 

A) KCl/MOPS 
- 140 mM KCl (MW 74.55) 
- 10 mM MOPS (MW 209.26) 
- Adjust pH to 7.4 with 2 M KOH (11.2 g KOH in 100 mL) *No Na+ 

- Store at 4°C 
 

B) 1.4M KCL (MW 74.55) 
- Store at 4°C 
 

C) Aprotin 
- Dissolve 1 mg Aprotinin/mL KCL/MOPS (Solution A) 
- Store at 4°C covered in foil (light sensitive) 
 

D) 4% Nycodenz 
- Dissolve 8g Nicodenz (Sigma, D2158) in 200 mL KCL/MOPS. 
- Store at 4°C 
 

E) Collagenase 
Type 7 Collagenase Sigma C0773, 30,000U 
- Resuspend in 20 mL KCL/MOPS (Solution A) 
- Freeze in 1 mL aliquots and keep at -80°C (do not freeze thaw) 
 

F) 10mM EDTA in KCl/MOPS 
- 10 mM EDTA (MW 372.2) 
- Dissolve in KCL/MOPS (Solution A) 
- Store at 4°C 

 
Solutions Prepared Daily 

G) Vessicle Preparation Medium (VPM) 
- Dissolve 0.025 g PMSF (Phecyl sulfonyl fluoride, Sigma P7626) in 100 
µL DMSO (Dimethyl sulfoxide, Sigma D8414) 

- Add 57 µL to 100 mL KCL/MOPS (Solution A) 
- Stir for 15-20 minutes 
- Filter solution with Watman #1 filtration paper 
 

H) Incubation Medium 
- 10 mL VPM (Solution G) 
- 1 mL Collagenase (Solution E) 
- 350 µL Aprotinin (Solution C) 
* place 2.5 mL in each 20 mL incubation vial 
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I) Percoll Solution 
- 6.6 mL Percoll (Amersham 17-0891-01) 
- 770 µL 1.4 M KCL (Solution B) 
- 330 µL Aprotinin (Solution C) 

 
SETUP 
 
* Make up VPM and other daily solutions 
* Turn on water bath to 34°C 
* Bring all solutions into room temperature 
 
PROTOCOL 
 
1. Take out muscle tissue and rinse with Solution A. 
2. Mince muscle using a surgical blade, cutting along fiber orientation. Ideally on ice. 
3. Transfer sectioned muscle into 20 mL glass incubation vials with 2.5 mL Solution H. 
4. Incubate in a shaking water bath at 34°C for 1-1.5hr to activate collagenase. 
5. Filter medium and muscle tissue with 4-layer cheesecloth into a 25 mL graduated 

cylinder. 
6. Wash muscle by adding Solution F. Bring volume up to 7 mL. Discard muscle tissue. 
7. Add 1.75 mL Solution I to each graduated cylinder containing sample. Mix well. 
8. In a 15 mL urine tube, add 3 mL Solution D. Gently add ~9 mL of the sample/percoll 

mixture from step 7 to the bottom of the urine tube using an automated pipette. 
*Two layers should be visible. 

9. Carefully add Solution G to the top of the Nycodenze layer (top) until the volume 
reaches 14-15 mL. *Three layers should be visible. 

10. Place the tubes in a centrifuge and spin at 50 x g (500RPM for S4180 rotor) for 45 
minutes. *Set the acceleration at 1. 

11. Remove vesicles from the top interface (Nycodenz/ VPM) and place into an 
eppendorf. 

12. Spin tubes at 12,000 x g for 5 minutes. 
13. Pipette off VPM leaving the pellet at the bottom. Resuspend pellet in 250 µL Solution 

G using a wide bore pipette tip *Important! 
14. Freeze vesicles for WB analysis 

 
* You can verify vesicles by light microscopy. Drop 2 µL on a microscope slide, cover with a 

slip and observe under 40 X objective. 
 

REFERENCE (138) 
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Appendix V: Subsarcolemmal and Intermyofibrillar Mitochondrial Isolation 

REAGENTS 
 

1. Solution I 100 mM KCl  
 50 mM Tris HCL       
 5 mM EDTA     
 100 mM KCl     
 

   * pH to 7.4 with NaOH and bring to final volume with DDW. 
   * Store in glass at 4 °C, shelf life 6 months. Check pH weekly. 

 
2. Solution II Solution I:100 mM KCl  

   50 mM Tris HCL     
   5 mM EDTA     
   100 mM KCl 
 ATP (0.303 g/ 500 mL Solution I)    

* pH to 7.4. 
* Store in glass at 4°C, shelf life 6 months. 

 
3. Sucrose/Mannitol Solution  
 220 mM sucrose  
 70 mM mannitol    
  10 mM Tris HCl   
  0.1 mM Na2EDTA  

* pH to 7.4 and bring to final volume with DDW. 
* Store in glass at 4°C, shelf life 6 months. 

 
4. Proteinase solution - Based on the wet tissue weight, make up 10 volumes of 

proteinase solution by add 0.25 mg of nagarse per mL of Solution II. 
 
 
PROTOCOL 
 
1. Place fresh muscle onto an ice-cold petri dish (>65 mg). Take ~10 mg, place in 

labeled eppendorf (for CS) and freeze in liquid N2 immediately.  
2. Weigh remaining muscle (blot first), record weight, and place in Solution I. 
3. Mince the muscle with sharp scissors on ice. 
4. Transfer minced muscle to glass potter, add 10 volumes of Solution II (remember to 

subtract 1 mL). 
5. Homogenize on ice, 10 passes at 3000 rpm. 
6. Remove 200 µL for CS whole muscle. 
7. Transfer homogenized muscle to Falcon tubes, top to ~8 mL with Solution II and 

centrifuge for 10 minutes at 800 x g. 
8. The next steps are done on the different components of the centrifuged homogenized 

muscle 
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Supernatant (SS) Pellet (IMF) 

a. Retain supernatant on ice. a. Resuspend pellet in 4 mL of 
Solution II with glass potter. 

 b. Add proteinase solution (0.025 µL. 
mg stock 1 mg/ 100 µL Solution II) 
and incubate for 5 minutes on ice, 
inverting slowly to mix. 

 c. Terminate proteinase action by 
adding 10 ml of Solution II  

d. Centrifuge for 5 minutes at 5,000 x 
g. Retain pellet. 

 e. Resuspend pellet in 4 mL of 
Solution II and centrifuge for 10 
min. at 800 x g.  

f. Retain supernatant. 
 
9. Centrifuge supernatants for 10 min. at 9,000 x g. Retain pellet. 
10. Resuspend pellets in 1 mL of Solution II in an eppendorf. Centrifuge suspension for 

10 min. at 9,000 x g. Retain pellet. 
11. Resuspend final pellet in weight/volume of Sucrose/Mannitol Solution. 
12. Take sample for CS 
13. Purify remaining mitochondria with 60% Percoll. 
 
REFERENCES (41, 55) 
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Appendix VI. Citrate Synthase and Mitochondrial Quality 

 REAGENTS 
 

1. Homogenization buffer – 100 mM KH2PO4, pH to 7.3 then add 0.05% BSA 
 

2. 100 mM Tris. pH 8.3 
  Trisma - 3.03 g 
  DDW – 250 mL 
   

3. 1 mM DTNB (dissolve in Tris buffer) *Make fresh daily 
  DTNB - 3.963 mg 
  Tris 8.3 – 10 mL 
   

4. 10 mM oxaloacetate (dissolve in Tris buffer)  *Make fresh daily 
  Oxaloacetate – 1.321 mg 
  Tris 8.3 – 1 mL 
 

5. 3 mM acetyl-CoA * freeze in aliquots to avoid freeze-thaw cycles. 
 

6. 10% Triton x-100 
 
PROTOCOL 
 

Reagent Total Muscle 
(CShomog) 

Total Suspension 
(CSts) 

Extra Mitochondrial 
(CSem) 

Tris Buffer (µL) 150 150 160 
DTNB (µL) 25 25 25 

Acetyl-CoA (µL) 40 40 40 
Musc Homog (µL) 10 10 10 

Triton (10%) 10 10 -- 
Oxaloacetate 15 15 15 

 
1. Total muscle homogenate (CShomog) and Total Mitochondrial suspension (CSts) go 
through 2 sets of freeze/thaw cycles. 
2. Prepare DU70 set up as follows: 37 °C, Visable light source, Kinematics; 412 nm, 20 
second intervals, 5 minute run; 0 and 1.5 abs limits 
 
CALCULATIONS 
 
 CS activity = (absorbance/extinction co-efficient [13.6])*(dilution factor of 

cuvette/sample amount)* dilution factor of sample  
% fractional recovery = ((CSts – CSem / 2) / CShomog) *100 
% intact mitochondria = ((CSts – CSem)/ CSts) *100 
 
REFERENCE (173) 
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Appendix VII. Mitochondrial Purification 

REAGENT 
 

5X SMEA Buffer (pH 7.0) - 1.25 M sucrose 
   - 25 mM MOPS 
   - 5 mM EDTA 
   - 25 mM NaN3 

 
PROTOCOL 
 
1. Make 60% Percoll: 1.336 mL of 5X SMEA + 4 mL of Percoll  + 1.334 mL of H2O 

(the density should be 1.1 g/mL). 
2. Isolate mitochondria following standard protocol. 
3. In each preparation, add 1 mL of 60% Percoll mix on top of mitochondria in an 

eppendorf. 
4. Spin tubes at 20,000 x g for 1 hour (set deceleration to '0'). 
5. Remove middle mitochondria layer, and place in eppendorf. 
6. Spin at 20,000 x g for 5 h (deceleration at '0'). 
7. Remove mitochondria layer (middle). 
8. Store at -80°C. 
 
 
REFERENCE (109) 
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Appendix VIII: Muscle Homogenization Procedure 

REAGENTS 
 
1. Homogenization Buffer A 
 50 mM  Tris, pH 7.5 
 1 mM   EDTA, disodium salt 
 1 mM   EGTA 
 50 mM  NaF 
 5 mM   Na pyrophosphate 
 10% (v:v)  Glycerol 
 1% (v:v)  Triton X-100 

pH 50 mM Tris (~175 mL ddH2O); add other reagents then bring to 250 mL and 
check pH (7.5). Freeze in 5 mL aliquots 

 
2. Buffer B 
 1 mM DTT (0.1542 g/mL ddH2O) 

Stocks may be made in advance and stored at -80ºC 
 
3. Buffer C 
 1 mM PMSF (0.03484 g/mL DMSO) 

Stocks may be made in advance and stored at -80ºC 
 
4. Fresh reagent  
 PIC Inhibitor 
 
PROTOCOL 
 

1. Chip muscle and keep in N2 
2. Mix Homogenization buffer: Add DTT (5 µL/5 mL Buffer A) and PMSF (25 
µL/5 mL Buffer A) to Buffer A 

3. Add 2 µL of PIC to each eppendorf 
4. Add Homogenization Buffer to eppendorfs (~<35 mg muscle = 300 µL 

Homogenization buffer; 200 µL in eppendorf and 100 µL save for wash, >35 mg 
= 400 µL) 

5. Add muscle (on ice) 
6. Mince muscle with scissors (on ice) 
7. Homogenize muscle in eppendorf (moderate speed) (on ice) 
8. Wash pestle with remaining Homogenization buffer 
9. Add ~20 µL of glass beads 
10. Sonicate for ~5 seconds 
11. Rock end-over-end for 30 minutes 4ºC 
12. Spin 1500 x g for 15 minutes 
13. Retain supernatant 
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Appendix IX: BCA Protein Assay Procedure 

REAGENTS 
 
A) BCA 
 - 200 µL Copper II Sulfate 
 - 10 mL Bicinchoninic Acid (Sigma B9643) 
 *This solution will turn purple when in contact with protein. 
 

Standard concentration 
(mg/ mL) 

Volume of BSA stock (2 mg/ mL) 
(µL) 

Volume of DDW  
(µL) 

1 500 500 
0.75 375 625 
0.5 250 750 
0.25 125 875 
0.125 62.5 937.5 
0.05 25 975 

 
 
PROTOCOL 
 

1. Dilute 10 µL of the vesicles in 30µL DDW 
2. Add 10 µL of BSA standards (from 0-1.0 mg/ mL) in triplicate 
3. Add 10 µL of each diluted vesicles in triplicate. 
4. Add 200 µL of BCA solution to each well. 
5. Wrap plate in saran wrap and incubate at 37°C for 30 minutes. 
6. Read plate in a spectrophotometer 

- adsorbance 562 nm 
 
* Be sure data points of the standard curve are linear 
* Be sure all data points fall well within the linear range of the standard curve. If not 
dilute sample and repeat assay. 
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Appendix X. Western Blotting 

REAGENTS 
 

1. Laemmeli Buffer 4.0x 
 50 mL 0.5 M Tris-HCL (pH 6.8) 

  8.2 g SDS 
  40 mL glycerol 
  500 µL 1% Bromophenol Blue  
 * Bring volume to 100 mL with DDW and pH to 6.8. 
 * Before use, add 31 mg DTT to 500 µL of 4.0x Laemmeli buffer 
 

2. 10 X Running Buffer 
30 g Tris Base 
144 g Glycine 
10 g SDS 

 * Bring to 1 L with DDW 
 

3. 10 X Transfer Buffer 
105 g Glycine 
45 g Tris Base 

 * Bring to 1 L with DDW 
 

4. 1 X Transfer Buffer 
80 mL 10 X Transfer Buffer 
160 mL Methanol 
560 mL DDW 

 
5. 10 X Tris Buffered Saline (TBS) 

24.2 g Tris Base 
80 g NaCl 

 * Adjust pH to 7.6 with HCL 
 * 1 X TBS: 100 mL TBS, 900 mL DDW, 500 µL Tween 20. 
 

6. 10 X Phosphate buffered Saline (PBS) 
80 g NaCl 
2 g KCl 
14.4 g Na2HPO4 
2.4 g KH2PO4 
850 mL DDW 

 * pH to 7.6 with HCL and top up to 1 L 
 * 1 X PBS: 100 mL PBS, 900 mL DDW, 500 µL Tween 20. 
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PROTOCOL 
 
Gel Electrophoresis and membrane transfer 
 
Assembly of Mini-PROTEAN 3 module: 

 
a)  Clean glass plates with soap and water, rinse well with DDW. Before use, wipe 
plates carefully with methanol and allow to dry. 
 
b)  Assemble the glass plates and place into casting frame keeping the short plate 
facing front. Insure both plate bottoms are flush on a level surface and lock the 
pressure cams to secure plates in place. Secure the casting frame in the casting stand  
 

Cast Gel 
 
Preparation of gel (running or stacking, 10mL for 2x0.75mm mini gels): 
 

a) Prepare the monomer solution:  
 

 Stacking Running 
5% 6% 8% 10% 12% 

DDW 6.8 mL 11.4 mL 10.6 mL 9.4 mL 8 mL 6.7 mL 
1.5 M Tris HCL, pH 8.8 *** 5 mL 5 mL 5 mL 5 mL 5 mL 
1 M Tris HCL, pH 6.8 1.25 mL *** *** *** *** *** 
30% Acrylamide 1.7 mL 3.4 mL 4 mL 5.3 mL 6.7 mL 8 mL 
10% SDS 100 µL 200 µL 200 µL 200 µL 200 µL 200 µL 
       
10% APS 100 µL 200 µL 200 µL 200 µL 200 µL 200 µL 
Temed 20 µL 20 µL 20 µL 20 µL 20 µL 20 µL 
 
** Each makes enough for 2 gels 
** Do not add APS and Temed until immediately before casting the gel 
 

b) Immediately prior to pouring the running gel, add APS and Temed, swirl gently to 
initiate polymerization and pour into gel cast. 

c) Add methanol to the top of the running gel before it sets, to eliminate any bubbles 
and to straighten the gel. 

d) After the running gel polymerizes, drain all methanol. 
e) Pour the stacking solution between glass plates until the top of the short plate is 

reached. Insert the comb and allow gel to polymerize. 
f) Gently remove the comb and rinse the wells thoroughly with DDW or electrode 

buffer. 
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Gel Electrophoresis 
 
Assembly of electrophoresis module and sample loading: 

a) Remove casting frame from stand and place gel cassettes into electrode assembly 
(be sure the short plate faces inward toward the notches of the gasket). If only 
using one gel, be sure to use a buffer dam. 

b) Slide the gel cassettes and electrode assembly into the clamping frame. Press 
down on the electrode assembly while closing the two cam levers of the clamping 
frame. Place whole assembly into the mini-tank. 

c) Fill the inner chamber with ~125 mL of running buffer. Fill the outer chamber 
with ~200 mL of running buffer. 

d) Load samples slowly into each well. 
e) Connect the apparatus to the power pack and run at 160 V for 60-90 minutes. 
f) Remove the gels carefully, discarding the stacking gel, and transfer the gel to 

plastic trays with transfer buffer to equilibrate. 
 
Transfer Blotting  
 

a) Prior to use, the PVDF membrane (Immobilon-P, Millipore, Bedford, MA, USA) 
must be cut to the dimensions of the gel and immersed in methanol for 10 
seconds. 

b) Equilibrate the gel and soak the membrane, filter paper, and fibre pads in transfer 
buffer (5 min. to 1 hour depending on gel thickness). 

c) Prepare the gel sandwich. 
a. Place the cassette, with the clear side down, in a container (shallow 

Tupperware) containing transfer buffer. 
b. Place one pre-wetted fibre pad on the clear side of the cassette. 
c. Place a sheet of filter paper on the fibre pad. 
d. Place the pre-wetted membrane on the filter paper. 
e. Place the equilibrated gel on the membrane. 
f. Place a filter paper on the gel. 
g. Complete the sandwich by placing the fibre pad on the filter paper. 

* Remove any air bubbles which may have formed with a glass 
tube, gently roll the tube over the sandwich in one direction. 

h. Close the cassette firmly, being careful not to move the gel and filter paper 
sandwich. 

i. Lock the cassette with the white latch. 
j. Place cassette in module ‘black at back’. Repeat with other cassettes. 

d) Add the frozen Bio-Ice cooling unit. Fill the tank with buffer. 
e) Add a standard stir bar to help maintain even buffer temperature and ion 

distribution in the tank. Set the speed for as fast as possible. 
f) Put on lid, plug the cables into the power supply, and run the blot. (60-90 minutes 

at 100 V). 
g) Upon completion of the run, dissemble the blotting sandwich and remove the 

membrane for development. Clean and save the fibre pads and cassettes with 
detergent and DDW and dispose of the gel and filter pads. 
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Membrane Blocking 
 

a) Once transfer is complete, remove the membranes from the sandwich and place 
them protein side up in square Petri dishes.  

b) Block membrane with TBST with skim milk or BSA for at least one hour at room 
temperature with gentle agitation (can be left overnight in blocking solution).  
 

Incubations and Membrane Exposure 
 
Antibodies 
 

a) Dispose of blocking solution and add the appropriate 1° Antibody in TBST and 
new blocking solution (TBST and milk/BSA).  

b) Incubate with gentle agitation at room temp for the time specified for the specific 
antibody/protein (can be left overnight at 4°C). 

c) Wash 3x5 min with TBST  
d) Add 2° Antibody (dependent on 1°) in TBST. 
e) Incubate (shaking/rocking) at room temp for the time specified for the specific 

antibody/protein. 
f) Wash 3x5 min with TBST. 
 

 
ECL (Enhanced Chemiluminesence) 
 

a) Pour out all TBST from the Petri dish. 
b) Combine Western Lightning Plus-ECL (PerkinElmer, Waltham, MA) solutions as 

per directions (~2 mL/membrane) in a separate container, pour over membrane 
and incubate with agitation. 

c) Blot edge of membrane with paper towel while holding vertically (don’t touch 
protein side of membrane) to remove excess Western Lightning. 

d) Wrap the membrane in saran wrap and roll out bubbles. 
e) Place the wrapped membrane in the ChemiGenius2 Bioimaging system (Syngene, 

Cambridge UK), protein side up.  
f) Quantify the bands using the Gene Tools Software (PerkinElmer, Waltham, MA). 
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Appendix XI: T-tubule and Sarcolemmal Membrane Isolation  

REAGENTS 
 

1. Sucrose Solution 
  50 mM Tris HCL 
  pH 7.5 
  1 mM EDTA 
  0.05% lauryl maltoside 
 

2. Buffer A 
 10 mM NaHCO3 
 0.25 M sucrose 
 5 mM NaN3 
 100 µM phenylmethylsulfonylfloride (PMSF)  
 

3. Sucrose Free Buffer A 
 10 mM NaHCO3  
 5 mM NaN3   
 100 µM PMSF 

 
PROTOCOL 
  
1. All steps are carried out on ice (4°C). 
2. Clean muscle of fat, nerves and vessels. 
3. Mince muscle in Buffer A (wt/vol) for 5 minutes. 
4. Transfer minced muscle to glass potter, add 1g/15mL dilution [buffer A] and 

homogenize with polytron on a low setting (5) for 5 seconds. 
5. Centrifuge homogentate at 1,300 x g for 10 min. 
6. Retain supernatant, keep on ice. 
7. Resuspend pellet in Buffer A (2 g/15 mL dilution) and homogenize by polytron at a 

low setting (5.0) for 5 seconds. 
8. Centrifuge homogentate at 1,300 x g for 10 min.  
9. Retain supernatant and combine with supernatant from step 6.  
10. Centrifuge at 9,000 x g for 10 min.  
11. Retain supernatant.  
12. Centrifuge at 190,000 x g for 1 hour. 
13. Retain pellet. 
14. Resuspend pellet in Buffer A (wt/vol). 
15. Apply on a discontinuous sucrose gradient 25, 32, and 35% (wt/wt; made with 

Sucrose solution + glucose). 
16. Centrifuge at 150,000 x g for 16 hours. 
17. Results in 3 protein fractions. 
 1) sample-25% sucrose interphase (PM)  
 2) 32-35% sucrose interphase (TT)  
18. Dilute samples in sucrose free Buffer A. 
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19. Centrifuge at 190,000 x g for 1 hour. 
20. Resuspend in sucrose free Buffer A and use fresh for enzymatic activity 

measurement, or freeze at -80°C for Western blot analysis. 
 
REFERENCE (66) 
 
 


