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Abstract 
 

THE EFFECTS OF ACUTE EXERCISE, RECOVERY FROM EXERCISE, AND HIGH 
INTENSITY INTERVAL TRAINING ON HUMAN SKELETAL MUSCLE MEMBRANE 

FATTY ACID TRANSPORT PROTEINS 
 
 

Nicolette S. Bradley        Advisor:  
University of Guelph, 2012       Dr. Lawrence Spriet 
 
 
 

This thesis examined the translocation of fatty acid (FA) transport proteins to the plasma 

membrane (PM) in human and rat skeletal muscle during moderate intensity exercise. The 

responses to the post-exercise period and to acute moderate intensity exercise after 6 weeks of 

high intensity interval training (HIIT) were also examined in humans. 

The overall hypotheses were that 1) FAT/CD36 and FABPpm would translocate to the PM in 

human skeletal muscle during 120 min of moderate intensity exercise, 2) FAT/CD36 and 

FABPpm would translocate to the PM in rat skeletal muscle during 120 min of moderate 

intensity exercise and this would correlate to an increase in palmitate uptake, 3) FAT/CD36 and 

FABPpm would translocate to the PM during 120 min of moderate intensity exercise, but return 

to basal levels by 45 min post-exercise, 4) six weeks of HIIT would increase PM content of 

FABPpm but not FAT/CD36 in resting skeletal muscle, 5) six weeks of HIIT would cause a 

further increase in the translocation of FAT/CD36 and FABPpm to the PM during moderate 

intensity exercise and this would correspond to an increase in whole body fat oxidation 

compared to exercise pre-training, and 6) six weeks of HIIT would increase whole muscle 

content of FATP1 and FATP4. In human skeletal muscle, PM FAT/CD36 and FABPpm 

increased 75% and 20% respectively after 120 min of cycling at ~60% VO2 peak which  

 



 iii!

corresponded to a 110% increase in whole body fat oxidation. In rat skeletal muscle, PM 

FAT/CD36 and FABPpm increased 20% and 30% respectively, which correlated to a 30% 

increase in palmitate uptake following 120 min of treadmill running at ~65% VO2 peak. 

The PM content of FAT/CD36 increased further to 120% of resting values by 45 min of 

post-exercise following 120 min of cycling at ~60% VO2peak, which correlated with a heavy 

reliance on fat as a fuel during the post-exercise period. FABPpm returned to resting levels of 

PM content by 15 min post-exercise.  

 After 6 wk of HIIT, whole muscle FAT/CD36 (50%), FABPpm (21%) and FATP4 (25%) 

were increased in human skeletal muscle, while FATP1 remained unchanged. There were no 

changes in PM content of FAT/CD36 or FABPpm at rest following training. FAT/CD36 and 

FABPpm were also measured before and after 120 min of cycling at ~60% of pre-trainingVO2 

peak following training, but no differences in the magnitude of the PM content increases were 

seen compared to pre-training, despite a 27% increase in fat oxidation. 

 These studies demonstrate that FA transport proteins translocate to the PM during 

moderate intensity exercise, which correlates with increased FA uptake and whole body fat 

oxidation. This relationship does not appear to hold during the post-exercise period, as further 

increases in the PM content of FAT/CD36 does not correspond with the decrease in fat 

oxidation. The PM content of FAT/CD36 and FABPpm were not increased at rest following 

training, and there was no effect of training on the translocation of FAT/CD36 or FABPpm to the 

PM during moderate intensity exercise at the same absolute power output, however there may be 

a further increase at a relative power output.  
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Chapter 1: Review of Literature 
 

1.1 Introduction 

Long chain fatty acids (FA) are an important fuel source during exercise (157). They provide 

more energy per gram than carbohydrate (45), and there is an abundant supply available in both 

adipose tissue as well as skeletal muscle.  FA also serve a myriad of other functions in the cell, 

including plasma membrane (PM) synthesis, cell signaling and protein anchoring. As a result of 

the broad range of functions, the entry of plasma free fatty acids (FAf), the available form of FA 

for tissues, into the cell and partitioning within the cell need to be tightly regulated. 

It was originally believed that plasma FA diffused across the PM of cells due to their 

lipophillic nature, however in many cell types it has now been shown that uptake is rapid, 

saturable, substrate-specific and hormonally regulated, indicating a protein-mediated process (11, 

12, 140). It is now known that up to and possibly above 90% of FA uptake occurs via protein-

mediated mechanisms (126). Several FA transport proteins have been identified in various 

tissues, including fatty acid translocase (FAT/CD36), PM fatty acid binding protein (FABPpm), 

and a family of fatty acid translocases (FATP1-6).  

 This review of literature will focus on the importance of fat as a fuel source during 

moderate intensity exercise, the post-exercise period, and following aerobic training. It will also 

highlight the current understanding of the role that FA transport proteins play in human skeletal 

muscle and their potential involvement during different exercise conditions.  

1.2 Oxidation of fat in human skeletal muscle 

The abundance of fat available in the body, as well as its high energy availability 

per gram, makes it a valuable source of fuel both at rest and during exercise. There are 

approximately 100 000 kcal stored in adipose tissue, liver and skeletal muscle, making it by far 
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the most abundant energy source in the body. In contrast, there are approximately 600 kcal 

available as glycogen in the body, in both the liver and skeletal muscle. The carbohydrate stores 

can be consumed in ~60-90 min in a well-motivated person exercising at ~75% VO2max. 

Consequently, glycogen often becomes limiting during high intensity and longer duration 

exercise. For this reason, it is advantageous for the muscle to spare carbohydrate if exercise is 

extended. An important benefit to carbohydrate use is that it can be mobilized for both oxidative 

and substrate level phosphorylation at the onset of exercise. The mobilization, delivery and 

breakdown of FA is slower, and it can not take part in substrate level phosphorylation. There is a 

greater energy yield per liter of oxygen consumed when carbohydrate is oxidized. For this 

reason, carbohydrate is the fuel of choice at the onset of exercise, transitions to higher power 

outputs, and at high aerobic intensities (~70-75% VO2max and above). Fat plays a prominent 

role as a fuel at rest and during low to moderate intensity exercise.  

 Fuel oxidation during the post-exercise period is also highly dependent on the intensity 

and duration of the previous exercise. The primary fuel during this time is fat, as skeletal muscle 

preferentially spares glucose for glycogen resynthesis, especially during the first few hours, and 

fat is a much more abundant energy source. It has been shown that although intramuscular 

triacyglycerol (IMTG) makes a notable contribution to energy expenditure during moderate 

intensity exercise, it is used very little or not at all during the post-exercise period (88), leaving 

FA from the plasma as the main source of fat during this time.  

 The relative contribution of fat and carbohydrate to oxidation is well controlled during 

exercise in order to maintain optimal working conditions in the muscle. At low to moderate 

intensities (up to 65% VO2 max), fat is a greater contributor to energy expenditure, but as 

intensity rises and faster energy production is necessary, fat is used to a lesser extent and 
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oxidation of glucose and glycogen becomes the dominant supply of energy (Figure 1.1). Training 

has been shown to increase the reliance on fat at the same pre-training or absolute power output, 

and therefore spare carbohydrate during moderate intensity exercise. These adaptations will be 

discussed later in the Chapter (section 1.2.3.1). 

!

!!
!
Figure 1.1 Regulation of energy provision in skeletal muscle. Maximal contribution of different 
fuel sources to energy expenditure at 25, 65 and 85% VO2 max (A). Relative contribution of 
different fuel sources to energy expenditure during 2 h exercise at 65% VO2 max (B). Tg, 
triglycerides. From (128). 
 
 

1.2.1 The regulation of fat metabolism and oxidation during exercise 

Fat represents an invaluable source of fuel during low to moderate intensity exercise as a 

result of its high energy yield, as well as its abundance in the body.  The majority of fat comes 

from the large adipose tissue (AT) stores where it is stored as triacylglycerol (TAG). There are 

several steps involved in the oxidation of fat from AT, including; 1) lipolysis of TAG in AT; 2) 

binding of FA to albumin and delivery to skeletal muscle followed by dissociation from albumin; 

3) transport of FA across the PM; 4) binding of FA to cytosolic FA binding protein (FABPc); 5) 

activation of FA by addition of a CoA thioester; 6) transport across the mitochondrial membrane 

and 7) beta-oxidation (137).  

Time, min 

4!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!@!
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Lipolysis of AT is regulated, at least in part, by the recently discovered adipose tissue 

triacylglycerol lipase (ATGL), which breaks down TAG to diacylglycerol (DAG) (56, 166). 

ATGL is phosphorylated and activated by #-adrenergic stimulation, but its activity is also greatly 

increased through the binding of an activation protein, CGI-58 (97, 162). Under basal conditions, 

CGI-58 is associated with perilipin A, which prevents its interaction with ATGL. Upon #-

adrenergic stimulation, perilipin A is phosphorylated by protein kinase A, which releases the 

interaction, allowing CGI-58 to translocate to ATGL, which is located at the lipid droplet, and 

activate it (55, 162).  Hormone sensitive lipase (HSL) is also a regulatory site of AT lipolysis. 

Phosphorylation of several serine residues causes increased activation as well as translocation to 

the lipid droplet (42). Insulin is a potent inhibitor of HSL, and dephosphorylates the enzyme 

through both a cAMP-dependent pathway and through protein phosphatase-1 (162). HSL activity 

can also be decreased by phosphorylation of a specific serine residue separate from those 

involved in activation (49, 119). HSL is capable of TAG lipolysis, but has a much higher affinity 

for DAG. At rest, HSL is mainly in its dephosphorylated form, causing inhibition of AT 

lipolysis, but when exercise commences, HSL is phosphorylated and activated, allowing 

increased breakdown of stored TAG and release of FA into the blood (161). Lipolysis increases 

as a function of power output up to 65% VO2 peak, however at higher intensities there is a 

decrease in blood flow to AT, resulting in a decrease in plasma FA, therefore the muscle is 

forced to rely to a greater extent on carbohydrates (128).   

Due to their hydrophobic nature, FAs require a protein carrier in the blood. Several of 

these exist, but due to its numerous binding sites and high affinity for FA, the most prominent is 

albumin. Despite its high affinity for binding FA, some dissociate from albumin and exist as 

plasma free FA (FAf) (126).  Concentration of FA can be estimated from measurements of total 
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plasma FAf, since [FAf] is a function of the ratio between albumin and FA, and this increase is 

linear under normal physiologic conditions (126). Delivery of fat to skeletal muscle is a function 

of the plasma [FAf] and blood flow, which also increases with power output.  

The hydrophobic nature of FAs allow them to diffuse freely across the PM. The 

hydrophilic head would seem inhibitory to the process, however once the hydrophobic acyl tail 

inserts into the outer leaflet of the phospholipid bilayer there is a shift in pKa of the carboxyl 

group from ~4.5 – 7.6, which allows for protonation. The FA is now able to “flip-flop” to the 

inner leaflet of the phospholipid bilayer (80) (Figure 1.2). Dissosication of the FA from the inner 

leaflet is facilitated by cytosolic fatty acid binding protein (FABPc), which is in excess in the 

cytosol (105). Finally, they are activated by acyl-CoA synthetase to be either esterified and 

stored as IMTG, or oxidized in the mitochondria. For many years it was believed that this 

process was passive, being based on the concentration gradient of free fatty acids (FAf). 

However it is now known that the majority of transport of FA across the PM is protein-mediated 

and is a rate-limiting step in FA oxidation. Several fatty acid transport proteins have been 

identified on both the plasma and mitochondrial membranes, including fatty acid translocase 

(FAT/CD36), plasma membrane-associated fatty acid binding protein (FABPpm) and a family of 

fatty acid transport proteins (FATPs) (discussed in detail in section 2.1.1).   
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Figure 1.2. Currently accepted theory of diffusion- and protein-mediated uptake of FA into 
skeletal muscle (Adapted from (51)). 

 

IMTGs represent a relatively small portion of stored fat compared to AT (~1850 kcal 

compared to ~100 000 kcal stored in AT) (157), and this concentration represents a balance 

between esterification and lipolysis. Much like in AT, the first step in IMTG lipolysis appears to 

be through the enzyme ATGL, which breaks down TAG to DAG (56, 166).  The importance of 

ATGL to TAG lipolysis has been shown in in vitro and in animal studies (for review see (162)), 

however further research is needed to determine its relative contribution in human skeletal 

muscle.  

HSL activity in skeletal muscle can be increased during exercise to increase lipolysis of 

IMTG, and this pool has been shown to contribute substantially to energy production during 
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exercise at low to moderate intensities (Figure 1.1) (157, 160). The activity of HSL is increased 

by calcium-stimulated pathways, but inhibited by AMPK and CaMKII, therefore it represents a 

balance between calcium, catacholamines and the energy status of the cell (162). HSL activity on 

IMTG may also be partly regulated by migration of HSL to the lipid droplet and removal of 

perilipin A, a protein coating which protects lipids from lipases (21). IMTG lipolysis may also be 

regulated, at least in part, but a more recently discovered enzyme, adipose tissue triacylglycerol 

lipase (ATGL), which has been shown to play a regulatory role in IMTG lipolysis (56, 166).  

Once FAs are liberated from IMTG, bound to FABPc, and activated by adding a CoA, 

they must cross the mitochondrial membrane before undergoing #-oxidation. CPTI is located on 

the outer mitochondrial membrane (OMM) and catalyzes the removal of CoA from long chain 

fatty acyl CoA and replaces it with carnitine. The newly formed acyl-carnitine can cross the 

mitochondrial membrane through a transporter. Once inside, CPTII replaces the carnitine with a 

CoA group, and the reformed long chain fatty acyl-CoA enters ß-oxidation (139). CPTI is the 

rate-limiting step in the movement of FA across the mitochondrial membrane. It is reversibly 

inhibited by malonyl CoA (M-CoA), which is the primary mechanism of control during exercise 

in the rat. However, in humans the change in M-CoA concentrations during exercise is not 

substantial enough to account for the increase in CPTI activity (4, 117, 118). FAT/CD36 has also 

been identified in human mitochondrial membranes (9, 67, 70, 71, 132, 136), and palmitate 

oxidation is decreased in FAT/CD36 KO mice, with no change seen in oxidation of palmitoyl 

CoA, suggesting a regulatory role for FAT/CD36 in FA uptake at the mitochondrial membrane 

(136). Bezaire et al (9) showed that inhibition of mitochondrial FAT/CD36 with Sulfo-N-

succinimidyloleate (SSO) decreased palmitate oxidation by up to 95%, however it has since been 
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shown that SSO is not a specific inhibitor for FAT/CD36 on the mitochondrial membrane as it is 

on the sarcolemma (69). 

It was originally shown that CPTI and FAT/CD36 co-immunoprecipitated (25, 132) and 

the combined mitochondrial membrane content of the two proteins correlated very highly (r = 

0.90) with palmitate oxidation (9). However, CPTI was recently shown to reside on fusion points 

between the OMM and IMM called contact sites (73), and recent work by Smith et al (136) 

showed that FAT/CD36 was not found there. When the mitochondria were fractionated to 

separate the contact sites from the OMM, CPTI and FAT/CD36 no longer co-

immunoprecipitated, suggesting they are not in fact working together directly. While palmitate 

oxidation was decreased in FAT/CD36 KO mice, there was no change in oxidation of palmitoyl 

CoA, suggesting that the FAT/CD36 regulates FA oxidation proximal to ACS (136).   

 There is still much research to be done into the mechanisms of the control of fat oxidation 

during exercise, but it is clear that the regulation is complex and involves many control sites. It is 

extremely important to understand how the provision of fat is maintained during exercise and 

following aerobic training when the capacity for fat oxidation is increased. 

1.2.2 Oxidation of fat during the post-exercise period 

The primary initiative of skeletal muscle in the post-exercise period is glycogen  

resynthesis (19, 63, 88), and as such the primary fuel used during this time is fat. Fat oxidation 

rates remain high (RER < 0.84) for up to 18 h following exercise (86, 88) and are dependent on 

duration and intensity. In healthy young men, absolute and relative post-exercise FA oxidation 

increases with increasing exercise intensity (155). When energy expenditure is matched 

however, there appears to be no difference in post-exercise FA oxidation. Two studies showed 

that when subjects exercised at 45% or 60-65% VO2 peak and the two exercise trials were 
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matched for energy expenditure, there was an increase in RER for 3 h post-exercise in both, but 

the absolute amount of FA oxidation and energy expenditure during the post-exercise period was 

the same (94, 114).  

 Immediately post-exercise, an increase in plasma [FAf] is seen as a result of increased 

blood flow to adipose tissue and decreased use by skeletal muscle. Within the next 1.5 h there is 

a reduction in plasma [FAf] as AT lipolysis decreases (88). The energy requirements of the 

muscle are substantially lower compared to exercise, however RER remains low indicating a 

continued reliance on fat. Van Hall et al (156) showed that although skeletal muscle relies more 

heavily on fat as a fuel source during the immediate post-exercise period compared to 

carbohydrate, there is still a significant decrease in FA uptake upon cessation of exercise even 

though adipose tissue lipolysis is elevated. The mechanisms underlying the decrease in FA 

uptake remain largely unknown. 

Although its widely accepted that fat is the predominant fuel source during the post-

exercise period, there is some disagreement with respect to the relative contribution of plasma 

FA and IMTG. Kiens et al (86) used 1H-MRS to show that IMTG provided a substantial amount 

of energy during 18 h recovery from glycogen-depleting exercise, however numerous other 

studies using 1H-MRS have been unable to replicate these findings (37, 38, 96).  In addition, 

Kimber et al (88) replicated the study by Kiens et al but used the muscle biopsy technique, and 

found that the IMTG content remained constant throughout 18 h post-exercise. They also saw a 

rapid reduction in plasma [FAf] by 120 min post-exercise, suggesting a decrease in AT lipolysis 

and a clearance of the blood FFA by the tissues. Overall, while IMTG is an important source of 

FA during moderate intensity exercise (128), it does not appear to contribute to oxidation post-
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exercise. This is likely due to the fact that there is adequate FA available from adipose tissue 

TAG. 

1.2.3 Fat oxidation – adaptations to training 

It is well documented that aerobic training increases the reliance of skeletal muscle on fat 

as a fuel at the same absolute moderate intensity power outputs. This may be preferential to the 

body as it allows greater sparing of glycogen stores, prolonging time to exhaustion. There also 

are increases in the maximal capacities to oxidize fat and carbohydrate following training.  

Metabolic adaptations to training have classically been examined using endurance training 

protocols, involving 60-120 min exercise at 60-75% VO2 max for 5-6 d/wk (64, 83, 85). In the 

interest of achieving the same metabolic and performance goals with a lower volume of training, 

some recent work has used training protocols of higher intensity intervals.  These typically 

involve exercise of 80-95% VO2 max at a frequency of 2-3 d/wk. These studies have shown that 

although the volume of training is much lower, the same adaptations can be seen. 

1.2.3.1 Classical adaptations to endurance training 

Chronic moderate intensity exercise results in a number of adaptations in skeletal muscle. 

Specifically, muscle becomes more adept at matching oxidative phosphorylation rates to energy 

demand through increases in: 1) mitochondrial content; 2) fuel delivery; and 3) content of FA 

transport proteins in the whole muscle, mitochondria and PM. 

 An increase in mitochondrial content following ET was observed many years ago (18, 74, 

87). This provides a greater capacity for provision of energy through oxidative phosphorylation 

and less reliance on substrate phosphorylation. Increased mitochondrial content also allows the 

muscle to achieve a given level of oxidative phosphorylation with a lower [ADPf]. This is known 

as mitochondrial respiratory sensitivity (40, 53).  An increased capacity for oxidative 
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phosphorylation combined with increased mitochondrial sensitivity allows for more efficient 

transitions from rest to exercise and to higher power outputs, compared to depending heavily on 

substrate phosphorylation. It also enables the muscle to contract for longer periods of time at 

higher power outputs and to rely on fat for energy at higher power outputs (64, 75, 83, 85, 157).  

In addition to the increase in content, there is also an increase in several classes of 

proteins in the mitochondria with ET. This includes enzymes involved in the TCA cycle, ß-

oxidation, electron shuttle and electron transport chain, as well as carbohydrate oxidative 

enzymes such as pyruvate dehydrogenase (PDH) (65, 98). This allows for an increased capacity 

for oxidation of both fat and carbohydrate.  However, during moderate intensity exercise at the 

same power output following ET, there is a decrease in the activity of several enzymes involved 

in carbohydrate metabolism. Flux through glycogen phosphorylase, PDH and 

phosphofructokinase, as well as translocation of GLUT4 to the PM, are decreased during 

moderate intensity exercise following ET, which is likely a result of the increased capacity for fat 

oxidation. 

The delivery of FA to skeletal muscle also may be increased following ET (47, 73), 

however decreases have also been observed (157). As it has been shown that increased 

availability of FA can increase fat oxidation (159), this may be another factor contributing to the 

increased reliance on fat following training. Uptake of FA into the muscle may also be increased 

with ET. Studies have shown increases in whole muscle FAT/CD36 (150)and FABPpm (84) 

following ET. Schenk et al (132) saw an increase in mitochondrial FAT/CD36 and CPTI in 

obese individuals following 6 wk ET. The physiologically relevant measure of FA transport 

protein content at the PM has not been examined following ET. 
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 Individuals who are endurance trained also rely more heavily on IMTG as a fuel during 

moderate intensity exercise. Not only is the content of IMTG higher in skeletal muscle after ET, 

but the rate of hydrolysis of IMTG is also increased (75, 130, 157). 

1.2.3.2 Adaptations to High Intensity Interval Training  

HIIT is an alternative approach to providing the above-mentioned adaptations. Since 

higher intensities cannot be maintained for long periods of time, subsequent bouts of work are 

interspersed with bouts of recovery to allow the participant to continue for a longer period of 

time. There are two typical variations of high intensity interval training; 1) sprint interval 

training (SIT), which involves 30 s bouts of  > 150% VO2 max; and 2) high intensity interval 

training (HIIT), which involves 8-10 bouts at 85-100% VO2 max (1-5 min/bout). Both protocols 

are typically applied 3 d/wk. Many variations of these protocols can also be applied by altering 

the duration, intensity or frequency of both the exercise and recovery bouts. HIIT tends to be a 

more favourable protocol for untrained or recreationally active individuals since SIT requires 

more motivation to maintain the supramaximal power outputs. Although SIT has been used in 

untrained populations (22, 23, 125), the less extreme efforts require during HIIT training makes 

it more achievable for untrained individuals. Regardless, both protocols have proven effective 

with respect to improving substrate oxidation during moderate intensity exercise and increasing 

mitochondrial biogenesis. Like ET, HIIT provides a substantial metabolic challenge to skeletal 

muscle resulting in large decreases in stored glycogen, increased lactate accumulation and high 

rates of whole body fat and carbohydrate oxidation (121, 122, 143, 163). 

 Six weeks of HIIT has been shown to increase VO2 max 9-18% (121, 148). Increases in 

several proteins involved in oxidative metabolism were also seen, including COX-IV, CS, ß-
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HAD, mAspAT and PDH (121). Time to exhaustion at 90% VO2 max was increased ~2-fold and 

fat oxidation was increased during 1 h at 60% VO2 max.  

 Talanian et al (148) measured resting whole muscle, and PM and mitochondrial FA 

transport protein content in untrained females after 6 wk HIIT. Whole muscle FAT/CD36 and 

FABPpm were increased, as were PM FABPpm and mitochondrial FAT/CD36. There was no 

change in PM content of FAT/CD36. It should be noted that these measurements were taken at 

rest, so it may not account for further increases in PM or mitochondrial content that occur when 

the muscle is challenged by exercise. 

 In a 2 wk HIIT protocol, which involved 7 training sessions, Perry et al (122) attempted 

to investigate the underlying mechanisms regulating the increases in mitochondrial biogenesis 

and oxidative phosphorylation seen with HIIT. In less than 7 training sessions they saw increases 

in several transcriptional activators of mitochondrial biogenesis, as well as increases in COX-IV, 

CS and #-HAD proteins, all of which were superseded by increases in their mRNA 

approximately 2 sessions prior to the increases in protein. Likewise, protein changes were 

preceded by increases in their corresponding transcription factors. This study showed a clear 

progression from transcription to translation for several factors involved in oxidative 

phosphorylation in response to subsequent training bouts.  

1.3 FA transport proteins 

For years it was believed that FA could diffuse across the plasma membranes due to their 

lipophillic nature, and that the FA concentration gradient was the only potentially limiting factor 

(59, 81, 116), however we now know that FA uptake is highly dependent on protein-mediated 

transport.  
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1.3.1 Protein-mediated transport  

The original model of diffusion of plasma FA across phospholipid bilayers was based on 

the rapid speed of uptake that was observed (81), however later studies found that these values 

were greatly overestimated (35, 89, 90) and that “flip-flop” of FA across the lipid bilayer was a 

rate-limiting step for transport. It was also determined that FA transport adhered to the rules of 

saturation kinetics, and thereby must be protein-mediated (16, 152). Finally, FA transport is 

notably decreased by inhibitors of protein-mediated membrane transport, including sulfo-N-

succinimidyloleate (SSO), phloretin and proteases, and by competitive inhibitors such as oleate 

(Figure 1.3) (2, 16, 109).  

!

 
Figure 1.3.  Evidence for protein-mediated transport in skeletal muscle. SSO, sulfo-N-
succinimidyloleate. Redrawn from (16). 

 

There is still some controversy over the protein-mediated model of FA uptake. Some 

have argued that the use of inhibitors may cause structural alterations in the PM, or that cellular 

FA metabolism is a confounding variable (57, 58, 129). An important step in alleviating these 

discrepancies was the introduction of the giant sarcolemmal vesicle (GSV), a PM bud with a 

right-side out orientation which has been used extensively to examine protein content and 

transport of FA into cells (16, 92, 108). Other benefits of GSVs are that they contain cellular FA 

binding proteins (FABPc) which act as a sink for incoming FA and that there is no metabolic 

!!A!
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machinery, which allows the examination of transport without the potential confounding factor 

of metabolism (16). The downside of GSVs is that there are no sub-PM fractions, such as T-

tubules, so there may be transport occurring in these areas that is being missed.  

Many of the recent discoveries in the area of FA transport are a result of the GSV model. 

They have been used to determine that FA transport is saturable and can be inhibited by specific 

inhibitors of FA transport proteins (16, 108, 152). Through studies in GSVs of red and white rat 

hindlimb muscles, Bonen et al (16) showed that the maximal transport of palmitate correlated 

with the metabolic capacity of the tissue (maximal transport was 1.8-fold higher in GSVs from 

red muscle compared to white). GSVs have also been used to establish that the Km of fatty acid 

uptake is between 6.0-9.0 nM in red, white and mixed muscle, which is similar to the 

concentration of circulating [FAf] (~7.5 nM) (16, 108). This appears to be a general principle for 

protein-mediated transport, as the Km of glucose and lactate (through GLUT4 and MCT1) are 

also very close to their extracellular concentrations. More recent studies in rat (91) and human 

(17) skeletal muscle show that a positive correlation exists between the rate of transport into 

GSVs and the FA transport protein content on the PM. It is now currently accepted that while 

diffusion may still contribute to FA uptake into skeletal muscle, the majority of uptake is through 

protein-mediated mechanisms (Figure 1.2).  

An important recent discovery was that several of the FA transport proteins translocate to 

the plasma (rat)(15, 77) and mitochondrial membranes (rat and human)(9, 67) in response to 

different stimuli, in a similar manner to GLUT4 (36). Studies using stimulation by AICAR or 

insulin have shown that the rate of FA uptake correlates to the combined sum of FAT/CD36 and 

FABPpm on the PM in rat skeletal muscle (29, 104), so the cycling of FA transport proteins 
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between the plasma/mitochondrial membranes and an intracellular depot may play a major role 

in the control of FA metabolism. 

1.3.2 FAT/CD36 

 FA translocase is the rat homolog of human CD36 (FAT/CD36). It is an 88 kDa integral 

membrane protein, which was first classified as a class B scavenger receptor (50). It has a hairpin 

structure, with two transmembrane domains and several glycosylation, phosphorylation, 

ubiquitination and palmitolyation sites (149). Aside from FA transport, it is also involved in 

cellular adhesion, trafficking, atherosclerotic plaque formation, inflammation and angiogenesis 

in other tissues (44, 76, 146).  

 The content of FAT/CD36 protein in muscle correlates with the metabolic capacity of the 

tissue (heart > red > white) and is directly involved in FA transport (16). Palmitate uptake is 

reduced 50-80% when the FAT/CD36-specific inhibitor SSO is applied, suggesting a primary 

role for FAT/CD36 in FA uptake at the PM (16, 107, 108). 

 Subcellular fractionation and immunofluorescence studies were used to identify 

endosomal pools of FAT/CD36 and it was found that approximately 50% of the protein content 

in muscle is located intracellularly (3, 15). Bonen et al (15) showed that 45 min of muscle 

contraction by electrical stimulation increased the PM content of FAT/CD36 in GSVs with no 

change in whole muscle FAT/CD36. The time frame was too short for de novo synthesis of the 

protein, therefore it was suggested that FAT/CD36 was translocating from an intracellular depot 

in response to contraction. Palmitate uptake was also increased, but when FAT/CD36 was 

blocked with the specific inhibitor SSO, contraction-induced increases in palmitate uptake were 

abolished. This work suggested that FAT/CD36 translocated from an intracellular depot in 

response to muscle contraction, and that it was an essential component in the contraction-induced 
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increase in FA uptake. The PM content of FAT/CD36, as well as palmitate uptake, returned to 

basal levels by 45 min post-stimulation, indicating a transient response to contraction. Holloway 

et al (67) showed that FAT/CD36 also translocated to the mitochondrial membrane during 120 

min of exercise in human skeletal muscle, which correlated to increases in palmitate oxidation. It 

has not been determined if FAT/CD36 translocates to the PM during exercise in humans. 

 Chronic changes in FAT/CD36 have also been seen. Koonen et al (91) saw an increase in 

whole muscle and PM FAT/CD36 and FABPpm after 7 days of electrical stimulation in rat 

hindlimb muscles, which corresponded to an increase in FA uptake. When these muscles were 

denervated, the PM content of FAT/CD36 and FABPpm decreased, as well as FA transport rate. 

The whole muscle content of the FA transport proteins remained unchanged with denervation, 

suggesting that the proteins had moved away from the PM. In human skeletal muscle, 6 weeks of 

HIIT has been shown to increase the resting whole muscle protein content of FAT/CD36 and 

FABPpm (121, 148). Talanian et al (148) also measured the PM content, but reported no change 

in PM FAT/CD36 after training.  

 FAT/CD36 translocation is also stimulated by insulin (77, 106), and this effect is additive 

with contraction (77), indicating distinct signaling pathways. Other factors that have been shown 

to induce FAT/CD36 translocation include leptin, AICAR, oligomycin and dipyrimidamole (12, 

60, 101, 142).  

1.3.3 FABPpm 

 FABPpm is a 48 kDa peripheral membrane protein (44), and was the first identified FA 

transport protein (144). Stremmel et al identified FABPpm after noting that oleate uptake obeyed 

saturation kinetics in isolated liver plasma membranes and was susceptible to inhibition by 

trypsin treatment (144). It has been found in liver (144), heart (124, 137), adipose (124) and 
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skeletal muscle (16). Like FAT/CD36, its tissue expression corresponds to metabolic capacity 

(heart > red > white) (16).  

 FABPpm is identical to mitochondrial aspartate aminotransferase (mAspAt), which is 

located in the mitochondria and is involved in transport of energy reducing equivalents (8, 145). 

FABPpm has been shown to directly bind FA, and protein content on the PM correlates with FA 

uptake (16, 91). Han et al (60) showed that increases in FABPpm at the PM occurred in 

conjunction with intracellular decreases in FABPpm in response to muscle contraction, 

suggesting that the protein translocates in a similar manner to FAT/CD36. It has also been shown 

to translocate to the PM in response to insulin (60, 77). Unlike FAT/CD36, there is no additive 

effect of contraction and insulin on FABPpm translocation, suggesting a single signaling 

pathway for this protein (77). 

Inhibition of FABPpm with FABPpm specific anti-sera causes 50-70% inhibition of FA 

uptake in GSVs (16) and different cell types (137, 144). It should be noted however that 

inhibition of FABPpm does not completely abolish FA uptake (154), and changes in PM 

FABPpm content and FA uptake are not proportional, which indicates that other FA transport 

proteins are involved in FA uptake (31).  

FABPpm content on the PM also increases with chronic electrical stimulation, which 

correlates with increased FA uptake (16, 91). The effects of training on FABPpm content in 

human skeletal muscle remain uncertain due to conflicting data. No change in whole muscle 

FABPpm was seen following 6 wk SIT (22) and 9 d ET (151). On the other hand, Kiens et al 

(84) reported an increase in PM content of FABPpm and Talanian et al (148) showed an increase 

in whole muscle and PM content following 6 wk HIIT. Each of these studies used different 
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training programs, gender groups, as well as different muscle and membrane preparations, which 

likely accounts for the discrepancies.  

1.3.4 FATPs 

 The FATP family includes 6 identified proteins (FATP1-6), all approximately 70 kDa in 

size (50). They are expressed in a tissue-specific manner, with FATP1 and 4 being the most 

abundant in skeletal muscle and are most likely involved in FA uptake (51). FATP6 is also 

expressed in skeletal muscle, however it does not appear to play a role in FA uptake (77). FATP4 

shows a similar tissue expression pattern to FAT/CD36 and FABPpm (heart > red > white), 

however FATP1 does not (115). Transfection studies have shown that both FATP1 and 4 are 

involved in FA transport in skeletal muscle, and that FATP4 has approximately 2 times the 

transport capacity of FATP1 (115).  

 FATPs have enzymatic capabilities, as well as a capacity for FA uptake. They have been 

shown to catalyze the activation of FA to acyl-CoA thioesters, thereby “trapping” the FA in the 

cell (43, 131). DiRusso et al (39) attempted to distinguish the FA transport function of FATPs 

from their role as acyl-CoA synthetases. Through expression of FATPs in yeast strains, they 

found that the FATPs all had differing capabilities for FA activation and transport, with FATP1, 

2 and 4 having the greatest FA transport capacity. Studies in GSVs support the role of FATPs as 

FA transport proteins (77, 115).  

 Like FAT/CD36 and FABPpm, both FATP1 and 4 translocate to the PM in response to 

insulin and contraction (77, 165). Jain et al (77) showed that both FATP1 and 4 translocate to the 

PM in rat skeletal muscle in response to electrical stimulation and insulin, and for FATP1 these 

effects were additive, in a similar manner to FAT/CD36. It was also shown that FATP1 KO mice 

are incapable of insulin-stimulated FA uptake in muscle cells, whereas basal transport is 
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unaffected (165), suggesting an important role for FATP1 in insulin-stimulated FA uptake., 

however recent work showed that overexpression of FATP1 did not affect the development of 

insulin resistance in mice (68). 

1.3.5 Regulation of FA transport protein translocation to the PM  

 Several signaling proteins have been implicated in the translocation of FA transport 

proteins. Muscle contraction and the AMP analog AICAR (5-aminoimidazole-4-carboxamind-1-

beta-D-ribofuranoside) have both been shown to stimulate FAT/CD36 and FABPpm 

translocation to the PM via AMP-activated protein kinase (AMPK)-dependant signaling 

processes (28, 30, 103), however another group saw no change in FAT/CD36 translocation in 

AMPK kinase dead mice (79). Extracellularly-regulated protein kinase 1/2 (ERK 1/2), one of the 

mitogen-activated protein kinase (MAPK) family of signaling pathways, is activated by 

phosphorylation during exercise. This pathway leads to upregulation of several transcription 

factors, but also may play a role in acutely regulating lipid metabolism. Inhibition of the ERK 

1/2 signaling pathway has been shown to prevent contraction-induced FAT/CD36 translocation 

and FA uptake (152), so this is a potential mechanism for contraction-mediated translocation 

(Figure 1.4).  

Insulin-stimulated translocation of FA transport proteins has been shown to be PI3K-

dependent through inhibition of PI3K (Figure 1.4) (106). PKC, which is involved in the GLUT4 

signaling pathway, may also be involved with insulin-stimulated translocation of FA transport 

proteins and FA uptake (82). Work with Akt-2-null mice showed that this member of the GLUT4 

signaling pathway may play a role in both the insulin- and contraction-mediated translocation of 

several FA transport proteins (Figure 1.4, Jain S. unpublished). While insulin-stimulated 

translocation of FA transport proteins and FA transport was abolished in null animals, 
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contraction-mediated translocation of only FAT/CD36 and FATP1 were diminished, while 

FABPpm and FATP4 remained unchanged. Therefore it seems clear that Akt-2 is involved with 

insulin-stimulated translocation of FA transport proteins, while its involvement in contraction-

stimulated translocation remains unclear.  What does seem apparent is that the contraction- and 

insulin-stimulated signaling pathways are divergent for at least some of the FA transport 

proteins. 

 

Figure 1.4. Signaling pathways regulating translocation of FA transport proteins and GLUT4 in 
response to insulin and contraction. (Adapted from (53)). 
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1.3.6 FA transport and insulin resistance 

 An increase in FA uptake and the resultant imbalance between oxidation and 

accumulation is a major contributing factor to the development of insulin resistance (66). Diet-

induced and genetic models of insulin resistance have both shown a permanent redistribution of 

FAT/CD36 and FABPpm to the PM (17, 27, 32, 62, 102). In addition, it has been shown that 

contraction-stimulated translocation of FAT/CD36 to the PM is abolished in obese Zucker rats 

(60). The mechanism of this permanent redistribution is unclear, however it has been suggested 

that it may be a result of increased circulating insulin or increased Akt-2 activity (32, 102). Smith 

et al (135) found that metformin or exercise could improve insulin sensitivity through a 

reduction in the PM content of FAT/CD36, which suggests a potential therapeutic role for 

FAT/CD36.  

1.3.7 Summary 

 FA transport proteins translocate to the PM in response to contraction in rats, and the 

protein content correlates with FA uptake. FAT/CD36 has also been shown to move back to an 

intracellular depot by 45 min after 30 min of electrical stimulation, however no other FA 

transport proteins have been examined. Translocation of FA transport proteins to the PM has not 

been examined in human or rat muscle during exercise or the post-exercise period.  

 Six weeks of HIIT increased whole muscle FAT/CD36 and FABPpm, as well as the PM 

content of FABPpm in human subjects at rest. There was no change in PM content of 

FAT/CD36. Translocation of FA transport proteins during exercise has not been examined 

following training, nor has the response of the FATPs. 
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Chapter 2: Objectives of thesis 

 
 This thesis examines the contribution of the FA transport proteins FAT/CD36, FABPpm, 

FATP1 and FATP4 to the regulation of fat metabolism. Specifically, the objectives were to 

examine whole muscle and PM contents and translocation of FA transport proteins to the PM 

during different exercise and training perturbations.  FA transport proteins have been identified 

intracellulary, on the PM and on the mitochondria in human skeletal muscle, however they each 

have a unique distribution pattern. FAT/CD36 has been shown to translocate from an 

intracellular depot to the PM during electrical stimulation in rats and this correlates with an 

increase in palmitate uptake. In human skeletal muscle, FAT/CD36 translocates to the 

mitochondrial membrane by 120 min of moderate intensity exercise, however it is not increased 

at 30 min of exercise. FABPpm has also been shown to translocate to the PM and contribute to 

FA uptake in rat skeletal muscle, however the translocation of both FAT/CD36 and FABPpm 

have not been measured after exercise in either rats or humans. Translocation of FA transport 

proteins has not been examined in exercising animals or humans, and since electrical stimulation 

recruits all muscle fibres and exercise does not, it may not provide an accurate indication of the 

translocation patterns in a physiological model.  

Following moderate intensity exercise, FAs are preferentially oxidized instead of 

esterified in skeletal muscle. Arterial [FAf] remains elevated above basal levels for 

approximately 1.5 h following moderate intensity exercise, and although FA uptake decreases 

immediately upon cessation of exercise it remains elevated above basal levels for at least 20 – 30  

min post-exercise. In rat skeletal muscle the PM content of FAT/CD36 returned to basal levels 

by 45 min post-stimulation and this correlated with palmitate uptake. Translocation of FA 

transport proteins post-exercise has not been examined in humans.  
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It has been shown in humans that whole muscle content of FAT/CD36 and FABPpm, and 

PM content of FABPpm were increased in response to 6 wk HIIT, which corresponds with the 

classical training adaptation of increased fat oxidation. There was no change in PM content of 

FAT/CD36, which was surprising given its importance in FA uptake in skeletal muscle. Given 

that these measurements were taken at rest, it is possible that the translocation of FAT/CD36 to 

the PM would be increased if muscle were presented with an exercise challenge following 6 

weeks of training, since fat oxidation is increased compared to the same absolute workload pre-

training.  

FATP1 and 4 have also been identified in human skeletal muscle, and have the capacity 

for FA uptake. Their contribution to FA uptake in human skeletal muscle is poorly characterized 

due to lack of sufficient antibodies and low amounts of tissue, however since they are responsive 

to contraction in rat skeletal muscle it is possible that they will respond to exercise and training 

in humans. After 6 weeks of HIIT there was no change seen in whole muscle FATP4, however 

more recent work did show an increase after 5 weeks of endurance training. 

Therefore, the specific objectives of this thesis were to examine: 

1. Translocation of FAT/CD36 and FABPpm to the PM during an acute bout of moderate 

intensity exercise in human skeletal muscle and during the post-exercise period. 

2. If a correlation exists between increased FA transport content on the PM and an increase 

in palmitate uptake during moderate intensity exercise in rat skeletal muscle. 

3. If presenting an exercise challenge before and after 6 wk HIIT increases translocation of 

FA transport proteins to the PM and if this corresponds with increased whole body fat 

oxidation. 

4. If 6 wk of HIIT would increase whole muscle content of FATP1 and FATP4. 
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It was hypothesized that: 

1. (a) FAT/CD36 and FABPpm would translocate to the PM in human skeletal muscle 

during 120 min of moderate intensity exercise. 

(b) FAT/CD36 and FABPpm would translocate to the PM during 120 min of moderate 

intensity exercise, but return to basal levels by 45 min post-exercise. 

2.  FAT/CD36 and FABPpm would translocate to the PM in rat skeletal muscle during 120  

     min moderate intensity exercise and this would correlate with an increase in palmitate       

     uptake. 

3. (a) Six weeks of HIIT would increase PM content of FABPpm but not FAT/CD36 in  

resting skeletal muscle. 

      (b) Six weeks of HIIT would cause a further increase in the translocation of FAT/CD36  

      and FABPpm to the PM during moderate intensity exercise and this would correspond to     

      an increase in whole body fat oxidation compared to exercise pre-training. 

4. Six weeks of HIIT would increase whole muscle content of FATP1 and FATP4.  
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Chapter 3: Acute endurance exercise increases plasma membrane fatty acid 
transport proteins in rat and human skeletal muscle 

 
As published, with minor revisions: 
 
Bradley NS, LA Snook, S Jain, GJF Heigenhauser, A Bonen and LL Spriet.  Response of 
sarcolemmal FA transport proteins to moderate exercise in human and rat skeletal muscle. 
Am J Physiol Endo Metab. 302(2):E183-9. 2012. 
 
3.1 Abstract 
 

FA transport proteins are present on the PM and are involved in the uptake of FA into 

skeletal muscle. The present study determined if acute endurance exercise increased the PM 

content of FA transport proteins in rat and human skeletal muscle and whether the increase was 

accompanied by an increase in long chain FA transport in rat skeletal muscle. Sixteen subjects 

cycled for 120 min at ~60 ± 2% VO2 peak. Two skeletal muscle biopsies were taken at rest and 

again following cycling. In a parallel study, 8 Sprague-Dawley rats ran for 120 min at 20 m/min 

while 8 rats acted as non-running controls. Giant sarcolemmal vesicles were prepared and protein 

content of FAT/CD36 and FABPpm were measured in human and rat vesicles and whole muscle 

homogenate.  Palmitate uptake was measured in the rat vesicles.  In human muscle, PM 

FAT/CD36 and FABPpm protein contents increased 75% and 20% respectively, following 120 

min of exercise. In rat muscle, PM FAT/CD36 and FABPpm increased 20% and 30% 

respectively, and correlated with a 30% increase in palmitate transport following 120 min of 

running. These data suggest that the translocation of FAT/CD36 and FABPpm to the PM in rat 

skeletal muscle is related to the increase in FA transport and oxidation that occurs with 

endurance running. This study is also the first to demonstrate that endurance cycling induces an 

increase in PM FAT/CD36 and FABPpm content in human skeletal muscle, which is predicted to 

increase FA transport.  
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3.2 Introduction 

 During endurance exercise the substrates required to meet the energetic needs of muscle 

are provided from intramuscular fuel depots (glycogen and TAG) and from exogenously 

provided fuels (glucose and FA). The additional uptake of glucose is facilitated by the 

contraction-induced translocation of the glucose transporter GLUT4 from an intracellular storage 

depot to the PM in both rodents and humans (110). It was originally thought that the increased 

uptake of FA during exercise was regulated by their increased delivery to muscle. However in 

the past decade it has been determined that FA uptake across the PM is also a protein-mediated 

and regulated process.   

 Movement of FA across the PM in skeletal muscle appears to involve several proteins, 

including FA translocase/CD36 (FAT/CD36), FA binding protein (FABPpm) and a family of FA 

transport proteins (FATP1-6) (13, 51). There are indications that FAT/CD36 and FABPpm may 

interact to transport FA across the PM (29, 108).  However, it appears that FAT/CD36 is the key 

FA transport protein, as in muscle its ablation markedly blunted the AICAR-stimulated increase 

in FA oxidation and insulin-stimulated increase in TAG synthesis (14). 

 In skeletal muscle, FA transport proteins exist in intracellular vesicles and on the plasma 

and mitochondrial membranes.  Muscle contraction and insulin stimulation increase FA 

transport, and this has been attributed to the concurrent translocation of many of the FA transport 

proteins from their intracellular depots to the PM, namely FAT/CD36, FABPpm, FATP1 and 4, 

but not FATP6 (15, 67, 77). Our knowledge regarding the related signaling pathways involved is 

rudimentary, although it is known that insulin-stimulated FAT/CD36 is PI3-K dependent and 

that contraction-induced FAT/CD36 involves activation of the ERK1/2 signaling pathway (152) 

and appears to be AMPK dependent (28, 95, 103, 158). In rat muscle, the contraction-induced 
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up-regulation of FA transport can be prevented when PM FAT/CD36 is blocked (33, 103) 

indicating that this is likely the key FA transport protein. However, in muscle from obese 

individuals, in which the basal level of PM FAT/CD36 is already up-regulated, contraction-

induced increases in FA oxidation have been associated with a contraction-induced increase in 

PM FABPpm (60). Thus, it appears that the translocation of both FAT/CD36 and FABPpm to 

the PM is required to increase FA transport into contracting muscle, thereby providing additional 

substrate for oxidation during this metabolic challenge.   

 Until now the studies examining FA transport and FA transport protein translocation in 

muscle have been performed in rodents using electrically induced muscle contractions. These 

approaches were dictated by the need to obtain sufficient quantities of tissue for the measurement 

of FA transport and to ensure that all muscle fibers were contracting.  However, it has not been 

established, either in rodents or humans, whether FA transport proteins are translocated to the 

PM during exercise and whether this corresponds to increased FA transport. In humans, this is 

particularly difficult as the large tissue requirements (~1 g) for determining FA transport in 

muscle samples precludes such determinations. However, we are now able to determine PM FA 

transport protein content in biopsy samples of human muscle (148). Therefore, to examine 

whether exercise increases FA transport and the translocation of FA transport proteins 

(FAT/CD36 and FABPpm) we examined these questions in rat and human muscle before and 

after 120 min of acute treadmill running (rats) or cycle ergometer exercise (humans). The studies 

in rodents allowed us to examine exercise-induced changes in both FA transport and PM FA 

transport proteins, whereas in humans there was only sufficient tissue to examine exercise-

induced changes in PM FA protein contents.  
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3.2 Methods           

3.2.1 Subjects. Sixteen healthy, recreationally active individuals volunteered to participate (13 

male, 3 female; age = 22.5 ± 0.5 years; VO2 peak = 3.9 ± 0.2 L/min; height = 178 ± 2 cm; weight 

= 77 ± 3 kg). The experimental protocol was approved by the University of Guelph and 

McMaster University Research Ethics Boards.  

3.2.2 Pre-experimental protocol. Subjects visited the laboratory on two occasions prior to the 

experimental trial. They were asked to refrain from exercise for 48 h prior to each visit. At the 

first visit, subjects performed an incremental ride to exhaustion on a cycle ergometer (Lode Sport 

Excalibur, Quinton Instruments, The Netherlands) to determine peak pulmonary oxygen uptake 

(VO2 peak) using a metabolic cart (AEI MOXUS II Metabolic System, Pittsburgh, PA). On the 

second visit, subjects completed a practice ride to confirm a power output of 60% of VO2 peak 

and to verify that they were able to complete the 120 min ride.  

3.3.3 Experimental trial. Subjects arrived at the laboratory following an overnight fast. A 

catheter was inserted into a peripheral arm vein and both legs were prepared for muscle biopsies 

of the vastus lateralis muscle. Resting respiratory gases and blood samples were obtained and 

two muscle biopsies were obtained from one leg under local anaesthesia (2% xylocaine) as 

previously described (7). Subjects cycled for 120 min at 60% VO2 peak. Blood samples were 

taken at 15, 30, 60, 90 and 120 min and respiratory gases were sampled for 3 min every 20 min 

during exercise. Two muscle biopsies were obtained from the second leg immediately following 

120 min exercise (Figure 3.1). Heart rate was monitored throughout the trials using a Polar Heart 

Rate watch (Polar Electro, Finland). Subjects were allowed water ad libitum.  
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120 min cycling at 60% VO2 peak 
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Figure 3.1. Study design for 120 min of acute exercise. Two muscle biopsies were taken from 
the vastus lateralis at rest and immediately after 120 min of exercise and pooled. Blood samples 
were taken at 0, 15, 30, 60, 90 and 120 min. Breath samples were taken every 20 min in 3 min 
increments. VO2 peak, peak oxygen consumption. 
 

3.3.4 Muscle biopsies. The two muscle biopsies were pooled before exercise and again at 120 

min and used to isolate GSVs. Remaining tissue from the preparation of the vesicles was used 

for Western blotting analysis in whole muscle.  

To obtain sufficient GSVs to measure FA transport protein contents and rates of FA 

transport, ~1g of muscle tissue is required. This is considerably more than can be obtained using 

the needle biopsy technique (~80-200 mg/sample). Therefore, to determine exercise-induced 

changes in FA transport, as well as in homogenate and PM FABPpm and FAT/CD36, we 

conducted exercise studies in rats (i.e. no exercise vs. 120 min treadmill running at 20 m/min and 

0 % grade, equivalent to ~65% VO2 max)(52).   
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3.3.5 Animals. Female (n = 8) and male (n = 8) Sprague-Dawley rats were used in this 

experiment (weight = 150 – 200 g). The animals were housed in a controlled environment with a 

12:12-h light-dark cycle and were fed standard laboratory chow ad libitum. The animals were 

fasted overnight prior to experiments. This study was approved by the University of Guelph 

Animal Care Committee. 

3.3.6 Animal experiments. Four male and 4 female rats completed 120 min of treadmill running 

at 20 m/min on a rodent specific treadmill (Columbus Instruments, Columbus, Ohio) while 4 

male and 4 female rats acted as non-exercising controls. Immediately following exercise, all rats 

(control and exercised) were anesthetized with an intraperitoneal injection of sodium 

pentobarbital (6mg/100g body wt), and the gastrocnemius and tibialis anterior muscles were 

excised as quickly as possible.  

3.3.7 Preparation of giant sarcolemmal vesicles. GSVs have been characterized in great detail by 

us (16) and others (92, 108). GSVs were generated from pooled muscle samples as previously 

described (15, 70). Briefly, muscle tissue was cut into layers, 1-3 mm thick, and incubated for 60 

min at 34 oC in 140 mM KCl/10 mM MOPS (pH 7.4), aprotinin (30 !g · ml-1) and collagenase 

(type VII, 150 units/ml) in a shaking water bath. Following the incubation, the supernatant 

fraction was collected and the remaining tissue was washed with KCl/MOPS and 10 mM EDTA. 

The resulting supernatant fraction was pooled with the first. Percoll (G.E. Healthcare, Baie 

d’Urfe, Quebec), KCl and aprotinin were added to a final concentration of 3.5% (v/v) 20 mM 

and 10 !g/ml, respectively. The resulting suspension was placed at the bottom of a density 

gradent consisting of a 3 ml middle layer of 4% Nycodenz (w/v) and a 1 ml KCl/MOPS upper 

layer. It was then centrifuged at 60 x g for 45 min at room temperature. The vesicles were then 

harvested from the interface of the upper and middle layers, diluted in KCl/MOPS and re-



 32!

centrifuged at 12,000 x g for 5 min. The pellet was resuspended in KCl/MOPS and a portion was 

used immediately for transport experiments while the remainder was frozen for analysis by 

Western blot. 

3.3.8 Western blot analysis. Muscle (50-60 mg) was homogenized on ice in 1 ml of buffer 

containing Tris (50 mM), TritonX-100 (1% v/v), EGTA (1 mM), EDTA (1 mM), NaF (50 mM), 

sodium "-glycerol phosphate (10 mM), sodium pyrophosphate (5 mM), DTT (2 mM), sodium 

orthovanadate (1 mM), phenylmethylsulfonyl fluoride, (1 mM) and 10 !g/ml each of aprotinin, 

leupeptin and pepstatin A. After homogenization, the solution was sonicated (5 s) and set to rock 

end-over-end for 30 min at 4ºC. The solution was centrifuged at 1500 x g for 15 min at 4ºC and 

the supernatant collected. Samples were then analyzed for total protein (Bradford assay), and 20 

µg protein was loaded for Western blotting.   

 GSV samples were analyzed for total protein (BCA protein assay) and 10 µg loaded for 

Western blotting. 

 All samples were separated by electrophoresis on a 10% SDS-polyacrylamide gel and 

transferred to a polyvinylidene difluoride (PVDF) membrane. Membranes were blocked with 

7.5% bovine serum albumin, and immunoblotted overnight with primary antibodies specific for 

the proteins in question. The monoclonal antibody MO-25 and antisera against FABPpm were 

used to detect FAT/CD36 and FABPpm respectively (Gifts from Tandon NN and Calles-

Escandon J, respectively). Membranes were incubated for 1 h at room temperature with the 

corresponding secondary antibody, and the immunoreactive proteins were detected with 

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

densitometry (ChemiGenius2 Bioimaging, SynGene, Cambridge, U.K.). Alpha-tubulin was used 
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as a loading control on whole muscle homogenate, and all blots were stained with Ponceau-S to 

ensure equal loading of protein.  

3.3.9 Substrate transport.  Palmitate transport rates into GSVs were measured as previously 

described (8, 26).  Briefly, KCl/MOPS (40 !l, containing 0.1% BSA, unlabeled palmitate (14 

!M), radiolabelled 0.3 !Ci [3H]-palmitate, and 0.06 !Ci [14C]-mannitol (GE Health Care, Baie 

d’Urfe, Quebec) was added to 40 !l of vesicle suspension for 15 s. Palmitate uptake was 

terminated by the addition of 1.4 ml of ice-cold KCl/MOPS containing 2.5 mM HgCl2, and 0.1% 

BSA. The sample was centrifuged and radioactivity was measured in the remaining pellet. 

Nonspecific uptake was measured by adding the stop solution before addition of the radiolabeled 

palmitate solution. 

3.3.10 Blood analyses. Venous blood was collected in heparinized tubes and divided into two 

portions. One portion of whole blood (200 µl) was deproteinized with 6% perchloric acid (800 µl 

of 0.6 M HClO4), and centrifuged. The supernatant was removed and stored at -80oC for later 

analysis of glucose and lactate (6). The second portion was immediately centrifuged and the 

plasma was removed and stored at -80oC for later analysis of free FAs (Wako NEFA C-test kit, 

Wako Chemicals, Richmond, VA, USA).  

3.3.11 Calculations. Whole body carbohydrate (CHO) and fat oxidation rates (g/min) were 

calculated using the following equations: CHO oxidation = 4.585 * VCO2 (L/min) – 3.226 * VO2 

(L/min); fat oxidation = 1.695 * VO2 (L/min) – 1.701 * VO2 (L/min) (120).  

3.3.12 Statistics. All data are presented as means ± SEM. Differences between rest and 120 min 

exercise (ie. Muscle measurements analyzed by Western Blot) were analyzed with Student’s 

paired t test. One-way analysis of variance with repeated measures was used to determine 

significance in time-dependant measurements (ie. Blood, expired gas). Specific differences were 
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identified using a Fisher’s LSD post hoc analysis. Statistical significance was accepted at p < 

0.05. 

3.4 Results 

3.4.1 Metabolic responses and circulating substrates.  VO2 increased from the start of exercise 

to 2.23 + 0.12 L/min at 20 min of exercise (p < 0.05) and increased slightly throughout exercise, 

during which the respiratory exchange ratio (RER) decreased progressively from 0.92 ± 0.03 at 3 

min to 0.83 ± 0.03 at 120 min (p < 0.05, Table 3.1). Whole body fat oxidation rates increased by 

110% during exercise, from 0.36 ± 0.1 g/min at to 0.76 ± 0.1 g/min at 120 min (P < 0.05, Figure 

3.2), while carbohydrate oxidation decreased concomitantly from the start of exercise (1.7 ± 0.3 

g/min) to 120 min of exercise (1.3 ± 0.3 g/min, p < 0.05). Heart rate increased at the beginning of 

exercise (149 ± 6 bpm at 20 min vs. 121 ± 3 bpm at 3 min exercise, p < 0.05) and remained 

elevated throughout exercise, with a further increase at the end of exercise (156 ± 2 bpm at 120 

min, p < 0.05, Table 3.1). 

 Blood glucose was maintained for the first 60 min of exercise then decreased at 90 and 

120 min (p < 0.05, Table 3.2). Blood lactate increased from 0.3 ± 0.1 mM at rest to 2.2 ± 0.5 mM 

at 15 min (p < 0.05) and thereafter progressively decreased throughout exercise and plasma FA 

was increased at 60 min and continued to increase throughout the exercise bout (p < 0.05, Table 

3.2).  
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3.4.2 Homogenate and PM FAT/CD36 and FABPpm in human skeletal muscle.  As expected, 

120 min of exercise did not alter the expression of whole muscle homogenate FAT/CD36 or 

FABPpm contents, but increased PM FAT/CD36 by 75% and FABPpm by 20% (p < 0.05, 

Figure 3.3). 

3.4.3 Homogenate and PM FAT/CD36 and FABPpm in rat skeletal muscle.  As in the human 

studies, 120 min of exercise did not increase the total protein expression of FAT/CD36 and 

FABPpm in rat whole muscle (Figure 3.4). However, the PM content of both FAT/CD36 and 

FABPpm were increased (20% and 30% respectively, p < 0.05, Figure 3.4. These exercise-

induced changes in PM FA transport proteins coincided with a 30% increase in palmitate 

transport (p < 0.05, Figure 3.5). Loading controls (alpha-tubulin and Ponceau-S staining) 

indicated equal protein loading of all samples. 

3.4.4 FA transport in rat and human muscle. 

Exercise increased the rate of FA transport 30% in rat muscle (p < .05, Figure 3.5). For reasons 

noted above we could not determine rates of FA transport in human muscle. However, it is 

known that PM FAT/CD36 correlates highly with rates of FA transport in animal models. 

Therefore, we predicted the relationship between these parameters using data from studies in 

mice (70) and rat skeletal muscle (present study). Using a regression equation based on this 

rodent data (r=0.93, P=0.005) we predicted that the large increase in PM FAT/CD36 increased 

FA transport substantially in human muscle (p < 0.05, Figure 3.5).  
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 Table 3.1. Whole body metabolic measurements during 120 min cycling at ~60% VO2 peak. 
 

 3 20 40 60 80 100 120 
VO2, L/min 1.99 ± 0.14 2.23 ± 0.12# 2.31 ± 0.12#* 2.31 ± 0.11#* 2.34 ± 0.10#* 2.42 ± 0.11#* 2.40 ± 0.13#* 

RER 0.92 ± 0.03 0.91 ± 0.02 0.89 ± 0.02 0.90 ± 0.03 0.88 ± 0.03# 0.85 ± 0.03#* 0.83 ± 0.3#* 

Carbohydrate 
Oxidation, 
g/min 

1.7 ± 0.3 1.9 ± 0.2 1.7 ± 0.2 1.9 ± 0.3 1.8 ± 0.3 1.4 ± 0.3#* 1.3 ± 0.3#* 

Heart Rate, 
bpm 

121 ± 3 149 ± 6# 151 ± 5# 151 ± 5# 153 ± 5# 154 ± 5# 156 ± 2#* 

 
 
 Values are mean ± S.E.M (n = 10). #Significantly (p < 0.05) different from 3 min.*Significantly (p < 0.05) different from 20 min.  
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 Table 3.2. Whole blood measurements and plasma FA during 120 min of cycling at ~60% VO2 peak. 
 

 0 15 30 60 90 120 

Glucose, mM 5.0 ± 0.2 5.0 ± 0.2 5.0 ± 0.2 5.0 ± 0.2 4.4 ± 0.6* 4.3 ± 0.2* 

Lactate, mM 0.3 ± 0.1 2.2 ± 0.5* 1.4 ± 0.3* 1.1 ± 0.2* 1.1 ± 0.2* 0.8 ± 0.2*# 

FA, mM 
 

0.3 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.4 ± 0.1*# 0.7 ± 0.1*# 1.1 ± 0.1*# 

 
 
   Values are mean ± S.E.M (n = 10). *Significantly (p < 0.05) different from rest. #Significantly (p < 0.05) different from all previous     
   time points.  
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Figure 3.2. Whole body fat oxidation in human subjects during 120 min of cycling at 60% VO2 
peak. *significantly different from t = 20, p < 0.05.  

           
Figure 3.3. Human skeletal muscle protein content of FABPpm and FAT/CD36 at rest (clear 
bars) and after 120 min of cycling at 60% VO2 peak in whole muscle homogenate and giant PM 
vesicles. *significantly different from rest, p < 0.05.  
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z                          
Figure 3.4. Rat hindlimb muscle protein content of FABPpm and FAT/CD36 at rest (clear bars) 
and after 120 min of running (black bars) in whole muscle homogenate and giant PM vesicles. 
*significantly different from rest, p < 0.05.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5. Predicted relationship between PM FAT/CD36 content and FA transport in human 
skeletal muscle. Regression equation is based on rodent data from Jain et al (77) and the present 
data.  
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3.5 Discussion 

 In humans and rats prolonged endurance exercise is well known to increase FA oxidation. 

In the present study, we examined whether this was accompanied by an increase in skeletal 

muscle PM content of the FA transport proteins FAT/CD36 and FABPpm in response to 120 min 

of cycling (~60% VO2 peak) in human subjects.  Parallel studies were conducted in rats (120 min 

of treadmill running at ~65% VO2 max) (52). This is the first study to demonstrate that 

endurance exercise induced an increase in PM FAT/CD36 and FABPpm protein content in 

human muscle, which is predicted to increase FA transport. In the rat study, prolonged exercise 

also increased PM FAT/CD36 and FABPpm, as well as FA transport. This is the first study to 

demonstrate this in exercising rats. Interestingly, in rat muscle, the quantitative increase in PM 

FAT/CD36 was less than in human muscle. These studies demonstrated that the exercise-induced 

increase in muscle FA oxidation in humans was supported by a concomitant increase in the rate 

of FA transport and this appeared to be in part due to an increase in PM FAT/CD36 and 

FABPpm.  

3.5.1 PM FAT/CD36 and FABPpm contents and FA transport 

It has previously been shown in animal studies that electrical stimulation of muscle 

increased PM FAT/CD36 by 40-70% and this was accompanied by concurrent increases in 

palmitate transport across the PM (15, 77). These adjustments occurred very rapidly, as rates of 

FA transport were already increased by 20% within the first minute of contraction and continued 

to increase throughout the stimulation period (+29% at 5 min and +75% after 30 min) (15). 

Increases in FA transport rates also correlated with the frequency of stimulation (15). The central 

role of FAT/CD36 in up-regulating FA transport in response to metabolic challenges has been 

demonstrated by blocking PM FAT/CD36 and measuring an inhibition of the contraction-
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induced increase in FA transport (15).  In addition, studies in FAT/CD36 null mice have shown 

that basal FA uptake is inhibited, AICAR-stimulated FA uptake and oxidation are markedly 

blunted, and other FA transport proteins cannot compensate for the loss of FAT/CD36 (14).  

 In the present study, exercise also increased PM FABPpm in both rat and human skeletal 

muscle. The changes in rats corresponded to changes observed previously in electrically 

stimulated rodent muscles (60, 77).  The increase in FABPpm protein content did not correspond 

as closely with the predicted palmitate transport as FAT/CD36. However this is in agreement 

with previous work, demonstrating that although overexpression of FABPpm increased FA 

transport, it was not as effective as FAT/CD36 (115). It has been suggested that FABPpm may 

play an important role in stimulating FA transport and oxidation (28, 29, 60), possibly through 

interactions with FAT/CD36 and other FA transport proteins. 

The present study is the first to demonstrate that endurance exercise increased PM 

FAT/CD36 and FABPpm in both rat and human skeletal muscle.  In rats, this was accompanied 

by a concurrent increase in FA transport (+30%) and this was also predicted to occur in human 

muscle (based on rodent transport data and the FA transport protein content measured in 

humans). The magnitude of the increase in PM FAT/CD36 and palmitate transport was 

considerably less than has been observed in electrically stimulated muscle. This is not surprising, 

as electrical stimulation causes all muscle fibers to contract.  This is not the case in exercising 

animals, and for practical purposes several different muscles were pooled in the present study. 

These muscles may have participated to different extents during running and the reliance on 

selected muscle fibers may have also differed within the muscles. Thus, sampling exercising 

muscle in this manner presumably diluted some of the effects that occur in the most active 

muscles and their most active muscle fibers. We believe that this dilution is the most plausible 
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reason for the differences observed between electrically-stimulated muscle and contracting 

muscle during running. 

3.5.2 Signaling pathways 

A number of signals are activated by muscle contraction and exercise, some of which 

have been linked with translocation of FAT/CD36 to the PM, including ERK1/2 (152) and 

CAMKK activation (1). Others have reported that AMPK activation may induce the 

translocation of FAT/CD36 (28, 103, 158). Whether AMPK activation also induces the 

translocation of FABPpm is contradictory (78). Because of tissue limitations in the human 

studies we did not examine the activation of signaling proteins. During exercise, multiple 

signaling pathways are activated (61), and hence, in human studies in which tissue quantities and 

experimental interventions are limited, it would be difficult to determine the specific pathway(s) 

involved in inducing the translocation of FAT/CD36. 

3.5.3 Increased FA oxidation during endurance exercise 

  In addition to the increase in PM FAT/CD36 during endurance exercise in the present 

study, it has also been shown that FAT/CD36 content was increased on the mitochondrial 

membrane following 120 min of moderate intensity exercise in human skeletal muscle (67). 

These changes corresponded with an increased reliance on FAs as a fuel source, suggesting a 

relationship in which an intracellular signaling mechanism stimulates translocation of FA 

transport proteins to both the PM and mitochondria to produce a concerted effort in the cell to 

increase both uptake and oxidation of FA.  

 The increase in PM FAT/CD36 in human muscle (~75% increase) corresponded with an 

110% increase in whole body fat oxidation. Although we cannot determine a cause and effect 

relationship until we are able to measure FA transport in human muscle, this data along with the 
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strong correlation reported in rodent studies (14, 26, 95, 148) suggests that increased 

translocation of FAT/CD36 to the PM during acute exercise is related to the increase in FA 

oxidation.  In making these predictive measurements, we have noted that the sarcolemmal 

FAT/CD36 increased to a larger degree in human muscle compared to rat muscle in the present 

study. However it cannot necessarily be concluded that exercise induces a greater increase in PM 

FAT/CD36 in humans. A number of considerations preclude such a direct comparison, including 

differences in muscle sampling in rats and humans, and differences in basal levels of FAT/CD36. 

It is also important to state that other factors may play different roles in determining skeletal 

muscle FA oxidation between the species, including the level of circulating plasma FAs, the 

importance of intramuscular fat use and mitochondrial FA uptake. Moreover, the intent of the 

present study was not to compare directly the effects of exercise on PM FAT/CD36 contents 

between species. Rather, the animal studies were included to provide a direct assessment of FA 

transport in relation to changes in PM FAT/CD36, something that, as noted above, was not 

possible in human muscle. It should be noted that increased delivery of FA to skeletal muscle 

may also be a substantial contributing factor to the increase in FA oxidation during moderate 

intensity exercise, as it has been shown that increasing FA delivery artificially can increase 

oxidation. It was not within the scope of this paper to examine the separate contributions of 

transport and delivery of FAs, however this is an area well worth examining. 

3.5.4 Summary  

This is the first study to demonstrate that the PM content of FA transport proteins was 

increased in both rat and human skeletal muscle following 120 min of endurance exercise.  In rat 

muscle, both PM FAT/CD36 and FABPpm were increased (20% and 30% respectively), which 

corresponded to a 30% increase in palmitate transport. In human skeletal muscle, PM FAT/CD36 
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and FABPpm were also increased (75% and 20% respectively). Although it was not possible to 

measure palmitate transport in the human muscle, we predicted that the increase in FAT/CD36 

corresponded to an ~100% increase in palmitate transport (based on rodent data), which closely 

matched the increase in whole body FA uptake over the exercise period.  These data suggest that 

the translocation of FAT/CD36 and FABPpm to the PM in mammalian skeletal muscle is 

directly related to the increase in FA transport and oxidation that occurs with endurance exercise. 
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Chapter 4: Post-exercise translocation of fatty acid transport proteins in 
human skeletal muscle 

 
4.1 Abstract 
 
 During the post-exercise period, a primary initiative of skeletal muscle is to replenish 

glycogen stores and restore fuel homeostasis. Plasma FA are an important fuel source during this 

time, however the mechanisms involved in controlling their uptake and oxidation are not well 

understood. The purpose of the present study was to examine the translocation of FA transport 

proteins to the PM during moderate intensity prolonged exercise and subsequent translocation 

away from the membrane during the immediate post-exercise period. Fourteen recreationally 

active males cycled for 120 min at 60% VO2 peak then relaxed on a bed for 45 min. Two muscle 

biopsies were taken at rest, immediately after 120 min exercise, 15 min post-exercise and 45 min 

post-exercise. Samples at each time point were pooled and GSVs were prepared. Protein content 

of FAT/CD36 and FABPpm were measured in GSVs and whole muscle. Whole body fat 

oxidation increased by 84% from 15 to 120 min of exercise, then decreased during recovery, 

although the relative contribution of fat oxidation was higher post-exercise (66% compared to 

46% during exercise. PM FAT/CD36 increased with exercise (81%, p < 0.05) and further 

increased by 45 min post-exercise (120% compared to rest, p < 0.05). FABPpm increased with 

exercise (31%, p < 0.05) and returned to basal levels by 15 min post-exercise. These data suggest 

that translocation of FAT/CD36 and FABPpm are regulated by separate mechanisms post-

exercise. Although there is a significant decrease in FA uptake, plasma FA remains elevated 

post-exericse and may be signaling translocation of FAT/CD36 to the PM. 

4.2 Introduction 
 
 Fatty acids are an important energy source during moderate intensity exercise. During the 

post-exercise period, skeletal muscle continues to take up plasma FA to use as fuel so that 
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glucose can be used for glycogen resynthesis (19, 63, 88). Relative to carbohydrate, FA 

oxidation remains high for up to 18 h post-exercise (86, 88).  However, there is a substantial 

decrease in FA uptake within the first 20 min after the cessation of exercise since the energy 

demand of the muscle has decreased, as well as the release of FA from adipose tissue (156).   

The majority of FA uptake in skeletal muscle is mediated by a combination of several FA 

transport proteins. The FA transport proteins identified to date in skeletal muscle that are 

involved in FA uptake are FA translocase (FAT/CD36), PM-associated FA binding protein 

(FABPpm), and FA transport proteins (FATP) 1 and 4 (13, 51). Both FAT/CD36 and FABPpm 

have been shown to translocate to the PM from an intracellular depot in response to 120 min 

moderate intensity exercise in human skeletal muscle (20). In rat muscle, an increase in PM 

FAT/CD36 was seen in response to 30 min of electrical stimulation, and by 45 min post-exercise 

the PM protein content had returned to pre-exercise levels, as had palmitate uptake (15). The 

translocation of FA transport proteins away from the PM has not been examined in human 

muscle.  

Several studies have shown an increased reliance on fat, and sparing of carbohydrate, 

during recovery from moderate intensity exercise (40-75% VO2 max) (10, 86, 88, 93, 156). Van 

Hall et al (156) measured leg FA uptake using arterial-venous differences during and after 120 

min of one-legged exercise at 65% VO2 max, and found that leg FA uptake decreased rapidly in 

the first 20 min post-exercise, with a continuous slow decline to reach pre-exercise levels at 1.5 h 

post-exercise.  Arterial FA concentration increased throughout exercise then decreased 

immediately upon cessation of exercise, however it remained elevated above basal levels 

throughout the post-exercise period (156). Although leg FA uptake decreased compared to the 

end of exercise, the amount of FA taken up and oxidized to CO2 remained elevated until 1.5 h 
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post-exercise, indicating a preference for oxidation as opposed to esterification and storage of fat 

during the post-exercise period. The mechanisms regulating the uptake and assignment of FA to 

either oxidation or esterification are not well understood. It is possible that the decrease in uptake 

is a result of removal of FA transport proteins from the PM, as their presence has been shown to 

be directly correlated to FA uptake (17, 91). 

While there is an increased reliance on FA during recovery from moderate intensity 

exercise, the finite amount of FA uptake still decreases exponentially upon completion of 

exercise. Therefore, the purpose of this study was to examine the contribution of FA transport 

proteins for the decrease in FA uptake during recovery from moderate intensity exercise. We 

hypothesized that the FA transport proteins, FAT/CD36 and FABPpm would translocate to the 

PM during 120 min exercise at 60% VO2 peak as we have seen previously, and return to basal 

levels by 45 min recovery from exercise. 

4.3 Methods           

4.3.1 Subjects. Fourteen healthy, recreationally active males volunteered to participate (age = 

21.9 ± 0.7 years; VO2 peak = 4.1 ± 0.2 L/min; height = 180 ± 2 cm; weight = 78 ± 2 kg). The 

experimental protocol was approved by the University of Guelph and McMaster University 

Research Ethics Boards.  

4.3.2 Pre-experimental protocol. Subjects visited the laboratory on two occasions prior to the 

experimental trial. They were asked to refrain from exercise for 48 h prior to each visit. See 

Chapter 3.3 for details. Three hours prior to the experimental trial, subjects were fed a standard 

meal including a whole-wheat bagel with cream cheese (392 kcal, 61% CHO, 25% fat, 14% 

protein). 
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4.3.3 Experimental trial. A catheter was inserted into a peripheral arm vein and both legs were 

prepared for muscle biopsies of the vastus lateralis muscle. (JH,  ) Resting blood samples were 

obtained and two muscle biopsies were obtained from one leg under local anaesthesia (2% 

xylocaine) as previously described (7). Subjects cycled for 120 min at 60% VO2 peak then rested 

on a bed for 45 min of recovery. Blood samples were taken at 15, 30, 60, 90 and 120 min of 

exercise and 15, 30 and 45 min post-exercise, and respiratory gases were sampled for 3 min 

every 20 min during exercise, and 3 min every 15 min of recovery. Two muscle biopsies were 

obtained from the second leg immediately following 120 min exercise (Figure 4.1). Heart rate 

was monitored throughout the trials using a Polar Heart Rate watch (Polar Electro, Finland). 

Subjects were allowed water ad libitum.  

4.3.4 Muscle biopsies. The two muscle biopsies were pooled before exercise and again at 120 

min of exercise, 15 min post-exercise and 45 min post-exercise and used to isolate GSVs. 

Remaining tissue from the preparation of the vesicles was used for Western blotting analysis in 

whole muscle. 

4.3.5 Preparation of giant sarcolemmal vesicles. GSVs were generated from pooled muscle 

samples as previously described (15, 70). See Chapter 3.3 for detailed description. 

4.3.6 Western blot analysis. Western blot analyses were performed as described previously. See 

Chapter 3.3 for detailed description.  
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Figure 4.1. Study design for acute exercise and post-exercise. Subjects completed a 120 min 
experimental cycling trial at 60% pre-training VO2 peak then rested on a bed for 45 min. Muscle 
biopsies were taken before and after exercise, at 15 min post-exercise and at 45 min post-
exercise. Blood and gas samples were taken throughout each experimental trial.  
 

4.3.7 Blood analyses. Analyses of venous blood samples were performed as described 

previously. See Chapter 3.3 for detailed description.  

4.3.8 Calculations. See Chapter 3.3 for detailed description of all calculations. 

4.3.9 Statistics. All data are presented as means ± SEM. Data were only analyzed when all time 

points were available (ie. If a data point was missing for one subject, that subject’s data was not 

analyzed). One-way analysis of variance with repeated measures was used to determine 

significance in all measurements. Specific differences were identified using a Fisher’s LSD post 

hoc analysis. Statistical significance was accepted at p < 0.05. 
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4.4 Results 
 
4.4.1 Metabolic responses and circulating substrates.  VO2 increased throughout exercise from 

2.45 ± 0.14 L/min at 20 min to 2.65 ± 0.14 L/min at 120 min (p < 0.05, Table 4.1). In the first 15 

min of recovery, VO2 decreased to 0.49 ± 0.08 L/min and remained consistent through 45 min 

post-exercise.   The RER decreased progressively from 0.90 ± 0.02 at 20 min to 0.83 ± 0.01 at 

120 min (p < 0.05, Table 4.1). It further decreased upon cessation of exercise to 0.79 ± 0.06 at 15 

min post-exercise and remained consistent through 45 min. Whole body fat oxidation rates 

increased by 84% during exercise, from 0.44 ± 0.08 g/min at 20 min of exercise to 0.81 ± 0.05 

g/min at 120 min (p < 0.05). Upon completion of exercise, fat oxidation decreased (0.15 ± 0.04 

g/min at 15 min post-exercise) and remained consistent through 45 min post-exercise (p < 0.05, 

Table 4.1). Carbohydrate oxidation decreased concomitantly throughout exercise (2.19 ± 0.24 

g/min at 20 min to 1.56 ± 0.16 g/min at 120 min, p < 0.05), and decreased post-exercise (0.31 ± 

0.12 g/min at 15 min of post-exercise and 0.27 ± 0.11 g/min at 45 min post-exercise, p < 0.05, 

Table 4.1). Overall, fat oxidation contributed 46% of energy during exercise and 66% of energy 

during 45 min post-exercise, while carbohydrate oxidation contributed 54% and 34% 

respectively.  

! Blood glucose was maintained throughout exercise (p < 0.05, Table 4.2). Plasma FA was 

increased at 90 min and continued to increase reaching 1.22 ± 0.15 mM at 120 min (p < 0.05, 

Table 4.2). Plasma FA increased further to 1.89 ± 0.23 mM by 15 min post-exercise (p < 0.05), 

then decreased to 1.59 ± 0.18 mM by 30 min (p < 0.05) and remained constant through 45 min 

post-exercise (Table 4.2). Blood lactate increased in the first 15 min of exercise from 1.1 ± 0.2 

mM at rest to 2.0 ± 0.1 mM at 15 min (p < 0.05), and decreased throughout the remainder of 

exercise to 1.4 ± 0.1 mM at 120 min (p < 0.05, Table 4.2). Blood lactate decreased to 1.1 ± 0.2 
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mM by 15 min post-exercise and remained constant through the remainder of the post-exercise 

period.  

4.4.2 FAT/CD36 and FABPpm.  As expected, 120 min of exercise and 15 and 45 min of recovery 

did not alter the expression of whole muscle homogenate FAT/CD36 or FABPpm contents 

(Figure 4.2).  PM FAT/CD36 increased 81% by 120 min of exercise, and increased further 

during recovery (+108% at 15 min and +120% at 45 min post-exercise compared to rest, p < 

0.05, Figure 4.3).  FABPpm increased by 31% during exercise, and returned to basal levels by 15 

min recovery (p < 0.05, Figure 4.4). 
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Table 4.1. Whole body metabolic responses to 120 min cycling at 60% VO2 peak followed by 45 min resting recovery. 
 

Time VO2, L/min RER Rate of fat oxidation, 
g/min 

Rate of carbohydrate 
oxidation, g/min 

2.45 ± 0.14 0.90 ± 0.02 0.44 ± 0.08 2.19 ± 0.24 

2.49 ± 0.14 0.87 ± 0.02 0.56 ± 0.07* 1.95 ± 0.22* 
2.57 ± 0.15 0.87 ± 0.01 0.60 ± 0.06* 1.95 ± 0.18* 
2.54 ± 0.17 0.83 ± 0.01* 0.77± 0.07* 1.50 ± 0.19* 
2.53 ± 0.15 0.84 ± 0.01* 0.74 ± 0.07* 1.57 ± 0.20* 

20 
40 

Exercise                60 
80 

100 
120 

2.65 ± 0.14* 0.83 ± 0.01* 0.81 ± 0.05* 1.56 ± 0.16* 
0.49 ± 0.08^ 0.79 ± 0.06^ 0.15 ± 0.04^ 0.31 ± 0.12^ 

0.45 ± 0.06^ 0.82 ± 0.05^ 0.12 ± 0.04^ 0.32 ± 0.15^ 

            +15 
 Recovery           +30 

+45 
0.48 ± 0.08^ 0.80 ± 0.04^ 0.23 ± 0.08^ 0.27 ± 0.11^ 

 
Note: Values are ± standard error of the mean (SEM), n = 9. VO2, oxygen consumption; RER, respiratory exchange ratio.*Significantly different from 20 min 
exercise (p < 0.05). ^Significantly different from all exercise time points (p < 0.05).  
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Table 4.2. Venous blood and plasma metabolite concentrations during 120 min cycling at 60% VO2 peak and 45 min resting post-
exercise. 
 
Time, min Glucose, mmol/L Lactate, mmol/L Free FAs, mmol/L 

4.9 ± 0.3 1.1 ± 0.2 0.30 ± 0.10 

4.9 ± 0.1 2.0 ± 0.1* 0.31 ± 0.02 
4.8 ± 0.2 1.8 ± 0.2* 0.38 ± 0.02 
4.7 ± 0.2 1.4 ± 0.2* 0.40 ± 0.07 
4.8 ± 0.2 1.4 ± 0.1* 0.80 ± 0.12*# 

0 
15 
30 

Exercise            60 
90 

120 
4.7 ± 0.2 1.4 ± 0.1* 1.22 ± 0.15*  
4.6 ± 0.2 1.1 ± 0.2# 1.89 ± 0.23*# 

4.7 ± 0.1 1.1 ± 0.2# 1.59 ± 0.18*#+ 

+15 
Recovery        +30 

+45 4.7 ± 0.2 1.0 ± 0.2# 1.54 ± 0.18*#+ 
 
Note: Values are ± standard error of the mean (SEM), n = 10.  
*Significantly different from 0 (p  < 0.05). #Significantly different from 120 (p < 0.05). +Significantly different from +15 min (p < 0.05).  
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  FAT/CD36 
 
  FABPpm 
 
              Rest        Ex       +15       +45 

        
 
Figure 4.2. Whole muscle FAT/CD36 and FABPpm protein content at rest, after 120 min 
cycling at 60% VO2 peak, and at 15 and 45 min post-exercise.  All values are represented as 
mean ± SEM for 9 subjects.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 55!

 
 
 
 
 

        Rest         Ex        +15        +45 
             

              
 
Figure 4.3. PM protein content of FAT/CD36 measured in giant sarcolemmal vesicles at rest, 
after 120 min cycling at 60% VO2 peak, and at 15 and 45 min post-exercise. All values are 
represented as mean ± SEM for 12 subjects. aSignificantly different from rest, p < 0.05. 
bSignificantly different from 120 min exercise, p < 0.05. 
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                       Rest             Ex           +15         +45 
 
 

                  
 
Figure 4.4. PM protein content of FABPpm measured in giant sarcolemmal vesicles at rest, after 
120 min cycling at 60% VO2 peak, and at 15 and 45 min post-exercise. All values are 
represented as mean ± SEM for 12 subjects. a Significantly different from rest, p < 0.05. b 

Significantly different from 120 min exercise, p < 0.05. 
 
4.5 DISCUSSION 
 
 The present study was designed to examine the translocation of the FA transport proteins 

FAT/CD36 and FABPpm from the PM after moderate intensity exercise in human skeletal 

muscle. This study demonstrates that (a) PM FAT/CD36 remains increased for 45 min after 

completing 120 min moderate intensity exercise, (b) this corresponds with a decrease in RER, 

indicating increased reliance on fat as a fuel during 45 min post-exercise, and (c) PM FABPpm 

content is returned to basal levels by 15 min after completing 120 min moderate intensity 

!!!!"!
!!!$!
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exercise.  It is paradoxical to see even more FAT/CD36 move to the membrane post-exercise 

when the absolute amount of FA entering the muscle has decreased, and this finding was 

contrary to our hypothesis. This study indicates that FAT/CD36 and FABPpm are regulated 

differently from each other during recovery from exercise, and that the signaling pathways 

controlling their translocation are at least partially distinct.  

4.5.1 Fat oxidation 

In the present study, whole body fat oxidation increased to 0.81 ± 0.05 g/min at 120 min 

exercise, which agrees with previous work (128). At moderate power outputs (55-75%), the 

muscle is able to maintain intensity without relying as heavily on carbohydrate, as it must at 

higher power outputs, therefore the cell is able to spare some glycogen stores and prolong time to 

fatigue (34). During the post-exercise period following moderate intensity exercise, it has been 

shown that skeletal muscle continues to rely heavily on FA as a fuel source, with the primary 

goal being directing the incoming glucose towards replenishment of glycogen (19, 63, 88).   

Fat oxidation accounted for 66% of energy expenditure during 45 min of post-exercise in 

the present study, and plasma FA remained elevated throughout the post-exercise period, which 

agrees with previous work. Although fat metabolism continues to provide a large portion of 

energy to the muscle cell during recovery, it should be noted that there is still a substantial 

decrease in energy expended once exercise ceases. It has also been shown that within the first 20 

min after completion of exercise, there is a notable decrease in FA uptake, and it can reach basal 

levels by 30 min post-exercise (156). IMTGs have been shown to contribute 20-30% of energy 

expended during exercise at 60% VO2 max, but are not used to any great extent during recovery 

(88), although others have disagreed (86) therefore we can assume that the majority of fat 

metabolized during the recovery period in the present study is from plasma FA.  
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Whole body RER is not an ideal measurement of fat oxidation at the level of skeletal 

muscle during the post-exercise period since CO2 may be diverted to the bicarbonate buffer 

system or to other synthetic processes and skeletal muscle does not dominate energy expenditure 

as it does during exercise. Despite this, it is commonly used as an estimate of the respiratory 

quotient at the muscle since it is far less invasive than measuring the arterial-venous difference. 

In support of the application of whole body measurements in this study, van Hall et al (156) 

reported an agreement between whole body RER and RQ measured across the leg over 180 min 

post-exercise following 2 h of leg extensor exercise at 65% VO2 max.  

4.5.2 FA transport proteins 

This is only the second study to show that FAT/CD36 and FABPpm translocate from 

intracellular depots to the PM in response to exercise in human skeletal muscle, and the findings 

of the present study corroborate those of the first (20). The content of FA transport proteins on 

the PM was correlated to FA uptake in previous studies with rats (15, 20), and PM FAT/CD36 

content returned to basal levels by 45 min post-stimulation, which also correlated with FA 

uptake (15).  

In the present study, PM FAT/CD36 increased 81% with exercise, which agrees with 

previous work (20), and it further increased to 120% of resting levels by 45 min post-exercise. 

While the post-exercise increase is in contrast to Bonen et al (15), the present study was not only 

a human study (as opposed to rat), but also involved exercise instead of electrical stimulation, 

which activates muscle fibres to a different extent. The duration of the contraction in the present 

study was also substantially longer, at 120 min exercise compared to 30 min of electrical 

stimulation. Although it was not possible to measure transport in the present study, as a result of 

low tissue amounts, it has been shown previously that PM FAT/CD36 content correlates with FA 
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uptake in GSV (17, 91), however this relationship does not appear to hold true during the post-

exercise period. Following cessation of exercise, IMTG use decreases to negligible amounts (88, 

128), so the large reliance on fat oxidation during the post-exercise period in the present study 

can be attributed to uptake of plasma FA. However, since van Hall et al (156) showed that FA 

uptake decreases rapidly in the first 20 min post-exercise, the relationship between PM 

FAT/CD36 and FA uptake likely does not correlate during this period, since the present study 

has shown an increase in PM FAT/CD36. Therefore, the signals responsible for the translocation 

of FAT/CD36 during exercise do not appear to be regulating its response during the post-

exercise period. These signals are potentially being overridden by more potent stimuli, such as 

the increase in plasma [FAf] or an increase in insulin sensitivity. The involvement of increasing 

plasma [FAf] could be examined by adding active recovery (such as light walking) or a post-

exercise meal, as this would attenuate the post-exercise increase in plasma [FAf]. An increase in 

insulin sensitivity is skeletal muscle has been seen following a single exercise bout (127, 164). 

This is at least partly attributable to an increase in GLUT4 translocation, and as FAT/CD36 has 

been shown to share at least part of the GLUT4 signaling pathway (77), perhaps the mechanisms 

causing increased insulin sensitivity post-exercise may also be involved in the increase in PM 

content of FAT/CD36. Previous work has demonstrated that increases in the insulin signaling 

pathway are downstream of Akt2, and may include Rac1, aPCK, TBC1D1 and/or TBC1D4 

(111), therefore future studies investigating the regulation of FAT/CD36 during the post-exercise 

period should examine the responses of these proteins. 

PM FABPpm also increased with exercise, as seen previously in human muscle (20). 

Unlike FAT/CD36, however, it returned to basal levels by 15 min post-exercise, indicating a 

different method of regulation for FABPpm during this period. Jain et al (77) used insulin and 
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contraction separately and in an additive manner to show that FAT/CD36 and FABPpm are not 

controlled entirely by the same signaling pathways. Both translocated to the PM in response to 

insulin and contraction, however when both stimuli were applied, an additive effect was seen 

only in FAT/CD36. The current study supports a signaling pathway for FABPpm that is 

divergent from that of FAT/CD36. While FA uptake and oxidation remain elevated during 

exercise, there is a substantial decrease in FA uptake immediately upon cessation of exercise 

(156). While the continued uptake of FA post-exercise may be sustaining the presence of 

FAT/CD36 at the PM, the current data suggests that an alternate signal is controlling the 

translocation of FABPpm. Since FABPpm translocates away from the PM within 15 min of the 

completion of exercise, it's possible that an exercise-related factor is responsible for its 

translocation. Activation of the AMPK (28, 103, 158), CAMKK (1) and ERK 1/2 (152) 

pathways have all been implicated as potential activators of the translocation of FA transport 

proteins, and although low tissue amounts did not allow for their investigation in the present 

study, it would be worth examining in the future to try to disseminate the mechanisms 

controlling the different FA transport proteins.   

Giant sarcolemmal vesicles are a very useful tool in examining translocation of FA 

transport proteins to the PM and concurrent FA uptake as they do not contain the potential 

confounding variables of metabolic machinery. The results of the present study suggest that in a 

physiologic situation, there may be other factors affecting the relationship between PM content 

of FAT/CD36 and FA uptake which are not present in the GSV preparation. These are likely 

metabolic as that is the physiological component that is absent in GSVs. Since FAT/CD36 

translocation to the PM increases within 15 min post-exercise when FA uptake is decreasing, it 

would seem that either an external factor, such as the decrease in blood flow, or an internal 
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metabolic factor not present in the GSV preparation, is impeding FA uptake, and therefore more 

FAT/CD36 is moving to the PM to counter it.  

In the present study, subjects were not fed post-exercise, as the primary goal was to 

observe the translocation of FA transport proteins after exercise, without other confounding 

factors being introduced. Consumption of a high carbohydrate meal post-exercise causes an 

increase in circulating insulin and subsequent decrease in plasma [FAf], therefore if the plasma 

[FAf] are contributing to an increase in PM content of FAT/CD36 post-exercise, this effect may 

be diminished with a post-exercise meal. It is common for athletes to consume a meal high in 

carbohydrate following exercise to help replenish glycogen stores, so the effects of a post-

exercise meal on the response of FA transport proteins should be examined in the future.  

4.5.3 Summary 

 This is the first study to examine the content and potential translocation of FA transport 

proteins during recovery from exercise in human skeletal muscle. After 45 min of recovery from 

120 min moderate intensity exercise, PM FAT/CD36 continued to increase beyond exercise 

levels, which corresponded to a continued heavy reliance on fat as a fuel. In contrast, PM 

FABPpm increased during exercise, but promptly returned to basal levels by 15 min recovery. 

These data suggest that FAT/CD36 plays a role in maintaining FA uptake during recovery from 

exercise and that there are diverging signaling pathways for FAT/CD36 and FABPpm.  
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 Chapter 5: Effects of high intensity intermittent training (HIIT) on resting 
and exercise-induced plasma membrane FA transport proteins.  

 
5.1 Abstract 
 
 Previous work demonstrated that the content of PM FA translocase (FAT/CD36) and FA 

binding protein (FABPpm) were acutely increased (translocation) during prolonged moderate 

intensity exercise, during which whole body fat oxidation increased 2-fold in a group of 

untrained men. In addition, 6 weeks of high-intensity interval training (HIIT) increased the 

resting PM content of FABPpm, but not FAT/CD36 in women at rest. This study examined the 

response of PM FAT/CD36 and FABPpm, as well as whole muscle content of several FA 

transport proteins, at rest and after 120 min of acute moderate intensity exercise, both prior to, 

and following 6 weeks of HIIT in males. Fourteen recreationally active men trained 3 days/week 

for 6 weeks (18 sessions) on a cycle ergometer. Training consisted of 10 x 4 min bouts at ~90% 

VO2 peak, separated by 2 min of rest. Training power outputs were increased to maintain heart 

rate at ~90% of maximum. A VO2 peak test was conducted pre- and post-training, as well as a 

120 min ride at ~60% of pre-training VO2 peak. Two skeletal muscle biopsies were taken at rest 

and again following 120 min of cycling and expired gases were sampled throughout exercise. 

Giant sarcolemmal (PM) vesicles were prepared from the muscle biopsies. VO2 peak increased 

by 15% (3.9 ± 1.6 to 4.5 ± 1.6 L/min, p < 0.05) following training, and whole body fat oxidation 

increased by 27% during 120 min of exercise (pre-training = 84.1 ± 1.5 g, post-training = 107.0 

± 1.6 g, p < 0.05). Whole muscle FAT/CD36 (50%), FABPpm (21%) and FATP4 (25%) were 

increased at rest following training, while FATP1 was unchanged. PM FAT/CD36 and FABPpm 

increased after 120 min of exercise, but there was no further increase following training 

(FAT/CD36 pre-training = +73%, post-training = +62%; FABPpm pre-training = +23%, post-

training = +21%). There was no change in PM content of FAT/CD36 or FABPpm at rest 
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following training. This is the first study to examine translocation of FA transport proteins 

during moderate intensity exercise following training. These results suggest that the increases in 

PM fat transport proteins are important for increasing plasma free FA transport into skeletal 

muscle and ultimately increasing oxidation during prolonged moderate intensity exercise.  

 
5.2 Introduction 
 
 Training induces a number of changes in the makeup of skeletal muscle, most 

importantly an increase in mitochondrial volume, which provides a greater capacity for provision 

of energy through oxidative phosphorylation (54, 65, 72, 134). This, along with an increase in 

FA delivery, allows for a greater reliance on fat oxidation at the same absolute power output at 

moderate intensities while sparing carbohydrate (64, 83, 85).  

 Another point of control of fat metabolism is the uptake of FAs into the muscle cell by a 

collection of FA transport proteins. FA translocase (FAT/CD36), FA binding protein (FABPpm) 

and FA transport proteins (FATP) -1 and -4 have all been shown to be involved in the transport 

of FAs into skeletal muscle (for review see (13, 51)). These proteins exist intracellularly in 

skeletal muscle, on the PM, and some are also present on the mitochondrial membrane. Muscle 

contraction (through electrical stimulation), exercise and insulin stimulation increase FA 

transport, and this has been attributed to the concurrent translocation of many of the FA transport 

proteins from their intracellular depots to the PM, in a similar manner to the glucose transporter 

(15, 20, 67, 77). 

 In Chapter 3 we reported that after an acute bout of moderate intensity exercise (60% 

VO2 peak), PM FAT/CD36 and FABPpm were increased 75% and 20% respectively, which 

corresponded to an ~110% increase in whole body fat oxidation (20). Following 6 weeks of 

HIIT, an increase in whole muscle FAT/CD36 and FABPpm has been seen in previously 
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untrained males and females, which could contribute to the increase seen in whole body fat 

oxidation (121, 148).  However since total protein content is not the physiologically relevant 

measure, it was important to examine the translocation of FA proteins to the PM as well. 

Talanian et al (148) showed that there was a 23% increase in PM FABPpm in previously 

untrained females following 6 weeks of HIIT, however they saw no change in FAT/CD36. Since 

FAT/CD36 has been shown to be a primary contributor to PM FA transport (33, 103), it was 

surprising that no increase in resting FAT/CD36 PM content was present following 6 weeks of 

HIIT. It may be that while no increase was seen in PM FAT/CD36 at rest following training, 

there may be a greater increase when the muscle is challenged with exercise, to allow for 

increased uptake of FAs.  

FATP1 and 4 are far less characterized than FAT/CD36 and FABPpm due to the lack of 

availability of sufficient antibodies. It has been shown that they both translocate to the PM in 

response to an acute electrical stimulation in rat skeletal muscle (77). Perry et al (121) saw no 

change in whole muscle FATP4 following 6 weeks of HIIT, however the response of FATP1 to 

training has not been examined.  

Therefore, the purpose of the present study was to investigate the expression of FA 

transport proteins following 6 weeks of HIIT at rest, and translocation of FA transport proteins 

after an acute bout of moderate intensity exercise, in recreationally active males. We 

hypothesized that HIIT would (i) Increase VO2 peak and peak training power output, as well as 

whole body fat oxidation during 120 min cycling at 60% of pre-training VO2 peak; (ii) Increase 

whole muscle protein content of FAT/CD36, FABPpm, FATP1 and FATP4; (iii) Increase PM 

content of FABPpm at rest; (iv) Increase translocation of FAT/CD36 and FABPpm to the PM 

during 120 min cycling at 60% of pre-training VO2 peak, post-training compared to pre-training.  
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5.3 Methods           

5.3.1 Subjects. Fourteen healthy, recreationally active males volunteered to participate (n = 14; 

age = 21.7 ± 0.6 years; VO2 peak = 3.9 ± 0.2 L/min; height = 181 ± 2 cm; weight = 80 ± 4 kg). 

Prior to beginning the study, subjects did not participate in structured training programs, but did 

participate in some form of aerobic activity for ~1 hr/d, 2-3 d/week. Subjects were asked not to 

alter their diet or exercise during the course of the study, and to notify the experimenters if there 

were any changes. The experimental protocol and associated risks were explained orally and in 

writing to all subjects before written consent was obtained. The experimental protocol was 

approved by the University of Guelph and McMaster University Research Ethics Boards.  

5.3.2 Study design. Subjects completed 6 weeks of HIIT training on a cycle ergometer (see HIIT 

protocol). Before beginning training, subjects completed a VO2 peak test, a practice ride to elicit 

60% of VO2 peak and 90% of HR max, and an experimental trial (Ex1; Fig. 1). Post-training, 

subjects repeated the VO2 peak test and Ex2. All test days were at least 48 h apart. Subjects were 

asked to refrain from exercise, alcohol and caffeine consumption for 24 h prior to each trial and 

to consume the same diet for trials pre- and post-training. Diets were tracked using three-day 

dietary records. Three hours prior to each experimental trial, subjects were fed a standard meal 

including a whole-wheat bagel with cream cheese (392 kcal, 61% CHO, 25% fat, 14% protein). 

5.3.3 VO2 peak and practice ride. VO2 peak and practice ride were measured as described in 

Chapter 3.3. The power output that elicited 60% of pre-training VO2 peak established in the 

practice ride was used as their power output for experimental trials prior to and following HIIT 

training. 
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5.3.4 Experimental trials. Subjects completed two experimental trials, one before starting HIIT 

training (Ex1) and one between 48 – 72 h after finishing 6 weeks of HIIT training (Ex2). 

Experimental trails were performed as described in Chapter 3.3.  

5.3.5 HIIT protocol. Subjects began training one week after Ex1. Subjects trained on a cycle 

ergometer (Lode Sport Excalibur, Quinton Instruments, The Netherlands) 3 d/week for 6 weeks 

(a total of 18 training sessions) at a power output that elicited ~90% of VO2 peak. At each 

session, subjects completed 10 intervals lasting 4 minutes each, with 2 minutes rest between each 

interval. All training sessions were supervised. Heart rate was recorded throughout training and 

held constant at ~90% of each subject’s maximal heart rate by increasing the power output as 

training progressed. Required adjustments in power output were made after interval 5 in each 

session. 

5.3.6 Muscle biopsies. The two muscle biopsies were pooled before exercise and again at 120 

min and used to isolate GSVs. Remaining tissue from the preparation of the vesicles was used 

for Western blotting analysis in whole muscle.  

5.3.7 Preparation of giant sarcolemmal vesicles. GSVs were generated as described in Chapter 

3.3. 
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Figure 5.1. Study design for high intensity interval training. Subjects completed a 120 min 
experimental cycling trial at 60% pre-training VO2 peak before and after 6 weeks of high 
intensity interval training. Muscle biopsies were taken before and after exercise, and blood and 
breath samples were taken throughout each experimental trial. 
 
 
5.3.8 Western blot analysis. Western blot analyses were carried out as described in Chapter 3.3. 

A 1:5000 dilution was used for both FATP1 (sc25541) and FATP4 (sc5834) (Santa Cruz 

Biotechnology, Santa Cruz, CA, USA) and a 1:4000 dilution was used for GLUT4 (Millipore, 
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Temecula, CA, USA). Due to tissue limitations, FATP1, FATP4 and GLUT4 were not measured 

in PM. 

5.3.9 Blood analyses. Blood analyses were carried out as described in Chapter 3.3.  

5.3.10 Calculations. See Chapter 3.3 for a detailed description of all calculations.  

5.3.11 Statistical analyses. All data are presented as means ± SEM. Data were only analyzed 

when all time points were available (ie. If a time point was missing, that subject’s data was not 

analyzed). A 2-way analysis of variance (ANOVA) with repeated measures was used to test for 

the effects of training and exercise on all measurements. Specific differences were identified 

using a Fisher’s LSD post hoc analysis. Statistical significance was accepted at p < 0.05. 

5.4 Results 
 
5.4.1 Training. Mean training power output increased 30% after 6 weeks HIIT (pre-training, 215 

± 10 W vs post-training, 278 ± 10 W, p < 0.001). VO2 peak increased 15% (pre-training, 3.9 ± 

1.6 L/min vs post-training, 4.5 ± 1.6 L/min, p < 0.001, Table 5.1).  During 120 min of cycling at 

60% pre-training VO2 peak (power output determined before training), subjects were at a lower 

percent of their pre-training VO2 peak following 6 weeks HIIT (pre-training, 61.2 ± 1.0 vs. post-

training, 52.7 ± 0.9%, p < 0.001, Table 5.1) and maintained a lower heart rate (pre-training, 155 

± 1.4 bpm vs post-training, 137 ± 0.4 bpm, p < 0.001, Table 5.1). 

5.4.2 Fuel oxidation. Fat oxidation at all time points during 120 min cycling at 60% of pre-

training VO2 peak was increased following 6 weeks HIIT  (p < 0.05, Table 5.2) and carbohydrate 

oxidation was decreased (p < 0.05, Table 5.2). Total fat oxidation increased by 27% (pre-training 

= 84.1 ± 1.5 g, post-training = 107.0 ± 1.6 g, p < 0.05). 

5.4.3 Blood metabolites. Blood glucose was increased during post-training exercise compared to 

pre-training at 60, 90 and 120 min (p < 0.05, Table 5.3). Blood lactate was decreased throughout 



 69!

exercise post-training compared to pre-training (p < 0.05, Table 5.3). Plasma free FAs increased 

throughout exercise but were not different between trials (Table 5.3). 

5.4.4 FA transport proteins. Whole muscle FAT/CD36 increased by 50% following 6 weeks of 

HIIT (p < 0.001, Figure 5.3). PM FAT/CD36 increased during 120 min exercise at 60% of pre-

training VO2 peak both before and following 6 weeks HIIT (pre-training = +73% compared to 

pre-training rest; post-training = +62% compared to post-training rest, p < 0.001, Figure 5.2). 

Whole muscle FABPpm increased by 21% following 6 weeks of HIIT (p < 0.05, Figure 5.3) PM 

FABP was also increased (pre-training = +23% compared to pre-training rest; post-training = 

+21% compared to post-training rest, p < 0.05, Figure 5.2). There was no change in PM content 

of FAT/CD36 or FABPpm at rest following training, despite an increase in whole muscle protein 

content of both. There was also no further increase in PM content of FAT/CD36 or FABPpm 

after 120 min of exercise post-training compared to pre-training (Figure 5.2). Whole muscle 

FATP4 increased by 25% following 6 weeks of HIIT (p < 0.05, Figure 5.4), while no change was 

seen in whole muscle FATP1 (Figure 5.4).  

5.3.4 Glucose transport protein. Whole muscle GLUT4 increased ~42% (p < 0.05, Figure 5.5) 

following 6 weeks of HIIT.  
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Table 5.1. Effect of 120 min cycling on VO2 and heart rate before and following 6 weeks of high-intensity interval training.  
 
 VO2 % pre-training VO2 peak  Heart rate (bpm) 

Time Pre-training Post-training Pre-training Post-training Pre-training Post-training 

20 2277 ± 113 2231 ± 144 58 ± 2 50 ± 2* 149 ± 4 137 ± 4^ 
40 2347 ± 121 2281 ± 137 59 ± 2 51 ± 2* 154 ± 4+ 139 ± 4^ 
60 2379 ± 123+ 2328 ± 133+ 60 ± 2+ 52 ± 2*+ 155 ± 4+ 137 ± 3^ 
80 2460 ± 109+ 2345 ± 142+ 63 ± 2+ 53 ± 2*+ 155 ± 3+ 136 ± 4^ 
100 2560 ± 109+ 2377 ± 126+ 63 ± 2+ 54 ± 1*+ 158 ± 3+ 138 ± 4^ 
120 2526 ± 118+ 2517 ± 127+ 64 ± 2+ 57 ± 2*+ 159 ± 3+ 138 ± 3^ 
 
Note: Values are ± standard error of the mean (SEM), n = 12. VO2, oxygen consumption, L/min. 
*Significantly different from pre-training (p < 0.05); ^Significantly different from pre-training (p < 0.001); +Significantly different from 20 min of exercise (p < 
0.05). Main effect of time for VO2, % pre-training VO2 and heart rate (p < 0.05). 
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Table 5.2. Whole body metabolic responses to 120 min cycling before and following 6 weeks of high-intensity interval training 
 
 RER Rate of fat oxidation, g/min Rate of carbohydrate oxidation, 

g/min 

Time Pre-training Post-training Pre-training Post-training Pre-training Post-training 

20 0.90 ± 0.02 0.86 ± 0.02 0.44 ± 0.09 0.64 ± 0.09 2.79 ± 0.35 2.04 ± 0.31 
40 0.88 ± 0.02 0.84 ± 0.01 0.53 ± 0.09 0.70 ± 0.07 2.63 ± 0.34 1.77 ± 0.22 
60 0.87 ± 0.01 0.83 ± 0.02 0.67 ± 0.06+ 0.83 ± 0.10+ 2.55 ± 0.31+ 1.75 ± 0.26+ 
80 0.83 ± 0.02+ 0.78 ± 0.02+ 0.82 ± 0.09+ 0.99 ± 0.15+ 2.07 ± 0.35+ 1.63 ± 0.23+ 
100 0.82 ± 0.02+ 0.78 ± 0.01+ 0.87 ± 0.10+ 1.03 ± 0.08+ 1.86 ± 0.42+ 1.43 ± 0.27+ 
120 0.83 ± 0.02+ 0.72 ± 0.04*+ 0.87 ± 0.09+ 1.16 ± 0.13*+ 2.07 ± 0.37+ 1.54 ± 0.31*+ 
 
Note: Values are ± standard error of the mean (SEM), n = 12. RER, respiratory exchange ratio. 
*Significantly different from pre-training (p < 0.05). +Significantly different from 20 min of exercise. Main effect of training for RER and carbohydrate 
oxidation, such that post-training < pre-training (p < 0.05); main effect for fat oxidation, such that post-training > pre-training (p < 0.05). Main effect of time for 
RER and both fat and carbohydrate oxidation rates (p < 0.05). 
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Table 5.3. Venous blood metabolite concentrations during 120 min cycling before and following 6 weeks of high-intensity interval 
training. 
 
 Glucose, mmol/L Lactate, mmol/L Free FAs, mmol/L 

Time Pre-training Post-training Pre-training Post-training Pre-training Post-training 

0 5.3 ± 0.3 5.4 ± 0.1 0.8 ± 0.1 0.8 ± 0.1 0.5 ± 0.1 0.6 ± 0.1 
15 4.8 ± 0.2 4.7 ± 0.1 1.6 ± 0.3 1.0 ± 0.1* 0.5 ± 0.1 0.6 ± 0.1 
30 4.9 ± 0.2 5.0 ± 0.1 1.5 ± 0.2 0.8 ± 0.1* 0.6 ± 0.1 0.7 ± 0.1 
60 4.8 ± 0.1 5.3 ± 0.1* 1.2 ± 0.2 0.8 ± 0.1* 0.8 ± 0.1 0.8 ± 0.1 
90 4.8 ± 0.2 5.5 ± 0.1* 1.0 ± 0.1 0.9 ± 0.1* 0.9 ± 0.1 0.9 ± 0.1 
120 4.7 ± 0.2 5.3 ± 0.2* 1.0 ± 0.2 0.9 ± 0.2* 1.2 ± 0.1 1.3 ± 0.1 
Note: Values are ± standard error of the mean (SEM), n = 10.  
*Significantly different from same time point pre-training (p < 0.05). Main effect of training for glucose, such that post-training > pre-training (p < 0.05). Main 
effect of time for lactate and free FAs (p < 0.05). 
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Figure 5.2. PM FAT/CD36 (n = 11) and FABPpm (n = 9) protein content measured in giant 
sarcolemmal vesicles at rest and after 120 min cycling at 60% VO2 peak. Measurements were 
taken before and after 6 weeks of high intensity interval training. All values are represented as 
mean ± SEM. *Significantly different from rest in the same trial, p < 0.05.!
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Figure 5.3. Total skeletal muscle protein content of FAT/CD36 and FABPpm at rest and after 
120 min cycling at 60% VO2 peak. Measurements were taken before and after 6 weeks of high 
intensity interval training. All values are represented as mean ± SEM (n = 12). *Significantly 
different from pre-training, p < 0.05. 
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Figure 5.4. Total skeletal muscle protein content of FATP1 and FATP4 at rest and after 120 min 
cycling at 60% VO2 peak. Measurements were taken before and after 6 weeks of high intensity 
interval training. All values are represented as mean ± SEM for 11 subjects. *Significantly 
different from pre-training, p < 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Total skeletal muscle protein content of GLUT4 at rest and after 120 min cycling at 
60% VO2 peak. Measurements were taken before and after 6 weeks of high intensity interval 
training. All values are represented as mean ± SEM for 9 subjects. *Significantly different from 
pre-training, p < 0.05. 

!"!!!!!!!!"!

"!!!!"!



 76!

5.5 Discussion 

This is the first study to examine the training-induced changes in FAT/CD36 and 

FABPpm during acute moderate intensity exercise. Six weeks of HIIT increased the whole 

muscle FA transport proteins, FAT/CD36, FABPpm, and FATP4, which corresponded with a 

27% increase in whole body fat oxidation during 120 min cycling at 60% of VO2 peak. Whole 

muscle protein content of FATP1 was unchanged. Increases in PM FAT/CD36 and FABPpm 

were seen with exercise, both before and after 6 weeks of HIIT, however there were no 

differences after training.  There was also no change in PM FAT/CD36 or FABPpm at rest 

following training.  

 5.5.1 Training-induced changes in VO2, power output and fuel oxidation. Training power output 

and VO2 peak were examined at the beginning and end of 6 weeks of HIIT and 6 weeks of HIIT 

induced a 15% increase in VO2 peak and a 30% increase in training power output. Classic ET 

has been shown to increase fat oxidation during moderate intensity exercise (64, 83, 84), and 

these effects are also seen with supplementation of a training program with HIIT (113), and 

strictly HIIT programs (121, 147, 148). In the present study fat oxidation increased by 27% 

following HIIT, while carbohydrate oxidation decreased by 32%, which agrees with the above-

mentioned HIIT studies. Together, these findings confirm that only 18 total hours of exercise 

over 6 weeks produces significant improvements in skeletal muscle FA metabolism during 

moderate intensity exercise (120 min cycling at 60% VO2 peak). 

5.5.2 FA transport proteins. In agreement with our hypotheses, increases were seen in whole 

muscle FAT/CD36, FABPpm and FATP4 with 6 weeks of HIIT. Whole muscle protein content 

of FATP1 was not increased with training, suggesting that either this protein is in great enough 

abundance to accommodate metabolic adaptations to training, or that its role in FA uptake during 
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exercise is not as substantial as the other FA transport proteins and thus no response was seen to 

the training stimulus. FATP1 has been shown to translocate to the PM in response to contraction 

(77) and insulin (78, 165) in rat skeletal muscle, however further studies will be necessary to 

confirm its role during exercise in humans. The increases in whole muscle FAT/CD36 and 

FABPpm agree with previous work (148). 

 We have previously shown (Chapter 3) that the PM content of FAT/CD36 and FABPpm 

are increased after 120 min of cycling at 60% VO2 peak, which corresponded to an increase in 

whole body fat oxidation (20). There were no increases in PM content of FAT/CD36 at rest 

following training, which agrees with previous work by Talanian et al (148).  The PM content of 

FABPpm was also unchanged in the present study, which is in contrast to the findings of 

Talanian et al (148), who saw a 23% increase in PM FABPpm at rest following 6 weeks of HIIT 

in previously untrained subjects. The discrepancy could be due to differences in training status, 

as the subjects in the current study were recreationally active males compared to untrained 

females in Talanian et al (VO2 peak = 3.9 ± 1.6 L/min compared to 2.8 ± 0.1 L/min). It is 

possible that the subjects in the present study already had a higher PM content of FABPpm due 

to their training status and thus less room for improvement, as it is well known that several 

muscle adaptations occur with training that favour FA uptake and oxidation.  

Contrary to our hypotheses, the exercise-induced increase in the PM content of 

FAT/CD36 or FABPpm following 6 weeks of HIIT was no greater than the pre-training 

response. This was surprising since there was a 27% increase in fat oxidation during 120 min 

cycling at 60% VO2 peak.  It is feasible that part of the adaptation to training is an improvement 

in the matching of the PM content of FA transport proteins to the energy requirements of the cell, 

which would explain the lack of change seen in the present study. An increase in PM content of 
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FA transport proteins might be seen if subjects were to exercise at 60% of their post-training 

VO2 peak, as the fuel demands would be greater than at 60% of their pre-training VO2 peak. In 

the future, it would be ideal to measure PM content of FA transport proteins at both the absolute 

and relative power output following training to determine if a training response exists that is not 

seen at the absolute power output. Bergman et al (5) saw an increase in net leg FA uptake in 

human skeletal muscle at 65% of their post-training VO2 peak compared to 65% of their pre-

training VO2 peak during 1 h of exercise after 5 weeks of ET. There was no change in IMTG 

use, suggesting that plasma FA is the primary source of fat. Future studies should examine the 

translocation of FA transport proteins at relative power outputs following training to determine if 

a training effect is present. 

Another explanation for the lack of change in PM content of FA transport proteins after 

training could be that the increase in fat oxidation during exercise after training is a result of an 

increase in IMTG use. Previous studies have shown an increased reliance on IMTG during 

moderate intensity exercise following training (75, 112, 123, 133), although this has not been 

seen in other studies (5, 46, 48, 64, 153). If the 27% increase in fat oxidation following training 

seen in the present study is due to increased IMTG use then there would be no reason for more 

FA transport proteins to translocate to the PM. Discrepancies between studies appear to be due to 

differences in methodologies, as well as subject populations and training programs (157). Further 

research is necessary to determine the specific contributions of IMTG during exercise before and 

following training. The use of tracers to measure FA uptake into the cell during exercise, both 

before and after training would answer this question. 

It is also possible that there was an increase in membrane fluidity, which could increase 

the activity of one or both of these proteins. It has been shown in animal and cell models that 
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protein-mediated uptake can be affected by membrane fluidity (138). Alterations in the lipid 

composition affect the fluidity of the membrane, which can be significantly affected by exercise 

training. Li et al (100) showed an increase in membrane fluidity, as determined by fluorescence 

polarization, in rat skeletal muscle after 8 weeks of endurance training. Specifically, it seems that 

increased incorporation of n-3 FAs improves the fluidity of the PM, and this increases the 

activity of protein-mediated transporters through longer or more stable incorporation of the 

proteins into the PM (for review see (99)).   

An increase in the PM content of other FA transport proteins could also have contributed 

to the increased uptake. Due to limitations in the amount of muscle available in human biopsies, 

we were unable to measure PM content of FATP1 and 4, and it is possible that translocation of 

either of these was increased during exercise following training. It has been shown in rat skeletal 

muscle that FATP1 and 4 translocate to the PM in response to contraction (77) therefore it is 

feasible that they have the potential to contribute to the increase in fat oxidation seen following 

training through increases in translocation to the PM. Previous work has shown that the different 

FA transport proteins are controlled by divergent signaling pathways (77) and as a result the 

response of each one to contraction and insulin are not identical. This suggests that greater 

increases in translocation in response to training may be seen in some FA transport proteins 

while others are not involved in the training adaptation.  

 Previous work has shown that an increase in PM content of FAT/CD36 correlates with an 

increase in FA uptake, however in the present study there was an increase in whole body fat 

oxidation with no increase in PM FAT/CD36 following training. It appears that the muscle 

chooses to acutely translocate FA transport proteins to the PM when required, as opposed to 

permanently increasing the PM content. This is interesting because in type II diabetes there is a 
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permanent increase in PM FAT/CD36, which correlates with an increase in FA uptake and 

esterification, and is an important aspect in the development of insulin resistance (17, 32, 62, 

102). The increased uptake of FA in itself is not necessarily problematic for the cell, however an 

increase in uptake without a concurrent increase in oxidation leads to build up of several lipid 

intermediates (long chain acyl CoA, diacylglycerol, ceramides) which can interfere with the 

insulin signaling pathway and produce reactive oxygen species which can interfere with 

mitochondrial function (41). Possibly it is a defense mechanism of the muscle to keep the PM 

content of FAT/CD36 to a minimum and increase it acutely only when necessary so as to prevent 

unwanted FA entering the cell and potentially interfering with insulin signaling pathways.  

5.5.3 Glucose transport. Whole muscle content of GLUT4 increased by 42% following 6 weeks 

of HIIT, which agrees with previous data from our lab (121). While HIIT does increase fat 

oxidation during moderate intensity exercise, it has also been shown to increase the capacity for 

glucose oxidation, as shown by an increase in the maximal activity of total pyruvate 

dehydrogenase (121). Similar results have been shown following sprint interval training (23). 

5.5.4 Summary. This is the first study to measure PM FAT/CD36 and FABPpm during exercise 

following a training stimulus, and to examine FATP1 in human skeletal muscle before and 

following training. Whole muscle FAT/CD36, FABPpm and FATP4 increased following 6 

weeks of HIIT, however there was no change in whole muscle content of FATP1. PM 

FAT/CD36 and FABPpm increased after 120 min exercise at 60% VO2 peak, however there was 

no training effect, which may be due to adaptations in skeletal muscle, which lead to improved 

matching of FA transport protein content to energy requirements. 
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CHAPTER 6: INTEGRATIVE DISCUSSION 
 
 The overall aim of this thesis was to further elucidate the regulation of FA uptake into 

skeletal muscle. Specifically, the objectives were to examine the involvement of several FA 

transport proteins in the control of FA uptake at the muscle membrane during acute exercise, the 

post-exercise period and following high intensity intermittent training.  

Prior to this thesis, several FA transport proteins had been identified in human skeletal 

muscle, including FAT/CD36, FABPpm, FATP1 and FATP4. FAT/CD36 has been shown to 

translocate to the mitochondria and contribute to an increase in fat oxidation during 120 min of 

moderate intensity exercise. It has also been shown that whole muscle FABPpm increases in 

human skeletal muscle with 6 weeks of HIIT. In rat skeletal muscle, the presence of FA transport 

proteins on the PM correlates with FA uptake, and it has been shown that during acute electrical 

stimulation FAT/CD36 translocates to the PM and this correlates with an increase in FA uptake. 

The translocation of FA transport proteins to the PM has not been examined during exercise in 

rats, nor has it been examined in human skeletal muscle. While immensely important, 

measurements of this nature in human skeletal muscle are quite difficult due to the amount of 

tissue needed, therefore the information available on FA transport proteins in human skeletal 

muscle at this time is greatly lacking. Thus, the objectives of this thesis were to examine 1) 

translocation of FA transport proteins to the PM during acute exercise in human and rat skeletal 

muscle, 2) removal of FA transport proteins from the PM during the post-exercise period, and 3) 

the effect of training on the regulation of translocation of FA transport proteins.  

6.1 Summary of results 

 The first study examined the translocation of FAT/CD36 and FABPpm to the PM in rat 

and human skeletal muscle during acute moderate intensity exercise. The PM content of both 
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FAT/CD36 and FABPpm increased during 120 min of moderate intensity exercise in both rat 

and human skeletal muscle, and this corresponded to increased whole body fat oxidation in 

humans and to increased palmitate uptake in rat GSVs. FAT/CD36 content on the PM correlated 

with an increase in palmitate transport in the rat, as has been seen previously (14, 16, 77, 115).  

 Translocation of FAT/CD36 and FABPpm away from the PM during the post-exercise 

period was subsequently examined in human skeletal muscle. Fat contributed 66% of energy 

expenditure during 45 min of resting on a bed following 120 min of moderate intensity exercise. 

The PM content of FAT/CD36 and FABPpm increased during exercise and FAT/CD36 increased 

further post-exercise, while FABPpm returned to basal levels by 15 min post-exercise. This 

suggests a distinction in the signaling mechanisms regulating the translocation of FAT/CD36 and 

FABPpm.  

 Finally, the effect of 6 weeks of HIIT on the resting contents and translocation of FA 

transport proteins during exercise was examined in human skeletal muscle. Whole muscle 

protein content of FAT/CD36, FABPpm, FATP4, as well as the glucose transporter GLUT4, 

were increased after training, while FATP1 remained unchanged. The resting PM contents of FA 

transport proteins were not altered by training.  FA oxidation during 120 min of moderate 

intensity exercise was increased following training, however the translocation of FAT/CD36 or 

FABPpm to the PM in response to acute exercise was the same as it was before training. This 

may have been a result of adaptations to training within the muscle to the same absolute power 

output, including an increase in IMTG use, an increase in membrane fluidity resulting in an 

increase in the activity of PM FA transport proteins, or an increase in PM content of other FA 

transport proteins.  
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6.2 Acute regulation of translocation of FA transport proteins to the PM 

 FA transport proteins translocate between the PM and intracellular depots in skeletal 

muscle in response to different stimuli including insulin and contraction. The increased presence 

of any one of the FA transport proteins (FAT/CD36, FABPpm, FATP1, FATP4) on the PM has 

the capacity to increase FA uptake in rat skeletal muscle (77, 115), however the importance of 

each one in human skeletal muscle has not been established. All are responsive to both 

contraction and insulin in rats, but these effects are additive only in FAT/CD36 and FATP1 (77), 

suggesting that distinctive signaling pathways exist for at least some of the FA transport proteins.  

 Bonen et al (15) had previously shown that with acute electrical stimulation (30 min), 

FAT/CD36 translocated to the PM and this correlated with an increase in palmitate uptake in 

GSVs. During short-term recovery from stimulation (45 min), PM content of FAT/CD36 

returned to basal levels, as did uptake. During acute moderate intensity exercise in rats in the 

present thesis, FAT/CD36 and FABPpm also translocated to the PM, however the effect was 

attenuated compared to that seen with electrical stimulation, most likely because of fewer muscle 

fibres being activated and/or because of the necessary pooling of different muscles. The increase 

in PM protein content correlated with an increase in palmitate uptake, as measured in GSVs, and 

this relationship was strongest with FAT/CD36. The PM content of FABPpm did not correlate as 

well with FA uptake, which may suggest that FABPpm participates in FA transport and/or 

oxidation through interactions with other FA transport proteins. It has previously been shown 

that FABPpm co-immunoprecipitates with FAT/CD36, which further supports the notion that 

FABPpm is working in conjunction with other FA transport proteins (29). In human skeletal 

muscle, FAT/CD36 and FABPpm both translocated to the PM in response to acute moderate 

intensity exercise (120 min at 60% VO2 peak), which corresponded to an increase in whole body 
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fat oxidation (Figure 6.1). The amount of FAT/CD36 protein that translocated to the PM was 

greater than that FABPpm, which was in contrast to the findings in rat muscle, where FAT/CD36 

and FABPpm translocated to a similar extent.  This, in conjunction with the findings of Jain et al 

(77), in which contraction stimulated similar translocation responses in FAT/CD36, FABPpm, 

FATP1 and FATP4, serves as a reminder that while findings in animal models are useful starting 

points, they do not always apply in humans. In this area, however, it continues to be important to 

rely on animal models since tissue limitations in human muscle prevent the measurement of FA 

uptake.  

 During the post-exercise period, FAT/CD36 content increased on the PM to a greater 

extent than that observed during exercise. While this corresponds with an increased reliance on 

fat as a fuel in the muscle during this time, previous work has shown a substantial decrease in FA 

uptake during the first 20 min after cessation of exercise (156). Although FA uptake is 

decreased, there is an increase in arterial [FAf] immediately post-exercise, leading to the 

possibility that while uptake is being restricted, the high availability of plasma [FAf] and the 

preference of skeletal muscle to metabolize fat may be causing an intracellular signal causing 

increased translocation of FAT/CD36 to the PM to encourage further FA uptake. The 

concentration of FAf alone is likely not sufficient to induce this response since it is also high 

during moderate intensity exercise, however the decrease in blood flow to skeletal muscle post-

exercise may be decreasing the amount of FAf  reaching the muscle where it is needed, thus the 

increase in PM FAT/CD36 may be a response of the muscle as it attempts to transport more FAf 

into the cell.   

It has also been shown that a single exercise bout increases insulin sensitivity, which is at 

least partially attributable to an increase in PM content of GLUT4 (127, 164). Since it has been 
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shown that GLUT4 and FAT/CD36 share some of the same signaling pathways (77), it is 

possible that the same mechanisms causing increased translocation of GLUT4 after exercise are 

also affecting FAT/CD36. Previous studies suggest that the post-exercise increase in insulin 

sensitivity is caused by altered regulation of proteins downstream from Akt2, including Rac1, 

aPCK, TBC1D1 and TBC1D4 (111), therefore future work should examine the activity of these 

proteins during the post-exercise period. PM content of FABPpm decreased within 15 min of 

cessation of exercise therefore the regulatory mechanisms of its translocation appear to be 

distinct from that of FAT/CD36 and are likely dependent on exercise-related stimuli such as the 

AMPK/CaMKII pathways. Future work using KO or kinase dead models could help elucidate 

the signaling pathways involved in the translocation of FAT/CD36 and FABPpm from the PM 

during the post-exercise period. 

Translocation of FATPs was not measured in this thesis due to restrictions in tissue 

amounts, however these may play an important role in FA uptake during acute moderate 

intensity exercise and the post-exercise period. FATP1 and 4 exist in rodent skeletal muscle and 

have been shown to translocate to the PM in response to both insulin and contraction, and to 

directly contribute to FA uptake (77, 115, 165). The relative contributions of these FA transport 

proteins in human skeletal muscle during exercise and the post-exercise period bear further 

scrutiny as they have been much overlooked until very recently due to both tissue limitations and 

the lack of availability of sufficient antibodies. The FATP1 and 4 antibodies are now much 

improved, so future studies should investigate the translocation of FATP1 and 4 in skeletal 

muscle. 
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Figure 6.1. Schematic representation of FA transport proteins FAT/CD36 and FABPpm in 
human skeletal muscle at rest (A), following 120 min of moderate intensity exercise (B), 
following 6 wk HIIT, (C), and both in combination (D). Note that this figure is meant to provide 
a general overview and the absolute amount of FA transport proteins is not to scale.  
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Previous work has shown that FAT/CD36 also translocates to the mitochondrial 

membrane during acute moderate intensity exercise (67) and is an important regulator of FA 

oxidation (Figure 6.1) (136). It is likely that there is an integration of signaling pathways to 

increase translocation of FA transport proteins to both the PM and mitochondria during times of 

increased FA utilization, such as exercise. It is unknown if there is further translocation of 

FAT/CD36 to the mitochondria post-exercise as there is to the PM, but given the decrease in 

absolute fat oxidation this would not be expected. 

An area that remains relatively unexamined is the effect of dietary alterations on FA 

transport proteins. It has been well established that several aspects of recovery from exercise are 

affected by the amount and type of foods consumed immediately post-exercise, including 

glycogen and IMTG resynthesis. Jain et al (77) showed that there is a divergence in the signaling 

pathways controlling several FA transport proteins, as FAT/CD36, FABPpm, FATP1 and 

FATP4 all translocated to the PM in response to contraction and insulin, but only FAT/CD36 and 

FATP4 did so additively. Since FA transport proteins are such an important component of the 

regulation of FA uptake in skeletal muscle, this may be a fruitful area of research. In the present 

thesis, subjects were not fed post-exercise, although it is common for athletes to consume a meal 

within 1 h following exercise in an effort to facilitate glycogen resynthesis and muscle protein 

synthesis. A typical post-exercise meal containing carbohydrate and protein increases circulating 

insulin, which in turn increases FA clearance and decreases AT lipolysis. The increase in 

clearance may be due to increased PM content of FAT/CD36, however the subsequent decrease 

in plasma [FAf], which occurs mainly as a result of the decrease in lipolysis, may result in an 

attenuated PM content of FAT/CD36 later in the post-exercise period compared to the increase 

that is seen without a meal. The relationship between insulin, plasma [FAf] and the PM content 
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of FAT/CD36 requires further examination to determine their role during recovery from 

exercise. 

6.3 Chronic regulation of FA transport proteins 

In type II diabetes, there is a disjoint in the signaling pathways controlling translocation 

of FA transport proteins, as FAT/CD36 and FABPpm are permanently relocated to the PM in 

both rat and human skeletal muscle (17, 27, 32, 62, 102). It has also been shown that contraction-

induced translocation of FAT/CD36 is abolished in obese Zucker rats (60). To this end, it is 

important that the mechanisms regulating FA transport protein distribution are established.  

Talanian et al (148) showed that whole muscle FAT/CD36 and FABPpm increased with 

6 weeks of HIIT in previously untrained women (Figure 6.1). Resting PM content of FABPpm 

was also increased with training, however there was no change in PM FAT/CD36. Subsequently, 

translocation of FAT/CD36 and FABPpm were examined after 6 weeks of HIIT in human 

skeletal muscle with the addition of an exercise challenge. Subjects cycled for 120 min at 60% of 

pre-training VO2 peak before and after training. Although there was a 27% increase in fat 

oxidation following training, there was no further increase in PM content of either FAT/CD36 or 

FABPpm compared to pre-training, either at rest or during exercise. This may be attributed to an 

adaptation in the muscle to better match FA transport protein translocation to energy needs. An 

increase in translocation may have been seen at 60% of the subjects’ post-training VO2 peak 

Bergman et al (5) saw an increase in net leg FA uptake in human skeletal muscle at 65% of their 

post-training VO2 peak compared to 65% of their pre-training VO2 peak during 1 h of exercise 

after 5 weeks of ET. There was no change in IMTG use, suggesting that plasma FA was the 

primary source of fat. Several studies have seen an increase in IMTG use during moderate 

intensity exercise after training (75, 112, 123, 133), although several others have not (46, 48, 64, 
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153), in agreement with Bergman et al.  Future studies should examine the translocation of FA 

transport proteins at relative power outputs following training to determine if a training effect is 

present, as well as the contribution of IMTG after training. 

It also may be that there is an improvement in the activity of FA transport proteins 

through an increase in membrane fluidity, or that there is an increase in FATPs on the PM. An 

increase in membrane fluidity has been shown to increase activity of membrane-associated 

transport proteins and previous work has shown an increase in mitochondrial membrane fluidity 

in rats after 8 weeks of ET (100). Future work should examine the composition of the skeletal 

muscle plasma membrane and whether it correlates with FA uptake.  

Due to tissue limitations, FATP1 and 4 were measured in whole muscle only, which is 

not the physiologically relevant measure. The large amount of muscle tissue required to generate 

GSVs restricts the number of proteins that can be measured on the PM, however future work 

should attempt to ascertain the responses of the FATPs during exercise and training as they 

appear to play a role in the regulation of FA uptake in human skeletal muscle, as has been seen in 

rats and mice. 

After 6 weeks of HIIT, Talanian et al (148) showed an increased in PM content of 

FABPpm (23%) at rest. The same response was not observed in the present thesis, however there 

may be several reasons why no change was seen. First, Talanian et al used an entirely female 

population, whereas the present work used males. It is well established that fat metabolism is 

higher in women and that as a result of their different hormonal milieu, several aspects of 

metabolism cannot be easily compared between males and females (150). Second, the subjects in 

the present study were recreationally active (exercised 2-3 d/wk for 1 h/d), whereas the women 

in Talanian’s study were untrained before beginning training. The recreationally active subjects 
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may already have had a training adaptation, albeit a relatively small one, to their more active 

lifestyle, which may have diluted the effects seen in untrained subjects. Finally, men tend to 

participate more in ballistic-type exercise on a regular basis, which may have resulted in some 

muscle adaptations prior to HIIT. 

Bonen et al (17) showed that FAT/CD36 is permanently relocated to the PM in obese and 

type II diabetic humans with no change in whole muscle content, and this corresponds to an 

increase in FA transport.  FA oxidation was unchanged in these subjects, but esterification was 

increased, suggesting a role for FA transport proteins in the development of insulin resistance. 

An increase in the ratio of FA uptake to oxidation has been shown to increase the concentrations 

of lipid intermediates, such as long chain acyl CoA, DAGs and ceramides, which can interfere 

with the insulin signaling pathway (41). Increased intracellular FA can also lead to an increase in 

lipid peroxidation, which can be detrimental to mitochondrial function (41). In light of this, it is 

possible that the PM content of FA transport proteins was not increased following training in the 

present thesis because there is a protective mechanism in place to prevent excess FA uptake in 

skeletal muscle. If this were the case, skeletal muscle would increase whole muscle content of 

FA transport proteins which would better prepare it for a sudden increase in energy need (such as 

that seen during exercise), but without a permanent increase in PM content, it would still have 

the control to keep excess FA out of the cell during rest.  

The effects of dietary perturbations on FA transport proteins have been largely 

unexamined. However, in light of the findings in obese and type II diabetic subjects, which show 

that a permanent increase in PM content of FAT/CD36 may be an important factor in the 

development of insulin resistance, it certainly warrants further investigation (17, 32, 60, 101, 

102). Studies in trained human subjects have shown that 5 d of consuming a high fat diet 
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increases fat oxidation (24) and IMTG storage (141). If both oxidation and esterification are 

increased, it stands to reason that FA uptake is increased as well and this is likely related to an 

increase in PM content of FA transport proteins.  In the above mentioned study by Bonen et al, 

there was a permanent redistribution of FAT/CD36 to the PM in obese and type II diabetic 

subjects, however FABPpm still functioned normally (17). In obese Zucker rats, insulin- and 

contraction-stimulated FAT/CD36 translocation was abolished, whereas FABPpm translocation 

still functioned normally under both stimuli (60). This ultimately agrees with the findings of Jain 

et al, who showed that while FAT/CD36, FABPpm, FATP1 and FATP4 all translocate to the PM 

in response to both insulin and contraction, they are not regulated by identical signaling 

pathways (77).  

 The current understanding of the translocation of FA transport proteins in skeletal muscle 

is shown in Figure 6.1.  Previous work has shown that FAT/CD36 translocated to the 

mitochondrial membrane during 120 min of moderate intensity exercise and this contributes to 

increased fat oxidation (Figure 6.1B) compared to rest (Figure 6.1A) (67). In the present thesis it 

was shown that FAT/CD36 and FABPpm both translocate to the PM during 120 min of moderate 

intensity exercise and this corresponded to an increase in whole body fat oxidation (Figure 6.1B) 

(20). Talanian et al (148) demonstrated that after 6 weeks of HIIT, there were increases in whole 

muscle FAT/CD36 and FABPpm, PM content of FABPpm and mitochondrial content of 

FAT/CD36 in untrained women compared to rest (Figure 6.1C). In the present thesis, there was 

no increase seen in PM content of FAT/CD36 or FABPpm, however this is likely attributable to 

the use of only an absolute power output, as FA uptake and oxidation is increased after training 

at a power output relative to the post-training VO2 peak. Therefore we can speculate that when 

exercising at a relative power output after training, an increase in PM content of FAT/CD36 and 
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FABPpm would occur (Figure 6.1D) compared to the resting condition following training 

(Figure 6.1C). Since FAT/CD36 translocated to the mitochondrial membrane during moderate 

intensity exercise, it also may increase further during exercise following training to contribute to 

the increase in fat oxidation (Figure 6.1D). 

6.4 Contributions and limitations  

 This thesis provides new insight into the regulation of FA transport proteins at the PM. It 

is the first to demonstrate that FAT/CD36 and FABPpm translocate to the PM in human skeletal 

muscle during acute moderate intensity exercise. It was also shown that while FABPpm is 

removed from the PM within 15 min of the cessation of moderate intensity exercise, FAT/CD36 

translocation to the PM increased further, suggesting a distinct signaling mechanism related to 

the heavy reliance on fat in skeletal muscle and/or increased arterial [FAf]. Finally, it was shown 

that FAT/CD36, FABPpm and FATP4 protein increased in whole muscle following 6 weeks of 

HIIT, and while FAT/CD36 and FABPpm translocated to the PM during acute moderate 

intensity exercise, there was no further increase at the same absolute power output following 

training.  

 Many of the limitations of this thesis were a result of low tissue amounts that can be 

obtained via the muscle biopsy technique in human subjects. Generation of GSVs requires ~250 

mg of muscle to produce ~10-20 ug of usable protein in human skeletal muscle. This restricts the 

number of western blots that can be done, often to only 1-2. In order to measure FA uptake, a 

minimum amount of 50 ug of protein is needed, therefore it was not possible to do this 

measurement in human tissue. At rest, muscle can be surgically removed (ie. From abdominal 

muscle), which allows for much greater tissue amounts, however there is no potential for studies 

involving exercise perturbations with this procedure. In the future, it would be beneficial to more 
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closely examine the GSV preparation and work to extract greater yields from small samples. At 

the present time, the relationship between the amount of muscle used and the protein yield is 

unclear, as larger samples do not necessarily correlate with higher yields (see Chapter 3). In the 

present thesis, multiple samples were taken at single time points and immediately pooled before 

beginning the GSV preparation, but it may be worthwhile to prepare the vesicles in each sample 

separately then pool them afterwards to see if this generates more usable protein.  

 While GSVs are useful for measuring protein content and uptake on the PM, they do not 

include other membrane components, such as T-tubules, which may be another cellular area 

where FA transport protein measurements would be quite valuable. Isolation of T-tubules is 

possible, however this again requires more tissue. GSVs also only allow maximal measurements 

of FA uptake as the metabolic components of the cell that may decrease transport are not present. 

This is useful in determining relationships between protein content and uptake on the PM, 

however it likely does not represent a physiological situation. 

 The contribution of FATPs to FA uptake in human skeletal muscle is not as well 

understood as that of FAT/CD36 or FABPpm due to the lack of sufficient antibodies. In the past, 

the available antibodies for these proteins have had poor specificity so until recently this had 

been a great limitation in FA transport protein research. 

 The value of measuring training adaptations at both an absolute and a relative power 

output is irrefutable, however it was not possible to measure FAT/CD36 and FABPpm 

translocation during both absolute and relative 60% of VO2 peak following HIIT, due to 

limitations in the number of muscle biopsies performed in one study. A study in which FA 

transport proteins are measured at the relative power output following training could provide 

some very useful insight into the adaptation of FA transport proteins to training.  
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 Finally, both male and female subjects were used in only one of the three studies in this 

thesis and all were recreationally active. Due to the higher fat metabolism seen in females and 

differences in the hormonal milieu, which could affect FA transport protein regulation, males 

were used for both subsequent studies as the objectives of these studies were to tease out the 

general response of FA transport proteins in these perturbations for the first time. It would not be 

surprising if differences were seen between genders and between subjects of different training 

status, and these populations do require investigation in the future.  

6.5 Summary 

 In conclusion, this thesis has contributed many novel findings to the understanding of the 

regulation of FA transport proteins and their involvement in FA uptake and oxidation. 

Specifically, the present work has identified a role for FAT/CD36 and FABPpm in contributing 

to the increase in relative fat oxidation during moderate intensity exercise in rats and humans and 

during the post-exercise period in humans.  It has also shown that while fat oxidation is increased 

during moderate intensity exercise at the same absolute power output following 6 weeks of HIIT 

in recreationally active males, this is not a result of increased translocation of FAT/CD36 or 

FABPpm to the PM. There is, however, an increase in whole muscle FAT/CD36, FABPpm and 

FATP4 following 6 weeks of HIIT. 
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