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ABSTRACT          
 
  
 

THE REGULATION OF FATTY ACID TRANSPORT AND TRANSPORTERS IN 
INSULIN-, AND CONTRACTION-STIMULATED SKELETAL MUSCLE 

     
 
  
Swati S. Jain                   Advisor: 
University of Guelph, 2011      Professor A. Bonen 
 
  
      

 The clearance of circulating glucose and long-chain fatty acids (FA) into skeletal 

muscle involves the translocation of glucose transporter GLUT4, fatty acid translocase 

(FAT/CD36), plasma membrane associated fatty acid binding protein (FABPpm) and 

fatty acid transport protein (FATP) 1 and 4 to the plasma membrane (PM). FAT/CD36 

also appears to participate in the regulation of mitochondrial FA oxidation. Metabolic 

challenges are known to increase FA transport and/or oxidation, but whether this is solely 

attributable to the translocation of FAT/CD36 to the sarcolemma and/or mitochondria is 

unknown. Moreover, the signaling and trafficking pathways involved in the translocation 

of FA transporters are largely unexplored.  

 In this thesis it was found that FA transport was markedly increased following 

insulin (+2.9-fold) or contraction (+1.7-fold) stimulation of skeletal muscle, along with 

the PM contents of FAT/CD36 (+78%, +55%,), FABPpm (+61%, +62%), FATP1 

(+84%, +61%) and FATP4 (+60%, +66%) (p<0.05). Upon combining the two stimuli, 

only the translocation of FAT/CD36 (+179%) and FATP1 (+125%) to the PM was 

additive, suggesting that these transporters may reside in distinct insulin-sensitive and 

contraction-sensitive intracellular compartments.  



 

The translocation of FA transporters may involve the insulin-signaling protein 

Akt2. It was found that insulin-stimulated FA transport and PM translocation of FA 

transporters was essentially prevented in Akt2 knockout mice. Following contraction, FA 

transport was also markedly blunted, along with an impaired translocation of both 

FAT/CD36 and FATP1, but not FABPpm or FATP4. FA oxidation and mitochondrial 

FAT/CD36 appearance were also inhibited following muscle contraction in knockout 

mice (p<0.05).  

Whether the GLUT4 trafficking protein Munc18c is important for the vesicular 

re-distribution of FA transporters to the PM or mitochondria was also investigated. FA 

uptake was comparably increased 1.4 fold with insulin and contraction in both wildtype 

and heterozygous Munc18c-/+ mice, as were PM FA transporters FAT/CD36 (+82%, 

+84%), FABPpm (+39%, +43%), FATP1 (+40%, +38%) and FATP4 (+33%, +32%) 

(p<0.05). Contraction-stimulated mitochondrial FA oxidation was also increased 

similarly in wildtype (+39%) and Munc18c-/+ mice (+33%).  

These studies demonstrate that a number of FA transporters are involved in 

upregulating skeletal muscle FA transport, although their signaling and trafficking 

pathways may differ from that of GLUT4.
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INTRODUCTION AND OVERVIEW TO THESIS 
 

Lipids such as triacylglycerol (TAG) and long-chain fatty acids (FA) are important 

substrates involved in a myriad of metabolic and molecular functions. In skeletal muscle, 

FA are a key energy substrate that is readily oxidized or esterified into TAG, particularly 

when this tissue is exposed to insulin, or is stimulated by muscle contraction.  

For many years it was thought that the entry of FA into muscle was dependent on 

the hydrolysis of adipose tissue TAG stores, followed by their delivery to muscle where 

lipids were taken up by simple diffusion across the plasma membrane (PM).  Over the past 

decade this view has been altered substantially, as it is now accepted that FA uptake by 

muscle also occurs via a highly regulated, protein-mediated mechanism involving 

membrane-associated FA binding proteins (FA transporters) (c.f. (72)). 

Little is known about the acute regulation of FA transport by FA transporters when 

muscle is exposed to selected metabolic stimuli such as insulin or contraction.  To date, it 

has been shown that fatty acid translocase (FAT/CD36) may be induced to translocate to 

the PM with insulin stimulation via phosphatidylinositol-3 kinase (PI3K) activation (36, 

139). Whether or not contraction-stimulated FAT/CD36 translocation is AMP-activated 

protein kinase (AMPK) dependent (37, 39) has been recently challenged (107). Due to the 

apparent similarities between the regulation of FAT/CD36 and glucose transporter 4 

(GLUT4), many of the experimental approaches in the literature have been based on the 

current understanding of sarcolemmal GLUT4 translocation (50, 206). In line with this, 

the re-distribution of FAT/CD36 containing vesicles from intracellular compartments to 

the PM is thought to involve a multitude of signaling and trafficking events that may be 

stimulus-specific, and have not been fully characterized. Even less is known about the 
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plasma membrane associated fatty acid binding protein (FABPpm) and the family of fatty 

acid transport proteins (FATPs) with regards to their involvement in the regulation of FA 

transport. Finally, the regulation of FA transporter translocation to the mitochondria 

following muscle contraction has not yet been investigated.  

 

In the present thesis, the specific objectives were to assess: 

 

1) whether FA transporters (FABPpm, FATP1, 4, and 6) in addition to FAT/CD36 

participate towards increasing FA transport into the muscle cell following insulin 

and/or contraction stimulation. 

2)  whether insulin and muscle contraction stimulate FA transport and translocation 

of FA transporters to the PM in an additive manner. 

3) whether Akt2, a component of the insulin-signaling pathway required for GLUT4 

translocation to the PM is also important for insulin-, and contraction-stimulated 

FA transport and translocation of FA transport proteins to the PM, as well as 

contraction-induced FA oxidation and re-distribution of FAT/CD36 to the 

mitochondria. 

4) whether Munc18c, a known GLUT4 trafficking protein, is involved in insulin-, and 

contraction-stimulated FA transport and translocation of FA transporters to the 

PM, as well as contraction-induced FA oxidation and FAT/CD36 trafficking to 

mitochondria. 
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 CHAPTER 1: REVIEW OF LITERATURE 

1.1 Introduction 
 

The roles of FA in maintaining fundamental physiological, biochemical and 

molecular functions are well recognized. FA may be released from esterified TAG derived 

from dietary fat and absorbed through the intestine, or from lipid stores found in liver, 

adipose, and skeletal muscle by the action of various lipases. Specifically, lipolysis of 

TAG stores, delivery and uptake into target tissues, and subsequent esterification, or 

transport and oxidation into the mitochondria are all important regulatory sites for FA 

metabolism (99).  

It is well known that FA serve as a primary fuel source at rest as well as during 

moderate intensities of exercise (215), providing more energy per gram weight than 

carbohydrates (64). While FA are important for PM synthesis and structure, signal 

transduction, and regulation of gene transcription, they also have the potential to exert 

cellular injury due to their hydrophobic nature (48, 115). Because of their many 

significant biological roles, it becomes evident that the entry of FA into target tissues 

warrants a highly regulated process.  

Research from the past decade has considerably furthered the understanding of the 

regulation of FA transport into the cell. In particular, the involvement of several FA 

transporters that facilitate the entry of FA into the cell have been identified. Interestingly, 

many of the mechanisms regulating these transport proteins appear to be similar to those 

involved in glucose transport, and may be stimulated by metabolic perturbations such as 

insulin and/or muscle contraction. This review will present the current understandings of 
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the regulation of FA transport, focusing particularly on the role of sarcolemmal FA 

transport proteins in skeletal muscle lipid metabolism. 

1.2 Mechanisms of protein-mediated FA transport 
 

It was initially recognized that the entry of FA into the cell is driven by a 

concentration gradient, dependent on both the rate of delivery as well as extra- and 

intracellular concentrations of FA. This multi-step process involves FA i) dissociation 

from an extracellular albumin carrier, ii) absorption into the outer layer of the PM, iii) 

protonation and change in pKA to facilitate the flip-flop movement from the outer to inner 

layer of the PM, iv) desorption into the cytoplasm, and v) binding to cytosolic fatty acid 

binding protein (FABPc) (83, 112). FA may then undergo subsequent metabolism after 

being activated into acyl-CoA esters.  

Many different experimental approaches have been used to assess diffusion-

mediated FA transport, including the use of artificial models of the PM, fluorescent 

probes, and measuring FA protonation-induced changes in pH (c.f. (72)). These studies 

have proposed the desorption or flip-flip of FA within the PM lipid bi-layer as possible 

rate-limiting steps, and that the rate of FA entry into the cell is in fact too rapid to involve 

transport proteins (49, 113). However, others have recently shown that both the rate of 

diffusion and flip-flop may be overestimated, and is in fact 2-50 times slower than the 

maximal metabolic requirements of skeletal muscle (124, 125).  

Emerging evidence from the early 1980s supported the idea that movement of FA 

across the sarcolemma is likely a complex, highly regulated, protein-mediated process 

involving one or more proteins (1, 3). Indeed, regulated entry of FA into the cell would be 

desirable to enable coordination with fluctuating metabolic needs, and avoid the potential 
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detrimental effects associated with excessive FA uptake. In line with this, studies have 

shown that FA transport follows saturation kinetics (24, 211), and thus must be limited by 

the presence of transport proteins (Fig. 1.1A). This is further supported by the fact that FA 

transport is markedly reduced by inhibitors of protein-mediated membrane transport 

(phloretin, proteases, nucleophilic FA derivatives such as sulfo-N-succinimidyloleate 

(SSO)), or by competitive inhibition from reactive esters of oleate (3, 24, 144) (Fig 1.1B).  

 

 

 

Figure 1.1: Evidence for protein-mediated FA transport. 
Palmitate transport is (A) a saturable process, and (B) may be impaired by PM protein 
inhibitors, or competition from anti-FABPpm sera and other long-chain FA (oleate). 
Glucose transport is unaffected. Redrawn from (24). 

 

 

This evidence for protein-mediated FA transport has been challenged by the 

notions that the saturation of FA transport may be due to i) the confounding effects of 

saturated FA metabolism, and/or ii) the use of inhibitors may cause structural alterations 

to the PM, thus inhibiting FA transport (83, 84, 175). In order to address these concerns, 
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much of the recent evidence for protein-mediated FA transport has been generated using 

the giant sarcolemmal vesicle model (24, 128, 143). Formed from parenchymal cells via 

incubation with a tissue-specific collagenase and a highly concentrated potassium buffer, 

these vesicles have a 100% right-side out orientation, a comparable size to small cells (10-

15 µm diameter), and contain FABPc which acts as a sink for incoming FA, which 

otherwise would be immiscible with the aqueous cytoplasm (24, 128). Moreover, the 

absence of any metabolic machinery in these vesicles allows for the study of FA transport 

independent of the confounding effects of metabolism. Taken altogether, these attributes 

of giant vesicles make them an ideal experimental model that has provided key evidence 

for protein-mediated FA transport.  

In vesicles derived from rat heart and skeletal muscle, palmitate transport is 

saturable, or may be impaired by specific inhibitors of FA transport proteins or 

competition from other long-chain, but not short-chain FA or glucose (24, 143, 213). In 

addition, the Vmax measured for FA transport in vesicles derived from heart, red and white 

muscles corresponds to the metabolic capacity of these tissues, indicating their functional 

specificity (24). Most importantly, there is a highly positive correlation between the rates 

of transport and the amount of FA transporters at the PM in both rat (127) and human (26) 

skeletal muscle. However, the absence of subplasmalemmal regions such as transverse 

(T)-tubules in these vesicles is a limiting factor of this experimental model. In light of the 

evidence for transport proteins such as GLUT4 to be present in T-tubules (131, 148), it 

would also be important to consider the distribution of FA transporters to this cellular 

domain.  



7 

Several studies have shown evidence for protein-mediated FA transport across the 

PM using giant vesicles as a model, not only in rodent skeletal muscle and heart, but also 

in liver, adipose (23, 24, 128, 135) and human skeletal muscle (26). It is currently 

accepted that protein-independent mechanisms such as diffusion may also contribute to 

the movement of FA across the PM independently, or in concert with FA transporters 

(Fig. 1.2) (1, 14, 19, 114). The exact mechanism of how transport proteins navigate FA 

into the cell is still unknown, although channel or pore formation similar to that of 

GLUT4-mediated glucose transport is unlikely (80).  

 

 

Figure 1.2: Protein and diffusion-mediated FA transport across the PM. 
It is currently accepted that the entry of FA into the cell occurs via transport proteins 
FAT/CD36, FABPpm, and the family of FATPs, in addition to diffusion through the lipid 
bi-layer.   
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1.3 FA transporters  
 

Three principle groups of membrane-associated FA transporters have been 

identified and several studies using cell culture and animal models have established their 

role in facilitating the transport of FA across the PM (Fig. 1.2) (21, 72). Of these, 

FAT/CD36 (88kDa integral membrane protein, rat homologue of human CD36) and 

FABPpm (40 kDa peripheral membrane protein) are more extensively characterized than 

the recently discovered 70 kDa FATP family. FATP1 and FATP4 isoforms are of 

particular interest due to their abundance in skeletal muscle and adipose tissue (69). In 

addition, caveolin proteins that are constituents of the cholesterol and sphingolipid-

enriched micro-domains of the PM have also been associated with FAT/CD36 (166, 167), 

although their role in mediating FA uptake is still controversial.  

1.3.1 FAT/CD36  

Ubiquitously expressed in many different cell types, FAT/CD36 was initially 

recognized as a class B scavenger receptor involved in multiple functions such as cell 

adhesion and trafficking, inflammation, angiogenesis as well as FA metabolism (61, 62, 

101, 118, 200). Structurally, this protein has two transmembrane spanning regions 

forming a hairpin-like structure with multiple glycosylation, phosphorylation, 

ubiquitination, and palmitoylation sites which may participate in FAT/CD36 trafficking to 

the PM (203). Heavy glycosylation of FAT/CD36 increases the molecular mass from 

53kDa to 88kDa. In giant vesicles, expression of basal FAT/CD36 at the PM correlates 

with the metabolic capacity of different tissues for FA transport (heart>red >white skeletal 

muscle) (24).  
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The role of FAT/CD36 as a FA transporter has been established through the use of 

specific FAT/CD36 inhibitors such as SSO (86), as well as genetic models of FAT/CD36 

knockout (KO) mice (43, 60, 97). While SSO can reduce FA transport by 50-80% (24, 

142, 143), FAT/CD36 KO mice also present with significantly reduced basal FA 

transport, oxidation, and TAG synthesis in skeletal muscle (22, 43, 97). Although, 

comparable reductions in FA transport in liver (43) or cardiomyocyctes (77) are not 

observed possibly due to compensatory responses from other FA transporters.  

Stimulating the muscle with metabolic challenges alters energy homeostasis, thus 

concomitantly affecting the rates of FA transport and presence of FA transporters at the 

PM. Acute (23) and chronic electrical stimulation and denervation (127) of skeletal 

muscle proportionally increases and reduces PM FAT/CD36 and FA transport 

respectively. Overexpression of FAT/CD36 has also shown to increase contraction-

induced FA oxidation, and insulin-stimulated TAG esterification (102). Finally, total and 

PM levels of FAT/CD36 are also elevated following exercise-training in humans (164, 

202).  

In contrast, FAT/CD36 KO mice have significantly impaired FA transport and 

oxidation upon stimulation of skeletal muscle with 5-aminoimidazole-4-imidazole-

carboxamide-1-β-D-riboside (AICAR) (22) or contraction (97). These changes in FA 

metabolism are likely due to the regulation of FAT/CD36 as metabolic signaling and 

enzyme activities are not altered in KO animals (22, 43). Taken altogether, there is strong 

evidence establishing the role of FAT/CD36 as a FA transporter.  
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1.3.2 FABPpm 

 
Identified in 1985, FABPpm was the first recognized FA transporter and has since 

been found on liver (197), adipose (168), cardiac (191), and skeletal muscle (24). The 

amino acid sequence of FABPpm is identical to mitochondrial aspartate aminotransferase 

(mAspAt) localized at the mitochondria where it has a distinct function from FA transport 

(15, 199). Similar to FAT/CD36, FABPpm also exhibits differential tissue expression 

which corresponds to the FA transport capacity in heart>red >white skeletal muscle (24).  

Significant inhibition (50-75%) of FA transport by FABPpm anti-sera has been 

shown in many different cell types (191, 197, 198) as well as giant vesicles (24). In 

contrast, chronic electrical stimulation or denervation of muscle correspondingly increases 

or decreases both PM FABPpm and FA entry into the cell respectively (23, 127). 

Moreover, transfection of FABPpm cDNA in rat skeletal muscle increases total and PM 

protein expression of FABPpm, resulting in elevated FA transport (42). However, due to 

the fact that this observed increase in PM FABPpm and FA transport is not proportional, 

and inhibition of FABPpm via anti-sera does not result in complete ablation of FA 

transport, it is possible that other FA transport proteins are also involved in mediating the 

influx of FA into the cell. Transfection of FABPpm is also associated with increased 

mitochondrial FA oxidation, although this is likely due to the increased FA availability 

(42, 98), as in isolated mitochondria FABPpm does not stimulate FA oxidation (192). 

While elevated FABPpm is also reported in humans following exercise-training (120), 

there are some discrepancies between studies, possibly due to differing training protocols 

(31, 210). 
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1.3.3 FATPs  

 
FATP1 was originally discovered in adipocytes (181), while other isoforms 

(FATP2-6) were identified shortly thereafter (71, 91). The FATP family is the least 

characterized of the FA transporters, mainly due to the lack of available FATP inhibitors 

and suitable antibodies. Expressed in a tissue-specific manner (54, 217), it appears FATP1 

and 4 isoforms play a key role in skeletal muscle FA transport. FATP4, but not FATP1 

follows a similar hierarchy to FABPpm and FAT/CD36, where the expression is graded as 

follows: heart>red>white muscle (72).  

The role of FATPs as FA transporters was initially disputed due to their significant 

homology with acyl-CoA synthetases (ACS) and enzymatic ability to catalyze the 

activation of free FA to acyl-CoA thioesters (59, 181). Thus, the concentration gradient 

resulting from trapping FA inside the cell (similar to the trapping of phosphorylated 

glucose by hexokinase) was attributed to the FA transport capacity of this protein family 

(123, 160). However, this function of FATPs has been distinguished from their FA 

transport capacity through a series of elegant studies by DiRusso et al. via the expression 

of FATPs in genetically modified yeast strains otherwise incapable of FA transport or 

ACS activity (52). From these, FATP1, 2, and 4 were found to have the greatest FA 

transport capacity, compared to FATP5 and 6 which had modest to little impact on 

facilitating FA entry into the cell. In addition, studies in giant vesicles have further 

dissected FATP-mediated FA transport and acetylation as recovered FA are bound to 

FABPc, and do not undergo metabolism (24, 143).  

The majority of evidence elucidating the function and relative FA transport 

capacity of the different FATP isoforms are from cell culture studies, albeit with 
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inconsistent conclusions (52, 133, 162). In order to account for the limitations found in 

vitro (i.e. specificity of the cell line or absence of physiological/metabolic machinery), 

transgenic mice models have been developed to further investigate FATP function. 

Specifically, independent transfection of FATP1 and FATP4 into rat skeletal muscle 

increases FA transport, while FATP4 appears to have twice the transport capacity 

compared to FATP1 (156). Furthermore, insulin-stimulated, but not basal FA transport is 

markedly reduced in FATP1 KO mice (219). 

Taken altogether, the roles of FAT/CD36, FABPpm and FATPs in facilitating FA 

transport into the cell have now been well established by multiple experimental models. 

Interestingly, all of the mentioned FA transporters have functions in addition to FA 

transport - FAT/CD36 is involved in cell adhesion and platelet aggregation among many 

others, and FABPpm and FATPs have mAspAt and ACS activities respectively (72). 

Further study is required for understanding the molecular structure and physiological 

relevance of these transport proteins, including their relative transport capacities, possible 

FA substrate specificity, interactions with other transport proteins, and ability to channel 

the incoming FA to specific metabolic fates.  

1.4  Subcellular localization of FA transporters  
 

There is substantial evidence supporting the role of FA transporters in facilitating 

the entry of FA into the cell. Interestingly, it appears that the subcellular localization of 

FA transporters is comparable to GLUT4 (50, 177, 179, 206), where recycling of 

transporter-containing vesicles occurs between intracellular depots and the PM following 

metabolic stimulation. In addition, FAT/CD36 has been identified on the mitochondria, 

where it appears to regulate FA oxidation (97). The following sections discuss some of the 
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key evidence for the acute and chronic plasmalemmal and mitochondrial subcellular 

translocation of FA transporters.  

1.4.1   Localization and function of FA transporters at the PM  

 
An increase in PM FAT/CD36 in rodent skeletal muscle stimulates the rates of FA 

transport, independent of any changes in total protein levels (102). This suggests that there 

may be an increase in the intrinsic activity of FAT/CD36, or a re-distribution of this FA 

transporter to the PM from subcellular compartments within the cell, similar to what is 

known for GLUT4. In line with this, endosomal pools of FAT/CD36 were then identified 

through subcellular fractionation and immuno-fluorescence microscopy studies, where 

approximately 50% of this transport protein is shown to reside intracellularly (9, 23, 26). 

Cell culture studies have also demonstrated that PM FAT/CD36 translocation is rapid and 

transient (58, 161, 216). Moreover, FA transport into giant vesicles increases linearly with 

the intensity and duration of acute electrically-induced muscle contraction, with maximal 

transport being achieved after 30 min, and basal transport rates restored upon cessation of 

the stimulus (23). Importantly, PM FAT/CD36 levels increase in parallel with FA 

transport, while re-internalization of this FA transporter occurs after contraction is 

discontinued, similar to what has been observed for GLUT4 (177). Due to the short time 

frame of this protocol, it is unlikely that the increase in FAT/CD36 is due to de novo 

synthesis. Complete inhibition of contraction-stimulated FA transport by SSO further 

indicates a fundamental role for FAT/CD36 in mediating these effects (23, 46).  

FABPpm may also reside in intracellular depots as the increased appearance of 

this FA transporter at the PM parallels reductions in intracellular protein content 

following acute muscle contraction (85). Whether FATPs also translocate to the PM in a 
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similar manner to FAT/CD36 and FABPpm is unknown.  

Along with muscle contraction, insulin stimulation also induces reversible 

FAT/CD36 translocation to the PM in skeletal muscle (139) and in the heart (140). In 

addition, other endocrine (leptin) and pharmacological factors (AICAR, oligomycin, 

dipyridamole) may stimulate the localization of FAT/CD36 to the PM (85, 139, 151). In 

comparison, the responses of FABPpm and FATPs are far less characterized. While there 

is evidence to show that FABPpm (85) and FATP1 (219) may be insulin-responsive in 

skeletal muscle, PM translocation of these FA transporters upon stimulation in adipocytes 

and heart is disputed (76, 169, 194), indicating tissue-specific regulation. 

While the functional significance of FA transporters relates to their plasmalemmal 

content, total protein expression may also change upon chronic stimulation and has 

corresponding physiological implications. This becomes especially relevant with exercise 

training due to the metabolic switching of fuel selection towards FA oxidation. Both total 

and PM FAT/CD36 and FABPpm, as well as FA transport and metabolism proportionally 

increase following exercise-training in humans (164, 214), or chronic stimulation of the 

peroneal nerve in rodents (20, 127). Although, results from human studies are somewhat 

inconsistent, this may be due to differing training protocols (120, 210). Endocrine factors 

such as insulin stimulation may also mediate total protein increases in FAT/CD36 in 

human skeletal muscle (47). These chronic changes in FAT/CD36 protein expression are 

transcriptionally regulated by nuclear peroxisome-proliferator-activated receptors (PPAR) 

isoforms, and the PPARγ co-activator 1α (PGC-1α) in a tissue- and species-specific 

manner (10, 12, 13, 65, 152).  
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1.4.2   Localization and function of FA transporters at the mitochondria 

It is well known that the carnitine-palmitoyl transferase (CPT) system is involved 

in the movement of fatty acyl-CoAs across the mitochondrial membranes. However, the 

increases in FA oxidation during exercise may be regulated independent of CPT1 activity, 

and do not necessarily parallel the regulation of CPT1 by certain factors such as malonyl-

CoA mediated inhibition (17, 157, 172, 195). This observation, in addition to the known 

identification of other mitochondrial transport proteins such as lactate and pyruvate 

transporters monocarboxylate transporters-1 and -2 (MCT1 and 2) (11, 220) as well as 

FABPpm (identical to mAspAt (15, 34)), suggests that there may be other factors involved 

in the transport of FA into the mitochondria and/or regulation of FA oxidation during 

muscle contraction.  

Recently several groups, with the exception of Jeppesen et al. (108), have shown 

that FAT/CD36 is present at the mitochondria of both rat (32) and human (16, 182) 

skeletal muscle. It was originally proposed that FAT/CD36 is located either upstream or at 

the level of CPT1, as SSO also inhibited CPT1 activity (32). Indeed, studies have shown 

that FAT/CD36 and CPT1 co-immunoprecipitate (32, 182) and may work together to 

regulate the entry of FA into the mitochondria as both FAT/CD36 protein and CPT1 

maximal activity significantly correlate with the rate of FA oxidation (multiple regression, 

r=0.90) (16). However, it was recently suggested that FAT/CD36 resides on the outer 

mitochondrial membrane upstream of long-chain ACS, and may not directly interact with 

CPT1 as originally proposed (190).  

Similar to the sarcolemma, mitochondrial FAT/CD36 content correspondingly 

changes with the rates of FA oxidation dictated by metabolic demand of the muscle. Both 
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mitochondrial FAT/CD36 and FA oxidation increase more or less proportionally in 

isolated mitochondria from rodent skeletal muscle following acute and chronic electrical 

stimulation (32, 97), or a 2 hour exercise bout in humans (95). Since total muscle 

expression of FAT/CD36 is unaltered during acute muscle contraction, it is likely the 

increases in FA oxidation are due to the mitochondrial translocation of this transport 

protein from an unidentified storage pool, and not de novo synthesis. It is unknown as to 

whether these are the same intracellular pools that participate in recycling to the PM.  

Studies utilizing SSO demonstrate significant inhibition of basal and exercise-

stimulated FA oxidation, thus further establishing a role for FAT/CD36 in the regulation 

of mitochondrial FA oxidation (32, 95). However, this has been disputed due to the 

observation that SSO may not be specific to FAT/CD36 at the mitochondria, as compared 

to the PM (97, 122). Nevertheless, studies utilizing KO mice have addressed this issue as 

ablation of FAT/CD36 markedly impairs both basal and contraction-induced increases in 

FA oxidation (97). Moreover, overexpression of FAT/CD36 in rodent skeletal muscle 

significantly correlates with increased rates of FA oxidation (156).  

Taken altogether, there are several lines of evidence establishing a participating 

role for FAT/CD36 in mediating FA entry and utilization into the mitochondria. It is likely 

that FA oxidation is not only regulated by the rate of FA delivery (concentration  blood 

flow) to the muscle (79), but also by transport proteins located at the level of the 

mitochondria, possibly working in concert with CPT1. While the exact mechanisms are 

unclear, it has been suggested that FAT/CD36 facilitates FA entry into the mitochondria 

by accepting FA from FABPc and transferring them for activation to ACS. It is currently 

proposed that the regulation of FA oxidation involves a coordinated subcellular 
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distribution of FAT/CD36 to PM as well as to the mitochondria, where FA uptake and 

oxidation increase concomitantly to meet the metabolic demands of the muscle (99).  

FABPpm has also been identified on the mitochondria, although its role in 

regulating FA oxidation is relatively less understood. While FABPpm has identical 

sequence homology to mAspAt (15), its functions appear to be distinct, and dependent on 

its subcellular distribution. Transfection of mAspAt into rat skeletal muscle proportionally 

increases FA transport and PM FABPpm, as well as mitochondrial FABPpm and mAspAt 

activity, independent of changes to FA oxidation (98). It is therefore likely that FABPpm, 

depending on its subcellular localization, plays distinct roles, namely facilitating a) FA 

transport across the PM and b) NADH transport across the mitochondrial membrane.  

Interestingly, FATP1 has also been detected in mitochondrial fractions where it co-

immunoprecipitates with CPT1 (187), although its function in regulating FA oxidation is 

unexplored. Whether FATP1 translocates to the mitochondria following muscle 

contraction in a manner similar to FAT/CD36 in unknown. Recently it has been shown 

that FATP1 transfection in rat muscle has a comparably lower effect than FAT/CD36 on 

stimulating both FA transport and oxidation (156). The potential roles of other FATP 

isoforms in regulating entry of FA into the mitochondria are unidentified.  

1.4.3 Coordinated function of FA transporters  

 
Due to the several different types of FA transporters and their differences with 

regards to functionality and tissue-specificity, the possibility of these proteins working in 

coordination warrants further investigation (73, 74). There is preliminary evidence to 

show that FAT/CD36 and FABPpm may work together to facilitate FA transport. 

Specifically, FA uptake induced by insulin or AICAR correlates to the combined sum of 
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PM FABPpm and FAT/CD36, rather than the individual PM contents of these proteins 

(38, 134). Immunoprecipitation experiments have also indicated that FAT/CD36 and 

FATP4, but not FATP1 (Jain and Bonen, unpublished observations), as well as 

FAT/CD36 and FABPpm (38) may be localized together at the PM. Whether FA 

transporters localize together at the mitochondrial level is unknown.  

Muscle stimulation by contraction or insulin may induce translocation of FA 

transporters to the PM, and subsequently increase FA transport into the cell. However, the 

channeling of FA towards particular metabolic fates by the different FA transporters is 

questionable. It is more likely that the stimulus and the associated signaling pathways 

themselves direct FA to either esterification (via insulin; (139, 140)) or oxidation (via 

contraction; (23, 102, 147)) to coordinate with the metabolic requirements of the muscle. 

In line with this, in FAT/CD36 null mice a selective inhibition of either insulin-stimulated 

esterification, or AICAR-stimulated FA oxidation is observed, while the ablation of 

FAT/CD36 reduces basal rates of FA uptake, esterification and oxidation comparably 

(22). Thus, the metabolic environment of the cell likely dictates the fate of FA, rather than 

the FA transporters themselves. However, overexpression of different FA transporters in 

rat skeletal muscle has demonstrated that these proteins have different capacities for FA 

transport and metabolism where FAT/CD36 and FATP4, and FAT/CD36 and FABPpm 

are most effective for FA transport and oxidation respectively (156).  

1.5 Regulation of FA transporter translocation to the PM  

Muscle perturbation via insulin or contraction induces the plasmalemmal 

translocation of FA transporters where they facilitate the movement of FA across the PM 

to meet the dynamic metabolic needs of the cell. Both FAT/CD36 and FABPpm are 
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similar to GLUT4 in that they are contained within endosomal pools that continuously 

recycle to and from the PM under basal, as well as stimulated conditions via endo-and 

exocytosis (23, 137). Multiple processes may be involved in the re-distribution of FA 

transporters to the PM including signaling pathways initiated by the stimulus (muscle 

contraction, endocrine or pharmacological stimulation), and vesicular trafficking 

machinery directing the exocytosis and recycling of transport proteins to the PM. While 

the understanding of the signaling and trafficking events regulating FA transporters is in 

its infancy, many of the studies and experimental approaches are based on the 

mechanisms of PM GLUT4 translocation, and are summarized in the following sections.  

1.5.1 Signaling pathways 

 
The signaling pathways involved in insulin-mediated GLUT4 translocation to the 

PM have been extensively studied over the past two decades (Fig. 1.3) (4, 44, 201). 

Briefly, the binding of insulin with its receptor at the α-subunit results in a conformational 

change, inducing the autophosphorylation of the β-subunit at tyrosine residues. This 

provides a docking site for insulin receptor substrate-1 (IRS1), phosphorylation of which 

stimulates the PM recruitment and binding of the p85 regulatory subunit of PI3K. The 

PI3K enzyme family is critical for phosphorylating phosphoinositide PI(4,5)P2 into 

PI(3,4,5)P3 (PIP3) which allows the signaling pathway to continue via the 

activation/autophosphorylation of different protein kinases such as Akt/protein kinase B 

(PKB), protein kinase C (PKC)-λ/ζ and 3-phosphoinositide-dependent protein kinase-1 

(PDK1). Specifically, it is the isoform Akt2 (41, 67) and PKCλ/ζ (8) that appear to be 

essential for insulin-stimulated PM GLUT4 translocation and glucose uptake in skeletal 

muscle. Recently, it was identified that phosphorylation of the downstream target of Akt2, 
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Akt substrate of 160 kDa (AS160) is also required for PM GLUT4 translocation (180, 

223). Identified as a Rab-GTPase activator, phosphorylated AS160 is unable to maintain 

the inhibition of GDP-bound Rab proteins which otherwise prevent GLUT4 vesicles from 

moving to the PM. Alternatively, it appears that PKCλ/ζ may also directly interact with 

trafficking proteins on GLUT4 vesicles, enabling translocation to the sarcolemma (27).  

FAT/CD36 may also be induced to translocate to the PM in response to insulin 

stimulation. This appears to be a PI3K-dependant process as treatment with PI3K specific 

inhibitors wortmannin or LY294002 ablates PM FAT/CD36 translocation and FA 

transport in cardiac myocytes (140) and skeletal muscle (139). Cell culture studies have 

also indicated a required role for atypical PKCζ in insulin-stimulated FA transport (116). 

Whether other components of the insulin signaling pathways play a role in the PM 

translocation of FA transporters is not fully understood. However, it is unlikely that 

GLUT4 and FAT/CD36 reside in similar intracellular pools as the translocation of these 

transport proteins occurs distinctly (141).  

Signaling mechanisms involved in re-distribution of FABPpm and FATPs to the 

PM are relatively unknown. Interestingly, the insulin-mediated PM translocation of 

FABPpm is preserved in Zucker obese rats, unlike for FAT/CD36 which fails to respond 

upon stimulation (85). This indicates a possible divergence in signaling between the two 

FA transporters, and that they likely are not located in the same intracellular pools.  

Muscle contraction also initiates a multitude of signaling events that play a role in 

maintaining cellular energy levels, and facilitate the entry of glucose and FA into the cell 

via transport proteins. Secondary messengers such as Ca2+ and AMP activate many 

different protein kinases including extracellularly-regulated protein kinases (ERK)-1    
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and -2, mitogen-activated protein kinase (MAPK), Ca2+-calmodulin-dependent protein 

kinases (CaMK), and AMPK (136, 170, 171). In particular, it has been thought that 

AMPK plays a central role in energy homeostasis and stimulates FA oxidation by 

phosphorylating acetyl-CoA carboxylase (ACC), rendering it inactive and releasing the 

subsequent inhibition on CPT1 by malonyl-CoA (111, 178). However, in recent years the 

role of AMPK in activating muscle FA oxidation has been questioned (7, 57, 173). 

Nevertheless, it is well known that contraction-mediated signaling pathways involved in 

PM GLUT4 translocation are distinct from those stimulated by insulin, although the 

combination of both perturbations results in additive glucose uptake (66).  

With regards to FA transport, both muscle contraction and the contraction-mimetic 

agent AICAR may induce PM FAT/CD36 and FABPpm translocation via AMPK 

dependent signaling (37, 39), although this has recently been challenged (107). In cardiac 

myocytes, contraction-induced FA transport mediated by AMPK signaling is significantly 

impaired with SSO treatment (23, 138), or in cells with diminished AMPK function (76). 

Whether AMPK is required for the regulation of FA oxidation (57, 119), or perhaps 

translocation of FA transporters to the mitochondria is disputed. Finally, ERK signaling 

may also play a role, as inhibition of this pathway impairs FAT/CD36 translocation to the 

PM (212). In contrast, it is unlikely that PKCs (145) or elevated catecholamines associated 

with exercise stimulate FA transport as increased cyclic AMP (cAMP) levels do not 

induce FAT/CD36 distribution to the PM (146). The signaling pathways involved in the 

contraction-induced recruitment of FATPs to the PM have not been investigated. 
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1.5.2 Trafficking pathways 

Following the completion of signal transduction via insulin or contraction 

stimulation, a progression of steps involving various trafficking machinery directs 

transport proteins to the PM. This allows for a unidirectional and very specified movement 

of GLUT4 containing vesicles, and prevents random fusion with other organelle 

membranes (50). In muscle, insulin-stimulated GLUT4 trafficking is far better 

characterized compared to the pathways initiated by contraction. Components of 

trafficking machinery are often stimulus-, and tissue-specific, and include the family of 

soluble N-ethylmaleimide attachment protein receptor (SNARE), vesicle-associated 

membrane protein (VAMP), Rab, and a multitude of other accessory and adaptor proteins 

(50, 206). Specifically, insulin-stimulated GLUT4 trafficking to the PM follows the 

SNARE hypothesis, where vesicle-associated (v-SNARE) proteins present on GLUT4-

containing vesicles bind to their complimentary target (t-SNARE) syntaxin proteins at the 

PM, allowing for a specific, directional movement of the transport protein (Fig. 1.3) (50). 

Accessory molecules such as SNARE-related proteins (SNAP) (63, 193) also participate 

in the docking, insertion and fusion of GLUT4 into the PM, thus enabling glucose entry 

into the cell. On the other hand, Rab proteins function as molecular switches depending on 

their GTP-bound (active) and GDP-bound (inactive) conformations, and anchor GLUT4 

in the cytoplasm until inactivated by AS160 phosphorylation (51). Finally, the accessory 

protein Munc18c, a member of the Sec1-like/Munc18 family also complexes with 

syntaxin and is shown to be necessary for insulin-stimulated GLUT4 translocation in 

skeletal muscle (158). In contrast, in cardiac myocytes isolated from Munc18c 

heterozygous KO mice, Munc18c was found to be required, but not rate-limiting for both 
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glucose and FA uptake (78). Thus, the multiple isoforms of the various trafficking 

proteins appear to have function and tissue-specificity, allowing for the precise direction 

of cargo-containing vesicles to the sarcolemma. 

The involvement of trafficking proteins in directing FA transporters to the PM 

following insulin or contraction is relatively unknown. It has been speculated that VAMP-

2 may play a role due to its phosphorylation target PKCζ, which has been shown to be 

involved in insulin-stimulated FA uptake (116). Moreover, Rab11 has been identified on 

FAT/CD36 vesicles (153) where it appears to regulate endocytosis (186). 

In summary, the characterization of the signaling and trafficking pathways 

mediating PM translocation of FA transporters is ongoing. It is evident that the 

understanding of GLUT4 dynamics provides a foundation upon which experimental 

approaches may be based to further identify the processes important for the regulation of 

FA transporters. Nevertheless, it appears that the signaling and trafficking events for 

GLUT4 and FA transporters may be both tissue- and stimulus-specific. 
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Figure 1.3: Insulin-, and contraction-mediated signaling and trafficking pathways for 
GLUT4 and FAT/CD36 translocation to the PM.  
Upon metabolic stimulation of skeletal muscle, a series of signaling and trafficking 
proteins direct insulin-, or contraction- sensitive GLUT4 containing vesicles to the PM. 
Translocation of FA transporters to the PM is far less characterized, although this appears 
to be a PI3K (insulin) or AMPK (contraction) dependant process, although the 
involvement of AMPK has been recently questioned.  

 

 

1.6 Role of FA transporters in skeletal muscle insulin resistance 

There is now recent evidence that one or more FA transporters are critically 

involved in the onset of insulin resistance (IR). In skeletal muscle, IR is characterized as a 

multi-factorial disease where dysregulated lipid metabolism has been identified as a key-

contributing factor. In particular, the increased availability of plasma FA, FA transport 

into the cell, and imbalance between intramuscular lipid accumulation and oxidation all 

contribute to the impaired post-receptor insulin signaling which inhibits muscle-mediated 

glucose disposal (96, 188). Thus, understanding the role and function of FA transporters in 

the progression of IR becomes essential due to their potential as therapeutic targets.  
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Studies in diet-induced, as well as genetic models of IR in animals have shown 

increased rates of FA transport and PM FAT/CD36 and FABPpm in giant vesicles derived 

from skeletal muscle (35, 45, 87, 135). Interestingly, total protein levels do not change, 

suggesting a permanent re-location of FA transporters FAT/CD36 and FABPpm, but not 

FATP1 or FATP4 to the PM where they are functionally relevant, and contribute to the 

increased influx of FA into the cell (45, 85, 135). This appears to be in direct opposition to 

GLUT4, which is localized intracellularly (28, 29). This further confirms that FAT/CD36 

and GLUT4 probably reside in distinct subcellular compartments, and have divergence in 

their signaling and trafficking machinery. In line with this, contraction-induced GLUT4 

translocation to the PM is preserved in Zucker obese rats, whereas FAT/CD36 fails to 

respond following muscle stimulation (85). 

In contrast, increases in both total and PM content of FAT/CD36 expression is 

documented in the Zucker diabetic fatty rat, a model of severe IR (35). Moreover, the 

upregulation of PM FA transporters and FA transport is present before the onset of Type-2 

diabetes in these animals, indicating that dysregulation of FA lipid metabolism is an early 

event (35). Reductions of PM FAT/CD36 via exercise or metformin treatment has been 

associated with improved insulin sensitivity, further establishing a role for this transport 

protein in IR, and its potential as a therapeutic target (189).  

Thus, the permanent relocation of FAT/CD36 at the PM in moderate IR (26, 135), 

and increases in total FAT/CD36 in severe IR (35) contributes to increased rates of FA 

entry in the cell. It is therefore suggested that this elevated FA transport contributes to a 

greater partitioning of FA towards esterification rather than oxidation, further leading to 

the accumulation of intermediate lipid species which interfere with insulin signaling (26). 

Signaling mechanisms involved in the permanent plasmalemmal re-location of FAT/CD36 
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are yet to be determined, although there is evidence to suggest that elevated plasma insulin 

as well as basal Akt2 activity in IR muscle may be contributing factors (45, 135). While 

the potential roles for other FA transporters in IR are yet to be determined, FATP1 KO 

mice are protected from acute (via lipid infusion) or chronically (high fat feeding) induced 

IR (121), indicating the functional importance of FATP1 in lipid metabolism and glucose 

homeostasis. 

Taken altogether, there is convincing evidence for the role of FA transporters in 

the development of IR, and their potential for being targeted in therapeutic strategies. 

Further understanding into their regulation via the signaling and trafficking pathways 

directing them to PM where they are functionally significant is warranted. Several aspects 

of FA transporters, and their role in IR are yet to be investigated. Firstly, many FA 

transporters such as FAT/CD36 and FABPpm have been identified in the mitochondria. It 

is suggested that while oxidation and mitochondrial FAT/CD36 content are not reduced, 

the total number of mitochondria may be lower in obese individuals (100). Indeed, other 

studies have also shown that FA oxidation is not compromised in obesity and IR (93, 94). 

Possible regulatory roles of mitochondrial FA transporters, and their trafficking and 

distribution between intracellular pools, the PM, and the mitochondria would give a 

further understanding of the pathological mechanisms of IR. This is especially relevant as 

the imbalance between FA esterification and oxidation is critical for the progression of 

obesity into IR and Type-2 diabetes.  
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1.7 Summary 
 

Evidence from the last two decades has established a prominent role for FA 

transporters facilitating the entry of FA into many tissues, including skeletal muscle, 

thereby contributing to the regulation of lipid metabolism in coordination with the cellular 

metabolic environment. Indeed, FA transporters may be induced to translocate to the PM 

from endosomal pools via acute or chronic perturbations (i.e. insulin and muscle 

contraction) in tissue and stimulus-specific manners. In addition, the presence of FA 

transporters on the mitochondria further implicates their possible functional significance 

in regulating FA oxidation. The signaling and trafficking pathways involved in regulating 

FA transporters are yet to be fully characterized, although the extensive understanding of 

PM GLUT4 translocation provides a framework for further experimental approaches. 

Since FA transporters have also been implicated as contributing factors in skeletal muscle 

IR, further study and understanding of their regulation would be paramount in 

incorporating them into possible therapeutic strategies.  
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 CHAPTER 2: OBJECTIVES OF THE THESIS 
 

This thesis examines the regulation of FA transporters in response to acute 

metabolic perturbation in skeletal muscle. Specifically, the overall objectives were to 

further elucidate the insulin-, and contraction-stimulated signaling and trafficking 

pathways mediating the translocation of FA transporters FAT/CD36, FABPpm, FATP1 

and 4 to the PM, where they facilitate FA transport into the cell. Recently, FAT/CD36 has 

also been identified on the mitochondria, where it appears to regulate FA oxidation. 

Therefore, the potential involvement of signaling and trafficking components directing FA 

transporters to the mitochondria following muscle contraction was also examined. 

Importantly, the permanent re-distribution of FAT/CD36 to the PM contributes to the 

dysregulated lipid metabolism associated with skeletal muscle IR. Thus, a greater 

understanding of the regulation of FA transporter translocation to the PM, and possibly 

mitochondria (FAT/CD36), may help in targeting these proteins in future therapeutic 

strategies.  

 

To these ends, the present thesis has examined the following: 

 

a) the independent and combined effects of muscle contraction and insulin on rates of 

FA transport and the translocation of FAT/CD36, FABPpm, FATP1, FATP4 and 

FATP6. 

b) the role of Akt2 in the insulin-, and contraction-stimulated rates of FA transport 

and the translocation of FAT/CD36, FABPpm, FATP1, and FATP4.  
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c) the role of Munc18c in the insulin-, and contraction-stimulated rates of FA 

transport and the translocation of FAT/CD36, FABPpm, FATP1, and FATP4. 

 

It was hypothesized that: 

 

1) The increase in FA transport following acute metabolic perturbation of skeletal 

muscle is attributed to a multitude of FA transporters appearing at the PM, in a 

stimulus-specific, and possibly additive manner. 

 

Given the known similarities between GLUT4 and FAT/CD36 regulation,  

 

2) Akt2 signaling is required for insulin, but not contraction-stimulated increases in 

FA transport, and translocation of FA transporters to the PM, or contraction-

induced FA oxidation or FAT/CD36 translocation to the mitochondria. 

 

3) Munc18c is required for insulin, but not contraction-stimulated increases in FA 

transport, and translocation of FA transporters to the PM, or contraction-induced 

FA oxidation or FAT/CD36 trafficking to the mitochondria. 
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 CHAPTER 3: ADDITIVE EFFECTS OF INSULIN AND MUSCLE 
CONTRACTION ON FA TRANSPORT AND FA TRANSPORTERS, FAT/CD36, 

FABPPM, FATP1, 4 AND 6 
 
 
As published (106), with minor revisions: 
 
Jain SS, Chabowski A, Snook LA, Schwenk RW, Glatz JF, Luiken JJ, and Bonen A. 
Additive effects of insulin and muscle contraction on fatty acid transport and fatty acid 
transporters, FAT/CD36, FABPpm, FATP1, 4 and 6. FEBS Lett 583: 2294-2300, 2009. 
 

3.1 Abstract 
 

Insulin and muscle contraction increase FA transport into skeletal muscle by 

inducing the translocation of FAT/CD36 to the PM. We examined a) whether these effects 

are additive, and b) whether other FA transporters (FABPpm, FATP1, FATP4 and 

FATP6) are also induced to translocate to the PM. Insulin and muscle contraction 

increased glucose transport and plasmalemmal GLUT4 independently and additively 

(used as a positive control).  Palmitate transport was also stimulated independently and 

additively by insulin and by muscle contraction. Insulin and muscle contraction increased 

plasmalemmal FAT/CD36, FABPpm, FATP1, and FATP4, but not FATP6. Only 

FAT/CD36 and FATP1 were stimulated in an additive manner by insulin and muscle 

contraction. 

3.2 Introduction 
 
  In recent years it has been shown that FAs are transported into many tissues via a 

protein-mediated mechanism (c.f. (19)). A number of FA transporters have been 

identified, many of which are co-expressed in the same tissue. Two key FA transporters 

are FAT/CD36 and FABPpm, each of which has been shown to stimulate FA transport (2, 
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19, 43). Chronically increased FA transport rates have been linked with a permanent 

relocation of FAT/CD36 to the PM in Type-2 diabetes (26) and diet-induced IR (159). 

  Acute regulation of protein-mediated FA transport can also occur. In skeletal 

muscle, contraction and insulin induce the translocation of FAT/CD36 and FABPpm from 

an intracellular depot(s) to the PM (c.f. (19) and (85)). Tissue specificity appears to occur, 

as in the heart insulin induces the translocation of FAT/CD36, but not FABPpm (19). 

Even less is known regarding the translocation of FATP1-6, although their involvement in 

the regulation of FA transport has been shown (52). FATPs are expressed in a tissue-

specific manner (54, 91), and in muscle tissues FATP1, 4 and 6 are co-expressed (71, 91). 

Moreover, FATP1-null mice are resistant to diet-induced IR (121). Although FATP1 

appears to be insulin sensitive in muscle (219), it is not known whether insulin and/or 

muscle contraction induce the PM translocation of FATP1, 4, or 6.  

  Skeletal muscle glucose transport can be stimulated independently by insulin or 

muscle contraction/exercise, and additively when these stimuli are combined (177), as 

these pertubations induce GLUT4 translocation to the sarcolemma from insulin-, and 

contraction-sensitive intracellular depots. In this manner the uptake and utilization of 

glucose is elegantly controlled, either to re-establish euglycemia after a meal, or to 

increase substrate provision when demand for this substrate is increased, such as during 

exercise.  

  As with glucose, FA are also cleared from the circulation either after a meal (18) 

or when demand for this substrate is increased with exercise (119). Yet, it is not known a) 

whether an increased rate of uptake of FA primarily requires an increase in plasmalemmal 

FAT/CD36 or whether other FA transporters are also involved, and b) whether muscle 
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contraction and insulin stimulate FA transport and transporters in an additive manner. 

Therefore, in the present studies we have examined the effects of insulin, muscle 

contraction, and the combined effects of insulin and muscle contraction on i) the rates of 

FA transport into giant vesicles prepared from skeletal muscle and ii) on the appearance of 

FA transporters (FAT/CD36, FABPpm, FATP1, FATP4 and FATP6) at the PM in 

response to these stimuli. For reference purposes we also examined the effects of these 

stimuli on insulin-, and contraction-stimulated glucose transport and sarcolemmal 

GLUT4. 

3.3 Methods and Materials 

3.3.1 Animals  

 
  We used 8-12 week old, overnight fasted male C57/BL6 mice. They were bred on 

site and housed in controlled temperature and humidity conditions on a 12:12-h light-dark 

cycle. Animals were provided with standard laboratory chow and water ad libitum. Rates 

of glucose and FA transport as well as plasmalemmal FA transporters were examined in 

giant vesicles prepared from hindlimb muscles of overnight fasted mice. There were four 

experimental groups: control, insulin stimulation, muscle contraction, or combined insulin 

and muscle contraction. Experiments were approved by the committee on animal care at 

the University of Guelph and were performed with anesthetized mice (sodium 

pentobarbital (6 mg/100g body wt ip; MTC Pharmaceuticals, Cambridge, ON, Canada).  

3.3.2 Experimental Treatments 

 
  For treatments other than control (no treatment), animals were either injected with 

insulin (Humulin, 1.0 U/kg body wt, i.p. (Eli Lilly, Toronto, ON, Canada)), or muscles 
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were induced to contract (electrical sciatic nerve stimulation; train delivery 100 Hz/3s at 5 

V, train duration 200ms, pulse duration 10ms) for 15 min. In a separate group of animals 

muscles were first exposed to insulin (15 min), and then subsequently treated to muscle 

contraction (15 min). Following, hindlimb muscles (vastus lateralis, tibialis anterior, 

gastrocnemius, soleus and extensor digitorum longus) were harvested. Tail vein glucose 

concentrations were also measured pre- and post treatments with insulin or muscle 

contraction (glucose monitor: Ascensia Elite XL, Bayer Inc., Toronto, ON, Canada).  

3.3.3 Giant sarcolemmal vesicles and substrate transport 

 
  Giant sarcolemmal vesicles were prepared from pooled glycolytic and oxidative 

fibres of the aforementioned hindlimb muscles immediately after harvest, as we have 

described previously in detail elsewhere (24), and were used to determine substrate 

transport rates and plasmalemmal proteins in the same preparation.  Another rapid 

subfractionation procedure (9) was used to visualize the presence of FA transporters at the 

sarcolemma and intracellular depots. Protein concentrations were determined by the 

bicinchoninic acid (BCA) assay, and vesicles were used immediately for FA and glucose 

transport assays or stored at -80°C for Western blotting analyses.  

  Palmitate transport rates (15 s) into giant sarcolemmal vesicles were determined in 

separate experiments, as described previously (23, 24, 127, 183), using unlabeled 

palmitate (14 µM), radiolabeled 0.3µCi [3H]-palmitate and 0.06 µCi [14C] mannitol (GE 

Healthcare, Baie D'urfe, QC, Canada) in a 0.1% bovine serum albumin solution. Glucose 

transport was determined using unlabeled D-glucose (5 mM), radiolabeled 0.3µCi [3H] D-

glucose and 0.06 µCi [14C] mannitol (GE Healthcare). 
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3.3.4 Western Blotting 

 
  Transport proteins were detected on the PM of the giant vesicles, and on 

subfractionated sarcolemmal and endosomal preparations by Western blotting as we have 

described previously (23). Standard procedures (SDS-PAGE) were used to separate 

proteins and transfer them onto PVDF membranes. Thereafter, membranes were blocked 

in 7.5% BSA for 1 hour, and then probed overnight at 4°C with the antibodies against 

FAT/CD36 (sc13572), FATP1 (sc25541), and FATP4 (sc 5834) (each 1:500 dilution; 

Santa Cruz Biotechnology, Santa Cruz, CA, USA), FATP6 (1:1000 dilution, gift, Dr. A. 

Stahl, Palo Alto Medical Foundation Research Institute, Palo Alto, CA), FABPpm 

(1:30000 dilution, gift from Dr. J. Calles-Escandon, Wake Forest University), GLUT4 

(1:4000 dilution; Millipore, Temecula, CA, USA) and MCT1 (1:3000 dilution, gift from 

Dr. H. Hatta, University of Tokyo). Blots were detected using enhanced 

chemiluminescence (Perkin Elmer Life Science, Boston, MA) and quantified by 

densitometric analyses (ChemiGenius2 Bioimaging, SynGene, Cambridge, U.K.). All 

blots were stained with Ponceau-S to ensure equal loading of protein. 

3.3.5 Statistics  

 
  Data were analyzed using analysis of variance and Fisher’s LSD post-hoc test 

when appropriate. All data are reported as mean±sem. 

3.4 Results 
 
  Blood glucose was monitored to ensure a reduction with insulin treatments. Basal 

glucose concentrations were 6.48 ± 0.09 mM. This was not reduced by muscle 
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contraction, but was reduced by the insulin (-70%) and the insulin + contraction (-69%) 

treatments.  

3.4.1 Glucose transport and GLUT4 

 
  Muscle contraction or insulin increased the rates of glucose transport 2.5- and 3.6-

fold respectively (Fig. 3.1A). When the two stimuli were combined, glucose transport was 

increased 5-fold (Fig. 3.1A). PM GLUT4 was upregulated when muscles were stimulated 

with contraction (+76%), insulin (+154%) and by the combined contraction and insulin 

stimulation (+277%) (Fig. 3.1B). As a positive control PM MCT1, which is not 

translocated (25, 208), was not altered during these experiments (Fig. 3.1C). These 

experiments confirm that the insulin and muscle contraction induced the well-known 

independent and additive effects on glucose transport and GLUT4 translocation. 

3.4.2 Effects of insulin and muscle contraction on FA transport and FA transporters  

 
  Palmitate transport was increased by muscle contraction (1.7-fold), by insulin (2.9-

fold), and by the combination of contraction and insulin (3.5-fold) (Fig. 3.2A). 

Concomitantly, PM FA transporters were increased with muscle contraction (FAT/CD36 

+55%; FABPpm +62%; FATP1 +61%; FATP4 +66%), insulin (FAT/CD36 +78%; 

FABPpm +61%; FATP1 +84%; FATP4 +60%), and with combined muscle contraction 

and insulin (FAT/CD36 +179%; FABPpm +85%; FATP1 +125%; FATP4 +89%) (Fig. 

3.2B-2E). Subfractionation of muscles showed that these foregoing transporters were 

induced to translocate from intracellular depots to the PM (Fig. 3.3). PM content of 

FATP6 was not altered by insulin or muscle contraction (Fig. 3.2F), and therefore their 

combined effect on plasmalemmal FATP6 was not examined. 



36 

 

 

 

 
 
 
Figure 3.1: Effects of muscle contraction (CT), insulin (INS), and muscle contraction 
+ insulin on rates of glucose transport (A), and PM GLUT4 and MCT1.  
N=6 independent determinations. Representative blots are shown, and data are expressed 
as mean ±sem.  
* p<0.05, muscle contraction, insulin or muscle contraction + insulin vs control 
** p<0.05, insulin vs muscle contraction  
*** p<0.05, muscle contraction + insulin vs insulin 
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Figure 3.2: Effects of muscle contraction (CT), insulin (INS) and muscle contraction 
+ insulin on rates of palmitate transport (A), and PM FAT/CD36 (B), FABPpm (C), 
FATP1 (D), FATP4 (E) and FATP6 (F). 
N=6 independent determinations. Representative blots are shown, and data are expressed as mean 
±sem. ND: not determined, as FATP6 did not respond to either insulin or muscle contraction 
* p<0.05, muscle contraction, insulin or muscle contraction + insulin vs control 
** p<0.05, insulin vs muscle contraction, *** p<0.05, muscle contraction + insulin vs insulin 

* 

* 
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Figure 3.3: Plasmalemmal and intracellular GLUT4 and FA transporters in basal, 
contraction (CT)-, insulin (INS)-, and insulin + contraction-stimulated muscles.  
N=6 independent determinations, and representative blots are shown.  

 

3.4.3 Additive effects of insulin and muscle contraction on glucose and FA transport, 

GLUT4 and FA transporters 

 
  For glucose transport the combined effects of muscle contraction and insulin were 

quite comparable, as with the combined stimuli (insulin + contraction) glucose transport 

was almost identical (96%) to when their independent effects were summed (Fig. 3.4A). 

Plasmalemmal GLUT4 was 20% greater when the two stimuli were applied 

simultaneously, compared to when their independent effects were summed (Fig. 3.4B).  

  Palmitate transport was also quite similar when the two stimuli were applied 

simultaneously (95%) compared to the sum of their independent effects (Fig. 3.5A). 

However, this was not the case for some of the FA transporters. For FAT/CD36 and 

FATP1 the combined effect of the two stimuli (insulin + contraction) was additive, since 

with the combined treatment (insulin + contraction) the plasmalemmal levels of these 

proteins were either somewhat greater (FAT/CD36 + 35%, Fig. 3.5B) or only slightly 
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lower (FATP1 -14%, Fig. 3.5D) when compared to the sum of independent insulin and 

contraction effects. In contrast, plasmalemmal FABPpm and FATP4 were not increased 

additively, since with the combined treatment (insulin + contraction) the plasmalemmal 

FABPpm (-31%, Fig. 3.5C) and FATP4 (-37%, Fig. 3.5E) levels remained well below that 

of the sum of the independent insulin and contraction effects.  

 

 

 

 
 
 
 
Figure 3.4: Comparison of independent and combined effects of insulin stimulation 
and muscle contraction on glucose transport (A) and PM GLUT4 (B).  
Summed: insulin-stimulated net increase over control + contraction-stimulated net 
increase over control.  
Combined: net increase over control when insulin and muscle contraction were 
administered simultaneously. 
Insulin stimulation 
Muscle contraction 
Insulin + muscle contraction combined  
 

 

 

 



40 

 

 

 

 
 
 
 
Figure 3.5: Comparison of independent and combined effects of insulin stimulation 
and muscle contraction on palmitate transport (A) and PM FAT/CD36 (B), FABPpm 
(C), FATP1 (D), and FATP4 (E).  
Summed: the independent effects of insulin and muscle contraction are added together 
(from each of these the control data were subtracted). 
Combined: insulin and muscle contraction were administered simultaneously (the control 
data were subtracted). 
Since FATP6 failed to respond to either insulin or muscle contraction their combined 
effects were not examined. 
Insulin stimulation 
Muscle contraction 
Insulin + muscle contraction combined 
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3.5 Discussion 
 
  The present study was designed to examine a) whether FA transporters other than 

FAT/CD36 could be induced to translocate to the PM, and b) whether the effects of 

insulin and muscle contraction were additive with respect to FA transport and FA 

transporter translocation. The following novel information was revealed in these studies: i) 

many FA transporters (FATP1, FATP4 and FABPpm) besides FAT/CD36 were induced 

to translocate to the sarcolemma, either by insulin or by muscle contraction, ii) FATP6 

failed to respond these stimuli, iii) FA transport was increased in an additive manner when 

insulin and muscle contraction were combined, but iv) only two of the FA transporters 

(FAT/CD36 and FATP1) were induced to translocate to the sarcolemma in an additive 

manner. These studies indicate a) that increases in FA transport induced by metabolic 

stimuli are attributable to the concomitant translocation of a number of FA transporters, 

and b) just as for GLUT4 (132), there appear to be insulin-sensitive and contraction-

sensitive intracellular depots for FAT/CD36 and FATP1, but not for FABPpm, FATP4 or 

FATP6.  

3.5.1 Glucose and FA transport into giant vesicles  

 
  It was not surprising that insulin and muscle contraction each increased the rates of 

glucose transport, as has long been known (75, 177). Recently, we have shown that these 

stimuli also increase the rate of FA transport (19). For these purposes we have used giant 

sarcolemmal vesicles, just as in the present study. This preparation is critical for 

examining FA transport across the PM, as FAs are not metabolized further (19). Despite 

an early report to the contrary (165), we have found that these giant vesicles are suitable 
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for detecting either insulin-, or contraction-stimulated glucose transport ((6) and present 

study). Giant vesicles offer several additional advantages, namely, they are 100% right 

side out, which may well be important when examining FA transport, and FA transport 

rates and PM FA transporters can be determined in the same preparation.  

3.5.2 FA transport and FA transporters 

 
  Long chain FAs are taken up largely via a protein-mediated mechanism (19, 54). 

Indeed, for the FA transporters examined in this study it has been shown that each one 

facilitates FA uptake (2, 43, 52, 104, 156, 181). Yet, it is uncertain why a number of FA 

transporters are necessarily co-expressed in metabolic tissues. It has been suggested that 

these proteins may interact with each other, but as yet there is only limited evidence for 

this (19). It is known that different FA transporters exhibit varied FA transport capacities 

(52, 156) and possibly FA specificity (71). Presumably, our present work and others (52) 

indicates that FATP6 is of limited metabolic significance in skeletal muscle.   

3.5.3 Insulin-stimulated FA transporter and transporter translocation 

 
  The insulin-stimulated increase in PM FAT/CD36 has been shown previously in 

skeletal muscle and in cardiac myocytes (19), while insulin-induced FATP1 translocation 

occurs in muscle (present study and (219) but not the heart (19)). Similarly, insulin-

stimulated FABPpm translocation may also be tissue-specific, as this protein is insulin 

sensitive in skeletal muscle but not in cardiac myocytes (19). This is the first study to 

observe that insulin also induces FATP4 translocation in mammalian muscle. While it 

may be presumed that insulin-stimulated translocation of FA transporters occurs via the 

insulin signaling pathway, as has been shown for FAT/CD36 (19), this assumption may 
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not be valid. Studies in our laboratory suggest that FABPpm and FATP4 may be induced 

to translocate by insulin via a route other than the PI3-kinase-Akt signaling pathway 

(Chapter 4, 105). 

3.5.4 Contraction-stimulated FA transport and transporter translocation 

 
  The contraction-stimulated increase in skeletal muscle PM FAT/CD36 and 

FABPpm has been shown previously in skeletal muscle (23, 85, 212). This study is the 

first to report that muscle contraction also induces the translocation of FATP1 and FATP4. 

The signaling pathways involved in inducing FA transporter translocation are unknown, 

although we have shown that activation of AMPK induces the translocation of FABPpm 

and FAT/CD36 (19). Preliminary studies in our group suggests that Akt2 activation may 

also be necessary for contraction-induced FAT/CD36 and FATP1 translocation, whereas 

this kinase does not appear to be required for contraction-induced FABPpm and FATP4 

translocation (Chapter 4, 105). 

3.5.5 Additive effects of insulin and muscle contraction on FA transport and FA 

transporter translocation 

 
  It is now well known that insulin and muscle contraction stimulate glucose 

transport in an additive manner (132, 155), and this was observed in the present study. 

Here we report for the first time that FA transport is also increased in an additive manner 

when muscles are stimulated simultaneously with insulin and contraction. The additive 

effects of insulin and muscle contraction on glucose transport are attributable to the 

concomitant additive increases in PM GLUT4 ((132) and present study), as GLUT4 is 

recruited from distinct insulin-, and contraction-sensitive intracellular depots (132). 
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Presumably, the additive increases in plasmalemmal FAT/CD36 and FATP1 induced by 

the simultaneous stimulation with insulin and muscle contraction suggests that there are 

also distinct insulin-, and contraction-sensitive intracellular depots for these two 

transporters. However, an additive effect was not observed for FABPpm or FATP4, 

despite the fact that with either the insulin or muscle contraction treatments the 

sarcolemmal content of each of these two transporters was increased substantially (62-

89%). We interpret this to suggest that each FA transporter has a single intracellular depot 

that is targeted by both insulin-mediated and contraction-mediated signals.   

3.5.6 Relative effectiveness of FA transporters and difficulties comparing 

experimental preparations 

 
  Studies in FAT/CD36 null mice (22, 43) and FATP1 null mice (219) indicate that 

these proteins are necessary to facilitate FA uptake. Comparable studies are not available 

for either FABPpm or FATP4, although it has been shown that deletion of FATP4 results 

in early embryonic lethality (70, 88).  

The present studies cannot reveal which of the FA transport proteins is the most 

important. To address this problem, a number of studies have examined the roles and 

transport capacities of FA transporters in cell lines. This has yielded observations that are 

often contradictory with results in different cell lines or with observations in metabolically 

important tissues in vivo. For example, transport capacities among FATPs can differ 

substantially, as revealed by overexpression (52, 71, 82) or knockdown studies (133), but 

there is little agreement as to which FATP is most effective. In yeast, FATP4 exhibited 

1.7, and 3-fold greater FA transport effectiveness compared to FATP1 and FATP2 

respectively, while no FA transport capacities were attributable to FATP3, 5 and 6 (52). In 
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contrast, in HEK293 cells the FATP6 transport capacity was 3-, and 6.5-fold greater than 

FATP1 and FATP4, respectively (71), while in 3T3-L1 adipocytes a FA transport role was 

evident only for FATP1 but not FATP4 (133). This group has linked the role of FATP4-

mediated FA uptake to inducing an increase in FA esterification (150). In contrast, in 

mammalian muscle we find that FATP1 and FATP4 each have a FA transport role at the 

PM with that of FATP4 being comparable to FAT/CD36 and greater than that of FATP1 

and FABPpm (156). Clearly, all these studies have failed to reach a consensus on the 

regulation and effectiveness of selected FA transporters.  

These different and apparently conflicting findings among the foregoing studies is 

perhaps not too surprising. This likely reflects the use of diverse cell lines or different 

types of mammalian tissues. Different cell lines often have ill-defined metabolic 

machinery for FA uptake and metabolism, yet it seems to be frequently assumed that an 

available cell line is a suitable model for examining FA transport and metabolism. This is 

questionable. Several recent reports indicate that FA transport cannot be adequately 

examined in some cells because these appear to lack accessory proteins that may be 

involved in FA transport (58, 216). In addition, extrapolation of results from cultured cells 

to metabolically important tissue in vivo may also be problematic, as cells and mammalian 

tissues likely have different requirements for FA utilization, and their regulation of FA 

uptake may also differ. For example, the mechanisms regulating the acute contraction-

induced upregulation of FA transport and oxidation, such as occurs in heart and skeletal 

muscle, is likely absent in selected cell cultures. It would therefore seem that it is 

preferable to examine mechanisms of FA transport and transporters in mammalian tissues 

that have a well-known requirement for utilizing FAs either for energy provision (muscle, 

heart) or storage and release (adipocytes). It would not be surprising if these different 
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functions by different tissues may well rely on tissue-specific FA transporter(s) and 

unique sensitivities to physiologic/metabolic stimuli involving distinct signaling systems. 

It is difficult to envision that all of the tissue diversity concerning FA metabolism in vivo 

can be captured adequately in any one given cell line.  While these preparations can 

provide unique information at times, extrapolation to situations and tissues in vivo requires 

considerable caution. It is therefore advantageous to examine a process such as FA 

transport in the particular mammalian tissue of interest, as we have done.  

3.6 Summary 
 
  We have found that either insulin or muscle contraction induce the translocation of 

a number of FA transporters, including FAT/CD36, FABPpm, FATP1 and FATP4. 

Notably, FATP6 is insensitive to these stimuli. Only FAT/CD36 and FATP1 were 

stimulated in an additive manner by the simultaneous administration of insulin and muscle 

contraction, suggesting that these transporters reside in insulin-, and contraction-sensitive 

intracellular depots. In view of recent evidence that FAT/CD36 has a far greater transport 

capacity than FATP1, this protein may be the key FA transporter in mammalian skeletal 

muscle. 
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 CHAPTER 4: AKT2 IS REQUIRED FOR INSULIN-, AND CONTRACTION-
STIMULATED FA TRANSPORT AND PLASMALEMMAL TRANSLOCATION OF 

FA TRANSPORTERS IN SKELETAL MUSCLE 
 

 

4.1 Abstract 
 

The transport of FA into various tissues is a well-established protein mediated 

process involving a number of different FA transporters. However, the signaling pathways 

involved in the translocation of FA transporters to the PM or mitochondria are largely 

unknown, although there appears to be similarities to the signaling pathways initiated for 

GLUT4. Whether Akt2, a key player in the insulin-signaling pathway, is also involved in 

the translocation of FA transporters to the PM or mitochondria following metabolic 

perturbation is unknown. We therefore utilized Akt2-null mice to further elucidate the role 

of Akt2 in insulin-, and contraction-stimulated glucose and FA transport, and translocation 

of GLUT4 and FA transporters to the PM, as well as in mitochondrial FA oxidation and 

FAT/CD36 translocation to the mitochondria in skeletal muscle. Glucose transport 

(+127%) and PM GLUT4 (+124%) measured in giant sarcolemmal vesicles were 

increased comparably following muscle contraction in wildtype (WT) and KO mice. As 

expected, KO mice exhibited IR, glucose intolerance, and completely blunted insulin-

stimulated glucose transport and GLUT4 translocation to the PM. Insulin (+117%) and 

contraction (+107%) increased FA transport in WT mice, along with increased levels of 

FA transporters FAT/CD36, FABPpm, FATP1, and FATP4 at the PM. In contrast, 

insulin-stimulated FA transport and PM translocation of FA transporters was essentially 

prevented in KO mice. Unexpectedly, following contraction, FA transport was also 

markedly blunted along with an impaired translocation of both FAT/CD36 and FATP1, 
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but not FABPpm or FATP4. Similarly, contraction-stimulated SS and IMF mitochondrial 

FA oxidation as well as mitochondrial FAT/CD36 were also inhibited in KO mice. 

Therefore, we confirm Akt2 is required for insulin, but not contraction-stimulated glucose 

transport and PM GLUT4 translocation. We also report for the first time that Akt2 

mediated signaling is required for the translocation of FA transporters to the PM and 

mitochondria.  

4.2 Introduction 
 

The transport of glucose and FA into the cell is a highly regulated process 

important for maintaining metabolic homeostasis. It is well established that the transport 

of these substrates into various tissues is a protein-mediated process involving glucose 

transporter GLUT4 (cf. (109, 126)), and FA transporters such as FAT/CD36, FABPpm, 

and FATPs (c.f. (72)). In recent work, we have also shown the involvement of FAT/CD36 

in the regulation of FA transport and oxidation in mitochondria (16, 32, 97).  

 The mechanisms for GLUT4 translocation to the PM in response to metabolic 

perturbations such as insulin or exercise/contraction in skeletal muscle are well 

characterized (50, 126). In contrast, the signaling pathways involved in the translocation 

of FA transporters to the PM are largely unknown. Nevertheless, FAT/CD36 may share a 

similar regulation with that of GLUT4, as both GLUT4 and FAT/CD36 are recruited from 

intracellular pools to the PM by insulin-stimulated activation of PI3K (37, 139). 

Activation of AMPK by AICAR also induces the translocation of GLUT4 and FAT/CD36 

to the PM (37, 138). Following muscle contraction however, FAT/CD36 may also 

redistribute to the PM in an AMPK independent manner (107). Recently, we have shown 
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that acute stimulation with insulin and/or contraction also induces the translocation of 

FABPpm, FATP1, and FATP4 to the PM in skeletal muscle (Chapter 3, 106).   

Extensive study of the insulin signaling pathway over the past two decades has 

elucidated the involvement of key signaling proteins such as the serine-threonine kinase 

Akt/PKB, found downstream of PI3K (44, 201). Of the three different Akt isoforms 

(Akt1, 2, and 3), which have widely diverse functions in metabolism, cell death, and 

differentiation, Akt2 appears to be required for insulin stimulated glucose disposal (55, 89, 

184). Targeted disruption of Akt2 in KO murine models results in impaired insulin 

stimulated GLUT4 translocation to the PM and glucose transport in skeletal muscle (41, 

56, 67, 90). In contrast, while muscle contraction may also stimulate Akt2 

phosphorylation to a lesser degree compared to insulin (218), Akt2 is not required for 

contraction mediated GLUT4 translocation or glucose transport in skeletal muscle (30, 

176). 

Both dysregulated glucose and FA transport have been shown to contribute 

towards IR in skeletal muscle. In rodents and humans, a permanent relocation of 

FAT/CD36 to the PM results in increased FA transport (26, 135), and accumulation of 

intramuscular lipids that impair insulin signaling and GLUT4 translocation to the PM (92, 

221). For example, the accumulation of highly reactive ceramide lipid species may inhibit 

insulin-stimulated phosphorylation of Akt2 (40), while restoration of Akt2 activation can 

improve muscle IR (149). Indeed, the highly negative correlation (r=-0.90) between PM 

FAT/CD36 and GLUT4 in IR muscle (35) indicates that the subcellular signaling and/or 

trafficking of FAT/CD36 and GLUT4 diverge at some unknown point, and warrants 

further investigation.   
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Given that the insulin-signaling machinery for GLUT4 and FAT/CD36 are PI3K 

dependent (126, 139), the insulin-stimulated signals inducing their translocation must 

diverge beyond PI3K. Moreover, it is known that Akt2 is not required for the contraction-

induced translocation of GLUT4, but whether it is required for contraction-induced 

translocation of FAT/CD36 to the PM remains to be determined. Therefore in the present 

study, we investigated whether Akt2, a key player in the insulin-signaling cascade distal to 

PI3K is also involved in the signaling mechanisms for PM FA transporter translocation. 

Specifically, Akt2 KO mice were utilized to examine the effects of a) insulin-, and 

contraction-stimulated glucose and FA transport, and b) translocation of GLUT4 and FA 

transport proteins to the PM. Since FAT/CD36 has been shown to regulate mitochondrial 

FA oxidation (97), we also examined whether ablation of Akt2 affects c) contraction 

induced FA oxidation and d) translocation of FAT/CD36 to the mitochondria. We confirm 

that i) Akt2 is required for insulin, but not contraction-stimulated glucose transport and 

PM GLUT4 translocation. We also report for the first time that Akt2 is required for ii) 

insulin- and contraction-stimulated FA transport, and iii) translocation of FAT/CD36 and 

FATP1, but not FABPpm and FATP4 to the PM. Finally, Akt2 also appears to be 

necessary for iv) contraction-stimulated FA oxidation and FAT/CD36 translocation to the 

mitochondria. Taken altogether, these studies reveal a potential role for Akt2 in the 

signaling and regulation of the subcellular localization of FA transporters in response to 

metabolic perturbation in skeletal muscle.  
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4.3 Methods and Materials 

4.3.1 Animals  

 
  Akt2 KO and corresponding DBA/1 WT mice were obtained from Pfizer Inc. 

(New York, NY (67)) and Jackson Laboratories (Bar Harbor, Maine) respectively. WT 

and KO female mice were carefully matched for age (8 weeks). Animals were housed in 

controlled temperature and humidity conditions on a 12:12-h light-dark cycle and were 

given standard laboratory chow and water ad libitum. Mice were anesthetized with sodium 

pentobarbital (6mg/100g body wt ip; MTC Pharmaceuticals, Cambridge, ON), and all 

procedures were approved by the University of Guelph Animal Care Committee. 

4.3.2 Genotyping  

Genotypes of KO mice were confirmed using standard DNA isolation and PCR 

methods (Extract-N-Amp, Sigma-Aldrich, St. Louis, MO) using forward 5ʹ′-GCA GGA 

TCT CCT GTC ATC TCA CC-3ʹ′ and reverse 3ʹ′- GAT GCT CTT CGT CCA GAT CAT 

CC-5ʹ′ primer sets targeted towards the neo cassette.  

4.3.3 Experimental Treatments 

 
  Basal tail vein glucose concentrations were determined using a glucose meter 

(Ascensia Elite XL, Bayer Inc., Toronto, ON).  Subsequently, intraperitoneal glucose and 

insulin tolerance tests (IPGTT, IPITT) were conducted in separate groups of overnight 

fasted WT and KO animals. Mice were injected intraperitoneally with either glucose 

(0.75g/kg body wt) or insulin (1.0U/kg body wt) and blood glucose was recorded at 15, 

30, 45, 90 and 120 min.  
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   In addition, fasted WT and KO mice were assigned to the following groups: 1) 

control (no treatment), 2) insulin treatment for 15min (Humulin, 1.0 U/kg body wt, ip; Eli 

Lilly, Toronto, ON), or 3) muscle contraction via the sciatic nerve (train delivery 100 

Hz/3s at 5 V, train duration 200 ms, pulse duration 10 ms) applied for 3 repetitions of 5 

min with 2 min of rest between stimulations, as described previously (106). Following the 

treatment periods, hindlimb muscles were immediately harvested for isolation of giant 

sarcolemmal vesicles, SS and IMF mitochondria, or were freeze-clamped in liquid N2 for 

muscle homogenate preparation. 

4.3.4 Isolation of giant sarcolemmal vesicles and substrate transport 

 
  FA and glucose transport as well the expression of transport proteins at the PM 

were determined in giant sarcolemmal vesicles isolated from hindlimb muscles, as 

described previously (23, 128). Briefly, muscles were cut into ~1-3mm strips and 

incubated for 1 hour at 34°C in 140 mM KCl-10 mM MOPS (pH 7.4), type VII 

collagenase (150 U/mL), and aprotinin (1 mg/mL) (Sigma-Aldrich). Muscles were then 

washed with KCl/MOPS containing 10 mM EDTA and supernatant fractions were mixed 

with KCl, aprotinin and Percoll (final concentrations 28 mM, 10 µg/mL, and 3.5% vol/vol 

respectively). A density gradient was created with the bottom muscle suspension, a 3 mL 

middle layer of 4% Nycodenz (wt/vol) and a 1 mL upper layer of KCl/MOPS, and 

centrifuged at 60g for 45 min at room temperature. Following, vesicles were harvested 

from the interface of the upper two layers and re-centrifuged at 12, 000g for 5 min. Protein 

concentrations were determined using the BCA assay.  

 Vesicles were used immediately for substrate transport assays as described previously 

(106, 128). Briefly, vesicles were incubated with 14 µM unlabeled and 0.3 µCi [3H] 
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palmitate and 0.06 µCi [14C] mannitol (PerkinElmer, Woodbridge, ON), or 5mM 

unlabeled D-glucose and 0.3µCi [3H] D-glucose and 0.06 µCi [14C] mannitol 

(PerkinElmer) to determine palmitate and glucose transport respectively. Reactions were 

carried out for 15 seconds and terminated with the addition of 1.4 mL of ice-cold KCl-

MOPS containing 2.5 mM HgCl2, and 0.1% BSA. Samples were centrifuged for 5 min at 

12, 000g and radioactivity was determined in the remaining pellet. 

4.3.5 Mitochondrial Isolation and Palmitate Oxidation 

 
SS and IMF mitochondria were isolated following 15 min of muscle contraction 

via differential centrifugation as described previously (16, 97). Muscles were 

homogenized and SS and IMF fractions were separated by centrifugation at 800g for 10 

min. The IMF mitochondria were then treated with Subtilisin A protease (0.25 µg 

protease/mg muscle wet weight; Sigma-Aldrich) for 5min for myofibril digestion. 

Following centrifugation at 9,000g for 10 min isolated SS and IMF mitochondria were 

used immediately for oxidation measurements, or further purified on a Percoll gradient for 

Western blot analyses (16).  

Palmitate oxidation was measured via production of radiolabeled CO2 and acid-

soluble trapped 14C as previously described (16, 97). Briefly, a 6:1 palmitate:BSA 

complex (150 nCi of [1-14C] palmitate and 75 µM unlabeled palmitate) was added to 

mitochondria in a pre-gassed modified Krebs Ringer buffer at 37˚C. The reaction was 

terminated after 30min with the addition of 12N perchloric acid.  Fractions of the reaction 

medium were analyzed for isotopic fixation and release of 14CO2, and radioactivity was 

then determined using standard liquid scintillation counting. 
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4.3.6 Western Blotting 

 
  Protein expression was determined in giant sarcolemmal vesicles, muscle 

homogenate, and mitochondria via Western blotting as previously described (97, 106). 

Following separation via SDS-PAGE, proteins were transferred to PVDF membranes. 

Membranes were then blocked in 7.5% BSA for 1 hour, and probed overnight at 4°C with 

antibodies against total Akt2 and AS160, and phosphorylated Akt Thr308, Akt Ser473, and 

AS160 (each 1:1,000 dilution; Cell Signaling, Danvers, MA). Blots were also probed for 

transport proteins FAT/CD36, FATP1, and FATP4 (each 1:500 dilution; Santa Cruz 

Biotechnology, Santa Cruz, CA, (156)), FABPpm (1:30,000 dilution; gift from Dr. J. 

Calles-Escandon, Wake Forest University), GLUT4 (1:4,000 dilution; Millipore, 

Temecula, CA) and MCT1 (1:3,000 dilution; gift from Dr. H. Hatta, University of Tokyo). 

Following incubation with the corresponding secondary antibodies, membranes were 

detected and quantified using chemiluminescence (Perkin Elmer Life Science, Boston, 

MA) and ChemiGenius2 Bioimaging (SynGene, Cambridge, UK) respectively. Equal 

loading of protein was confirmed via Ponceau-S staining. In addition, COXIV (1:30,000 

dilution; Invitrogen, Burlington, ON) was used as a loading control for mitochondrial 

blots.  

4.3.7 Statistics 

 All data are reported as mean±sem and were analyzed using analysis of variance and 

Fisher’s LSD post-hoc test when appropriate. Significance was accepted at p<0.05.  
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4.4 Results 
 

4.4.1 Insulin, -but not contraction- stimulated signaling is impaired in Akt2 KO mice 

 Body weights of WT mice (20.8 ± 0.7g) were significantly higher than KO mice 

(16.3 ± 0.5g), as has been reported by others (56, 67). Compared to WT mice, a small 

degree of insulin-stimulated Akt phosphorylation occurred in the KO animals (Fig. 4.1B). 

This has been observed in previous studies, and appears to be associated with the 

phosphorylation of other Akt isoforms (56). More importantly, insulin-stimulated 

phosphorylation of the downstream target of Akt2, AS160, was significantly impaired in 

KO mice, while total muscle protein levels of AS160 were not different  (Fig. 4.1C, D). 

Total protein content of AMPK also did not differ between WT and KO mice (Fig. 4.1E). 

As expected, muscle contraction, but not insulin, stimulated AMPKα Thr172 

phosphorylation in both WT and KO mice (Fig. 4.1F). No differences were observed in 

the expression of whole muscle transport proteins (GLUT4, FAT/CD36, FABPpm, 

FATP1, FATP4) between WT and KO mice (Fig. 4.1G). 

4.4.2 Akt2 KO mice exhibit IR, glucose intolerance, and impaired insulin-, but not 

contraction-mediated glucose transport and GLUT4 translocation 

 
  Basal blood glucose concentrations were significantly lower in WT (4.2mM ± 0.2 

mM) than KO (5.4± 1.0 mM) animals. Compared to WT animals, KO mice exhibited IR 

and whole body glucose intolerance (Fig. 4.2A, B), as has been observed elsewhere (41, 

56, 67).  

  Under basal conditions, glucose transport and PM GLUT4 content were not 

different between WT and KO mice (Fig. 4.2C, D). As expected, KO mice exhibited 
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blunted glucose transport (-95%) and translocation of GLUT4 to the PM (-94%) following 

stimulation with insulin. In contrast, glucose transport (+127%) and translocation of 

GLUT4 to the PM (+124%) were increased comparably following muscle contraction in 

WT and KO mice. 

4.4.3 Akt2 is required for insulin and contraction stimulated FA transport and PM 

translocation of FAT/CD36 and FATP1, but not FABPpm and FATP4 

 
  Under basal conditions, FA transport and PM FA transporters were not different 

between WT and KO mice, with the exception of PM FABPpm (+12%) and FATP4 

(+38%), which were higher in the KO animals (Fig. 4.3). Stimulation with both insulin 

(+117%) and muscle contraction (+107%) markedly increased FA transport in WT mice, 

and this was associated with increased levels of FA transporters at the PM (FAT/CD36 

(+90%), FABPpm (+35%), FATP1 (+64%), and FATP4 (+53%)). In contrast, both 

insulin-, and contraction-stimulated FA transport was almost fully blunted in KO mice, 

and was accompanied by an impaired translocation of FAT/CD36 and FATP1, but not 

FABPpm or FATP4 to the PM (Fig. 4.3B-E). 
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Figure 4.1: Total Akt2 protein content (A), insulin (INS) stimulated pAkt Thr308 and 
Ser473 (B), total AS160 (C), INS stimulated pAS160 (D), total AMPKα  (E), INS and 
CT stimulated pAMPKα  Thr172 (F) and whole muscle protein content of glucose and 
FA transport proteins in WT and KO mice (G). 
N=4-6 independent determinations, representative blots are shown, and data are expressed 
as mean ±sem.  
(B, D) *p<0.05, insulin stimulation in WT mice 
           #p<0.05, basal KO, and **p<0.05, insulin stimulation in KO mice  
(F) *p<0.05, contraction stimulation in WT and KO compared to basal phosphorylation 
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Figure 4.2: Whole body insulin sensitivity (A), glucose tolerance (B), and effects of 
insulin (INS) and muscle contraction (CT) on glucose transport (C), PM GLUT4 (D) 
and MCT1 (E) in WT and KO mice.  
PM MCT1 served as a positive control as it does not translocate following acute metabolic 
stimulation (25). 
N=4-6 independent determinations (tissue from 3 mice were pooled for each independent 
experiment). Representative Western blots are shown. Data are expressed as mean ±sem.  
*p<0.05, stimulation with insulin or contraction vs respective basal or INS simulation in 
KO mice 
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Figure 4.3: Effects of insulin (INS) and muscle contraction (CT) on FA transport (A) 
and PM FA transport proteins FAT/CD36 (B), FABPpm (C), FATP1 (D), FATP4 (E) 
in WT and KO mice. 
N=4-6 independent determinations (tissue from 3 mice were pooled for each independent 
experiment). Representative blots are shown. 
Data are expressed as mean ±sem.  
*p<0.05, stimulation with insulin or contraction vs WT basal 
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4.4.4 Akt2 is required for contraction-stimulated FA oxidation and FAT/CD36 

translocation to mitochondria 

 
 In WT mice, muscle contraction increased FA oxidation in SS (+53%) and IMF 

(+31%) mitochondria (Fig. 4.4A) from rates observed under basal conditions. In contrast, 

in KO mice the basal rates of mitochondrial FA oxidation were elevated in both the SS 

(+44%) and IMF (+47%) mitochondrial fractions, and were not further altered with 

muscle contraction. Despite these differences in mitochondrial FA oxidation, the basal 

levels of mitochondrial FAT/CD36 were comparable in WT and KO mice. With muscle 

contraction, FAT/CD36 was increased only in WT SS (+52%) and IMF (+22%) 

mitochondria, but contraction failed to stimulate an increase in mitochondrial FAT/CD36 

in KO mice (Fig. 4.4B). 

4.5 Discussion 
 

We have examined the role of Akt2 in a) insulin-, and contraction-stimulated 

glucose and FA transport, b) the translocation of GLUT4 and FA transport proteins to the 

PM, and c) the contraction-induced FA oxidation and translocation of FAT/CD36 to the 

mitochondria. As shown previously, we confirm that Akt2 KO mice exhibit whole body 

glucose intolerance, IR, and impaired insulin-, but not contraction-stimulated glucose 

transport and GLUT4 translocation to the PM (41, 56, 67, 90). We also have a number of 

novel observations with respect to FA transport and oxidation, and FA transporter 

translocation. Specifically, we report for the first time the requirement of Akt2 for i) both 

insulin-, and contraction-stimulated FA transport, ii) the translocation of FAT/CD36 and 

FATP1, but not FABPpm and FATP4, to the PM, and iii) the contraction-stimulated FA 

oxidation and FAT/CD36 translocation to the mitochondria. Thus, we demonstrate for the 
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first the time the potential role of Akt2 in the signaling pathways directing FA transporters 

to the PM and mitochondria in skeletal muscle.  

 

 

 

 
 
 
Figure 4.4: Effects of muscle contraction (CT) on FA oxidation (A) and FAT/CD36 
protein (B) in SS and IMF mitochondria in WT and KO mice.  
COXIV was used as a loading control. Under basal conditions, FA oxidation and 
FAT/CD36 was greater in IMF compared to SS mitochondria in WT and KO mice. 
(A) *p<0.05, basal and contraction KO vs basal and contraction WT 
      **p<0.05, WT stimulation with contraction  
(B) *p<0.05, stimulation with contraction vs respective basal WT 

 

 



62 

4.5.1 Basal, insulin-, and contraction-stimulated signaling, glucose transport and PM 

GLUT4 

 
 As expected, Akt2 KO mice had impaired insulin-mediated signaling as seen by the 

inhibited Akt2 and AS160 phosphorylation when muscles were stimulated with insulin. 

As a result, GLUT4 translocation to the PM, glucose transport and whole body glucose 

tolerance were impaired. In contrast, contraction-stimulated AMPK signaling, and 

subsequent PM GLUT4 translocation to the PM and glucose transport were normal, 

indicating Akt2 is not required for these metabolic actions. It is well known that GLUT4 

may be recruited to the PM via distinct signaling pathways induced by different metabolic 

perturbations (insulin and contraction) (50, 111, 126). Thus, we confirm that the 

contraction-mediated AMPK signaling is preserved in Akt2-null mice, as shown 

previously (30).  

4.5.2 Basal, insulin-, and contraction-stimulated FA Transport and PM FA 

transporters 

 
  Both insulin-, and contraction-stimulated FA transport was completely inhibited in 

KO mice, demonstrating for the first time the requirement of Akt2 signaling for FA 

transport in skeletal muscle. In addition, it appears that PM translocation of FA 

transporters FAT/CD36 and FATP1, but not FABPpm and FATP4, in response to insulin 

or contraction stimulation is also dependant on Akt2 signaling. Hence, these studies reveal 

several novel observations. Namely, the insulin-stimulated translocation of GLUT4 and 

FA transporters to the PM, and the subsequent increase in glucose and FA transport is 

Akt2-dependent. However, while GLUT4 and FA transporters may share some similarities 

with regards to their insulin-mediated signal transduction pathways, we demonstrate that 
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the contraction-mediated signaling for FA transporters is distinct from GLUT4, as Akt2 is 

required for contraction-induced FA transport and FAT/CD36 and FATP1 translocation, 

but not for GLUT4 nor for FABPpm and FATP4 translocation. We have also shown a 

difference between the regulation of GLUT4 and FA transporters where Munc18c, a 

known trafficking protein involved in insulin stimulated GLUT4 translocation to the PM, 

is not required for the trafficking of FA transporters in insulin-, or contraction-stimulated 

skeletal muscle (Chapter 5). Thus, both the signaling and trafficking of glucose and 

selected FA transport proteins (FAT/CD36 and FATP1) appear to involve highly specific 

and stimulus-dependent mechanisms.  

 It appears that Akt2 may not be required for insulin-, and contraction-stimulated PM 

translocation of FABPpm and FATP4. Interestingly, basal levels of these FA transporters 

were significantly elevated in KO mice, although this did not contribute towards an 

increase in basal FA transport. It may be that different FA transporters have distinct 

signaling pathways that are tissue specific (37). We have previously shown that FA 

transporters may be recruited to the PM in an additive manner by simultaneous 

stimulation with insulin and contraction, similar to GLUT4 (106). However, this additivity 

was observed for FAT/CD36 and FATP1 only, indicating possible differences in the 

regulation between FA transporters. This seems likely, as we have previously shown that 

FA transporters have different metabolic capacities with regards to FA transport and 

oxidation (156). Nonetheless, the current studies reveal that Akt2 does not appear to be 

required for insulin-, or contraction-mediated translocation of FABPpm and FATP4 to the 

PM in skeletal muscle.  
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4.5.3 Mitochondrial FA Oxidation and FA Transporters 

 
  FAT/CD36 has also been found on the mitochondria in rodent (32, 97) and human 

(16, 95) skeletal muscle where it co-immunoprecipitates with CPT1 (182, 190) and may 

regulate FA oxidation. We have previously shown that FAT/CD36 also translocates to the 

mitochondria following stimulation with exercise in humans (95), or muscle contraction in 

mice (97), a process that does not require the trafficking protein Munc18c (Chapter 5). In 

contrast, the present study demonstrates that similar to the translocation of FAT/CD36 to 

the PM, Akt2 also appears to be important for the re-distribution of FAT/CD36 to the 

mitochondria. However, this does not appear to be directly associated with FA oxidation 

following muscle contraction. It is currently unknown as to what role Akt2 may be 

playing in directing FA transporters to the mitochondria. Interestingly, KO mice had 

higher basal mitochondrial FA oxidation rates, which was not accompanied by a 

concurrent increase in mitochondrial FAT/CD36, indicating that mechanisms other than 

FAT/CD36 may be involved in upregulating mitochondrial FA oxidation. 

4.6 Summary  
 

Taken altogether, our studies demonstrate the requirement of Akt2 signaling for 

insulin-, and contraction-stimulated translocation of FA transporters to the PM, and FA 

transport into skeletal muscle. In addition, Akt2 appears to be necessary for the 

contraction-induced translocation of FAT/CD36 to the mitochondria and FA oxidation. 

Due to the significant role of FA transporters in the development of lipid-induced IR in 

skeletal muscle, further investigation into the signaling mechanisms of these transport 

proteins is warranted.   
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 CHAPTER 5: MUNC18C PROVIDES STIMULUS-SELECTIVE REGULATION 
OF GLUT4 BUT NOT FA TRANSPORTER TRAFFICKING IN INSULIN-, AND 

CONTRACTION-STIMULATED SKELETAL MUSCLE. 
 

Under revisions:  

Jain SS, Snook LA, Glatz JF, Luiken JJ, Holloway GP, Thurmond DC, and Bonen 
A. Munc18c provides stimulus-selective regulation of GLUT4 but not fatty acid 
transporter trafficking in insulin-, and contraction-stimulated skeletal muscle.                   
Am J Physiol Endo Metab 
 

5.1 Abstract 
  

The clearance of circulating glucose and FA are important homeostatic regulatory 

processes, involving the translocation of transport proteins to the PM (GLUT4, 

FAT/CD36, FABPpm, FATP1 and 4) and mitochondria (FAT/CD36). The signaling 

pathways involved appear to be similar, in part, for GLUT4 and FA transporter 

translocation to the sarcolemma. Yet, in contrast to GLUT4, little is known about the 

subcellular trafficking events for FA transporters. In addition, the regulation of GLUT4 

trafficking may be stimulus-specific.  Therefore, we examined the role of Munc18c, a 

syntaxin4 associated protein, in insulin-, and contraction-stimulated glucose and FA 

transport, and vesicular trafficking of GLUT4 and FA transporters to the sarcolemma, as 

well as in mitochondrial FA oxidation and FAT/CD36 trafficking to the mitochondria. 

Munc18c-/+ mice exhibited whole body IR and glucose intolerance, while in giant 

sarcolemmal vesicles insulin-stimulated glucose transport (-70%) and GLUT4 

translocation (-90%) to the PM were largely blunted. In marked contrast, in the    

Munc18c-/+ mice contraction-stimulated glucose transport (+123%) and GLUT4 

translocation (+52%) were normal, as were insulin- (+40%) and contraction-stimulated 

FA transport (+40%) and FA transporter (FAT/CD36, FABPpm, FATP1 and FATP4) 



66 

translocation to the sarcolemma. Similarly, contraction-stimulated SS and IMF 

mitochondrial FA oxidation as well as mitochondrial FAT/CD36 were also increased in 

Munc18c-/+ mice. These studies reveal for the first time that Munc18c is not involved in 

the subcellular trafficking of FA transporters, while Munc18c allows for highly specific, 

stimulus-dependent (insulin only) regulation of GLUT4 trafficking to the sarcolemma. 

5.2 Introduction 
 

The clearance of glucose and FA from the circulation are important regulatory 

processes for maintaining metabolic homeostasis. Transport of glucose and FA into the 

cell occur via highly regulated protein-mediated mechanisms involving GLUT4 (c.f. (109, 

126)) and selected FA transporters, including FAT/CD36, FABPpm, and FATPs (c.f. 

(72)). Recent studies have also shown that during muscle contraction FAT/CD36 is 

translocated to the mitochondria where it appears to contribute to the upregulation of 

mitochondrial FA oxidation (32, 97).  

The dysregulation of both glucose and FA transport has been implicated in skeletal 

muscle IR, a cardinal feature of Type-2 diabetes. In human obesity and Type-2 diabetes 

(68, 224), and in animal models of these pathologies (35, 209), insulin-stimulated GLUT4 

translocation and glucose transport are impaired. In IR rodent and human muscle, there is 

also an increase of FA transport into the muscle, which is accompanied by a permanent 

upregulation of FAT/CD36 at the PM in human obesity and Type-2 diabetes (26), as well 

as in comparable animal models (85, 94, 135). Indeed, there is a highly negative 

correlation (r=-0.90) between PM GLUT4 and FAT/CD36 in insulin resistant muscle (35, 

189). The increased FA transport into muscle is closely associated with increased 
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intramuscular bioactive lipids (92), known to interfere with insulin mediated signaling of 

GLUT4 translocation to the PM (92, 206).  

The signaling pathways involved in the translocation of FA transporters to the PM 

are largely unknown, although it appears that FAT/CD36 may share similarities to the 

signaling cascades of GLUT4. For example, both GLUT4 and FAT/CD36 are recruited 

from intracellular pools to the PM by the insulin-stimulated activation of PI3K (37, 139). 

Similarities between GLUT4 and FAT/CD36 signaling have also been observed for 

contraction-mediated stimulation, namely, via the activation of AMPK (37, 138), although 

this has been recently disputed (107). Whether there are comparable similarities for insulin 

and/or contraction-stimulated GLUT4 and FA transporter trafficking to the PM remains to 

be determined.   

The subcellullar trafficking events involved in GLUT4 translocation to the PM are 

far better characterized than for FA transporters. Specifically, GLUT4 trafficking is a 

vesicle-mediated process following the SNARE hypothesis where vSNARE proteins 

associate with complimentary tSNAREs at the PM (c.f. (50, 110, 207)). Formation of the 

vSNARE-tSNARE complex enables docking, fusion, and integration of GLUT4 vesicles 

into the PM. A number of accessory proteins are also involved in the formation of the 

SNARE complex. These include Munc18 from the Sec1 protein family of which three 

homologs (a, b, and c) are known to be present at the mammalian PM (81, 205). Of these, 

Munc18c is ubiquitously expressed and has binding specificity for the tSNARE protein 

syntaxin4 (204). In skeletal muscle, but not cardiomyocytes, partial ablation of Munc18c 

in heterozygous KO mice (Munc18c-/+) impaired GLUT4 translocation to the PM and 

reduced insulin-stimulated glucose transport (158). 
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Munc18c involvement in the trafficking of GLUT4 and FA transporters in muscle 

may differ depending on the metabolic stimulus. This is suggested by studies showing that 

insulin-stimulated GLUT4 translocation is impaired in muscle of insulin resistant animals, 

while contraction-stimulated GLUT4 translocation is completely unaffected (225). On the 

other hand, parallel studies in insulin resistant muscle have shown that under basal 

conditions the PM content of FAT/CD36 is upregulated, and cannot be further increased 

by insulin or by muscle contraction, while FABPpm translocation remains fully 

responsive to these stimuli (85). Taken altogether, it appears that there may be i) different 

exocytosis mechanisms for GLUT4 and FA transporters and ii) depending on the 

metabolic stimulus provided, different proteins may be required for the trafficking of 

GLUT4 and/or FA transporters to the PM. Such a system would provide for highly 

selective regulation of GLUT4 and/or selected FA transporter trafficking to the PM. 

In the present study, we have examined whether a 50% reduction in skeletal 

muscle Munc18c differentially affects a) insulin-, and contraction-stimulated glucose and 

FA uptake and b) the translocation of GLUT4 and FA transporters to the PM. 

Additionally, since FAT/CD36 is present on mitochondria (16, 32) and has recently been 

shown to be important for contributing to the upregulation of contraction-induced FA 

oxidation (97), we examined whether partial ablation of Munc18c also affects contraction-

induced c) mitochondrial FA oxidation and d) FAT/CD36 trafficking to mitochondria. Our 

work reveals that Munc18c is i) only required for insulin-stimulated, but ii) not for 

contraction-stimulated GLUT4 translocation and glucose transport. In contrast, Munc18c 

is not required for iii) insulin- or iv) contraction-stimulated FA uptake and FA transporter 

translocation, nor for v) contraction-stimulated FA oxidation and FAT/CD36 trafficking to 

mitochondria. These studies reveal that Munc18c allows for highly specific, stimulus-
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dependent (insulin only) regulation of GLUT4, but not FA transporter trafficking to the 

PM. 

5.3 Methods and Materials 

5.3.1 Animals  

 
  Due to an embryonically lethal homozygous genotype, we used male, 8-10 week 

old heterozygous Munc18c-/+ mice (158) that were bred on site with C57/BL6 WT mice. 

Animals were provided standard laboratory chow and water ad libitum and housed in 

controlled temperature and humidity conditions (12:12-h light-dark cycle). Body weights 

were comparable between WT (24.1 ± 3.1g) and Munc18c-/+ (22.7 ± 3.0g) mice. All 

experiments were performed on anesthetized mice (sodium pentobarbital 6mg/100g body 

wt ip; MTC Pharmaceuticals, Cambridge, ON, Canada). Principles of laboratory animal 

care (National Institutes of Health publication no. 85-23, revised 1985; 

http://grants1.nih.gov/grants/olaw/ references/phspol.htm) and guidelines of the Canadian 

Council on Animal Care were followed.  

5.3.2 Genotyping  

 The Munc18c-/+ genotype was confirmed using standard DNA isolation and PCR 

methods (Extract-N-Amp, Sigma-Aldrich, St. Louis, MO, USA) using forward 5ʹ′-GCT 

CAT GTA TGA GAG CAA AG-3ʹ′ and reverse 3ʹ′-GCT CGA CGT TGT CAC TGA AG-

5ʹ′ primer sets targeted towards the neo cassette.  
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5.3.3 Experimental Treatments 

 
  Fasted (12 hours) WT and Munc18c-/+ animals were designated either as control 

(no treatment) or treated with a) insulin (Humulin, 1.0 U/kg body wt, ip; Eli Lilly, 

Toronto, ON, Canada), or b) muscle contraction via the sciatic nerve (train delivery 100 

Hz/3s at 5 V, train duration 200 ms, pulse duration 10 ms) applied for 3 repetitions of 5 

min with 2 min of rest between stimulations. Thereafter, hindlimb muscles were 

immediately harvested for preparation of giant sarcolemmal vesicles or mitochondrial 

isolation, or were freeze-clamped in liquid N2 for preparation of muscle homogenate. Tail 

vein glucose concentrations were determined using a glucose meter (Ascensia Elite XL, 

Bayer Inc., Toronto, ON, Canada) before and after the experimental treatments.  

  IPGTT and IPITT were conducted in separate groups of animals. After obtaining 

basal blood glucose measurements, WT and Munc18c-/+ mice were injected 

intraperitoneally with either glucose (1.0g/kg body wt) or insulin (1.0U/kg body wt). 

Thereafter, blood glucose was monitored at 15, 30, 45, and 90 min.  

5.3.4 Giant sarcolemmal vesicles and substrate transport 

 
  Giant sarcolemmal vesicles prepared from hindlimb muscles were used to 

determine FA and glucose transport as well the expression of transport proteins at the PM, 

as described previously (23, 128). Briefly, muscles were cut into ~1-3mm strips, and 

incubated in a shaking waterbath for 1 hour at 34°C in 140  mM KCl-10 mM MOPS (pH 

7.4), type VII collagenase (150 U/mL), and aprotinin (1 mg/mL) (Sigma-Aldrich). 

Following the incubation, muscle was washed with KCl/MOPS containing 10 mM EDTA. 

Supernatant fractions were collected, mixed with KCl, aprotinin and Percoll (final 
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concentrations 28 mM, 10 µg/mL, and 3.5% vol/vol respectively), and layered at the 

bottom of a density gradient consisting of a 3 mL middle layer of 4% Nycodenz (wt/vol) 

and a 1 mL upper layer of KCl/MOPS. Samples were then centrifuged at 60g for 45 min at 

room temperature. Subsequently, vesicles were harvested from the interface of the two 

upper solutions and re-centrifuged at 12,000g for 5 min to concentrate the sample. The 

pellet was re-suspended in 100µL KCl/MOPS and the protein concentrations were 

determined using the BCA assay.  

  Vesicles were used immediately for substrate uptake assays as described 

previously (106, 128). Briefly, to determine palmitate uptake, vesicles were added to 15 

µM unlabeled and 0.3 µCi [3H] palmitate and 0.06 µCi [14C] mannitol (PerkinElmer, 

Woodbridge, ON, Canada). Glucose uptake was determined using 5mM unlabeled D-

glucose and 0.3µCi [3H] D-glucose and 0.06 µCi [14C] mannitol (PerkinElmer). 

Incubations were carried out for 15 seconds and terminated with the addition of 1.4 mL of 

ice-cold KCl-MOPS containing 2.5 mM HgCl2, and 0.1% BSA. Samples were 

centrifuged, the supernatant fraction was discarded, and radioactivity was determined in 

the remaining pellet. 

5.3.5 Mitochondrial Isolation and Palmitate Oxidation 

 
Following 15 min of muscle contraction, hindlimb muscles were also harvested for 

isolation of SS and IMF mitochondria via differential centrifugation. All procedures were 

identical to those previously published (16, 97). Following muscle homogenization the SS 

and IMF fractions were separated by centrifugation at 800g for 10 min. The IMF 

mitochondria were then treated for 5 min with Subtilisin A protease (0.25 µg protease/mg 

muscle wet weight; Sigma-Aldrich) to digest the myofibrils. SS and IMF mitochondria 
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were finally recovered by centrifuging twice at 9,000g for 10 min and used immediately 

for oxidation measurements, or further purified on a Percoll gradient for Western blot 

analyses (16). Protocols used to isolate mitochondrial fractions yielded highly purified 

mitochondria not contaminated with other membrane fractions as shown previously (32, 

95). 

Palmitate oxidation was assessed by measuring radiolabeled CO2 production and 

acid-soluble trapped 14C as previously described (16, 97). Briefly, a 6:1 palmitate:BSA 

complex (150 nCi of [1-14C] palmitate and 75 µM unlabeled palmitate) was added to 

mitochondria in a pre-gassed modified Krebs Ringer buffer. After 30 min at 37˚C, the 

reaction was terminated with the addition of 12N perchloric acid.  A fraction of the 

reaction medium was then removed and analyzed for isotopic fixation. The remaining 

solution was further acidified to release 14CO2 which was then trapped in benzethonium 

hydroxide over a 90 min incubation period. Radioactivity in all samples was determined 

thereafter using standard liquid scintillation counting. 

5.3.6 Western Blotting 

 
  Protein expression levels were measured in giant sarcolemmal vesicles, muscle 

homogenate, and isolated mitochondria using Western blotting, as previously described 

(97, 106). Proteins were separated via SDS-PAGE and transferred to PVDF membranes. 

Membranes were then blocked in 7.5% BSA for 1 hour, and probed overnight at 4°C with 

antibodies against Munc18c and syntaxin4 (each 1:1000, generated in house (158)), 

FAT/CD36, FATP1, and FATP4 (each 1:500 dilution; Santa Cruz Biotechnology, Santa 

Cruz, CA, USA (156)), FABPpm (1:30,000 dilution; gift from Dr. J. Calles-Escandon, 

Wake Forest University), GLUT4 (1:4,000 dilution; Millipore, Temecula, CA) and MCT1 
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(1:3,000 dilution; gift from Dr. H. Hatta, University of Tokyo).  Antibodies against total 

AMPK and Akt2 and phosphorylated AMPKα Thr172, Akt Thr308, and Akt Ser473 (each 

1:1,000 dilution) were obtained from Cell Signaling (Danvers, MA, USA). Blots were 

detected and quantified using chemiluminescence (Perkin Elmer Life Science, Boston, 

MA, USA) and ChemiGenius2 Bioimaging (SynGene, Cambridge, UK) respectively. All 

blots were stained with Ponceau-S to ensure equal loading of protein. Mitochondrial blots 

were additionally probed with COXIV (1:30,000 dilution; Invitrogen, Burlington, ON, 

Canada) as a loading control.  

5.3.7 Statistics 

 
  Data were analyzed using analysis of variance and Fisher’s LSD post-hoc test 

when appropriate. All data are reported as mean±sem and significance was accepted at 

p<0.05.  

5.4 Results 
 
  Genotypes of WT and heterozygous Munc18c-/+ mice were confirmed by PCR. In 

addition, a 50% reduction of Munc18c protein was detected in skeletal muscle 

homogenate of Munc18c-/+ compared to WT mice (Fig. 5.1A). No differences were 

observed in the expression of syntaxin4 or whole muscle transport proteins (GLUT4, 

FAT/CD36, FABPpm, FATP1, FATP4) between WT and Munc18c-/+ mice (Fig. 5.1A). 

Basal blood glucose concentrations were not different between WT (6.1mM ± 1.1 mM) 

and Munc18c-/+ (6.3± 1.0 mM) animals. However, compared to WT animals, Munc18c-/+  
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Figure 5.1: Whole muscle protein content of Munc18c, syntaxin4, and glucose and 
FA transport proteins (A), whole body insulin sensitivity (B) and glucose tolerance 
(C), and circulating blood glucose levels before and after 15 min treatment with 
insulin or muscle contraction in WT and Munc18c-/+mice.  
N=4-6 independent determinations. Representative blots are shown, and data are 
expressed as mean ±sem.  
*p<0.05, Munc18c-/+ compared to WT mice 
**p<0.05, blood glucose, t=15 min vs t=0 min  
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mice exhibited IR and whole body glucose intolerance (Fig. 5.1B, C), confirming previous 

observations (158).  

 During the 15 min muscle contraction period designed to examine GLUT4 and FA 

transporter translocation to the PM, glucose concentrations were not altered. In parallel 

experiments with insulin stimulation (15 min) circulating glucose was reduced 

significantly more in WT (-60%) compared to Munc18c-/+ mice (-29%) (Fig. 5.1D).  

5.4.1 Partial knockdown of Munc18c does not affect insulin-, or contraction-

mediated signal transduction  

 
  Under basal conditions, total and phosphorylated levels of Akt or AMPKα were 

not different between WT and Munc18c-/+ mice (Fig. 5.2). Insulin treatment increased the 

phosphorylation of Akt at Ser473 and Thr308 residues significantly in both WT and 

Munc18c-/+ mice (Fig. 5.2A, B). Muscle contraction did not affect the phosphorylation 

status of Akt (Fig. 5.2C). As expected, muscle contraction, but not insulin, markedly 

increased AMPKα Thr172 phosphorylation in WT and Munc18c-/+ mice (Fig. 5.2D). The 

brief (15 min) metabolic challenges did not alter total Akt2 or AMPKα content in WT and 

Munc18c-/+ mice (Fig. 5.2C and E). 
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Figure 5.2: Effects of insulin (INS) and muscle contraction (CT) on the 
phosphorylation of Akt Ser473 (A), Akt Thr308 (B), total Akt2 (C), phosphorylated 
AMPKα  Thr172 (D), and total AMPKα  (E) in WT and Munc18c-/+ mice.  
N=4-6 independent determinations. Representative blots are shown, and data are 
expressed as mean ±sem. *p<0.05, insulin or contraction stimulation in WT and  
Munc18c-/+ compared to basal phosphorylation. 
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5.4.2 Partial knockdown of Munc18c reduces insulin-, but not contraction-mediated 

glucose transport and GLUT4 translocation 

 
  Basal glucose transport and PM GLUT4 did not differ between WT and   

Munc18c-/+ mice (Fig. 5.3A, B). Insulin stimulation markedly increased the rates of 

glucose transport (+133%) and PM GLUT4 (+60%) in WT mice (Fig. 5.3A, B). Insulin 

stimulation also increased PM Munc18c (+26%), while PM syntaxin4 was not altered 

(Fig. 5.3C, D). In Munc18c-/+ mice compared to WT mice, insulin-stimulated glucose 

transport was down-regulated (-70%) and translocation of GLUT4 (-90%) and Munc18c  

(-100%) to the PM were fully blunted. Consistent with prior findings (158),         

Munc18c-/+ mice had a significantly impaired translocation of GLUT4 to the PM (-90%) 

compared to WT mice, accounting for the reductions in insulin-mediated glucose disposal 

in   Munc18c-/+ mice. 

  In contrast to insulin stimulation, contraction-induced increases in glucose 

transport (+130%, +116%) and PM GLUT4 (+49%, +54%) were comparable between WT 

and Munc18c-/+ mice respectively. Muscle contraction did not alter the PM content of 

Munc18c or syntaxin4 in either WT or Munc18c-/+ mice (Fig. 5.3C, D). These experiments 

confirm that the knockdown of Munc18c affects insulin, but not contraction-mediated 

glucose transport and translocation of GLUT4. 
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Figure 5.3: Effects of insulin (INS) and muscle contraction (CT) on glucose transport 
(A), PM GLUT4 (B), Munc18c (C), syntaxin4 (D), and MCT1 (E) in WT and 
Munc18c-/+mice.  
PM MCT1, served as a positive control, it does not translocate following acute metabolic 
stimulation (25).N=4-6 independent determinations (tissue from 3 mice were pooled for 
each independent experiment) Representative blots of two of these independent 
experiments are shown. Data are expressed as mean ±sem.  
*p<0.05, stimulation with insulin or contraction vs respective basal 
**p<0.05, Munc18c-/+ vs WT 
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5.4.3 Partial knockdown of Munc18c does not affect insulin-, or contraction-

mediated FA transport or FA transporters translocation  

 
  Basal FA transport and PM FA transport protein levels did not differ between WT 

and Munc18c-/+ mice  (Fig. 5.4). Insulin stimulated the rate of FA transport similarly 

(+40%) in both WT and Munc18c-/+ mice (Fig. 5.4A). This metabolic challenge also 

increased FA transporters at the PM comparably in both groups of mice, with the largest 

increases occurring in FAT/CD36 (+82%), followed by FATP1 (+40%), FABPpm (+39), 

and FATP4 (+33%) (Fig. 5.4B-E). FA transport was also increased comparably (+40%) in 

both WT and Munc18c-/+ mice following muscle contraction. This was accompanied by 

similar increases in PM FAT/CD36 (+84%), FATP1 (+38%), FABPpm (+43%), and 

FATP4 (+32%) (Fig. 5.4B-E). 

5.4.4 Partial knockdown of Munc18c does not affect contraction-stimulated FA 

oxidation or FAT/CD36 translocation to mitochondria 

 
  FA oxidation was examined in isolated SS and IMF mitochondria in response to 

muscle contraction only, as it is well known that insulin does not alter mitochondrial FA 

oxidation directly. Basal rates of FA oxidation did not differ between WT and Munc18c-/+ 

mice. Muscle contraction increased FA oxidation comparably in SS mitochondria of WT 

(+42%) and Munc18c-/+ mice (+35%), as well as in IMF mitochondria of WT (+35%) and 

Munc18c-/+ mice (+32%) (Fig. 5.5A).  

  With muscle contraction, mitochondrial FAT/CD36 was increased comparably 

(+60%) in the SS and IMF mitochondria of both WT and Munc18c-/+ mice (Fig. 5.5B).  
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Figure 5.4: Effects of insulin (INS) and muscle contraction (CT) on FA transport (A) 
and PM FA transport proteins FAT/CD36 (B), FABPpm (C), FATP1 (D), FATP4 (E) 
in WT and Munc18c-/+ mice.  
N=4-6 independent determinations (tissue from 3 mice were pooled for each independent 
experiment) Representative blots of two independent experiments are shown. 
Data are expressed as mean ±sem.  
*p<0.05, stimulation with insulin or contraction vs respective basal 
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Figure 5.5: Effects of muscle contraction (CT) on FA oxidation (A) and FAT/CD36 
protein (B) in SS and IMF mitochondria in WT and Munc18c-/+ mice.  
COXIV was used as a loading control. 
*p<0.05, stimulation with contraction vs respective basal 
 
 

5.5 Discussion 
 
  Insulin-stimulated GLUT4 trafficking is a vesicle-mediated process involving the 

formation of a vSNARE-tSNARE complex to enable docking, fusion and integration of 

GLUT4 into the PM, a process in which the accessory protein Munc18c, is key (110, 207). 

In contrast, mechanisms involved in FA transporter trafficking to the PM, and to the 

mitochondria, are largely unknown. Since the same physiological stimuli (insulin and 

muscle contraction) induce the translocation of both GLUT4 and FA transporters to the 

PM, it has been suggested that they may share similar subcellular trafficking pathways. 

Alternatively, stimulus-specific trafficking pathways may exist for GLUT4 and/or FA 

transporters. Therefore, we examined the role of Munc18c, on muscle contraction-, or 

insulin-stimulated i) glucose and FA transport, ii) translocation of GLUT4 and FA 
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transporters to the PM, and iii) contraction-stimulated FA oxidation and FAT/CD36 

translocation in SS and IMF mitochondria. By utilizing giant sarcolemmal vesicles we 

were able to assess glucose and FA transport, and their respective transporters at the PM 

in the same preparation.  

  In addition to confirming a prior study showing that the partial ablation of 

Munc18c reduces whole body insulin sensitivity and GLUT4 translocation to the PM 

(158), we also found that reduced Munc18c is associated with impaired whole body 

glucose tolerance and muscle glucose transport. There are also a considerable number of 

novel observations with respect to the involvement of Munc18c in trafficking of GLUT4 

and FA transporters. These are as follows: in skeletal muscle of Munc18c-/+ mice a) 

insulin-stimulated glucose transport along with GLUT4 translocation are impaired, but b) 

in marked contrast, contraction-stimulated glucose transport and GLUT4 translocation to 

the PM are not altered. We also show for the first time that c) only insulin increased 

Munc18c at the PM. The reduction of skeletal muscle Munc18c has no effect on either d) 

insulin-stimulated or e) contraction-stimulated FA transport nor the translocation of any of 

the FA transporters (FAT/CD36, FABPpm, FATP1, or FATP4) to the PM. Similarly, 

partial ablation of Munc18c did not alter f) contraction-stimulated FA oxidation or 

FAT/CD36 translocation to SS or IMF mitochondria. These studies have revealed for the 

first time, that i) there are different exocytosis mechanisms for GLUT4 and FA 

transporters and ii) that regulation of GLUT4 trafficking to the PM is stimulus-specific. 

5.5.1 Basal, insulin-, and contraction-stimulated glucose uptake and PM GLUT4    

 
  The reduction of Munc18c did not affect basal glucose transport or GLUT4 in 

whole muscle or at the PM. Our observation that Munc18c is required for insulin-
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stimulated glucose transport into skeletal muscle is novel, and is attributable to a reduced 

insulin-stimulated translocation of GLUT4 to the PM. This was not due to impairments in 

the insulin signal transduction pathway nor to reductions in the tSNARE protein 

syntaxin4, as insulin-stimulated Akt phosphorylation and syntaxin4 protein levels were 

normal. The reduction in whole body insulin sensitivity in Munc18c-/+ mice likely reflects 

impaired insulin-stimulated glucose transport into skeletal muscle.  

  The present study is the first to show that a reduction in Munc18c does not affect 

contraction-induced glucose uptake or GLUT4 translocation to the PM in skeletal muscle. 

While this has recently been observed in cardiomyocytes of Munc18c-/+ mice stimulated 

with the contraction-mimetic agent oligomycin, insulin-stimulated glucose transport is 

stimulated normally in these Munc18c deficient cells (78). This contrasts with our results 

in skeletal muscle and suggests that for insulin-stimulated GLUT4 trafficking there are 

tissue-specific requirements for Munc18c.  

  Depending on the stimulus employed (insulin or muscle contraction), GLUT4 may 

be recruited to the PM via activation of distinct signaling pathways (75, 126, 177). 

However, identification of the trafficking proteins involved in the contraction/AMPK-

induced recruitment of GLUT4 vesicles is comparatively limited. In the present study, the 

contraction-induced phosphorylation of AMPK was comparable between WT and 

Munc18c-/+ mice, as shown elsewhere (78). Previously, VAMP2, 5, 7, and VAMP3 have 

been shown to be involved in contraction-induced glucose uptake in skeletal muscle (130, 

174) and cardiomyocytes (185) respectively. The current study clearly indicates that 

during muscle contraction Munc18c is not required for the trafficking of GLUT4 to the 

PM. It is unknown as to why this differs from the insulin-stimulated GLUT4 dependency 
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on Munc18c, nor is it known which trafficking proteins are required for contraction-

induced GLUT4 translocation to the PM.  

5.5.2 Basal, insulin-, and contraction-stimulated PM Munc18c and syntaxin4  

 
  We report for the first time that in muscle, Munc18c is also translocated to the PM 

following stimulation with insulin, but not contraction. This parallels observations in 

insulin-stimulated adipocytes (154). Our observations further emphasize the selectivity of 

trafficking proteins with regard to the physiological stimuli used to induce GLUT4 

translocation. It remains unknown as to why insulin-stimulated translocation of Munc18c 

was not observed in the Munc18c-/+ mice.  

5.5.3 Basal, insulin-, and contraction-stimulated FA Uptake and PM FA transporters 

 
   The reduction of Munc18c did not affect basal FA transport rates or expression of 

any of the FA transporters, either at the PM or in muscle homogenate. Importantly, we 

report for the first time that partial ablation of Munc18c does not affect FA transport, nor 

the translocation of FA transporters to the PM, in either insulin-, or contraction-stimulated 

skeletal muscle. Thus, while some components of insulin-, and contraction-induced 

GLUT4 and FA transporter translocation to the PM appear to share similar signal 

transduction pathways (37), our study reveals that insulin-stimulated trafficking of FA 

transporters differs from GLUT4. Whether the contraction-induced FA transporter and 

GLUT4 translocation to the PM require different trafficking proteins remains to be 

determined. Indirect evidence suggests this to be the case, as in insulin resistant muscle 

contraction-stimulated GLUT4 translocation is normal, while contraction-stimulated 
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FAT/CD36 translocation to the PM is not increased beyond the already increased 

plasmalemmal content of FAT/CD36 under basal conditions (85).  

  Whether other components of the GLUT4 trafficking machinery are involved in 

directing FA transporters to the PM is unknown. Recent studies demonstrate the 

involvement of VAMP trafficking proteins in the localization of FAT/CD36 to the PM, 

suggesting it to be a vesicle mediated process (185). It appears that distinct VAMP 

isoforms are specific for GLUT4 or FAT/CD36, as well as the type of metabolic stimulus 

employed to induce their translocation (185). In addition, the Rab11 trafficking protein co-

localizes in the same endosomal pools as FAT/CD36 (153) and may regulate 

endocytosis/recycling of this FA transporter (186). Thus, there is evidence to suggest the 

involvement of trafficking proteins other than Munc18c in the regulation of FA 

transporters.  

  A limitation in the present study is that we did not examine the translocation of 

GLUT4, and possibly FA transporters, to the T-tubules (117, 131, 148). Preliminary 

studies in our group indicate that this is more complex than it might appear, especially for 

the FA transporters (Bonen and Stefanyk, unpublished observations). Nevertheless, the 

current study has revealed that Munc18c is involved only in the insulin-stimulated, but not 

contraction-stimulated trafficking of GLUT4 to the sarcolemma, while the insulin-, and 

contraction-induced translocation of FA transporters to the PM is Munc18c in-dependent.  

5.5.4 Mitochondrial FA Oxidation and FA Transporters 

 
  FAT/CD36 has been identified on mitochondria in a number of tissues including 

human (16, 95, 100) and rodent skeletal muscle (32, 94), heart (32), and liver (53). 

FAT/CD36 has also been shown to co-immunoprecipitate with CPT1 (32, 182, 190), 
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leading to the suggestion that FAT/CD36 may contribute to the regulation of FA 

oxidation. Furthermore, mitochondrial FAT/CD36 content increases during muscle 

contraction in mice (97) and during exercise in humans (95). Our current study has also 

shown that muscle contraction increases FA oxidation by both SS and IMF mitochondria, 

and that FAT/CD36 is induced to translocate to these organelles. The possible trafficking 

pathways of FAT/CD36 to the mitochondria are unknown, although our results indicate 

that Munc18c is not required for this process. However, a novel isoform of VAMP1 has 

been associated with mitochondria in human epithelial cells suggesting the interesting 

possibility that mitochondria may also participate in vesicular trafficking (103).  

5.6 Summary  
 
  Taken altogether, our study indicates that Munc18c is highly selective for insulin-

stimulated, but not contraction-mediated trafficking of GLUT4 to the PM. In addition, 

Munc18c is not required for the trafficking of FA transporters either to the PM or to 

mitochondria following metabolic stimulation of skeletal muscle. However, since FA 

transporters have different metabolic capacities (156) and may respond independently or 

additively to selected metabolic perturbations (106), it is possible that insulin-sensitive or 

contraction-sensitive pools of FA transporters are selectively regulated by specific 

isoforms of trafficking proteins. 
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 CHAPTER 6: GENERAL DISCUSSION & FUTURE DIRECTIONS 
 

The overall objective of this thesis was to further elucidate the regulation of FA 

transport, and FA transporters in metabolically stimulated skeletal muscle. Prior to this 

thesis, the characterization of FAT/CD36-mediated FA transport was far better understood 

than that of FABPpm and FATPs. Due to the apparent similarities between the regulation 

of FAT/CD36 and GLUT4 translocation from intracellular depots to the PM, the 

experimental approaches in the literature, as well as in this thesis, have been based on the 

current understanding of the well-known sarcolemmal GLUT4 translocation. In line with 

this, the re-distribution of FA transporter-containing-vesicles from intracellular 

compartments to the PM may involve a multitude of signaling and trafficking events that 

may be stimulus-specific, and have not been fully characterized. Furthermore, the 

mechanisms regulating the translocation of FA transporters to the mitochondria during 

muscle contraction have not yet been investigated. Thus, the specific objectives of this 

thesis were to elucidate 1) the independent and additive effects of insulin and muscle 

contraction on FA transport and translocation of FA transporters, 2) the role of Akt2 

signaling, and 3) Munc18c-mediated trafficking on FA transport and translocation of FA 

transporters in insulin-, and contraction-stimulated skeletal muscle.  

6.1 Summary of results  
 

The first study from this thesis revealed that the increases in FA transport 

following muscle stimulation with insulin or contraction may be associated with the 

concomitant translocation of many different FA transporters (FABPpm, FATP1 and 

FATP4, but not FATP6) to the PM, in addition to the translocation of FAT/CD36. 

Interestingly, this revealed FA transporter-specific regulation, as only FAT/CD36 and 
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FATP1 were induced to translocate to the PM in an additive manner when both insulin 

and muscle contraction were administered simultaneously.  

Subsequently, possible signaling events mediating the translocation of these FA 

transporters to the PM, as well as mitochondria, were also investigated. Using Akt2 KO 

mice, we were able to demonstrate that both insulin-, and contraction-stimulated FA 

transport is dependent on the Akt2 signaling pathway. Moreover, Akt2 also appears to be 

required for insulin-, and contraction-stimulated translocation of FAT/CD36 and FATP1, 

but not FABPpm and FATP4, indicating differing signaling mechanisms for these FA 

transporters. Finally, Akt2 also appears to be necessary for the contraction-induced 

FAT/CD36 translocation to the mitochondria.  

Finally, the trafficking machinery involved in the regulation of FA transporters in 

skeletal muscle appears to be Munc18c independent. Following muscle stimulation with 

insulin or contraction, Munc18c does not appear to play a required role in directing FA 

transporters to the PM or mitochondria to facilitate FA transport or oxidation respectively.  

6.2 Regulation of FA transporters is distinct  
 
  It has been shown previously that each FA transporter (FAT/CD36, FABPpm, 

FATP1 and FATP4) has the capacity to increase FA entry into the cell (52, 156). 

However, it is unclear as to why there are a number of different FA transporters co-

expressed in skeletal muscle, and further work is required to assess the possible 

interactions of different transport proteins at the PM. To this end, there have been 

suggestions, as well as some preliminary evidence indicating that FA transporters may co-

immunoprecipitate (19, 38), and that they exhibit different capacities for FA transport and 

metabolism (52, 156). However, it needs to be determined whether any of these FA 
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transporters exhibit specificity for different classes of FAs as their relative transport 

effectiveness has only been determined with respect to 16:0 FA (palmitate) (156). In 

addition, although FAT/CD36, FABPpm, and FATP1, 4, and 6 can all be detected in 

skeletal muscle, there is no information as to the their absolute abundances in this tissue, 

which limits the determination of their metabolic influence. Nevertheless, the significant 

metabolic effects of FAT/CD36 on FA transport and metabolism, as revealed in 

FAT/CD36 KO mice (43, 60, 97), as well as its very high absolute content in skeletal 

muscle (163), strongly suggests that this transporter is quantitatively the most abundant 

and important in skeletal muscle.  

Interestingly, it appears that the regulation of the translocation of different FA 

transporters is distinct, as only i) FAT/CD36 and FATP1 may be recruited to the PM 

additively in response to combined insulin and contraction stimulation, and ii) they both 

are dependent on Akt2 signaling (Table 6.1). This suggests that these FA transporters may 

reside in separate intracellular pools, and may be induced to translocate to the PM via 

different signaling and/or trafficking mechanisms. In addition, these intracellular depots 

containing FA transporters may be stimulus-specific for insulin or contraction, as 

observed for GLUT4 (132, 155). The lack of additivity of FABPpm and FATP4 also 

suggests that these transporters reside within distinct intracellular depots. Finally, tissue 

specificity must further be considered as insulin-stimulated translocation of FABPpm and 

FATP1 to the PM occurs in muscle, but not in heart (19), while FATP6 does not appear to 

play a significant role in skeletal muscle. Moreover, in obese muscle, FAT/CD36 is both 

insulin and contraction resistant compared to FABPpm which exhibits normal 

plasmalemmal translocation (85). Presumably, each of the four FA transporters has its 
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own unique intracellular depot, as this would allow for greater stimulus-specific regulation 

of FA transport. Whether this occurs, or is necessary, remains yet to be determined.  

6.3 Regulation of FA transporters and GLUT4  
 
 In initial studies, similarities were identified in mechanisms regulating the 

translocation of GLUT4 and FAT/CD36 to the PM. Studies from this thesis reveal several 

similarities as well as differences between mechanisms regulating GLUT4 and FA 

transporter translocation that are important to recognize due to the significant 

physiological roles of these transport proteins in metabolic homeostasis. As mentioned, 

GLUT4, FAT/CD36 and FATP1 may be induced to translocate to the PM in an additive 

manner, suggesting the presence of distinct, insulin or contraction-sensitive endosomal 

pools. While signaling mechanisms of both GLUT4 and FAT/CD36 involve PI3K (36), 

and possibly AMPK (37, 138), it had long been suspected that these signals must diverge 

at some point as glucose and FA metabolism are frequently juxtaposed with each other, 

namely as one increases the other is reduced. The present thesis has revealed that there 

appears to be a stimulus-specific divergence in FA transporter and GLUT4 translocation at 

the level of both Akt2 and Munc18c (Table 6.1). Specifically, Akt2 and Munc18c are only 

required for insulin, and not contraction-mediated GLUT4 translocation to the PM. In 

contrast, Akt2 is required for both insulin-, and contraction-stimulated translocation of 

FAT/CD36 and FATP1, but not FABPpm and FATP4, while Munc18c is not required for 

the trafficking of any FA transporter to the PM. These observations further strengthen the 

foregoing suggestion that these transport proteins do not reside in the same intracellular 

pools, enabling metabolic-specific regulation of each transporter. Moreover, it has recently 

been shown that GLUT4 and FAT/CD36 translocation to the PM in cardiac myocytes 
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involves distinct isoforms of VAMP trafficking proteins that are either insulin-, or 

contraction-specific (185). Indeed, the highly negative correlation between PM levels of 

GLUT4 and FAT/CD36 in IR muscle further suggests differential regulation between 

these transport proteins. Clearly the signaling and trafficking machinery required for 

GLUT4 and FA transporters have only been uncovered in limited detail in the present 

thesis. 

 
 
Table 6-1: Comparison of Akt2- and Munc18c-mediated regulation of GLUT4 and 
FA transporters 
 

 GLUT4 FAT/CD36 FABPpm FATP1 FATP4 
Akt2 INS √ √ -- √ -- 
Akt2 CT -- √ -- √ -- 

Munc18c INS √ -- -- -- -- 
Munc18c CT -- -- -- -- -- 

 
 
INS=insulin, CT= contraction treatment  
√ indicates that Akt2 or Munc18c is required for insulin-, or contraction-stimulated  
translocation to the PM for the transport protein.  
-- indicates that Akt2 or Munc18c is not required for insulin-, or contraction-stimulated  
translocation to the PM for the transport protein. 

 
 
 

6.4 FA transporters at the mitochondria 
 

Some years ago it was discovered that FAT/CD36 was also located on 

mitochondria and appeared to be involved in the regulation of FA oxidation (32, 95, 97). 

This has been substantiated in recent studies (190). However, the understanding of the 

mechanisms of protein-mediated FA transport across mitochondrial membranes is still at 

its infancy. From the current work, it appears that the contraction-induced translocation of 

FAT/CD36 and increased FA oxidation in both SS and IMF mitochondrial fractions may 
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be Akt2, but not Munc18c dependent. Other recent work has shown that FABPpm, FATP1 

and 4 do not appear to translocate to the mitochondria during muscle contraction (Jain and 

Bonen, unpublished observations). The presence of VAMP proteins at the mitochondria 

(103), suggests that these proteins may be involved in the trafficking of FAT/CD36 to this 

organelle in response to metabolic stimuli. Clearly, this possible mechanism of the re-

distribution of FAT/CD36 to the mitochondria may prove to be a fruitful area of 

investigation.  

6.5 FA transporters in T-tubules 
 
  Much of the evidence for protein-mediated FA transport has been generated 

through the use of giant sarcolemmal vesicles due to several key advantages. Namely, 

transport of FA into the cell may be examined independent of metabolism, and rates of FA 

transport and PM content of transport proteins may be determined in the same preparation. 

However, the absence of sub-plasmalemmal domains such as T-tubules in giant vesicles 

must be recognized. Preliminary observations suggest that FA transporters may also 

translocate to the T-tubules (Bonen and Stefanyk, unpublished observations), however 

their physiological relevance and function at this cellular location remains to be 

determined. In addition, it is possible that the signaling and trafficking mechanisms 

directing FA transporters to the PM and T-tubules may be distinct and/or stimulus-

specific. While we have investigated the role of Akt2 and Munc18c proteins in the 

sarcolemmal translocation of FA transporters, it is unknown whether similar mechanisms 

would be applicable for appearance of these transport proteins in T-tubules. Due to the 

involvement of Munc18c in GLUT4 trafficking to T-tubules (117), further 

characterization of transport proteins present in this cellular location is warranted.   
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6.6 Convergence of insulin-, and contraction-mediated signaling pathways  
 

The insulin signaling pathway downstream of Akt2 involves the activation of 

AS160 which mediates subsequent signaling and trafficking events for PM GLUT4 

translocation and glucose disposal in skeletal muscle (30, 222). It has recently been 

proposed that AS160 may be a converging point for the otherwise distinct insulin and 

contraction stimulated signaling pathways directing GLUT4 to the PM (30, 33, 129). 

Similar to Akt2, restoration of the otherwise impaired AS160 phosphorylation associated 

with skeletal muscle IR is also involved with the recovery of IR (5, 196). Whether AS160 

is also involved in the signaling for FA transporters is unknown. Due to the evidence that 

Akt2 is required for both insulin-, and contraction-stimulated translocation of FA 

transporters to the PM, it would be relevant to investigate whether AS160 may also serve 

as a converging point for signaling pathways initiated by different metabolic perturbations 

for translocation of FA transporters to the PM or mitochondria (Fig. 6.1). 
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Figure 6.1: AS160 as a convergence point for insulin-, and contraction-mediated 
signaling pathways for GLUT4 and FA transporters. 
While Akt2 appears to play a role in regulating GLUT4 and FA transporters, it is 
unknown whether downstream signaling protein AS160 also participates in the 
translocation of FA transporters to the PM or mitochondria.   

 
 

 

6.7 Akt2 KO and Munc18c-/+ mice models 
 

We recognize that the genetic models used in the studies of this thesis have certain 

limitations. First, both Akt2 KO and Munc18c-/+ mice exhibit glucose intolerance and IR. 

Moreover, Munc18c-/+ have also been shown to have an increased susceptibility for 

developing severe glucose intolerance following a high-fat diet (158). Thus, the inherent 

factors associated with IR in these mice may affect the regulation of FA transporters, and 

must be considered. Moreover, the limitations of using a heterozygous KO of Munc18c 

further complicates the ability to carry out mechanistic studies, as it may be that less 
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Munc18c is in fact required for PM FA transporter translocation in comparison to GLUT4. 

It may be pertinent to further study Akt2 and Munc18c in diet-induced or genetic models 

of IR to further elucidate their involvement in the regulation of FA transporters.  

 

6.8 Conclusions 
 

In summary, the several novel observations made in this thesis further our 

understanding of the mechanisms involved in the acute regulation of FA transport and FA 

transporters in metabolically stimulated skeletal muscle. Significantly, the present work 

has revealed a novel role for Akt2 in insulin-, and contraction-mediated FA transport and 

translocation of selected FA transporters to the PM and mitochondria. In contrast, we have 

shown that the trafficking protein Munc18c is not involved in directing any FA transporter 

to the PM or mitochondria.  
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