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ABSTRACT 

 

THE IMPLICATIONS OF CD36 ALTERATION ON RODENT 
SKELETAL MUSCLE LIPID METABOLISM 

 

 
James S.V. Lally       Advisor:   
University of Guelph       Dr. Arend Bonen 
 

Fatty acid transport across the plasma membrane is an important site of regulation in 

skeletal muscle lipid metabolism, and is governed by a number of fatty acid transport 

proteins including, CD36, FABPpm, and FATP1 and 4. While each transporter is capable 

of independently stimulating fatty acid transport, less is known about their specific 

functions under various metabolic conditions, although CD36 appears to be key.  

  

The purpose of this thesis was to examine skeletal muscle fatty acid metabolism in 

several rodent models where CD36 has been altered, particularly via whole body 

deletion, by muscle specific overexpression, or in the face of permanent redistribution of 

CD36 to the plasma membrane.  Using these models, this thesis sought to answer the 

following questions:   

1) Is caffeine-stimulated fatty acid oxidation CD36-dependent?  

2)  Does CD36 function in tandem with FABPpm, and does this enhance fatty acid 

uptake at the plasma membrane and/or influence the metabolic fate of incoming 

fatty acids?  



 

 

 

3)  Is intramuscular lipid distribution altered in a rodent model of obesity, in which 

CD36-mediated fatty acid uptake is increased? 

 

Specific novel findings include the following:  

1) Caffeine-stimulated calcium release can elicit the translocation of a number of 

fatty acid transporters in skeletal muscle, but CD36 is essential for caffeine-

induced increases in fatty acid uptake and oxidation. 

2) In spite of difficulties associated with protein co-overexpression, it appears that 

simultaneous overexpression of CD36 and FABPpm enhances fatty acid transport 

across the plasma membrane, and that these transporters may collaborate to 

increase insulin-induced fatty acid esterification and AICAR-induced oxidation. 

3) Finally, in the obese Zucker rat model, augmented CD36-dependent fatty acid 

transport into muscle in combination with elevated lipid supply, results in lipid 

accretion within the IMF region of muscle, an effect that could not be explained 

by compartment-specific changes in selected glycerolipid synthesizing enzymes. 

 

Taken together, these studies emphasize the importance of CD36 in the regulation of 

plasmalemmal fatty acid transport, and further elucidate the metabolic implication of 

CD36 alteration on overall skeletal muscle metabolism. 
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Overview and Introduction to the Thesis 

 

Fatty acids have a number of diverse and complex functions in mammals, but two are of 

principal importance in most organisms. Specifically, they are:  

 

i) an integral component of the complex lipids that constitute cellular membranes, 

 

ii) a particularly dense substrate for energy production, providing a large capacity for 

endogenous energy storage.   

 

Physically, it is the hydrophobic nature of the long acyl chain that enables these 

functions, but this also renders fatty acids highly insoluble in the aqueous environment of 

the cell and surrounding tissues. This presents additional complexities in the delivery and 

metabolism of fatty acids, quite different from those associated with aqueous soluble 

substrates, such as glucose. 

 

One important aspect of fatty acids metabolism is their uptake into cells, which involves 

their transport across the plasma membrane (70). It is known that fatty acids can traverse 

cellular membranes freely, and this process does not require a protein mediator per sé 

(103).   Hence, it was once thought that fatty acid uptake into tissues was solely driven by 

the extra cellular delivery of fatty acids (i.e. blood-flow rate x fatty acid concentration).  

However, over time, a number of observations, most notably that fatty acid uptake is a 

saturable process that could be inhibited (5, 148, 163, 185, 193), demonstrated that fatty 
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acid transport is protein mediated.   Early observations of this phenomenon led to the 

discovery of several fatty acid transport proteins, namely CD36 (3), FABPpm (184), and 

the FATP family of proteins (83, 165).   

 

Skeletal muscle has proven to be ideal for the study of protein mediated fatty acid 

transport (70). In a number of ways, protein mediated fatty acid transport mirrors that of 

glucose transport in skeletal muscle, particularly with regard to CD36, and the glucose 

transporter, Glut4.  For instance, the content of the Glut4 transporter at the plasma 

membrane is highly correlated to the rate of glucose uptake into skeletal muscle (100), 

and likewise, CD36 plasma membrane content positively correlates with the rate of fatty 

acid uptake (25).  In addition, like Glut4, CD36 has been shown to reside within 

intracellular pools and can be induced to translocate to the cell surface in response to 

metabolic stimuli such as insulin (127) and contraction (24). However, similarities 

between Glut4 and CD36 regulated metabolism diverge somewhat in insulin resistant 

skeletal muscle, as Glut4 is sequestered within subcellular domains (34), while CD36 is 

permanently redistributed to the plasma membrane (26, 125).  This relationship may be of 

particular importance in the etiology of type II diabetes, as the former contributes 

significantly to chronic elevations in circulating blood glucose (52), while the latter 

allows for greater fatty acid uptake and leads to ectopic lipid accumulation (26, 89, 125), 

and likely contributes to insulin resistance in skeletal muscle. 
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Specific objectives of the thesis 

 

The objectives of this thesis were to examine the contribution of CD36 to skeletal muscle 

fatty acid metabolism and intramuscular lipid accumulation in an insulin resistant model 

of altered sarcolemmal CD36.  For these purposes, we used different rodent models 

where sarcolemmal CD36 protein has been chronically altered, either via genetic 

modification, or as a result of selective inbreeding for an obese phenotype, which has 

previously been shown to have alterations in CD36 function. 

 

Study 1: 

 

Using the CD36 knockout mouse, we examined the effects of caffeine stimulation on 

fatty acid metabolism.  Previous studies demonstrate that caffeine-stimulated calcium 

release increase fatty acid oxidation rates in skeletal muscle and this is associated with 

increases in CD36 at the plasma membrane (1, 157).  However, a number of other 

transporters exist in skeletal muscle, and their involvement is less clear. We hypothesized 

that the loss of CD36 was sufficient to impair fatty acid transport and metabolism despite 

the presence of other fatty acid transport proteins.  

 

Study 2:     

 

Next we used an in vitro transfection model to co-overexpress CD36 and FABPpm at the 

plasma membrane. While each fatty acid transport protein is capable of independent 
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transport, there is preliminary evidence to suggest that FABPpm and CD36 may interact 

at the plasma membrane and that this may be required for fatty acid transport function 

(40). We hypothesized that if FABPpm and CD36 function in tandem, fatty acid transport 

rate, and AICAR- and insulin-mediated fatty acid metabolism will be enhanced when 

these proteins are co-overexpressed.  

 

Study 3: 

 

Insulin resistance in skeletal muscle is associated with an increase in ectopic lipid 

accumulation, and this is, in part, due to the permanent redistribution of CD36 to the 

plasma membrane (26, 76, 89, 125).  It has been suggested that the subcellular location of 

lipid accretion may play a role in the development of insulin resistance (142). We 

hypothesized that intramuscular lipid accumulation, in a model of altered sarcolemmal 

CD36 and insulin resistance (i.e. the obese Zucker rat), occurred primarily within the 

subsarcolemmal region in skeletal muscle.  
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Chapter 1: Review of the Literature 

 

Fatty acid metabolism 

Fatty acids serve a number of essential structural, metabolic and molecular functions. For 

instance, they are a structural component of the cellular membranes, an essential substrate 

for both energy production and for energy storage, and have important roles in mediating 

signal transduction, protein modification and transcriptional regulation.    However, due 

to the hydrophobic nature of their long acyl chains, fatty acids are not miscible in the 

aqueous environments of the cell and surrounding milieu. Fatty acid metabolism 

therefore requires 'special handling' (5).  In order to move through aqueous media, 

individual fatty acids must be shielded by protein chaperones, such as albumin in the 

circulation or fatty acid binding protein (FABPc) within the cytosol, while more complex 

lipids such as triacylglycerol are packaged in specialized structures, such as very low 

density lipoprotein or chylomicrons within the circulation or are stored within the cell in 

lipophilic compartments known as lipid droplets.  Collectively, these lipid-handling 

mechanisms effectively store and allow movement of lipids within aqueous environments 

and are essential for the ‘handling’ of fatty acids in selected compartments.    

 

This literature review will focus on the three major regulatory sites of fatty acid 

metabolism within skeletal muscle: 1) the plasma membrane, site of fatty acid entry into 

skeletal muscle, 2) the mitochondria, site of beta-oxidation and energy production, and 3) 

the lipid droplet, the major site of triacylglycerol deposition and energy storage. 
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Entry of fatty acids into the cell 

Within the circulation, metabolically available lipids exist either as fatty acids bound to 

albumin, or as triacylglycerol, contained within very low-density lipoprotein or 

chylomicrons.  Circulating triacylglycerol contribute significantly to the fatty acid pool 

utilized by tissues, particularly during resting conditions. Fatty acids are liberated locally 

by the action of lipoprotein lipase, which resides on the surface of the vascular lumen.  

Once liberated, fatty acids enter the interstitium, before being taken up by the cell.  

Within the circulation and interstitial space only a small percentage of fatty acids exist in 

free solution, while the majority are bound to albumin.  The concentration of 'free' or 

unbound fatty acids is dependent on the ratio of fatty acid to albumin (178).  Albumin is 

thought to contain as many as seven sites that are capable of binding fatty acids, three of 

which can bind fatty acids with high affinity (158, 173, 178). The concentration of non-

albumin bound fatty acids is a function of the ratio total fatty acid to serum albumin, 

taking into account the shift in affinity as the ratio of fatty acids to albumin increases. The 

delivery of fatty acids to the plasma membrane is dependent on the concentration of non-

albumin bound fatty acids present within the interstitial space (5). 

 

Unlike miscible substrates, the lipid soluble nature of fatty acids allows them to diffuse 

freely across cellular membranes (103).  This is made possible by the hydrophobic long 

acyl tail, which can insert into the outer leaflet of the phospholipid bilayer.  While the 

amphiphatic nature of the fatty acids within the matrix would seem prohibitory (pKa 

~4.5), upon insertion into the membrane, the pKa of the carboxyl group shifts upward to 



 

 7 

~7.6, allowing for protonation and temporarily abolishing its negative charge (103).  This 

relieves electrochemical constraints and allows the fatty acid to 'flip-flop' from the outer 

to the inner leaflet of the bilayer.  Once flip-flop has occurred, the proton is lost to the 

interior of cell and charge is restored.  Desorption of the fatty acid from the inner leaflet 

into the cytosol is facilitated by the soluble cytosol carrier protein FABPc, which is 

present in excess within the cytosol (128).  Hence fatty acids are capable of crossing 

membranes without necessarily depending on a facilitated transport mechanism. 

 

Although fatty acids are capable of entering the cell via free diffusion, as early as the 

1970s (163), studies showed that the rate of fatty acid incorporation into cells or isolated 

membranes obeyed saturation kinetics akin to those observed with other well-studied 

protein mediated transport systems.  At first these observations were contested, as it was 

suggested that saturation could be a refection of the limits of intracellular metabolism 

rather than protein-mediated events at the plasma membrane (53).  However, subsequent 

studies, particularly those that effectively removed cellular metabolism by isolating 

plasma membrane vesicles (25, 110, 124, 185), have provided strong evidence that fatty 

acids uptake across the plasma membrane is indeed a saturable process and occurs 

independently of intracellular metabolism.  Studies that examine the saturation 

phenomena were often complemented by the use of inhibitors, providing more 

compelling evidence for a protein-mediated transport mechanism (5, 25, 130, 184). A 

wide variety of inhibitors have been used to show a reduction in fatty acid uptake in both 

cells and isolated membranes from a number of tissues (110), including competitive 

inhibition with other fatty acids, anion transport inhibitors, proteases such as trypsin, as 
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well as antiserum against fatty acid transport proteins (25, 130).  Collectively, these 

studies showed that fatty acid transport was a saturable and inhibitible process and led to 

the identification of a number of fatty acid transport proteins.  

 

Identification fatty acid transport proteins 

The search for proteins involved in the transport process led to the discovery of three 

major fatty acid transport proteins, FABPpm, CD36 and the FATP family of proteins. 

FABPpm 

In line with earlier investigations, Stremmel et al noted that in isolated liver plasma 

membranes, oleate uptake obeyed saturation kinetics and was susceptible to inhibition by 

trypsin treatment, suggesting fatty acid transport was protein dependent (185).  Using 

oleate affinity chromatography they were able to isolate a protein with high affinity for 

fatty acids with molecular weight of ~43 kDa (184).   Antiserum generated to this protein 

allowed for its detection at the plasma membrane of metabolically relevant tissues 

including liver, adipocytes, and cardiac myocytes. Importantly, pretreatment of isolated 

membranes or cells with antiserum inhibited fatty acid uptake in a dose-dependent 

fashion, providing strong evidence for its involvement in protein-mediated fatty acid 

uptake (184).  In accordance with cytosolic fatty acid binding protein (FABPc), which 

had already been discovered, the protein was named plasma membrane fatty acid binding 

protein (FABPpm).  Although much evidence has accumulated to demonstrate its 

function as a fatty acid transport protein, subsequent studies showed FABPpm to be 
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identical to the mitochondrial isoform of aspartate amino transferase (mtAspAT) (99, 

186), as will be discussed later. 

 

CD36 

CD36 was first characterized as a fatty acid transport protein in a series of studies from 

Abumrad's group (3, 4, 78).   As with the characterization of FABPpm, these authors 

sought to isolate a membrane protein transporter that could account for the saturation 

kinetics of fatty acid uptake that they observed in adipose cells (5).  Moreover, they found 

that fatty acid uptake could be substantially inhibited (78-90%) by pretreatment of 

adipocytes with either 4,4'-Diisothiocyano-2,2'-stilbenedisulfonic acid (DIDS), an anion 

exchange inhibitor, or with sulfo-N-succinimidyl esters of the fatty acids oleate (SSO) or 

myristate (SSM)(4).  Subsequent treatment with tritiated forms of DIDS or SSO allowed 

for the detection of a radiolabelled protein in the range of 80-90 kDa (78).  Based on the 

high affinity of SSO for this protein, it was eventually purified and identified as CD36 

(~53 kDa), a ubiquitously expressed heavily glycosylated cell surface protein (~88 kDa) 

that is a member of the class B scavenger receptor family (3).   

 

FATPs 

FATP1 was first characterized by Schaffer and Lodish using a high throughput screening 

technique (165). They transfected a library of cDNA clones isolated from 3T3-L1 

adipocytes into COS-7 cells and selected for cells with enhance uptake of a flourescent 

fatty acid analog.  After several rounds of selection they isolated plasmids encoding a 
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previously uncharacterized protein with a predicted molecular mass of 63 kDa. 

Additional evidence for fatty acid transporter function included localization of the protein 

to the plasma membrane, a strong correlation between its protein expression, the level 

fatty acid utilization and an increase in fatty acid uptake with transfection into 3T3-L1 

cells. In a subsequent study, using sequence homology searches, five additional members 

of the gene family were identified named FATP1-6 (83).   An analysis of tissue 

distribution revealed a considerable overlap in expression pattern. Some FATPs exhibit a 

narrow range of tissue expression while others are expressed more broadly, suggesting 

that these transporters may exhibit different properties sufficient to accommodate the 

specialized metabolic needs of various tissues.  In skeletal muscle, FATP expression is 

limited to FATP1, FATP4, and to a minor extent, FATP6 (100). 

 

Protein-mediated fatty acid transport in skeletal muscle 

Although the different fatty acid transporters were discovered independently, it became 

apparent that there was considerable overlap in their tissue expression pattern and that 

multiple fatty acid transporters could be expressed in the same tissue. Whether this was 

due to simple redundant function was unknown, although it was clear that CD36, 

FABPpm and the FATPs were not homologous, suggesting they may contribute in 

distinct ways to fatty acid metabolism.  Subsequent studies in muscle tissue were critical 

in defining several essential regulatory properties of fatty acid transporters (for review 

(70)). 
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In a number of ways skeletal muscle provides an ideal tissue to study fatty acid 

transporter regulation, including 1) variation in metabolic properties to utilize lipids (ie. 

red muscle > white muscle), 2) the capacity to utilize fatty acids for energy provision is 

plastic and can change with chronic interventions such as exercise training or muscle 

disuse (denervation), and 3) energy demand can increase rapidly in contracting muscle 

groups which is accompanied by rapid localized increases in exogenous fatty acid uptake. 

Some of these metabolic properties of skeletal muscle have been used to define the 

regulation of CD36, FABPpm, as well as FATP1 and 4 in this tissue, and have provided 

insights into the regulation of fatty acid metabolism, particularly at the plasma 

membrane.   

 

The preparation of giant sarcolemmal vesicles from muscle has been important in 

characterizing fatty acid transporter function at the plasma membrane (21, 25, 38, 76, 95, 

100, 110, 141). This model effectively separates fatty acid transport from changes in fatty 

acid metabolism, which alters the rate of fatty acid diffusion across the membrane, a 

problem inherent in many early studies of fatty acid transport (for review see (70)) . The 

isolation of giant sarcolemmal vesicles relies on them being blebbed from the plasma 

membrane when finely minced muscle fibres are exposed to collagenase and a high 

concentrations of potassium (152). The resultant vesicles are relatively large in diameter 

(~10-15 Pm) (25) and are completely right side out (152). The preparation is devoid of t-

tubular, sarcoplasmic reticular and mitochondrial components that may alter fatty acid 

metabolism (152), but importantly giant vesicles contain an excess of soluble cytosolic 

fatty acid binding protein, FABPc, providing an effective sink for incoming fatty acids 
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(25).  In addition to fatty acid uptake, the preparation has also been used to characterize 

requisite protein mediated transport of aqueous-soluble substrates glucose and lactate 

(133, 152). It is also evident from vesicle studies that fatty acids are rapidly removed 

from the plasma membrane, as in fatty acid uptake experiments, radiolabelled fatty acids 

are fully recovered within the lumen of the giant vesicles (25, 130). In addition, increases 

in diacylglycerol and triacylglycerol are not observed, indicating vesicles are free of 

cellular fatty acid metabolism, and are not contaminated with microsomal membranes 

(130).  Clearly, the giant vesicle preparation has proved to be important in characterizing 

fatty acid transport processes in the absence of intracellular metabolism. 

 

In muscle tissue, fatty acid uptake into vesicles scales with oxidative capacity such that 

the initial rate of fatty acid uptake is greater among tissue, namely heart > red muscle > 

white muscle. These rates correlate well with the muscle content of CD36 and FABPpm 

(130), as well as FATP4 but not FATP1 (141).  Saturation kinetics obey the Michaelis-

Menton relationship and the Km of fatty acid uptake into vesicles generated from heart, 

and red and white muscle as well as from mixed red and white muscle ranges from 6.0-

9.0 nM (25, 130), which is similar to the concentration of circulating non-albumin bound 

fatty acids. Such congruence between the Km of substrate transport is commonly observed 

with other important blood-borne substrates such as lactate and glucose (70).   At the 

plasma membrane, specific inhibition of CD36 with SSO, or FABPpm with FABPpm-

specific antiserum, inhibits palmitate uptake by 50 and 35% respectively (130), 

illustrating the importance of these two proteins in fatty acid uptake at the plasma 
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membrane. Similar inhibition studies have not yet been performed for the FATP family 

of proteins. 

 

An alternative strategy for studying the functional role of fatty acid transport proteins is 

to alter the expression in vivo.  Transfection of skeletal muscle using plasmids encoding 

fatty acid transporter cDNAs have been used to effectively increase fatty acid transporter 

content on the sarcolemma (44, 94, 141).  This technique allows for controlled 

overexpression of individual transporters and avoids the potential confounding effects of 

more global stimuli, such as chronic contraction, that can elicit increases in multiple 

transporters simultaneously (16, 109).  Individual overexpression of CD36, FABPpm, 

FATP1 and FATP4 increases the plasmalemmal content of each transporter 

independently, and in each case, increases the rate of fatty acid transport (141).  When the 

rates of transport were normalized to the protein overexpression on the plasma 

membrane, CD36 and FATP4 had comparable fatty acid transport efficiencies, which 

were considerably larger than those of FABPpm and FATP1.  Moreover, the 

overexpression of CD36 or FABPpm promoted fatty acid oxidation to a greater extent, 

relative to either FATP1 or 4 (141).  

 

Chronic physiological interventions, such as exercise training, can have an impact on the 

content of fatty acid transporters at the plasma membrane.  It has been known for 

sometime that training increases mitochondrial content, as well as the enzymes associated 

with aerobic metabolism and fatty acid oxidation (86) and this is also reflected in changes 

in fatty acid transporter content at the plasma membrane (16, 21, 109, 188, 194).  For 
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example, when muscle is chronically stimulated to contract for 7 days, the content of 

CD36 and FABPpm increases at the whole muscle level as well as at the plasma 

membrane (109).  On the other hand, chronic disuse models such as denervation, has the 

opposite effect, decreasing transporter protein content at the plasma membrane (109). 

Importantly, these changes in both FABPpm and CD36 protein at the plasma membrane 

match well with concomitant increases in fatty acid transport (r=0.97-0.99) (109).   

 

In the obese condition, skeletal muscle fatty acid transport is increased at the plasma 

membrane and this is associated with an increase in the content of CD36.  For example, 

in the obese Zucker rat, the content of CD36 is unchanged at the whole muscle level but 

increases 60% at the plasma membrane (89, 125).  The content of other transporters such 

as FABPpm, FATP1 and FATP4 change only modestly, or not at all, at the plasma 

membrane (89).  In a more severe rodent model of type II diabetes, the Zucker diabetic 

fatty rat, CD36 is elevated at both the whole muscle level as well as at the plasma 

membrane (23).  This also holds true for human skeletal muscle from obese individuals, 

as the plasmalemmal content of CD36 is elevated (6, 26).  In each case, CD36 plasma 

membrane content is highly correlated to fatty acid uptake into giant sarcolemmal 

vesicles and the accumulation of ectopic lipid within skeletal muscle (26, 89, 125). The 

combination of elevated circulating lipid, in conjunction with a simultaneous increase in 

CD36 plasmalemmal and fatty acid transport, likely contributes to ectopic lipid 

accumulation and insulin resistance.  It appears that CD36 is of primary importance in 

this relationship (for review (70)). 
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Acute regulation of fatty acid transporter membrane content   

In response to metabolic stimulation, the myocyte can increase its capacity to acquire 

exogenous substrate by acutely increasing the substrate transporter content on the plasma 

membrane.  This mechanism has been extensively studied for glucose transport, where, in 

response to contraction or insulin stimulation, the Glut4 protein content increases on the 

plasma membrane, resulting in a concomitant increase in glucose uptake (57).  In the 

basal state, Glut4 protein resides in intracellular vesicular pools from which it can be 

induced to translocate to the cell surface upon stimulation (211).   It is well known that 

insulin and muscle contraction facilitate translocation through different signalling 

cascades, and may target distinct sub-plasmalemmel pools (151).   More recent data 

indicates that this is also the case with fatty acid transporters, as the protein content of 

CD36, FABPpm, FATP1 and FATP4 increase in response to both insulin and contraction 

stimulation (100).  This process is also additive, but only for CD36 and FATP1 (100), 

indicating that these fatty acid transporters likely reside in distinct subcellular 

compartments, from which their translocation may be controlled by discrete signalling 

pathways.  

 

Translocation in response to insulin 

Insulin was shown to acutely increase exogenous fatty acid esterification in a number of 

lipid pools including phospholipid, diacylglycerol and triacylglycerol (61).  At the same 

time, CD36 had been shown to increase rapidly at the plasma membrane in response to 

muscle contraction (24) (see below), suggesting fatty acid transport and CD36 were 

acutely regulated.  This implied that CD36 could respond to insulin in a similar fashion as 
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Glut4.  Subsequent studies in skeletal muscle and heart tissue showed that CD36 resides 

within intracellular pools and can be induced to translocate in response to insulin (24, 39, 

100, 127, 129).  The signalling pathway that mediates CD36 translocation has similarities 

to Glut4, for instance PI3-kinase inhibition with wortmanin can block both CD36 (129, 

196) as well as Glut4 (118) translocation.  However, the two pathways likely diverge at 

some point, given their reciprocal responses within insulin resistant skeletal muscle, in 

which Glut4 is sequestered within its intracellular compartment (34), while CD36 is 

permanently redistributed to the plasma membrane (6, 26, 76). 

 

Translocation in response to contraction  

Studies examining fatty acid transport during and immediately after an acute bout of 

exercise revealed that fatty acid oxidation and transport increased very rapidly (24).   This 

led to the postulation that fatty acid transport may be acutely regulated at the plasma 

membrane via the translocation of fatty acid transporters to the cell surface.  Initial 

studies showed that during a thirty-minute bout of muscle contraction, fatty acid uptake 

into giant sarcolemmal vesicles increased incrementally, peaking at a 75% increase in the 

initial rate of transport, followed by a rapid decline over the forty minutes following 

exercise cessation (24).  This rapid and transient increase in fatty acid uptake could be 

inhibited by treatment of vesicles with SSO, implicating CD36 as the primary mediator of 

this effect (24). Rigorous cell fractionation procedures demonstrated that CD36 and the 

Glut4 transporter responded in a similar fashion to contraction (24).  Since these initial 

studies, FABPpm (76, 100) and FATP1 and 4 (100) have also been shown to translocate 

acutely as in response to contraction.  Taken altogether, contraction stimulus can 
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facilitate fatty acid transporter translocation to the cell surface, however the precise 

signalling events responsible for translocation are not well understood. 

 

Mechanisms of contraction induced translocation 

Multiple signals contribute to the modulation of energy output in order to meet demand 

during muscular contraction, including, i) changes in cellular energy charge (AMP/ATP 

ratio), ii) changes in cytosolic calcium, iii) generation of reactive oxygen species and, iv) 

changes in the NAD+/NADH ratio.  In turn, these signals are interpreted by a number of 

signalling proteins that modulate an appropriate metabolic response, including AMPK, 

CaMKs, protein kinase A, protein kinase C, and mitogen-activated protein kinases 

(MAPK).  Of the aforementioned proteins, activation of AMPK, in response to changes 

in cellular energy charge, and changes in cytosolic calcium levels that occur with 

excitation/contraction coupling, are the most well characterized.  

 

AMPK induced signalling 

AMPK is a major sensor and regulator of energy production within the cell (182). It is 

activated when cellular 'energy charge' falls as a result of an increase in energy demand 

and has recently been shown not only to be sensitive to AMP, but also to cellular ATP 

and ADP levels (143). In general, AMPK inhibits anabolic energy consuming processes 

like glycogen and triacylglycerol synthesis, while stimulating energy producing pathways 

such as glucose and fatty acid oxidation. AMPK activation has also been implicated in 

the acquisition of exogenous substrate, such as glucose (162) and fatty acids (70).  
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Stimulation of muscle cells with factors that raise AMP levels, such as oligomycin and 

AICAR, activate AMPK and can elicit the translocation of CD36 to the plasma 

membrane (39, 126).  In CD36 knock-out mice, AICAR stimulated fatty acid uptake and 

oxidation are severely blunted, and this is likely due to the loss of a responsive, 

translocatable pool of CD36 (22). 

 

Calcium induced signalling  

Calcium is an important second messenger in all cell types, but in excitable cells such as 

muscle tissue, calcium release from the sarcoplasmic reticulum is an integral mechanism 

of muscle contraction (63), while the reuptake of calcium into the sarcoplasmic reticulum 

is a major contributor to overall energy expenditure.  Within the sarcoplasmic reticulum, 

the Ca2+ concentration is 104 orders of magnitude greater then levels found in the cytosol.  

Upon the initiation of contraction, membrane depolarization causes the ryanodine 

receptors to open and Ca2+ is allowed to flow down its concentration gradient into the 

cytosol.  The resulting increase in free cytosolic calcium is sufficiently large to trigger 

contraction through its interaction with the troponin complex. The low resting 

concentration of free cytosolic calcium is then restored by the sarcoplasmic/endoplasmic 

reticular calcium ATPase (SERCA), which pumps Ca2+ ions back into the sarcoplasmic 

reticulum, against the Ca2+ gradient at the expense of ATP, thereby allowing for muscle 

relaxation (63).  

 

During muscle contraction, the release of calcium is an important feed forward signal that 

allows for increases in metabolic flux associated with contraction.  This may occur 
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through the direct interaction of the Ca2+ ion with enzymes involved in energy 

production, or alternatively may evoke signalling cascades that modulate energy supply.  

Caffeine has been commonly used as a tool to induce calcium release.  High levels of 

exposure  (~10 mM) can cause muscle contraction (81), however caffeine exposure in the 

low millimolar range (3 mM) is sufficient to cause an increase in free calcium release 

independent if contraction (208).  A number of recent studies have used this approach to 

examine the effect of elevated free calcium levels on glucose uptake (101, 206-208) and 

fatty acid oxidation (1, 2, 157).  Early studies using caffeine proposed that caffeine 

induced elevation in free calcium allows the examination of calcium dependent signalling 

mechanisms separately from those associated with alterations in the AMP/ATP ratio, 

namely activation of AMPK.   While it is notable that AMP levels are not altered in this 

caffeine-treated model (101, 208), it is important to note that any changes in cytosolic 

calcium will increase energy turnover when the SERCA pumps are engaged.  So, instead 

of completely isolating the effects of the calcium ion on cellular signalling mechanisms, 

the 3mM caffeine-stimulation model better describes a slight increase in the metabolic 

rate in skeletal muscle in the absence of contraction. 

 

Caffeine-induced calcium release has been shown to increase fatty acid oxidation (1, 2, 

157).  This occurs through activation of AMPK, likely through the activation of CaMKK 

beta (1), an upstream kinase of AMPK that is responsive to elevations in cytosolic 

calcium. Whether subsequent signalling is manifested through the AMPK alpha1 or alpha 

2 subunit is equivocal (1, 64, 101); nonetheless, there is consensus that ACC is 

phosphorylated in response to caffeine treatment (1, 64, 101).   In rat muscle, increases in 
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fatty acid transport are associated with increases in CD36, but not FABPpm, at the 

plasma membrane (1).  

 

Intracellular skeletal muscle fatty acid metabolism 

Once fatty acids have entered the cell, they have two potential fates that are of particular 

relevance to energy provision: i) storage in the form of triacylglycerol, or ii) energy 

production via beta oxidation within the mitochondria. Skeletal muscle fatty acid 

metabolism is a balance between fatty acid oxidation within the mitochondria and 

incorporation into triacylglycerol.  This relationship is of importance in insulin resistant 

skeletal muscle, as the accumulation of certain bioactive lipid intermediates, namely 

diacyglycerol and ceramide, have been shown to inhibit insulin signalling (85).  

Triacylglycerol is not causal of insulin resistance per se, but in skeletal muscle from 

obese individuals, triacylglycerol increases in concert with diacylglycerol and ceramides, 

and may serve as an effective surrogate of lipid accumulation (187, 192).  On the other 

hand, a shift toward increasing fatty acid oxidation can restore insulin sensitivity in 

insulin resistant skeletal muscle (8), as presumably, this lowers the bioactive lipids that 

interfere with insulin-mediated signalling. Changes in mitochondrial content and function 

can therefore influence the lipid content of the myocyte, and can have an impact on 

ectopic lipid accumulation and insulin resistance in this tissue. 
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Mitochondrial regulation of fatty acid metabolism 

Once inside the cell, fatty acids destined for energy production must enter the 

mitochondrion where they can undergo beta-oxidation.  Classically, this involves i) the 

conversion of fatty acyl-CoA to fatty acyl-carnitine at the outer mitochondrial membrane 

via carnitine palmitoyl transferase (CPT)-1, ii) transport of palmitoyl-carnitine across the 

outer and inner mitochondrial membrane, iii) and reconversion of palmitoyl-carnitine to 

palmitoyl-CoA within the mitochondrial matrix (107).   CPT-1 is the rate-limiting step in 

this process and is regulated by the malonyl-CoA/ACC/AMPK axis in rodent muscle 

(134, 203).  In resting cells, CPT-1 activity can be inhibited in the presence of malonyl-

CoA. However, upon activation, AMPK can phosphorylate and inhibit acetyl-CoA 

carboxylase(138), the enzyme responsible for the conversion of acetyl-CoA to malonyl-

CoA.  This results in a drop in the cytosolic malonyl-CoA levels and relieves the 

inhibition on CPT-1, allowing fatty acids to be transported into the mitochondria .  There 

is some controversy as to whether this classical mechanism is at play in skeletal muscle 

(88, 91).  For instance, it appears that AMPK may not be the sole kinase capable of ACC 

phosphorylation (62), as ACC can be phosphorylated in the absence of AMPK.  It this 

context it is worth noting that, a number of fatty acid transport proteins have been 

identified at the mitochondria (35, 169, 186). In particular, CD36 was found to reside on 

the surface of the mitochondria (12, 35, 90, 108, 166, 177), and its contribution to fatty 

acid transport within the mitochondria is currently under investigation (discussed below).  

 

Whether defects in mitochondrial function are linked to insulin resistance is controversial 

(88).  A reduction in either mitochondrial function or content could impair fatty acid 
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disposal through oxidation and contribute to the accumulation of lipids associated with 

insulin resistance in skeletal muscle. While several reports are consistent with this notion 

(106, 159, 160) other reports suggest that a mitochondrial impairment is not the root 

cause of insulin resistance (28, 74, 89, 93). For example, in muscle tissue from the obese 

Zucker rat, there is an increase in both mitochondrial content and mitochondrial fatty acid 

oxidation.  However, in spite of this increase, ectopic lipid content remains elevated, 

likely due to elevated CD36 content of the plasma membrane and an increase in fatty acid 

transport (89).  Thus, insulin resistance is likely a result of an imbalance between uptake, 

accretion and disposal, rather than a strictly an impairment in mitochondrial function or a 

reduction in content. 

 

Subcellular localization of mitochondria 

There are two distinct populations of mitochondria within skeletal muscle.  One resides 

immediately beneath the plasma membrane, referred to as subsarcolemmal (SS) 

mitochondria, while the intermyofibrillar (IMF) mitochondria are located between the 

myofibrils.  It is reasonable to postulate that the energetic requirements at the plasma 

membrane are likely to differ from those found deeper within the myocyte, and that these 

differences may be reflected in local mitochondrial populations.  It is also possible that 

adaptations to physiological stimuli in response to training or in insulin resistance states 

also manifest differently within the SS and IMF compartments. This has led to the 

development of methodologies to isolate and characterize these populations in a number 

of physiologically relevant models.  
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Palmer et al (145) were the first to devise a method of isolating each mitochondrial 

population.  This involved the disruption of the muscle plasma membrane through gentle 

homogenization that frees the SS mitochondria, while the IMF mitochondria remain 

trapped within the myofibrils. The two fractions can then be separated via differential 

centrifugation.  The fraction containing IMF is then digested with a protease for a short 

period, liberating the mitochondria from the myofibrils, from which they are then 

separated via centrifugation.  Both fractions can then be further purified and characterized 

for metabolic characteristics. This approach has been used to successfully characterize 

differences within SS and IMF populations.  A number of studies have demonstrated that 

these populations can differ in the their biochemical properties (46, 146) as well as there 

ability to adapt to physiological perturbations (17, 93).  

 

Fatty acid transporters on the mitochondria 

In addition to being found on the plasma membrane, several fatty acid transport proteins 

are found within the mitochondrial compartment (35, 169, 186).  While the presence of 

FABPpm and CD36 at the mitochondria has been confirmed by multiple laboratories, the 

observation of FATP1 within mitochondria compartment is very recent and (92, 169) and 

will not be discussed in detail. 

 

FABPpm 

Although early studies provided strong evidence for the involvement of FABPpm as a 

fatty acids transporter (168, 185), further characterization of the protein showed that 



 

 24 

FABPpm was identical to mitochondrial aspartate amino transferase (mtAspAT) (186), a 

well-characterized enzyme found within the mitochondrial matrix. mtAspAT facilitates 

the reversible transfer of an amino group from glutamate to oxaloacetate to form aspartate 

and alpha-ketoglutarate. It is an integral component of the malate aspartate shuttle, 

responsible for the transfer of reducing equivalents from the cytosol to the mitochondrial 

matrix during exercise (119).  The existence of a bi-functional protein with different 

subcellular locations remains somewhat difficult to reconcile.  Nonetheless, Berk et al 

have provided evidence that FABPpm/mtAspAT is first imported into the mitochondrial 

matrix, where it functions as an amino transferase (18).  FABPpm/mtAspAT may then be 

exported to the plasma membrane, where, through a positively charged aspartate residue, 

it is able to bind fatty acid anions.  Transport within the cell is thought to occur via 

endosomal recycling in conjunction with a second as yet unidentified protein, although 

evidence for this mechanism remains limited (18).  Overexpression of FABPpm in rat 

skeletal muscle suggests that, in spite of elevations in FABPpm/mtAspAT protein and 

aspartate amino transferase activity within the mitochondria, mitochondrial fatty acid 

oxidation is unchanged, indicating a limited role for FABPpm/mtAspAT in mitochondrial 

fatty acid metabolism (94). 

 

CD36 

Studies by Campbell et al were the first to show that CD36 protein is present in isolated 

mitochondria (35). This has been confirmed independently in a number of laboratories 

(12, 108, 166, 169), with one exception (102). It appears that CD36 protein content may 

enhance fatty acid oxidation as increases in protein content within the mitochondrial 
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compartment are observed in exercise training models in humans (188) and models of 

chronic contraction in rodents (35). CD36 can also acutely respond to muscle contraction, 

as protein content within both SS and IMF mitochondria increase with an acute (30 min) 

contraction stimulus in rodent muscle (35, 94), while in human muscle, mitochondrial 

CD36 content increased 63% during 120 minutes of cycling at 60% of VO2max (90).  The 

importance of CD36 in mitochondrial fatty acid oxidation has been demonstrated in 

mitochondria isolated from CD36 KO mice, as palmitate oxidation in isolated 

mitochondria is reduced in both SS and IMF mitochondria (87).  Studies in permeabilized 

fibres isolated from CD36 KO animals showed that palmitate respiration is blunted (177).   

In obesity, CD36 protein content is increased in obese Zucker rat SS and IMF 

mitochondria (89).  Although, initial studies suggested that CD36 may interact directly 

with CPT-1 (35, 166), more recent data suggests that CD36 resides on the outer 

mitochondrial membrane upstream of CPT-1 (177). Taken altogether, in addition to being 

important at the plasma membrane, CD36 is also likely to be important in regulating 

mitochondrial fatty acid metabolism. 

 

Triacylglycerol metabolism 

The accumulation of lipid within the skeletal muscle can have implications for insulin 

resistance.  Early studies showed that triacylglycerol content was elevated in skeletal 

muscle from obese individuals and positively correlated with insulin resistance (147).  

However, the notion that triacylglycerol was causal began to wane with the emergence of 

the 'athletes paradox', where in spite of an increased content of triacylglycerol, trained 

skeletal muscle remains highly insulin sensitive (71).  This observation suggests that, 
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while elevated intramuscular triacylglycerol may be a good surrogate of fatty acid 

oversupply in obese individuals, they are not a direct cause of insulin resistance. Instead 

it appears insulin resistance may be linked via an intermediate of triacylglycerol 

synthesis, namely diacylglycerol (192), as well as ceramide (187), a precursor of 

sphingolipid synthesis. Both these lipid intermediates are involved in modulating cellular 

signalling, and can interfere directly with the insulin signalling cascade (187, 192).   

 

Regulation of triacylglycerol stores 

Due to its hydrophobic nature, triacylglycerol must be stored in specialized cytosolic 

compartments known as lipid droplets.  Once considered inert storage depots, intensive 

study over the last decade has revealed that lipid droplets are dynamic and highly 

regulated organelles (for review (198)). Their lipid core is composed largely of 

triacylglycerol and cholesterol and is surrounded by a phospholipid monolayer. A number 

of proteins reside on the exterior and regulate lipid droplet formation and size.  Lipid 

droplet size and abundance is likely a reflection of the balance between de novo 

triacylglycerol synthesis, as governed by the glycerolipid synthesis pathway, and 

degradation through lipolysis, principally via adipose triglyceride lipase and hormone 

sensitive lipase (200).   

 

Recent data suggests that the lipid droplets subcellular location may play a role in the 

development of insulin resistance (142).  Lipid droplets can be found within the SS and 

IMF regions of the myocyte, however, unlike mitochondria, it is not known if they 

possess distinct properties as they cannot be isolated in a same fashion as SS and IMF 
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mitochondria.  It is clear, however, that the mitochondria and lipid droplets are in close 

proximity to one another (197) and cross talk between the two compartments has been 

suggested (140).  Nielsen et al (142) recently observed that skeletal muscle insulin 

resistance may be related to a greater abundance of lipid droplets within the SS region, 

and that an SS-specific, training-induced reduction in lipid droplet content is associated 

with improvements in insulin sensitivity.  The mechanism for this observation is not 

known, but it could involve alterations in the lipid esterification, which may in turn affect 

lipid disposal in the mitochondria. 

 

In the majority of cell types de novo triacylglycerol synthesis occurs via the Kennedy 

pathway, which also gives rise to a number of important phospholipid species (47).  

Triacylglycerol synthesis involves the addition of 2 fatty acyl-CoA units to glycerol-3-

phosphate backbone, followed by cleavage of the phosphate group, and finally the 

addition of a third fatty acyl-CoA to form triacylglycerol (Figure 1).  Each step is 

catalyzed by a group of enzymes with multiple isoforms, many of which have only 

recently been identified and remain poorly characterized.  It is clear, however, that each 

isoform may differ in its specificity for substrate (ie. fatty acid chain length, degree of 

saturation etc.), as well as in their tissue and sub-cellular distribution (47). 

 

The majority of glycerolipid synthesis is thought to take place within endoplasmic 

reticular membranes, as at least one member of each family has been identified within the 

microsomal compartment.  A notable exception is phosphatidic acid phosphatase, as its 

activity is relegated to the cytosolic fraction (180). In addition to residing within the 
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endoplasmic reticulum, a number of enzymes have been identified on (120, 140) or in 

close proximity (183) to the mitochondria (see Figure 1). To date however, complete 

synthesis of triacylglycerol within the mitochondrial fraction has not been demonstrated, 

suggesting that certain steps in glycerolipid synthesis are missing from this compartment.  

 

GPAT and AGPAT 

The first two fatty acyl-CoA units are added to the sn-1 and sn-2 position of glycerol-3-

phosphate by the GPAT and AGPAT family of enzymes, respectively. The GPAT family 

consist of 4 family members which differ in subcellular distribution. GPAT 1 and 2 are 

located on the outer mitochondrial membrane, while GPAT 3 and 4 reside on the 

endoplasmic reticulum.  GPAT1 was the first member of the family to be characterized 

and is the most well studied.  Since GPAT1 and CPT-1 co-localize to the outer 

mitochondrial membrane it has been suggested that these enzymes may determine the 

metabolic fate of fatty acyl-CoA, ie whether they are esterified via GPAT1, or whether 

they enter the mitochondria for beta-oxidation via CPT-1 (140).   After the formation of 

sn-1 lysophosphatic acid by GPAT, a second acyl-CoA is esterified to the sn-2 position 

by the AGPAT enzymes.  A large number of putative AGPAT have been identified via 

sequence homology (AGPAT 1-11), but demonstration of enzymatic activity has been 

limited to only a few of these members (47). AGPAT activity has been found in both 

mitochondrial and microsomal fractions (41), and AGPAT5 has recently been shown to 

localize to the mitochondria (154), although its expression is relatively low in skeletal 

muscle.  
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Figure 1. The major enzymes governing cellular triacylglycerol synthesis and 
degradation. It should be noted that multiple isoforms have been identified for each step 
of glycerolipid synthesis.   Complete synthesis of triacylglycerol can occur at the 
endoplasmic reticulum while only select enzymes of the GPAT and AGPAT families 
have been identified on the mitochondrion.  See text for greater detail. AGPAT, 
acylglycerol-3-phosphate acyltransferase; ATGL, adipose triglyceride lipase; DAG, 
diacylglycerol; DGAT, diacylglycerol acyltransferase; FA, fatty acid; FA-CoA, fatty 
acyl-Coenzyme A; G3P, glycerol-3-phosphate; GLY, glycerol; GPAT, glycerol-3-
phosphate acyltransferase; HSL, hormone sensitive lipase; LD, lipid droplet; LPA, 
lysophosphatidic acid; Mito, mitochondrion; MGL, monoacylglyceride lipase; Pi, 
inorganic phosphate; PA, phosphatitic acid; PL, phospholipid; TAG, triacylglycerol; 
SR/ER, sarcoplasmic reticulum/endoplasmic reticulum. 
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The identification of GPAT and AGPAT members on mitochondrial membranes suggests 

that synthesis of phosphatitic acid can occur in this compartment.  

 

Lipins 

Phosphatidic acid phosphatase (PAP) activity is mediated by two distinct enzyme 

families: the lipid phosphate phosphatases (LPP), and the Lipin family (32).  The LPP 

enzymes are transmembrane proteins with their active sites on the outer leaflet of the 

membrane, facing either the extra-cellular space at the plasma membrane or the luminal 

space of the endoplasmic reticulum.  While these proteins have phosphatase activity, they 

are thought to be involved in lipid signalling events and not triacylglycerol synthesis (31).  

On the other hand, Lipin family members exert their activity on the cytosolic facing side 

of the phospholipid bilayer and are involved in triacylglycerol synthesis (32). There are 

three Lipin protein isoforms, with Lipin1 being the most abundant in skeletal muscle 

(56). 

 

It appears the Lipin1 is highly regulated and may serve a dual function. Lipin1 is 

regulated post-translationally, as a number of alternatively spliced variants have been 

cloned in humans and mice, namely Lipin1 alpha, beta and gamma (43, 75) and can 

localize to different cellular compartments, including the nucleus, endoplasmic reticulum 

and lipid droplet (199). It was been proposed sometime ago that PAP enzymes may 

translocate to different cellular compartments (30), and interestingly, it was recently 

shown that Lipin1 can associate with membranes via phosphorylation in response to 

insulin signalling in adipose tissue (79). In addition to possessing PAP activity, Lipin1 
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can interact with PGC-1 alpha, a transcriptional co-activator that is involved in 

controlling cellular oxidative capacity (68).  Taken together, it appears the Lipin1 is 

likely to be highly regulated, however whether any of these mechanism are at play in 

skeletal muscle, has yet to be determined.  

 

DGAT 

The final step in triacylglycerol synthesis is mediated by the diacylglycerol 

acyltransferase enzymes.  Two non-homologous DGAT enzymes have been 

characterized.  DGAT1 was the first isoform to be cloned and is related to acyl 

CoA:cholesterol acyltransferase enzymes (37), while DGAT2  was cloned based on the 

sequence of a DGAT enzyme from fungus. Despite these divergent origins, both DGAT1 

and DGAT2 can utilize sn1,2- diacylglycerol for triacyglyceride synthesis. In skeletal 

muscle, DGAT1 protein content scales with the oxidative capacity and triacylglycerol 

content (Bonen, unpublished observations).  In addition, overexpression of DGAT1 can 

promote palmitate incorporation into triacylglycerol while lowering myocellular 

diacylglycerol levels and improving insulin sensitivity (123).  This is consistent with the 

notion that a reduction in the diacylglycerol content of skeletal muscle can promote 

insulin sensitivity. 

 

Summary 

Considerable progress has been made in our understanding of lipid metabolism is skeletal 

muscle over several decades.  While the functional significance of fatty acid transport 
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proteins is now widely accepted, several important questions remain unanswered.  For 

instance, although the translocation of fatty acid transporters has been demonstrated 

during insulin and contraction stimulation, the specific signals that mediate responses to 

more subtle changes in metabolism remain unresolved.  In addition, although it has been 

suggested that fatty acid transporters may function in complexes, this has also remained 

relatively unexplored.  Finally, as the number of enzymes involved in the handling and 

regulation of fatty acid metabolism expands, studies unifying the molecular adaptations at 

the plasma membrane, lipid droplet and mitochondrial compartment will be necessary to 

further our understanding of insulin resistance and type II diabetes, and to develop 

appropriate therapeutic interventions. 

 

Objectives of this thesis  

In this thesis, the effect of CD36 alteration on skeletal muscle fatty acid metabolism will 

be examined.  The specific objectives of the thesis are: 

 

1) To investigate the impact of caffeine-stimulated calcium release on fatty acid transport.  

Specifically, we will utilize the CD36 knock out mouse to examine the effect of the loss 

of CD36 on fatty acid transport, as well as on whole muscle and mitochondrial fatty acid 

oxidation. 

 

2) To examine the impact of co-overexpression of CD36 and FABPpm on fatty acid 

transport, and whole muscle fatty acid metabolism, particularly when fatty acid 

metabolism is stimulated with either the AICAR or insulin. 
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3) Finally, in insulin resistant muscle from the obese Zucker rat, CD36 content is 

chronically upregulated at the plasma membrane, in concert with elevations in fatty acid 

esterification and mitochondrial oxidation.   We will examine the compartment specific 

distribution of lipids and mitochondria, and its relationship to insulin resistance in 

skeletal muscle. 

 

 

 

 

 

 

  



 

 34 

 

 

 

 

 

 

Chapter 2: Caffeine-stimulated fatty acid oxidation is blunted in CD36-null mice 
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Abstract 

Aim: The increase in skeletal muscle fatty acid metabolism during exercise has been 

associated with the release of calcium. We examined whether this increase in fatty acid 

oxidation was attributable to a calcium-induced translocation of the fatty acid transporter 

CD36 to the sarcolemma, thereby providing an enhanced influx of fatty acids to increase 

their oxidation.  

Methods: Calcium release was triggered by caffeine (3mM) to examine fatty acid 

oxidation in intact soleus muscles of WT and CD36-KO mice, while fatty acid transport 

and mitochondrial fatty acid oxidation were examined in giant vesicles and isolated 

mitochondria, respectively, from caffeine-perfused hindlimb muscles of WT and CD36-

KO mice. Western blotting was used to examine calcium-induced signalling. 

Results: In WT, caffeine stimulated muscle palmitate oxidation (+136%) but this was 

blunted in CD36-KO mice (-70%). Dantrolene inhibited (WT) or abolished (CD36-KO) 

caffeine-induced palmitate oxidation. In muscle, caffeine-stimulated palmitate oxidation 

was not attributable to altered mitochondrial palmitate oxidation. Instead, in WT, caffeine 

increased palmitate transport (+55%) and the translocation of fatty acid transporters 

CD36, FABPpm, FATP1 and FATP4 (26-70%) to the sarcolemma. In CD36-KO mice, 

caffeine-stimulated FABPpm, and FATP1 and 4 translocation was normal, but palmitate 

transport was blunted (-70%), comparable to the reductions in muscle palmitate 

oxidation. Caffeine did not alter the calcium/calmodulin dependent protein kinase II 

phosphorylation, but did increase the phosphorylation of AMPK and acetyl-CoA 

carboxlyase comparably in WT and CD36-KO. 
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Conclusion: These studies indicate that sarcolemmal CD36-mediated fatty acid transport 

is a primary mediator of the calcium-induced increase in muscle fatty acid oxidation.  
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Introduction 

Skeletal muscle fatty acid utilization is highly dependent on their uptake from the 

circulation, as intramuscular triacylglycerol depots provide only ~10% of the fatty acids 

destined for E-oxidation (107).  CD36 is a well-studied plasma membrane fatty acid 

transporter that is important in lipid handling in a range of tissues, including skeletal 

muscle (25, 70).  CD36 has been found in intracellular depots from which it can be 

induced to translocate to the cell surface in response to metabolic perturbations, including 

exposure to insulin, 5-aminoimidazole-4-carboxamide-1-E-D-ribofuranoside (AICAR) 

and muscle contraction (24, 100, 127). Studies using CD36 null mice have established 

that the ablation of CD36 has a number of effects on whole body (67), cardiac (72) and 

skeletal muscle fatty acid metabolism (22), such as a reduction in AICAR- and insulin-

mediated plasmalemmal fatty acid transport and a decrease in AICAR-stimulated fatty 

acid oxidation (22).  

 

Calcium release from the sarcoplasmic reticulum and the subsequent increase in free 

cytosolic calcium levels is an essential component of excitation-contraction coupling in 

skeletal muscle (63). A number of recent studies have examined the metabolic 

consequences of caffeine-induced calcium release from the sarcoplasmic reticulum.  

These studies have shown that calcium induces an increase in glucose uptake (101, 206, 

207), an effect that could be blocked by inhibiting calcium release from the ryanodine 

receptor using dantrolene (101, 206, 207), or by attenuating calcium/calmodulin kinase II 

(CaMKII) signalling (101, 206, 207).  Calcium release also stimulates fatty acid 

metabolism.  For example, when cyclopiazonic acid (CPA), an inhibitor of 



 

 38 

sarco/endoplasmic reticulum calcium ATPase (SERCA), was used to raise cytosolic 

calcium, fatty acid esterification was increased but fatty acid oxidation was not altered 

(201). In contrast, more recently, it was found that caffeine-induced calcium release 

stimulated fatty acid oxidation, an effect, that could be blocked by inhibiting either 

CaMKII signalling (157), or calcium/calmodulin kinase kinase (CaMKK) signalling (1). 

Clearly, caffeine-induced calcium release is sufficient to stimulate skeletal muscle fatty 

acid oxidation, but whether this stimulation is also dependent on caffeine-induced fatty 

acid transporter translocation to the sarcolemma has yet to be firmly established.  

 

Fatty acid transport at the sarcolemma is regulated by a robust system of proteins. In 

addition to CD36, a number of other fatty acid transporters have been identified, 

including fatty acid binding protein (FABPpm) and fatty acid transport protein (FATP) 

family members, FATP1 and FATP4. While these fatty acid transporters are known to 

reside on the sarcolemma and to facilitate fatty acid transport with different efficiencies 

(141), the responses of each transporter to various metabolic stimuli have only recently 

been examined.  For instance, except for FATP6, all fatty acid transporters in muscle 

(FAT/CD36, FABPpm, FATP1 and 4) are induced to translocate by insulin and by 

muscle contraction (100).  Nevertheless, several studies have suggested that metabolic 

stimulation of fatty acid oxidation in muscle is largely dependent on CD36 translocation 

to the sarcolemma (22, 72).  In addition, caffeine-stimulated fatty acid oxidation has been 

linked with the translocation of CD36, but not FABPpm, to the plasma membrane (1). 

However, in view of the presence of other fatty acid transporters in muscle it is uncertain 

whether CD36 accounts primarily for the caffeine-induced changes in fatty acid 
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oxidation. Moreover, it is unknown whether other fatty acid transporters (FATP 1 and 4), 

respond to caffeine stimulation or whether they can compensate for the loss of CD36 in 

KO mice. 

 

In addition to being present on the sarcolemma, CD36 also resides within the 

mitochondrial compartment (35) where it localizes to the outer mitochondrial membrane 

(177). In isolated mitochondria, contraction-mediated fatty acid oxidation is blunted in 

mitochondria isolated from CD36 null muscle (87), while in permeabilized muscle fibres, 

mitochondrial respiration, using palmitate as a substrate, is significantly reduced (177). It 

is therefore apparent that CD36 not only regulates fatty acid transport into muscle but it is 

also involved in regulating mitochondrial fatty acid metabolism. Whether the 

mitochondrial compartment contributes to calcium-induced increase in muscle fatty acid 

oxidation or if this is CD36-dependent is not known. 

 

In the current study we use the CD36 null mouse to examine the effect of caffeine-

induced calcium release on fatty acid transport and metabolism in skeletal muscle.  

Specifically, we sought to determine whether CD36 is solely responsible for caffeine-

induced increases in fatty acid oxidation or whether other fatty acid transporters are also 

required.  We also examined the contribution of mitochondrial CD36 to calcium mediated 

fatty acid oxidation. 
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Methods  

Animals 

Wild-type (WT) and CD36 null (KO) mice (gift, Dr. M. Febbraio, Cleveland Clinic, 

Cleveland, Ohio) were bred on site at the University of Guelph. Female mice (6-8 weeks 

of age) were housed in a temperature (20°C)-regulated environment with a reversed 

12:12-h light-dark cycle. Mice had access to standard laboratory chow and water ad 

libitum.  The animal care committee at the University of Guelph approved all 

experimental procedures.  

 

Fatty acid metabolism in isolated soleus muscles 

We examined the effects of caffeine on rates of fatty acid oxidation and esterification in 

WT isolated soleus muscles. In addition, in WT and CD36 null soleus muscles we 

determined the effects of caffeine and the combined effects of caffeine (3 mM) and an 

inhibitor of calcium release (dantrolene, 10 µM in DMSO; 0.3% DMSO final 

concentration) on fatty acid oxidation.  

 

To determine palmitate esterification and oxidation, we used procedures that we have 

reported previously (9, 22). Briefly, soleus muscles were obtained from anesthetized mice 

(sodium pentobarbital, 6 mg.100 g-1 body wt ip; MTC Pharmaceuticals, Cambridge, ON, 

Canada).  To saturate the incubation media with oxygen, the incubation media (Media 

199, Sigma-Aldrich, Oakville, ON, Canada) supplemented with 4% BSA (Roche 

Diagnostics, Laval, QC, Canada) and 0.5 mM palmitate (Sigma) was pre-gassed for 40 
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min (95% O2 and 5% CO2). To allow for recovery of the excised soleus muscles, they 

were pre-incubated in 2 ml of incubation media in a shaking water bath at 30 oC (100 

cycles.min-1) for 1 h. Thereafter, muscles were transferred to new pregassed vials 

containing incubation media without (control) and with caffeine (3 mM), and unlabelled 

(0.5 mM) and 1-14C palmitate (0.5 PCi.ml-1) (GE Healthcare Bio-Science, Baie d’Urfé, 

QC, Canada) and 4% BSA. For inhibition studies, it was necessary to pre-expose muscles 

to 10 PM dantrolene during the last 40 min of the pre-incubation period.  Thereafter, 

muscles were transferred to incubation media containing radiolabel as before, and 3 mM 

caffeine or 3 mM caffeine with 10 PM dantrolene dissolved in DMSO (0.3% final 

concentration). DMSO (0.3% final concentration) was also included in control muscles. 

In all experiments, mineral oil was layered on top of the media to prevent loss of 

radiolabeled CO2. The incubation was allowed to proceed for 60 min. Thereafter, muscles 

were removed, blotted and were snap frozen using a liquid N2 cooled clamp. 

 

The procedures for palmitate oxidation and esterification have been used extensively by 

our group and have been reported previously in detail (9, 22). Briefly, 14CO2 was released 

from the incubating media by the addition of sulfuric acid (1 M) and was captured (60 

min) using a benzethonium hydroxide trap (9, 22).  A Folch extraction was used to obtain 

lipid and aqueous fractions from homogenized muscle. Water-soluble 14C-labeled 

intermediate metabolites were measured in the aqueous phase, while 14C-palmitate 

incorporated into muscle triacylglycerol depots were measured in the organic phase using 

thin layer chromatography. (9, 22).  
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Oxygen consumption in isolated soleus muscle 

To determine whether oxygen consumption of WT and CD36 KO muscles were 

comparable we isolated their soleus muscles as described above.  The rate of oxygen 

consumption was determined using an Oxygraph 2-k (Oroboros Instruments, Innsbruk, 

Austria).  Soleus muscles were added to the chambers containing pregassed incubation 

media (Media 199, supplemented with 4% BSA and 0.5 mM palmitate) at 30 oC and 

stirring at 750 rpm. Once a basal steady state of O2 consumption had been achieved, 

3mM caffeine or media alone (basal) was added to the chamber.  After these additions the 

rate of O2 consumption was determined using Oroboros DatLab Software (Oroboros 

Instruments, Innsbruk, Austria).   

 

Palmitate transport and plasma membrane fatty acid transporter content  

To obtain sufficient material for a single determination of palmitate transport in soleus 

muscles would have required the pooling of 30-50 soleus muscles (6-8 mg each). 

Therefore, we perfused murine hindlimb muscles and prepared giant sarcolemmal 

vesicles as we have described previously in detail (22, 87). Briefly, hindquarters were 

preperfused for 20 min after which the venous effluent was discarded.  This was followed 

by a 60 min perfusion at 3 ml. min-1 with a recirculating medium of 95% O2/5% CO2 

Krebs-Henseleit buffer, 7 mM glucose, 0.5 mM palmitate, 4% bovine serum albumin, pH 

7.4, 37°C. During the 60 min experimental period, the hindlimb perfusions were 

performed without or with caffeine (3 mM). The mouse hindlimb perfusion preparation is 

very stable, as we have established previously in our work (22).   
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At the end of the perfusion period, giant sarcolemmal vesicles were generated as we have 

previously described (24, 87, 100). Briefly, muscles from the perfused hindlimb were 

sectioned into 1-3 mm thick slices and were incubated for 1 h in 140 mM KCl-10 mM 

MOPS (pH 7.4, collagenase type VII (150 U.ml-1), aprotinin (1 mg.ml-1) (Sigma-Aldrich) 

while shaking in a 34 °C water bath.  When digestion was complete, muscle tissue was 

washed with KCl-MOPS containing 10 mM EDTA.  Percoll was added to the supernatant 

to give a final concentration of 3.5% Percoll, 28 mM KCL, 10µg.ml-1 aprotinin and the 

resulting suspension was placed at the bottom of a density gradient consisting of a 1 ml 

KCl-MOPS upper layer and a middle layer of 4% Nycodenz (wt.vol-1). Following a 60 x 

g centrifugation for 45 min at room temperature, the vesicles were harvested from the 

interface separating the upper and middle layers, diluted with KCl-MOPS and re-

centrifuged for 5 min at 12000 x g at room temperature.  For determination of fatty acid 

transporter protein content pellets were resuspended with KCl-MOPS and stored at  –80 

oC for analysis by Western blotting.  

 

Palmitate transport rates were measured as we have described previously in detail (24, 87, 

100). Briefly, 40 µL of 0.1% BSA in KCl-MOPS, containing unlabeled (15 µM) and 

radiolabeled 0.3 µCi [3H]-palmitate, and 0.06 µCi [14C]-mannitol, were added to 40 µL of 

vesicle suspension. The incubation was carried out for 15 s. Palmitate uptake was 

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

BSA. The sample was then centrifuged and the supernatant fraction was discarded. 

Thereafter, radioactivity was determined in the remaining pellet. Nonspecific uptake was 
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measured by adding the stop solution before the addition of the radiolabeled palmitate 

solution.  

 

Palmitate oxidation by isolated mitochondria 

The effect of caffeine (3 mM) on mitochondrial fatty acid oxidation was determined in 

subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria isolated from hindlimb 

perfused murine muscles. For practical reasons it was not possible to do so in isolated 

murine soleus muscles, as this would have required pooling of 70-80 murine solei to 

obtain sufficient SS and IMF mitochondria for a single determination.  

 

Hindlimb muscle perfusion was conducted as described above with or without caffeine 

(3mM). After the perfusion period, SS and IMF mitochondria were isolated from pooled 

hindlimb muscles using differential centrifugation as we (35, 94) have previously 

described in detail. Briefly, muscles were removed and placed in Buffer 1 (50 mM 

Tris.HCl, 5 mM MgSO4
.7H20, 5 mM EDTA, 100 mM KCl) at 4 oC.  They were trimmed 

of all tendons, weighed, and then minced with scissors in 1 ml of Buffer 2 (Buffer 1 

supplemented with 1.1 mM ATP). The muscle slurry was resuspended in 9 ml of Buffer 1 

and homogenized for 12 s at 7500 rpm using a polytron homogenizer.  The homogenate 

was centrifuged at 800 xg and the supernatant and pellet were saved.  The supernatant 

was centrifuged at 9000 xg to pellet the SS mitochondria. To liberate the IMF 

mitochondria, the pellet was resuspended in 4 ml of Buffer 2 and the muscle was digested 

with subtilisin A (Sigma) at a concentration of 0.25 µg/mg wet weight of muscle for 

exactly 5 min at 4 oC.  When digestion was complete the suspension was centrifuged at 
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5000 x g and the pellet was resuspended in 4 ml of Buffer 2.  The resuspension was 

centrifuged at 800 x g, the supernatant was retained and centrifuged at 9000 x g, to pellet 

IMF mitochondria. Freshly isolated SS and IMF mitochondria were used to determine 

palmitate oxidation in the presence of [1-14C] palmitate, as we have described previously 

(35, 94).  Gaseous 14CO2 production and isotopic fixation were determined in a 

comparable manner to that described for isolated soleus muscles (see above). 

 

Western Blotting 

Protein analysis using soleus muscle homogenates were performed via Western blotting 

using standard procedures, as we have previously reported (22, 100). FAT/CD36 was 

detected using mouse monoclonal antibody CD36 (ME542) (Santa Cruz Biotechnology, 

Santa Cruz, CA, USA).  FATP1 and FATP4 were detected using rabbit polyclonal IgG 

antibodies FATP1 (sc25541), and FATP4 (sc5834) (Santa Cruz).  FABPpm was detected 

using antisera as we have reported previously (89, 100). Signalling proteins of interest 

were detected using antibodies obtained from Cell Signaling Technology (Cell Signaling 

Technology, Danvers, MA, U.S.A.) and were as follows:  phospho-CaMKII (Thr286) 

Antibody #3361, phospho-AMPKD (Thr172) Antibody #2531, AMPKD antibody #2532, 

phospho-Acetyl-CoA Carboxylase (Ser79) antibody #3661, Acetyl-CoA Carboxylase 

antibody #3662.  Immuno-detection procedures were carried out as per the 

manufacturer’s recommendations.  Equal protein loading was confirmed by Ponceau 

staining. Protein images were obtained using enhanced chemiluminescent reagent 

(Western LightningTM Plus-ECL, PerkinElmer, Waltham, MA, U.S.A.).  Images were 
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acquired using a Chemigenius2 system with GeneSnap software (Syngene, Cambridge, 

U.K.).  Band densities were quantified using GeneTools software (Syngene). 

Statistics 

Data were analyzed using two-way analyses of variance.  When appropriate, a Fisher’s 

LSD post-hoc analysis was used.  P < 0.05 was considered significant. All data are 

reported as mean ± SEM. 

Results 

In WT soleus muscles, caffeine stimulated palmitate oxidation (P<0.05, Figure 2) while 

concurrently reducing palmitate esterification (P<0.05, Figure 2). This net reduction in 

palmitate esterification could not account fully for the net increase in palmitate oxidation, 

as the increase in fatty acid oxidation ('=+40 nmol.g-1.60 min-1, P<0.05) was 54% greater 

than the reduction in fatty acid esterification ('=-26 nmol.g.60 min-1). Therefore, 

subsequent experiments focused on fatty acid oxidation.  

 

     Figure 2.  Caffeine (3 mM) stimulated palmitate oxidation and esterification in 
WT mouse soleus muscle.  n=4-6 muscles per treatment, data are presented as means ± 
SEM* p < 0.05 caffeine vs basal. 
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Caffeine-induced increase in palmitate oxidation is blunted in CD36 KO mice 

To assess the role of CD36 in the caffeine-stimulated palmitate oxidation, soleus muscle 

from WT and CD36 KO mice were treated with a) 3 mM caffeine or b) 3 mM caffeine 

plus dantrolene (10 PM), an inhibitor of calcium release. Caffeine-stimulated fatty acid 

oxidation in WT muscle (+70%), but this caffeine-induced effect was 3.3-fold less in 

CD36 KO muscle (+21%) (Figure 3(a), P<0.05).  

 

Pretreatment of muscles with dantrolene inhibited caffeine-stimulated palmitate oxidation 

in both WT and CD36 KO muscles (Figure 3(b)). However, in WT muscle the 

dantrolene-mediated inhibition of palmitate oxidation was only partial (-43%), while in 

CD36 KO muscles this inhibition was complete (Figure 3(b)).  

 

A comparison of the net changes ('=caffeine-basal) in caffeine-stimulated fatty acid 

oxidation revealed a 70% lower response in the KO mice (Figure 3(c)). This suggests that 

CD36 accounts for ~ 70% of caffeine-stimulated palmitate oxidation in soleus muscle. 

 

We also measured basal and caffeine-stimulated oxygen consumption in isolated soleus 

muscle from WT and CD36 KO mice (Figure 3(d)).  This is important because a decrease 

in the metabolic rate in KO muscle could account for their reduced rate of the palmitate 

oxidation. Under basal conditions O2 consumption did not differ in WT and KO muscles 

(P>0.05). Caffeine treatment increased O2 consumption in both WT (+22%) and KO 
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muscle (+27% KO) (P<0.05), but there was no difference between WT and CD36 KO 

mice in the caffeine-stimulated rates of O2 consumption. 

 

Figure 3.  The effects of caffeine on palmitate oxidation and oxygen consumption in 
isolated soleus muscle of WT and CD36 KO mice.  Panel (a): effects of caffeine (3 
mM) on palmitate oxidation, n=8.  Panel (b): effects of caffeine (3 mM) + dantrolene 
(10µM) on palmitate oxidation, n=8-9 Dashed line represents the basal rate of palmitate 
oxidation shown in panel (a).  Panel (c): Net changes in palmitate oxidation: ' = caffeine-
stimulated fatty acid oxidation in individual muscle – the average fatty acid oxidation in 
non-stimulated muscles.  Panel (d): basal and caffeine-stimulated oxygen consumption in 
isolated soleus muscle.  n=5-6 muscles for each treatment, data are presented as means ± 
SEM. * p < 0.05, caffeine vs control. ** p < 0.05, WT caffeine + dantrolene vs WT 
caffeine. *** p < 0.05, KO caffeine vs WT caffeine. 
 

Caffeine-induced fatty acid transport and fatty acid transporter translocation 

Due to tissue limitations, it was not possible to determine fatty acid transport rates or 

sarcolemmal fatty acid transport protein content in isolated soleus muscle.  Instead, 
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palmitate transport rates and the plasma membrane content of fatty acid transporters 

CD36, FABPpm, FATP1 and FATP4 were determined in giant sarcolemmal vesicles 

prepared from caffeine-perfused hindlimb muscles. As we have shown previously, basal 

fatty acid transport rates were reduced by 14% in KO muscle (22).  With caffeine 

stimulation, the fatty acid transport rate increased in both WT (+55%) and KO (+16%) 

muscle, however, as with palmitate oxidation, caffeine-induced fatty acid transport was 

severely inhibited in KO muscle (-70%, Figure 4(a)).     

 

In WT muscle, increases in fatty acid transport rate were accompanied by concomitant 

increases in sarcolemmal content of all of the fatty acid transporters measured (CD36: 

+37%, FABPpm: +26%, FATP1: +49% and FATP4: +38%, Figure 4(b)).  In KO muscle, 

as expected, CD36 was absent from the sarcolemma.  There was no change in the basal 

sarcolemmal content of FATP1 protein, however, sarcolemmal FABPpm protein levels 

were reduced somewhat (-25%) while sarcolemmal FATP4 content was increased 

(+41%) in KO muscle.  Despite these differences in basal sarcolemmal protein content in 

KO muscle, the caffeine-stimulated increases (%) in FABPpm and FATP1 and 4 were 

comparable in CD36 KO and WT muscles (Figure 4(b)).  
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Figure 4. Caffeine-stimulated fatty acid transport rates (a) and fatty acid 
transporter protein content (b) in giant sarcolemmal vesicles isolated from perfused 
hindlimb muscle of WT and CD36 KO mice. n=4-5 for each variable, data are 
presented as means ± SEM. * p < 0.05, caffeine vs basal. ** p < 0.05, KO significantly 
different from respective treatment in WT muscle. ND= not detected. 
 

Mitochondrial fatty acid oxidation 

To ascertain whether the caffeine-induced increase in fatty acid oxidation at the whole 

muscle level was also associated with a stimulatory effect on mitochondria, we examined 

the effects of caffeine on fatty acid oxidation in isolated mitochondria. Under basal 

conditions, the rate of palmitate oxidation by IMF mitochondria was 80-90% greater than 

in SS mitochondria in WT and KO mice  (Figure 5). However, in the KO animals the 

basal rates of palmitate oxidation by isolated SS  (-23%) and IMF mitochondria (-21%) 

were lower than in the WT mice.  Perfusing muscle with caffeine failed to stimulate 
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palmitate oxidation in either SS or IMF mitochondria in either WT or in KO mice (Figure 

5). 

 

Figure 5. Fatty acid oxidation in isolated mitochondria from caffeine-stimulated 
hindlimb muscles from WT and CD36 KO mice.  For palmitate oxidation in isolated 
mitochondria, the muscles from each hindlimb where pooled for each determination, n=5 
in each group, data are presented as means ± SEM.  * p < 0.05, IMF vs SS mitochondria 
in each of WT and KO mice. ** p < 0.05, KO (basal and caffeine) vs WT muscle (basal 
and caffeine). 
 

Caffeine induced phosphorylation of CaMKII, AMPK, and ACC 

CaMKII, AMPK, and ACC are important kinases in regulating the response to metabolic 

challenge in skeletal muscle and have been previously implicated in caffeine stimulated 

fatty acid oxidation (157).  Given the reduction in caffeine-stimulated palmitate oxidation 

in CD36 KO mice, we sought to determine whether the phosphorylation state of these 

kinases was also altered. As is common for detection of signalling protein activations, the 

exposure to caffeine was necessarily brief (15 min) and therefore the protein expression 

of CaMKII, AMPK, and ACC was not altered (data not shown).  
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CaMKII 

Basal CaMKII phosphorylation did not differ in WT and KO mice solei (P>0.05). 

Exposure of soleus muscles to caffeine failed to induce CaMKII phosphorylation in either 

WT or KO mice (P>0.05, Figure 6(a)). 

 

AMPK 

Basal AMPK phosphorylation did not differ in WT and KO mice solei (P>0.05). Caffeine 

treatment of WT or KO solei increased AMPK phosphorylation comparably in both WT 

(+36%) and CD36 KO mice (+48%) (P<0.05, Figure 6(b)).  

 

ACC 

Basal ACC phosphorylation did not differ in WT and KO mice solei (P>0.05). This 

classical downstream target of AMPK, was highly responsive to caffeine treatment, with 

ACC phosphorylation increasing in both WT and KO muscles (P<0.05, Figure 6(c)). 

However, in WT soleus, caffeine increased ACC phosphorylation by 81%, while in the 

CD36 KO muscles, ACC phosphorylation was increased significantly less (+40%) 

(P<0.05, Figure 6(c)). 
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Figure 6.  Caffeine-stimulated CaMKII phosphorylation (Thr286) (a), AMPKD 
subunit phosphorylation (Thr172) (b), and ACC phosphorylation (Ser79) (c) in WT 
and CD36 KO mice.  n=5-6 muscles for each treatment, data are presented as means ± 
SEM. Equal quantities of protein were loaded for WT and CD36 KO samples, and was 
routinely confirmed by Ponceau staining.  The very brief stimulation with caffeine 
(15min) does not alter the content of these proteins (data not shown). 
* p < 0.05, caffeine vs basal. ** p< 0.05, KO caffeine vs WT caffeine. 
 

Discussion 

We examined whether caffeine-stimulated fatty acid oxidation was dependent on CD36 

translocation to the plasma membrane. We show that the ablation of CD36 completely 

abrogated the caffeine-induced upregulation of fatty acid oxidation, independent of 

changes in fatty acid oxidation by isolated SS and IMF mitochondria. Given the well-

established role of CD36 in mediating fatty acid transport, we conclude that caffeine-

stimulated fatty acid oxidation is regulated, in part, by the CD36-mediated fatty acid 

transport across the sarcolemma. 
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Caffeine induces CD36 translocation to plasma membrane  

Previous studies have established that CD36 is critically important in heart and skeletal 

muscle fatty acid metabolism (70). CD36 is capable of binding long chain fatty acids, and 

increases in plasma membrane CD36 are highly correlated with increases in fatty acid 

uptake into giant sarcolemmal vesicles (70). In hearts and muscles of CD36-null mice we 

have previously observed a greatly impaired rate of fatty acid uptake and oxidation when 

these tissues were stimulated with muscle contraction, AICAR or oligomycin (22, 72, 

100). Therefore, in the present study, the blunting of caffeine-stimulated fatty acid 

oxidation in CD36 null soleus muscle is likely due to the absence of CD36 on the plasma 

membrane.  Supporting this notion, are data in the present study, and that of Abbott et al 

(1), which indicate that caffeine induces the translocation of CD36 to the plasma 

membrane.  

 

In addition to CD36, translocation of other fatty acid transporters, namely FABPpm, 

FATP1 and FATP4, also occurred in response to caffeine stimulation. Yet, despite the 

responsiveness of other fatty acid transporters to caffeine, fatty acid transport and 

oxidation were reduced considerably in CD36 null mice.  This is somewhat surprising, 

given the presence of other fatty acid transporters at the sarcolemma.  However, there is 

some evidence that CD36 may be required for other transporters to achieve optimal 

efficiency. In particular, FABPpm and CD36 have been shown to co-immunoprecipitate 

with one another ((40) and Jain and Bonen, unpublished data).  While the association of 

CD36 with other fatty acid transporters is not yet firmly established, this could potentially 

explain the profound reduction in fatty acid uptake in the absence of CD36.  Taken 
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altogether, these data further illustrate the essential role of CD36 in skeletal muscle fatty 

acid metabolism at the sarcolemma.   

 

Mitochondrial fatty acid oxidation in response to caffeine 

Many laboratories (12, 35, 55, 108, 166, 169), except one (102), have independently 

confirmed that CD36 is present in mitochondria, where it localizes to the outer 

mitochondrial membrane (177). Despite suggestions that these results reflected 

mitochondrial contamination, many studies have shown that this is not the case (19, 35, 

96, 166, 177).  While the exact role of CD36 in mitochondria has not been fully 

established, we have recently shown, in CD36 KO mice, that this protein is required for 

muscle contraction-induced increases in fatty acid oxidation in isolated mitochondria (87) 

and that mitochondrial palmitate, but not palmitoyl-CoA, respiration is reduced in 

permeabilized muscle fibres of CD36 KO mice  (177).  Fatty acid oxidation can also be 

regulated by calcium at the level of the mitochondria, as Ca2+ is a well-known effecter on 

a number of mitochondrial enzymes.  These include rate limiting enzymes of the 

tricarboxylic acid cycle, namely isocitrate dehydrogenase (54) and D-ketogluterate 

dehydrogenase (132).  However, we did not observe any increase in palmitate oxidation 

in mitochondria isolated from caffeine-stimulated skeletal muscle in either CD36 KO or 

WT mice, indicating that mitochondrial CD36 is not necessary for the caffeine-induced 

increases observed at the whole muscle level. In this and other studies (1, 101, 157, 207) 

the use of 3 mM caffeine is designed to release calcium into the cytosol without 

triggering muscle contraction (208).   Given the lack of a calcium-induced increase in 

palmitate oxidation in isolated mitochondria, it appears that the calcium release elicited 
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by 3 mM caffeine is perhaps too low to stimulate mitochondrial fatty acid oxidation, 

while still inducing the translocation of CD36 to the plasma membrane.  It appears 

therefore that by stimulating CD36-mediated fatty acid transport into muscle cells, the 

resultant increase in intracellular fatty acids is sufficient to stimulate fatty acid oxidation, 

without altering the intrinsic rate of palmitate oxidation by isolated mitochondria. This 

supports early work showing that increasing fatty acid provision to muscle stimulates 

their oxidation (82).  Our present findings further emphasize the key role of fatty acid 

transport, mediated by plasma membrane CD36, in the caffeine-induced upregulation of 

fatty acid oxidation. Indeed, the comparable increases in caffeine-stimulated O2 

consumption (+27%) and plasma membrane CD36 (+33%) suggest that the translocation 

of this fatty acid transporter is tightly associated with muscle respiration rates.  

 

Caffeine-induced signalling 

Members of the CaMK family of kinases are activated by increases in cytosolic 

calcium/calmodulin (48) and are therefore candidates for the regulation of substrate 

utilization in response to calcium release, such as occurs during muscle contraction. 

CaMKII activation has been implicated in the translocation of both glucose and fatty acid 

transporters (101, 157, 204, 207), but the precise role of CaMKII in this process remains 

elusive. Unfortunately, the majority of evidence in support of CaMKII activation by 

caffeine relies heavily on the use of the inhibitor KN-93 (101, 157, 207), but recently the 

specificity of this inhibitor has been come into question (204).  In the present study, we 

have found that treatment with caffeine is not sufficient to cause CaMKII 

phosphorylation in mouse soleus muscle. Although there is evidence that muscle 



 

 57 

contraction can result in CaMKII phosphorylation in fast twitch muscles (64, 204), and in 

soleus muscle (A. Bonen, X-X. Han, and S. Jain, unpublished data), only a few studies 

have provided direct evidence that this kinase can be activated by caffeine treatment, and 

only in fast-twitch muscles (207).  Studies examining caffeine effects on glucose 

transport in soleus muscle have not provided evidence that this treatment induces 

CaMKII phosphorylation in this slow-twitch muscle (101, 206). Taken altogether it 

appears that caffeine-induced CaMKII phosphorylation may exhibit muscle fiber type 

specificity. Nonetheless, since CD36 translocation to the plasma membrane did occur, it 

appears that an increase in CaMKII phosphorylation may not be required for CD36 

translocation in response to caffeine treatment.   

 

A number of studies have implicated the AMPK signaling cascade in the regulation of 

glucose and fatty acid uptake in response to caffeine treatment (1, 64, 101, 157). We have 

also found that caffeine activates AMPK (as well as ACC), but there are a number of 

inconsistencies within the literature.  Some have reported that caffeine fails to 

phosphorylate total AMPK in incubated soleus muscle (207), a measurement that 

correlates well with AMPK activity (80).  However, Jensen et al (101)  showed that, 

while there was no change in total AMPK phosphorylation, caffeine treatment 

preferentially phosphorylated the AMPK alpha1 isoform, whereas alpha2 

phosphorylation was unchanged.  In epitrochlearis muscle, preferential activation of the 

alpha1 isoform occurred with 1 mM caffeine treatment, but the activity of both isoforms 

increased simultaneously with 3 mM caffeine treatment (64). In contrast, others have 

shown that caffeine stimulation increases the activity of the alpha2 isoform and not 



 

 58 

alpha1 (1, 157).  These conflicting results (1, 64, 101, 157, 207) may be due to a number 

of factors, including differences in species (rat (1, 64, 157) versus mouse (101), 

experimental models (hindlimb perfusion (1, 157) vs. muscle incubation (64, 101)) or 

muscle fiber type distribution (fast-twitch (1, 64, 157) versus slow twitch muscles (101)). 

Although there is some discrepancy in the literature with respect to the caffeine-induced 

activation of AMPK, the observation that caffeine treatment increases ACC 

phosphorylation is consistent among studies (present study, and (1, 64, 101, 157)).  

 

Caffeine stimulated phosphorylation of ACC was lower in muscle from KO mice than in 

WT mice. Phosphorylation decreases ACC activity (36), and the resultant decrease in 

malonyl-CoA levels relieves the inhibition on CPT-1 and promotes fatty acid oxidation 

(135).  It is therefore possible that a reduction in caffeine-stimulated ACC 

phosphorylation in KO mouse muscle contributes to the overall reduction in fatty acid 

oxidation.  However, recent studies using muscle specific ACC2 KO mice demonstrate 

that the deletion of ACC2 has no effect on palmitate oxidation (144), and whether AMPK 

is the exclusive kinase for ACC is equivocal (62).  Given the importance of AMPK 

activation in the translocation of CD36 to the sarcolemma (22, 72, 100), it appears that in 

response to caffeine-induced calcium release, AMPK activation serves to increase the 

uptake of fatty acids into muscle, thereby providing additional substrate to mitochondria 

and allowing an increase fatty acid oxidation. 
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Summary 

We have used a caffeine treatment, to determine whether an increase in cytosolic calcium 

increases soleus muscle fatty acid oxidation in a CD36-dependent manner.  We found 

that the caffeine-induced increases in i) palmitate oxidation is blunted in CD36-null mice 

(-70%), and that this is ii) likely due to changes in the sarcolemmal content of CD36, but 

iii) not to intrinsic changes in mitochondrial fatty acid oxidation.  In addition, iv) we 

show that the caffeine-stimulated increase in CD36 translocation, ACC phosphorylation 

and fatty acid oxidation, occur in concert with AMPK activation, which v) is independent 

of CaMKII phosphorylation. Taken together these observations support the critical role of 

plasma membrane CD36 in upregulating skeletal muscle fatty acid oxidation. 

Specifically, when muscle metabolism is increased by the release of calcium into the 

cytosol, CD36 is translocated to the plasma membrane, which allows for the uptake of 

additional fatty acids into muscle to provide more substrate to mitochondria to increase 

the rate of fatty acid oxidation.  
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Chapter 3:  The effect of co-overexpression of the fatty acid transporters CD36 and 
FABPpm on rat skeletal muscle lipid metabolism 
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Abstract 

Introduction: Discordant fatty acid metabolism in muscle is a hallmark of insulin 

resistance, as fatty acids impair insulin signalling and glucose transport. While a number 

of fatty acid transport proteins have been identified, whether they function alone or in 

combination remains unexplored.   

Objective:  To examine the in vivo over-expression of FABPpm and CD36, alone and in 

combination, on AICAR-, and insulin-stimulated fatty acid metabolism in rat skeletal 

muscle.  

Results: Electrotransfection with either FABPpm or CD36 increased protein content in 

whole muscle (112% and 60% respectively) and at the plasma membrane (75% and 

64%). These changes were accompanied by an increase in fatty acid transport (24% and 

62%).  Co-transfection of FABPpm and CD36 simultaneously increased protein content 

in whole muscle (46% and 45%) and sarcolemma (41% and 42%), as well as fatty acid 

transport rate (+50%).  Normalization of uptake rates to protein content revealed that 

transport was enhanced with co-transfection when compared with independent 

overexpression of each transporter. To more thoroughly examine fatty acid metabolism, 

transfected soleus muscle was treated with either AICAR or insulin. When FABPpm and 

CD36 were overexpressed alone or together, AICAR-stimulated fatty acid oxidation 

increased moderately (~20-30%), however when normalized for protein expression level, 

AICAR stimulated oxidation was significantly elevated with co-overexpression. Insulin-

stimulated triacylglycerol synthesis was modestly decreased with independant 

overexpression, but was was markedly increased (+32%) with co-transfection. 
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Conclusions: The independent overexpression of CD36 or FABPpm is sufficient to alter 

fatty acid uptake and oxidation. However, when these transporters are co-overexpressed, 

normalization for protein overexpression levels reveals that tandem overexpression may 

enhance AICAR- and insulin-stimulated fatty acid metabolism, potentially due, in part, to 

increases in fatty acid transport at the plasma membrane. 

 



 

 63 

Introduction 

Fatty acid uptake across the plasma membrane represents an important step in skeletal 

muscle lipid metabolism (70).  While it was once thought that this process occurred 

exclusively via passive diffusion, it has become increasingly clear that fatty acid uptake is 

a highly regulated process and is facilitated by fatty acid transport proteins (20).   In 

recent years a number of fatty acid transporters have been identified in skeletal muscle 

including CD36, FABPpm and fatty acid transporter family members FATP1 and FATP4 

(100, 141). The importance of CD36 and FABPpm in lipid metabolism has been 

demonstrated in genetically altered models where transporters have either been deleted 

(CD36) or overexpressed (FABPpm).  For instance, the deletion of CD36 has a profound 

impact on whole body (73), cardiac (72) and skeletal muscle (22) fatty acid metabolism, 

while the overexpression of FABPpm in skeletal muscle results in an increase in fatty 

acid transport and oxidation (44, 94, 141). Although an understanding of their 

physiological significance has grown in recent years (cf. ref (70)), the mechanism by 

which transport proteins function is not well understood.  There is, however, putative 

evidence to suggest that FABPpm and CD36 may function as a complex (40, 130). 

 

The involvement of FABPpm in fatty acid metabolism has been demonstrated in a 

number of tissues including the small intestine (184), hepatocytes (185), adipose tissue 

(168) and cardiac (130) and skeletal (44, 94, 141) muscle.   Strong evidence that 

FABPpm participates in the transport of fatty acids stems from inhibition studies in which 

pretreatment of giant vesicles with FABPpm antisera reduces fatty acid transport rates 

substantially (130, 185).  In addition, transfection studies in adipocyte cell lines (99) and 



 

 64 

in rat skeletal muscle (44, 94, 141) show that an increase in FABPpm protein at the 

sarcolemma results in a concomitant increase in fatty acid transport and oxidation.  While 

it is clear that the presence of FABPpm allows for an increase in basal fatty acid 

transport, the mechanism by which FABPpm facilitates fatty acid transport remains 

unresolved. It is notable that FABPpm is not a typical transporter, as it lacks distinct 

hydrophobic domains (186).  Indeed in the models mentioned above, other plasma 

membrane proteins including CD36 are present on the membrane, so whether FABPpm is 

capable of independently eliciting fatty acid transport remains somewhat unclear. 

 

A significant body of literature demonstrates the importance of CD36 in skeletal muscle 

fatty acid metabolism (70).  Genetically altered models such as CD36 knock out mice 

display impairments in basal fatty acid uptake, triacylglycerol esterification and fatty acid 

oxidation in skeletal muscle (22).  Furthermore, insulin-stimulated fatty acid 

esterification and AICAR-stimulated fatty acid oxidation are also impaired in skeletal 

muscle from CD36 knock out mice (22). In contrast, overexpression of CD36 in skeletal 

muscle results in an increased protein content at the plasma membrane and is associated 

with greater basal fatty acid uptake and oxidation (141).  Although the importance of 

CD36 in skeletal muscle lipid metabolism is unequivocal, like FABPpm, its mechanism 

of action is not well understood.  

 

A direct functional association of FABPpm and CD36 has not yet been shown in skeletal 

muscle. However, it appears that CD36 is capable of interacting with a variety of plasma 

membrane proteins, including Toll-like receptor-2 (84) and small intestine g-isoform of 
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intestinal alkaline phosphatase (131), and importantly, these associations with CD36 

appear to be critical for the proper function of these proteins.   To examine whether CD36 

and FABPpm act in a concerted fashion to influence fatty acid utilization in skeletal 

muscle, we overexpressed each of these proteins independently and concurrently with 

each other. We hypothesized that if CD36 and FABPpm are co-dependent, changes in 

lipid metabolism associated with insulin and AICAR stimulation will be enhanced when 

CD36 and FABPpm are co-overexpressed. 

 

Methods 

Animals 

Female Sprague Dawley rats were bred on site at the University of Guelph.  Rats were 

housed in a temperature-controlled environment with a reversed 12:12 h light-dark cycle. 

Rats had access to standard laboratory chow and water ad libitum.  The animal care 

committee at the University of Guelph approved all of the experimental procedures.  

 

Plasmids  

Plasmids used in this study have been used in previous studies (141).  The following 

cDNAs were generously donated and used as templates expression plasmid construction: 

FAT/CD36 (donated by Dr N. Abumrad, Washington University School of Medicine, St 

Louis, MO, USA), FABPpm (donated by Dr A. Iriarte, University of Missouri, Columbia, 

MO, USA). A Kozak sequence was added to the 5’ end and a C-terminal epitope tag was 

added to the open reading frame of each transporter by PCR methods. Constructs were 
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verified by sequencing.   The electroporation procedure required large-scale plasmids 

preparation.  For this purpose, plasmids were isolated and purified using the Plasmid 

Giga Kit (Qiagen, Mississauga, ON, Canada) following the manufacturer’s instructions. 

Plasmids were resuspended in half-normal saline solution (0.75 mM NaCl) and integrity 

was verified by spectrophotometry and gel visualization of restriction digests.  After the 

plasmid concentration and purity were assessed by spectroscopy using the O.D. 260/280 

ratio, they were stored at -20 until they were used for transfection.    

 

Electrotransfection of tibialis anterior muscle and soleus muscle 

We examined CD36 and FABPpm overexpression and their co-overexpression in two 

different muscles, as we have done in previous studies (17, 44, 92, 94, 141). The tibialis 

anterior muscle, because of its large size was used to generate large quantities of giant 

sarcolemmal vesicles for the assessment of fatty acid transport and sarcolemmal protein 

content, while the smaller soleus muscle, which is highly reliant on fatty acid utilization, 

is suitable for examining in vitro the effects of CD36 or FABPpm overexpression, as well 

as their co-overexpression on insulin-, and AICAR-stimulated fatty acid metabolism (17, 

44, 94, 141).  

 

In the tibialis anterior muscle, electroporation was carried out as follows: briefly, rats 

were anaesthetized using the inhalation anaesthetic isoflorane prior to plasmid DNA 

injection. For independent overexpression of each transporter, a solution containing 2.5 

Pg.ul-1 of either CD36, or FABPpm plasmid in 200 Pl of 0.75 mM NaCl was injected 

laterally into the tibialis anterior muscle belly.  For co-overexpression studies, FABPpm 
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and CD36 were combined into a single solution to final concentration of 2.5 Pg.ul-1 of 

each plasmid and a volume of 200 Pl.  The contralateral limb served as a control and was 

injected with empty pcDNA3.1 vector.  After plasmid injection, a series of 8 electrical 

pulses at 200 V.cm-1, 1 Hz frequency and 20 milliseconds in duration were administered 

across the tibialis anterior muscle using 4 mm tweezertrodes (BTX-Harvard Apparatus, 

Saint Laurent, QC, Canada).   When the electroporation procedure was complete, rats 

were allowed to recover for two weeks before protein isolation and vesicles preparation 

was performed.  

 

The electroporation procedure in the soleus muscle was performed in a similar fashion to 

that of the tibialis anterior with some notable exceptions.  To assess the independent and 

combined effects of CD36 and FABPpm on the rates of fatty acid metabolism, a well-

oxygenated isolated small muscle preparation is required. This criterion was met by using 

soleus muscles from young rats (80 g) (8, 9). Overexpression of CD36 and FABPpm in 

soleus muscle was carried out as we have described previously (44, 94, 141).  Briefly, the 

soleus muscle was exposed surgically by making a 1 to 1.5 cm incision parallel to the 

Achilles tendon on the lateral side of the hind limb.  250 Pg of FABPpm or CD36 

plasmid was injected into the soleus muscle, either alone or combined in a single 

solution, in a total volume 50 µl of 0.75 mM NaCl solution. The contralateral limb was 

injected with 250 Pg of empty pcDNA3.1 vector.  Following plasmid DNA injection, 

electroporation was performed as described above (8 electric pulses: 200 V.cm-1, 1 Hz, 20 

milliseconds in duration) using Tweezertrodes (BTX-Harvard Apparatus). When 

electroporation was complete the incision was sutured closed and rats were allowed to 
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recover. Because of the rapid growth and increase in the size of the soleus muscle in 

young rats post-transfection recovery was necessarily restricted to one week.  

 

Preparation of giant sarcolemmal vesicles from tibialis anterior 

When the recovery period was complete, rats were anaesthetized using sodium 

pentobarbital (Somnotol, 6 mg.100-1 g body wt) and tibialis anterior muscles were 

excised.  In order to obtain sufficient material for an assessment of uptake and plasma 

membrane protein content, muscles from 4-5 animals were pooled for preparation of 

giant sarcolemmal vesicles, as we have performed previously (24-26, 35, 125, 127, 141).  

Briefly, muscle tissues were cut into thin layers (1–3 mm thick) and incubated for 1 h at 

34°C in 140 mM KCl- 10 mM MOPS (pH 7.4), aprotinin (30 µg.ml-1) and collagenase 

type VII (150 U.ml-1) (Sigma-Aldrich, St. Louis, MO, USA) in a shaking water bath. At 

the end of the incubation, the supernatant fraction was collected, and the remaining tissue 

was washed with KCl-MOPS and 10 mM EDTA (Sigma-Aldrich), resulting in a second 

supernatant fraction. Both supernatant fractions were pooled, and Percoll (Sigma-

Aldrich), KCl and aprotinin were added to final concentrations of 3.5% (vol.vol-1), 28 

mM and 10 µg.ml-1, respectively. The resulting suspension was placed at the bottom of a 

density gradient consisting of a 3 ml middle layer of 4% Nycodenz (wt.vol-1) (Sigma-

Aldrich) and a 1 ml KCl-MOPS upper layer. The sample was then centrifuged at 60 xg 

for 45 minutes at room temperature. Subsequently, the vesicles were harvested from the 

interface of the upper and middle layers, diluted in KCl-MOPS, and re-centrifuged at 

12,000 xg for 5 minutes.  The protein content of isolated giant vesicles was then 

determined using a BCA assay (Bio-Rad Laboratories, Mississauga, ON, Canada) and 
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thereafter vesicles were used immediately to determine the palmitate transport rate. A 

portion of the vesicles preparation was frozen (-80oC) for later analysis.   

 

Palmitate transport into giant sarcolemmal vesicles 

The rates of palmitate transport into giant sarcolemmal vesicles were determined as we 

have described previously (24-26, 35, 125, 127). Briefly, a solution (40 µl) of 0.1% BSA 

in KCl-MOPS, containing unlabeled (15 µM) and radiolabeled 0.3 µCi [3H]-palmitate, 

and 0.06 µCi [14C]-mannitol, were added to 40 µl of vesicle suspension and incubated for 

15 s. Palmitate uptake was terminated by addition of 1.4 ml of ice-cold KCl-MOPS, 2.5 

mM HgCl2, and 0.1% BSA. The sample was then centrifuged and the supernatant fraction 

was discarded. Thereafter, radioactivity was determined in the remaining pellet. 

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

radiolabeled palmitate solution. The fatty acid transporter protein content on the plasma 

membrane of giant vesicles was measured using Western blotting. 

 

Soleus muscle fatty acid oxidation 

To determine the rates of fatty acid oxidation in control and transfected isolated soleus 

muscles, rats were anaesthetized with pentobarbital as described above (Somnotol, 6 

mg.(100 g body wt)-1). Soleus muscles were surgically exposed and bisected laterally 

along the fibres to produce thin strips (<20 mg), as we have performed previously (7, 9, 

141). A portion of the muscle was retained and used for protein analysis. Muscles were 

placed in a 20 ml glass reaction vial containing 2 ml of warmed (30°C), pregassed (95% 
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O2-5% CO2), medium 199 containing 4% BSA and 0.5 mM palmitate, pH 7.4). After a 30 

minute equilibration period, muscles were incubated in freshly pre-gassed, incubation 

medium supplemented with 0.5 µCi.ml-1 [1-14C]-palmitate.  Muscle strips were incubated 

for 40 minutes at 30°C in a closed system. The rate of 14CO2 production was determined 

as has been described previously (7, 9).  Briefly, 14CO2 produced during the incubation 

period was captured in a benzothonium hydroxide trap. After the incubation period was 

completed, a portion of the media was removed and the 14CO2 within the sodium 

bicarbonate pool was released by the addition of sulphuric acid and trapped within the 

benzothonium hydroxide solution. Water-soluble 14C-intermediates were measured in 

muscle homogenates after lipids were extracted using a modified Folch approach.  After 

summing the 14C in the three pools, total palmitate oxidation was determined via standard 

calculations (7, 9).  

 

Soleus muscle fatty acid esterification  

Palmitate accumulation within the intramuscular triacylglycerol depot was determined 

using thin layer chromatography, as we have described previously (22, 76, 127). Lipids 

were extracted by homogenizing a portion of the soleus muscle in 2 ml of 1:1 

chloroform-methanol on ice.  Cellular debris was pelleted by centrifugation and the 

solvent solution was recovered and washed with 2 ml H2O.  The lipid containing 

chloroform phase was separated from the aqueous phase by centrifugation. 500 Pl of the 

chloroform phase was dried under nitrogen and samples were reconstituted with 100 Pl of 

2:1chloroform-methanol (v:v). Samples (50 Pl) were then spotted onto 250 mm silica gel 

plates and resolved using 60:40:3,heptane:isopropylether:acetic acid for 50 min. The 
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plate was then dried and sprayed with chloroflurescein dye (0.02% wt.vol-1 in ethanol) to 

allow for visualization of separated lipids under UV light.  The band corresponding to 

triacylglycerol was identified by comparison with a standard included in the suspension.  

The triacylglycerol band was scraped from the glass plate into a scintillation vial and the 

radioactivity was measured by scintillation counting. Standard calculations were used to 

determine palmitate incorporation into intramuscular triacylglycerol (7, 9). 

 

Protein detection 

Proteins of interest were detected and quantified using Western blotting procedures as we 

have previously performed (8, 100, 141).  For total protein analysis, a portion of the 

muscle was homogenized in 1 ml of lysis buffer on ice.  The muscle homogenate was 

briefly sonicated and incubated at 4 oC while rocking on a platform rocker.   The 

supernatant was cleared of cellular debris by centrifugation at 4500 xg and retained for 

protein analysis.  For assessment of protein content at the plasma membrane a portion of 

the vesicle isolated from transfected muscle was retained. Protein concentration was 

assessed using BCA assay (Bio-Rad) and an equal amount of total protein was added to 

each gel. SDS-PAGE was performed using 7.5-12% poly-acrylamide gels.  Proteins were 

transferred to PVDF membranes using wet-transfer procedures.  CD36 and FABPpm 

were detected using monoclonal antibodies as we have described previously (141).  

Detection of other proteins was carried out using the following commercially available 

primary antibodies: ACC (Abcam, Cambridge, MA, USA), AKT2 (Abcam), AMPK 

alpha (Cell signaling, Danvers, MA, USA), AS160 (Millipore, Billerica, MA, USA), 

FATP1 and 4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA) IRS1 (Millipore), PI3-
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kinase (Millipore).  Protein bands were imaged and quantified using Chemigenius II 

imaging system (Syngene, Frederick, MA, USA) and GeneTools software.   

 

Statistical Analysis 

Statistical analysis was performed using ANOVA, Fisher's LSD post hoc test was 

performed where appropriate. All data are reported as the mean ± SEM. 

  

Results 

Individual and combined overexpression of FABPpm and CD36 

CD36 and FABPpm were overexpressed both individually and in tandem in the tibialis 

anterior muscle, without altering the whole muscle or plasma membrane protein content 

of FATP1 or FATP4 (Figures 7(a)-(c)). Independent overexpression of FABPpm resulted 

in a 112% increase in whole muscle protein content and an increase of 64% in plasma 

membrane FABPpm content (Figure 7(a)).  This was accompanied by a 24% increase in 

the fatty acid transport rate  (Figure 7(d)). Similarly, overexpression of CD36 resulted in 

a 60% and 75% increase in whole muscle and plasma membrane protein content, 

respectively (Figure 7(b)), resulting in a robust 62% increase in the rate of fatty acid 

transport (Figure 7(e)).  

 

When FABPpm and CD36 were co-overexpressed, simultaneous increases in protein 

content occurred at the whole muscle (FABPpm +46% and CD36 +45%, Figure 7(c)), 

and at the plasma membrane (FABPpm +41%; CD36  +42%, Figure 7(c)), levels that 
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were somewhat lower than were observed when these proteins were independently 

overexpressed (P<0.05). Nevertheless, the co-overexpression increased the rate of fatty 

acid transport by 50% (Figure 7(f)). 
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Figure 7.  The effect of overexpression on whole muscle homogenate (Hom) and 
plasma membrane (PM) fatty acid transporter protein content of FABPpm (a),  
CD36 (b) and co-overexpression of FABPpm and CD36 (c) and concomitant changes 
in the rate of fatty acid transport into giant sarcolemmal vesicles (d-f) in rat tibialis 
anterior muscle.   
For each independent measure of plasma membrane protein content and palmitate 
transport rate, giant sarcolemmal vesicles were isolated from eight animals and were 
pooled for a single determination. Plasmalemmal protein content and transport rate were 
determined in the same pool of vesicle. The data represent the mean of six independent 
determinations. Error bars represent the standard error of the mean.  * significantly 
different from control muscle. 
 

To account for the variable protein upregulation in these experiments, the increase in 

fatty acid transport was normalized to the changes in plasma membrane FABPpm and 

CD36 proteins. This revealed that the co-overexpression of FABPpm and CD36 

augmented the rate of fatty acid transport relative to their independent overexpression 

(Figure 8). 
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Figure 8. The change in palmitate transport normalized to the change in plasma 
membrane transport protein content in tibialis anterior muscle transfected with 
FABPpm, CD36 or CD36/FABPpm. Data were calculated from Figures 1-3 using the 
following equation: (transfected palmitate transport - control palmitate transport) / 
(transfected plasma membrane protein - control plasma membrane protein).  In the co-
transfection condition, the transport rate was normalized to the mean change in FABPpm 
and CD36 protein content. Error bars represent the standard error of the mean. * 
significantly different from independent transporter transfection 
 

Effect of co-overexpression of fatty acid transporters on fatty acid metabolism 

We next examined the effect of independent and co-overexpression of fatty acid 

transporters on fatty acid metabolism in soleus muscle. For these purposes we stimulated 

fatty acid oxidation using AICAR, while fatty acid esterification was stimulated with 

insulin. 
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Similar to overexpression in tibialis anterior muscle, transfection of CD36 and FABPpm 

into soleus muscle resulted in an increase in whole muscle protein content.  Independent 

overexpression increased whole muscle FABPpm and CD36 protein content by 35% and 

56%, respectively (Figure 9(a) & (b)), while co-overexpression simultaneously increased 

the muscle CD36 (+28%) and FABPpm (+32%) protein content (Figure 9(c)).  The 

protein levels of FATP1 and FATP4 (Figure 9(a)-(c)) and selected signalling proteins 

(Table 1) were not affected by transfection with FABPpm and/or CD36.    

 

 

 

Figure 9. Fatty acid transporter overexpression in soleus muscle transfected with 
FABPpm, CD36 or co-transfected with both FABPpm and CD36.  Error bars 
represent the standard error of the mean.  n=6-8.  * significantly different from control 
muscle. 



 

 

 
Table 1. Total protein content of selected proteins involved in insulin and fatty acid oxidation signalling and Glut4 
translocation.   
 

 

 

 

 

 

 

 

 

 

 

Data are presented as arbitrary units ± the standard error of the mean, n=4-6. 

Function Protein FABPpm CD36 FABPpm and CD36 

  Control Transfected Control Transfected Control Transfected 

Insulin 
signaling 

IRS-1 1.00±0.09 1.06 ±0.04 1.00 ±0.10 1.22 ±0.10 1.00±0.09 0.98±0.10 

 

AKT2 1.00 ±0.08 1.00±0.13 1.00 ±0.08 1.00 ±0.14 1.00±0.14 1.01 ±0.13 

 

PI3K 1.00 ±0.06 0.94 ±0.03 1.00 ±0.12 1.09 ±0.13 1.00±0.13 1.04 ±0.08 

FA oxidation 
signaling 

AMPK 1.00 ±0.04 0.93 ±0.05 1.00 ±0.14 1.35 ±0.20 1.00±0.12 1.18 ±0.11 

 

ACC 1.00 ±0.07 0.94 ±0.05 1.00 ±0.06 1.12 ±0.13 1.00±0.11 0.99 ±0.09 

GLUT4 
Translocation 

AS160 1.00 ±0.23 0.99 ±0.21 1.00 ±0.16 1.20 ±0.20 1.00±0.09 1.27 ±0.14 
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Basal and AICAR-stimulated fatty acid oxidation   

Palmitate oxidation was examined under basal and AICAR stimulated conditions in 

transfected soleus muscle.  In the basal condition, palmitate oxidation increased when 

either FABPpm or CD36 was transfected independently (28% and 42%, respectively) and 

when these proteins were increased in tandem (38%, Figure 10(a)).   

 

As expected, AICAR stimulated the rate of palmitate oxidation in control (empty vector) 

muscles (Figure 10(b)). However, transfection with FABPpm or CD36 increased 

AICAR-stimulated fatty acid oxidation significantly more compared to AICAR-

stimulated control (empty vector) muscles (+23% and +19%, respectively). In addition, 

co-transfection with both FABPpm and CD36 increased AICAR-stimulated fatty acid 

oxidation by 31% relative AICAR-stimulated control (empty vector) muscles  (Figure 

10(b)). 
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Figure 10. Basal (a) or AICAR stimulated (b) palmitate oxidation in incubated 
soleus muscle transfected with FABPpm, CD36 or co-transfected with CD36 and 
FABPpm.   Error bars represent the standard error of the mean.  n=6-8.  * significantly 
different from control muscle.  ** significantly different form basal 
 

Basal and insulin-stimulated fatty acid esterification 

Palmitate esterification was examined under basal and insulin-stimulated conditions in 

transfected soleus muscle. In the basal condition, there was no effect of transfection on 

palmitate incorporation into triacylglycerol (Figure 11(a)).  With insulin stimulation, the 

rate of palmitate esterification was, as expected, increased in the control (empty vector) 

muscles. However, in the transfected muscles palmitate esterification was modestly 

reduced when the soleus muscle was transfected with FABPpm (-12%) or with CD36 (-

9%) alone (Figure 11(b)).  In contrast, co-overexpression of CD36 and FABPpm resulted 

in a 32% increase in insulin-stimulated palmitate esterification (Figure 11(b)).  
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Figure 11. Basal (a) or insulin stimulated (b) palmitate esterification into 
triacylglycerol in incubated soleus muscle transfected with FABPpm, CD36 or co-
transfected with CD36 and FABPpm.   Error bars represent the standard error of the 
mean.  n=6-8.  * significantly different from control muscle. ** significantly different 
from independent transfection with FABPpm and CD36.  *** significantly different form 
basal. 
 

Relative comparisons of FABPpm and CD36 mediated fatty acid metabolism 

The independent and combined overexpression of FABPpm and CD36 in soleus muscle 

was not quantitatively similar, as was also observed in the tibialis anterior muscle used 

for the plasma membrane and fatty acid transport studies (see above). Therefore, to 

account for the lower level of protein expression in the co-transfected muscle, we 

normalized the changes in AICAR-stimulated oxidation and insulin-stimulated 

esterification to the changes in protein expression that were induced. When the data are 

transformed in this fashion, it is evident that FABPpm compared to CD36 exerted a 

greater effect on AICAR-stimulated fatty acid oxidation (Figure 12(a)). In addition, co-

overexpression of FABPpm and CD36 increased AICAR-stimulated palmitate oxidation 

compared to their independent overexpression. 
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The difference evoked by FABPpm and CD36 overexpression was more striking with 

insulin-stimulated triacylglycerol accretion. Specifically, insulin-stimulated palmitate 

esterification was decreased with the independent transfection of either FABPpm or 

CD36, but was markedly increased with co-overexpression of FABPpm and CD36 

(Figure 12(b)). 

 

Figure 12.  The change in AICAR-stimulated palmitate oxidation or insulin-
stimulated palmitate esterification in soleus muscle transfected with FABPpm, 
CD36 or CD36/FABPpm.  Data were calculated from Figures 5-7 using the following 
equation: (transfected palmitate metabolism - control palmitate metabolism) / (transfected 
transporter protein - control transporter protein).  In the co-transfection condition, the 
changes in palmitate metabolism were normalized to the mean change in FABPpm and 
CD36 protein content. Error bars represent the standard error of the mean. * significantly 
different from independent transporter transfection. 
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Discussion 

We hypothesized that, if CD36 and FABPpm function in tandem to enhance fatty acid 

transport rates, controlled simultaneous increases in CD36 and FABPpm would be 

reflected in increases in fatty acid transport as well as AICAR- and insulin- stimulated 

fatty acid metabolism. In agreement with previous observation (141), we found that the 

independent transfection of FABPpm or CD36 resulted in an increase in whole muscle 

and plasmalemmal protein content, and that this was associated with an increase in the 

basal rates of fatty acid transport and oxidation. There is also evidence in this study to 

suggest that FABPpm and CD36 act in tandem to influence fatty acid metabolism.  

 

Co-overexpression of fatty acid transporters  

Fatty acid transport across the plasma membrane has been a matter of much debate, but, 

over the years, a number of fatty acid transport proteins have emerged and it is now 

widely accepted that fatty acid transport is not limited to free diffusion, but is highly 

regulated and dependent on protein transporters (for review see (70)).  However, it is also 

apparent that multiple transport proteins may be expressed in a given tissue, and although 

protein transporters such as CD36, FABPpm, FATP1 and FATP4 simultaneously reside 

on the skeletal muscle plasma membrane (100, 141), the reason for their apparent 

redundancy remains largely unknown.   

 

Because there has been tentative evidence that FABPpm and CD36 may function together 

to enhance fatty acid transport (reviewed in (70)) and possibly metabolism, we examined 
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this directly in skeletal muscle, by overexpressing these proteins independently and in 

combination.  While in vivo overexpression of a single protein in skeletal muscle has 

been used in many studies (for example, (17, 44, 94, 112, 141, 167, 205), co-

overexpression is a less common but desirable approach, given that many proteins are 

well-known to function as heterogeneous complexes.  There are several means of 

achieving recombinant protein co-overexpression, including, overexpression of two 

proteins from the same vector, either under control of separate promoters (104) or as a 

bicistronic transcript (105), or alternatively, as a mixture of containing two separate 

plasmids (156), as was employed in this study.    While using a single vector approach 

ensures dual transfection of each fibre, it can also have some less desirable 

characteristics, such as enlarging plasmid size (137) and uneven protein expression (105).   

On the other hand, a possible disadvantage of transfection using a plasmid mixture is that 

not all transfected fibres will be co-transfected (i.e. receive both plasmids). However, 

recent data shows that this concern is unfounded, as the frequency of co-transfection 

using this technique approaches 100% (156).  Nonetheless, this approach is not without 

problems as found in the present study. Specifically, despite administering the same 

amount of plasmid we were unable to obtain the same magnitude of co-overexpression 

compared with the independent overexpression of FABPpm and CD36.  The reason for 

this is unknown, but it has been speculated that this may be due to saturation of the 

molecular processes that govern overexpression (65).  

 

Due to the unequal protein overexpression in the various treatments the data were 

necessarily normalized for the overexpression of the upregulated proteins.  Such 
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determinations have been made in published studies where FABPpm and CD36 have 

been individually overexpressed (141). This is relatively straight forward, as a number of 

studies have demonstrated that plasmalemmal content of FABPpm and CD36 is highly 

correlated to the fatty acid transport rate (130, 141, 181).  However, in conditions where 

they were co-overexpressed, we assumed based on tentative evidence from other studies, 

including their co-immunoprecipitation in cardiac myocytes (40), and fatty acid transport 

rate reductions by inhibitors of either CD36 (i.e. by sulfo-N-succinimidyloleate (SSO)) or 

by FABPpm antisera) (130). Collectively these studies suggest that CD36 and FABPpm 

are not simply redundant transporters, but instead are dependent on each other for 

facilitating fatty acid transport. Based on this reasoning, we considered that FABPpm and 

CD36 act as a unit, and hence, for normalization purposes their overexpression levels 

were averaged together. Since there is also some evidence that independent 

overexpression of either transporter is sufficient to increase fatty acid transport (present 

study and (141)), it is recognized that this assumption of a functional FABPpm-CD36 

unit requires further confirmation in skeletal muscle. Such evidence could include 

fluorescent labelling studies of FABPpm and CD36 to determine their co-localization, 

and evidence of CD36 and FABPpm co-immunoprecipitation from the sarcolemma.  

 

Co-overexpression of fatty acid transporters and fatty acid transport 

The present results show that individual overexpression of FABPpm and CD36 increase 

fatty acid transport rates, as has been shown elsewhere (44, 141).  As noted above, the 

unexpectedly lower increase in the levels of CD36 and FABPpm proteins when they were 

co-transfected into muscle makes interpretation of the data somewhat difficult. 
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Nevertheless, despite these lower overexpression levels, we obtained comparable 

increases of fatty acid transport in co-transfected muscles as were obtained when only 

CD36 was transfected into muscle.  When the change in fatty acid transport rate was 

normalized to changes in protein content, co-overexpression of CD36 and FABPpm 

resulted in 2-4 fold greater rates of palmitate transport, when compared to singly 

overexpressed FABPpm or CD36.  These observations support the hypothesis that 

FABPpm and CD36 function as a complex. While this assertion is based only on 

observations under basal conditions, this is also likely to be the case when fatty acid 

transport proteins are induced to translocate to the cell surface, as other studies have 

shown that CD36 and FABPpm can co-translocate with metabolic stimulation (39, 100).  

Metabolic stimulation studies of fatty acid transport were not performed here, as this 

would have required many additional animals (~300). 

 

Effects of fatty acid transporters on fatty acid metabolism 

The effects of FABPpm and CD36 overexpression on fatty acid metabolism were 

determined in soleus muscle, a highly oxidative muscle which has a high rate of fatty acid 

oxidation and triacylglycerol esterification compared to other muscles (60). The isolated 

soleus muscle preparation has been used widely in this laboratory (7-9). This preparation 

allows for direct determination of fatty acid oxidation and esterification under highly 

controlled conditions. In addition, we have been able to transfect CD36 (141) and 

FABPpm (44, 94, 141) independently into this muscle.  The use of these approaches in 

combination has several advantages, including, i) only a small muscle is transfected, 

which is unlikely to disturb whole body substrate metabolism and ii) the contralateral 
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muscle from the same animal, transfected with empty vector, serves as control.  However, 

as noted for the fatty acid transport studies, the levels of protein co-overexpression were 

less than observed for the independent overexpression of each protein. As above, this 

necessitated expressing the data for fatty acid metabolism relative to the protein 

overexpression. 

 

Effect of co-transfection on basal fatty acid metabolism 

In previous work, it has been shown that an increase in transporter content of either CD36 

or FABPpm resulted in an increase in basal fatty acid oxidation (14, 44, 141).  Data from 

the current study supports these findings, as the rate of fatty acid transport increased with 

both independent and co-overexpression of CD36 and FABPpm.  Notably however, co-

transfection did not further enhance the basal rate of fatty acid oxidation when compared 

to transport rates observed with independent overexpression.  In addition, basal levels of 

fatty acid esterification into triacylglycerol appears to be unaffected by increases in either 

CD36 or FABPpm, as has been previously observed (44, 94, 141), while simultaneous 

increases in these transporters also had no effect on basal esterification rates.  

 

Effects of co-transfection on metabolically stimulated fatty acid metabolism 

In line with previous reports, in control muscles, AICAR stimulated fatty acid oxidation 

(174, 175, 203). Inducing FABPpm and CD36 overexpression, either independently (44, 

141) or in tandem, increased basal fatty acid oxidation. Novel observations indicate that 

the AICAR-stimulated increases in fatty oxidation, when expressed relative to the protein 
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overexpression, were greater for FABPpm than for CD36, while the largest increase in 

AICAR-stimulated fatty acid oxidation occurred in muscles in which FABPpm and CD36 

were co-overexpressed (Figure 12(a)).  These observations suggest that FABPpm and 

CD36 act in a concerted fashion to stimulate fatty acid oxidation, in part via an increased 

rate of fatty acid transport. It is possible that co-overexpression also altered other 

mechanisms influencing fatty acid oxidation, although it is presently unknown as to 

whether sarcolemmal FABPpm and/or CD36 can interact with other proteins that 

influence fatty acid oxidation.   

 

Insulin is known to stimulate muscle fatty acid esterification, as we have reported 

previously (22, 61). However, unexpectedly, insulin-stimulated fatty acid esterification 

was reduced in either the FABPpm or the CD36 transfected muscles, regardless of 

whether the data were expressed on an absolute basis or relative to the specific proteins. 

In marked contrast, insulin-stimulated esterification was augmented with co-transfection. 

The basis for these marked quantitative and qualitative differences is unclear, and will 

require further examination.   

 

Despite some of our unexpected observations, it does appear that both AICAR-stimulated 

fatty acid oxidation and insulin-stimulated esterification are augmented by the 

simultaneous overexpression of FABPpm and CD36.  There are several possible reasons 

for these observations. Metabolic stimulation with either AICAR or insulin has been 

shown to have similar effects on fatty acid transporter abundance at the plasma 

membrane, as both stimuli independently induce the simultaneous translocation of 
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FABPpm and CD36 to the cell surface in muscle tissue. This results in a concomitant 

increase in fatty acid transport (39, 100), which then provides additional fatty acids that 

can be oxidized and esterified.  Since both proteins co-immunoprecipitate from isolated 

plasma membrane preparations, at least in the heart (40), it is likely that the increase in 

AICAR- and insulin-stimulated metabolism is due, in part, to the increased combined 

presence of FABPpm and CD36 at the plasma membrane. While this could have been 

clarified definitively by examining AICAR and insulin stimulated changes in 

sarcolemmal FABPpm and CD36, and fatty acid transport, this would have required a 

very large number of additional animals (~300), as has been noted above.  

 

In addition to translocation of fatty acid transporters to the plasma membrane, AICAR 

and insulin can enhance fatty acid metabolism by regulating enzymes involved in fatty 

acid oxidation (22) and esterification (33, 79, 170), respectively.  AICAR can activate 

AMPK, a master regulator of cellular energy charge (182), to stimulate beta-oxidation  

via regulation of malonyl-CoA/CPT-1 axis (134), although this mechanism has recently 

been brought into question (10, 62, 144).  Less is known about how insulin promotes 

triacylglycerol accretion but recent data demonstrates that, insulin treatment can 

phosphorylate several enzymes of the glycerolipid synthesis pathway, including GPAT-1 

(33), GPAT-3 (170), GPAT-4 (170) and Lipin1 (79).   In particular, insulin induced 

phosphorylation increases the enzymatic activity of the GPAT-3 and 4, which would at 

least promote the first step in the formation of triacylglycerol (170).  It should be noted 

that insulin induced phosphorylation of selected glycerolipid synthesis enzymes is so far 

limited to adipocyte tissue and cell lines (33, 79, 170).  Nonetheless, it would appear that 



 

 89 

enhanced esterification is likely due to the effects of insulin on cellular metabolic 

enzymes, as there is currently no evidence for direct interaction of CD36 and FABPpm 

with the enzymes that govern triacylglycerol synthesis.   

 

While it is likely that the increase in AICAR-stimulated fatty acid oxidation is due, in 

large extent, to an increase in plasmalemmal CD36 and FABPpm content, changes within 

the mitochondrial compartment may also contribute to the increase in fatty acid oxidation 

(35, 87, 96, 177).  Both CD36 and FABPpm have been identified within the 

mitochondrial compartment (35, 186). Although the role of mitochondrial CD36 is 

somewhat unclear, there is increasing evidence that mitochondrial CD36 participates in 

the regulation of fatty acid oxidation (35, 87, 90, 177). In contrast, FABPpm does not 

appear to enhance mitochondrial fatty acid oxidation (94). Notably, this protein is 

identical mitochondrial aspartate amino transferase (mtAspAT) (186), a well-

characterized enzyme that participates in the malate-aspartate shuttle. Overexpression of 

FABPpm/mtAspAT resulted in an increase in mitochondrial AspAt activity but there was 

not an increase in mitochondrial fatty acid oxidation (94).  Additionally, CD36 and 

FABPpm/mtAspAT are unlikely to function as a complex within mitochondria, as they 

reside in different mitochondrial regions. CD36 is located on the outer mitochondrial 

membrane (177), while FABPpm/mAspAT is localized to the matrical side of the inner 

membrane (186). Taken altogether, it is possible that the increase in fatty acid oxidation 

observed in the present experiments is also attributable, in part, to the increases in 

mitochondrial CD36. However, under some conditions, such as metabolic stimulation 
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with caffeine, the CD36 mediated increase in muscle fatty acid oxidation is solely 

attributable to the increased rate of fatty acid transport (Lally et al., Chapter 2).  

 

Summary 

We have investigated the effect of co-overexpression of CD36 and FABPpm on basal 

fatty acid transport as well as AICAR-stimulated fatty acid oxidation and insulin-

mediated esterification of fatty acids.  Co-overexpression of these proteins resulted in an 

enhanced rates of basal fatty acid transport and oxidation, as well as augmented rates of 

AICAR-stimulated fatty acid oxidation and insulin-stimulated fatty acid esterification. 

Collectively, the present data suggest that CD36 and FABPpm interact to stimulate fatty 

acid transport and hence fatty acid metabolism.  This effect may prove to be important, as 

such a mechanism may underlie, in part, the excess lipid accumulation that occurs in 

insulin resistant skeletal muscle.  
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Chapter 4:  Subcellular lipid droplet distribution in red and white muscles in the 

obese Zucker rat 

 

 

This work has been published: 

Subcellular lipid droplet distribution in red and white muscles in the obese Zucker 
rat.  J. S. V. Lally, L. A. Snook, X.X. Han, A. Chabowski, A. Bonen, G. P. Holloway 
Diabetologia 55:479–488, (2012). 
 

It should be noted that the data contained in Figure 14 and Table 2 were adapted from 

Holloway et al (89) and have been added to the thesis version of this manuscript to 

provide additional context for the reader and were not present in the published version of 

the manuscript. 
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Abstract 

Aims/Hypothesis: Little is known about the subcellular distribution of lipids within 

insulin-resistant skeletal muscle, however it has recently been suggested that lipid 

accumulation within the subsarcolemmal (SS) region directly contributes to insulin-

resistance. Therefore, we hypothesized that regional differences in lipid distribution 

within insulin resistant muscle may be mediated by either a) a reduction in fatty acid 

trafficking into mitochondria, and/or b) a regional increase in the enzymes regulating 

lipid synthesis.  

Methods: Transmission electron microscopy was used to quantify lipid droplet and 

mitochondrial abundance within the SS and intermyofibrillar (IMF) compartments in red 

and white muscles from lean and obese Zucker rats. In addition, metabolic fates of 

radiolabelled palmitate were determined to estimate rates of lipid trafficking into 

mitochondria, and key enzymes of triacylglycerol synthesis were determined within each 

subcellular region. 

Results: SS-compartmentalized lipids represented a small absolute fraction of the overall 

lipid content within muscle, as regardless of fibre composition (red/white) or phenotype 

(lean/obese), lipid droplets were more prevalent in the IMF region, and insulin-resistant 

white muscles were devoid of SS-compartmentalized lipid droplets. In red muscle, while 

lipid droplets accumulated within both subcellular regions, lipids only appeared to be 

trafficked away from IMF mitochondria in obese animals, a process that cannot be 

explained by regional differences in the expression of triacylglycerol esterification 

enzymes.  
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Conclusions/interpretations: Lipid accumulation within the SS region is not necessary 

for insulin-resistance. Within the IMF compartment, the diversion of lipids away from 

mitochondria in insulin-resistant animals likely contributes to lipid accumulation within 

this subcellular area.  
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Introduction 

Insulin resistance is associated with increased circulating lipids as well as ectopic lipid 

accumulation within skeletal muscle (cf. (42, 139)). Some studies have suggested that this 

is mediated in part by the relocation of CD36 to the plasma membrane in rodent models 

of obesity (89, 125) and in human obesity and type 2 diabetes (6, 26). Within muscle 

tissue it appears that intramuscular lipid accumulation occurs in two distinct intracellular 

compartments, namely in the subsarcolemmal (SS) region located directly beneath the 

sarcolemmal membrane, and in an intermyofibrillar (IMF) region between the myofibrils 

(146). These compartments also harbour SS and IMF mitochondria, and therefore 

intramuscular lipids depots are found in close proximity to mitochondria (98). Recently it 

has been suggested that the subcellular distribution of intramuscular lipid droplets within 

the SS region, rather than the total content of various lipid species, contributes to 

attenuations in insulin signalling within muscle (142). There are several potential 

mechanisms that could result in subcellular variations in intramuscular lipid accretion, 

including regionally selective impairments in mitochondrial fatty acid oxidation and/or 

increased expression of the enzymes involved in triacylglycerol esterification.   

 

It is known that SS and IMF mitochondria differ in several characteristics, including size, 

enzymatic activities, and rates of fatty acid oxidation (46, 89, 97, 106, 145). In addition, 

rates of substrate utilization in these mitochondrial sub-populations respond differently to 

various physiological perturbations, including aerobic training-induced adaptations (113), 

peroxisome proliferator activated receptor co-activator  (PGC-�Į�-induced mitochondrial 

biogenesis (17), pharmacological activation of peroxisome proliferator activated 
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receptors (PPARs)  (14)  and obesity (89).  In ZDF rats, a model of severe type 2 

diabetes, SS but not IMF mitochondrial number, width and density were increased 50-

70%, although fatty acid oxidation rates were increased comparably in SS and IMF 

mitochondria (93). Thus, differences in SS and IMF mitochondrial fatty acid metabolism, 

due to the differences in their number and size may be associated with differences in lipid 

accumulation in proximity to SS and IMF mitochondria, particularly in insulin resistant 

muscle in which fatty acid transport into muscle is known to be upregulated (89, 125). 

 

On the other hand, lipid accumulation within specific subcellular compartments in muscle 

may be associated with regional increases in enzymes regulating the rate of 

triacylglycerol synthesis. Intramuscular lipid droplets are visible via transmission electron 

microscopy (TEM) and are thought to largely reflect triacylglycerol content (93, 95). 

Triacylglycerol esterification can be regulated by the expression/protein content of a 

number of enzymes, which in most cell types reside on the endoplasmic reticulum, with 

the exception of glycerol-3-phosphate acyltransferase 1 (GPAT1), which is located on 

mitochondria (202). This raises the specter that partitioning of fatty acyl-CoA to either 

storage or oxidation can occur within close proximity to the mitochondria, a possibility 

which is also implied by the intimate spatial relationship between mitochondria and lipid 

droplets (93, 142, 171, 197). However, it is currently unknown whether the enzymes 

involved in triacylglycerol synthesis are a) present and differentially associated within SS 

and/or IMF mitochondrial compartments in skeletal muscle, and b) whether their 

subcellular presence is altered in muscles from insulin resistant animals. 
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Taken altogether there is tentative evidence to suggest that differences in SS and IMF 

mitochondrial fatty acid oxidation and differences in SS and IMF lipid accumulation are 

associated. However, in general, little is known about a) the possibility of divergent lipid 

accumulation patterns within subcellular regions in either highly oxidative (red) and 

glycolytic muscles (white) with inherently different capacities for CD36-mediated fatty 

acid transport and lipid metabolism, b) whether these patterns of lipid accretion are 

altered in obesity, and c) whether different lipid accumulation patterns in skeletal muscle 

are associated with insulin resistance in this tissue. Therefore, in the present study we 

have examined the rates of fatty acid transport and plasma membrane CD36 as well as the 

accumulation of intramuscular lipids in proximity to SS and IMF mitochondrial regions 

in red and white skeletal muscle of lean and obese Zucker rats, a well-known animal 

model of obesity and insulin resistance. In addition, we have examined in intact muscle 

the content of radiolabeled palmitate accumulation within SS and IMF mitochondria. Our 

results show that in obese animals excess lipids accumulate primarily within the IMF 

regions of skeletal muscle, as lipid droplet size and density are greatly increased, and 

incoming fatty acids are trafficked away from IMF mitochondria.  

 

Methods 

Animals 

Ten-week-old female lean (246±8) and obese Zucker (400±8) rats (Charles River, Baie 

d’Urfé, QC, Canada) were housed in a climate control facility at the University of Guelph 

and were allowed access to rat chow and water ad libitum.  All experiments were 

performed using procedures approved by the University of Guelph Animal Care 
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Committee. 

 

Basal and insulin-stimulated glucose uptake 

Basal and insulin stimulated 3-O-methylglucose (3-OMG) uptake were measured using a 

submaximal concentration of insulin  (150 ȝ8.ml-1), in perfused rat hindlimb muscles as 

we have described previously (15, 17).  

 

Biochemical determination of intramuscular lipid content 

Intramuscular levels of triacylglycerol, diacylglycerol and ceramide were measured as we 

have described previously (9).  

 

Isolation of giant sarcolemmal vesicles from skeletal muscle tissue 

In order to access the fatty acid transporter protein content at the plasma membrane and 

the rate of palmitate transport we generated giant sarcolemmal vesicles as we have done 

previously (24, 87, 100). Briefly, the gastrocnemius and quadriceps muscle were 

separated into their red and white compartments and were cut into 1-3 mm thick slices.  

Muscle was then incubated in 140 mM KCl-10 mM MOPS (pH 7.4, collagenase type VII 

(150 U.ml-1), aprotinin (1 mg.ml-1) (Sigma-Aldrich) in a 34 °C water bath, while shaking 

for 1 h. Thereafter, muscle tissue was washed with KCl-MOPS containing 10 mM EDTA 

and Percoll (Sigma-Aldrich) was added to the supernatant to give a final concentration of 

3.5% Percoll, 28 mM KCl, 10 µg.ml-1 aprotinin. The resulting mixture was placed at the 

bottom of a density gradient consisting of a 1 ml KCl-MOPS upper layer and a middle 

layer of 4% Nycodenz (wt.vol-1). The vesicles were isolated by centrifugation at 60 xg for 
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45 min at room temperature, and harvested from the interface separating the upper and 

middle layers.  They were then diluted with KCl-MOPS and pelleted by centrifugation 

for 5 min at 12000 x g at room temperature.  Vesicles were resuspended in KCl-MOPS 

and used either immediately for the determination of the palmitate transport rate, or they 

were stored at -80 for analysis of transporter protein content at the plasma membrane by 

Western blotting. 

 

Palmitate transport into giant sarcolemmal vesicles 

Rates of palmitate transport were measured as we have described previously (24, 87, 

100). Briefly, 40 µL of 0.1% BSA in KCl-MOPS, containing unlabeled (15 µM) and 

radiolabeled 0.3 µCi [3H]-palmitate, and 0.06 µCi [14C]-mannitol, were added to 40 µL of 

the vesicle suspension.  Palmitate uptake was allowed to proceed for 15 s and was 

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

BSA. Vesicles were pelleted by centrifuged and the supernatant fraction was discarded.  

Radioactivity was determined in the remaining pellet. Nonspecific palmitate uptake was 

determined by adding the stop solution before the addition of the radiolabeled palmitate 

solution.  

 

Transmission Electron Microscopy  

Sample preparation, sectioning, and TEM imaging were performed as we have described 

previously (93, 95). Following tissue preparation, samples were embedded in resin 

(London Resin Company, White), embedded, and 100 nm longitudinal sections were cut, 

mounted on 200 mesh formvar/carbon copper grids and stained with 2% uranyl acetate 
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and Reynold’s lead citrate. A minimum of three sections was laid onto each grid (range 

3-5), and labeled with serial numbering such that individuals quantifying images were 

blinded to the phenotype of the animals. From each animal images were obtained in a 

randomized systematic order from multiple fibres, including several images acquired at 

x46,000, x10,500, and x5,800 or x3,400 magnification, using a Philips CM 10 TEM at 80 

kV and a digital Olympus/SIS Morada CCD camera.  

 

Quantification of TEM images 

 A total of 477 images were taken, and three investigators quantified the images, and the 

inter- and intra-investigator variability tests showed no signs of bias and low coefficients 

of variation (<10%). All images were analyzed for mitochondrial parameters as we have 

described previously (93, 95). We have analyzed lipid droplet density two ways, counting 

the number of lipid droplets in both SS and IMF regions normalized to muscle area, and 

the relative percentage of SS lipids. The latter was calculated by determining SS lipids 

normalized to muscle fibre surface area, and IMF lipids normalized to the volume 

beneath the surface area, assuming an average radius of 40 Pm and cylindrical shape of 

the fibres, as previously reported by others (142). The cross sectional area of individual 

lipid droplets was determined using Olympus/SIS iTEM software.  

 

Mitochondrial DNA 

Mitochondrial DNA content was determined in the red and white portions of the tibialis 

anterior muscle using real-time PCR as we have previously reported (17, 93).   
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Whole muscle palmitate metabolism 

Rates of palmitate esterification and oxidation were determined in soleus muscles as we 

have previously published (60). 

 

Palmitate trafficking to mitochondria 

Soleus muscle strips were prepared as outlined previously (60). Muscles were incubated 

for 60 min in the presence of 1 µCi of H3-palmitate (GE Healthcare) and 150 µU.ml-1 of 

insulin. Thereafter, mitochondria were isolated as we have previously published (35, 90, 

96), protein contents determined using a BCA assay, and 100 Pl of the radiolabelled 

mitochondrial suspension was counted using scintillation counting.  Counts were 

normalized to protein content. Preliminary time course experiments showed that lipid 

accretion was linear over the course of  the 60 min incubation.  

 

Western blotting 

Western blotting was performed as previously described (35, 90, 96). The antibodies used 

to detect CD36 and FABPpm have been described in a number of studies (89, 100, 125, 

141).  The following commercially available antibodies were used in this study: FATP1 

& 4 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), GPAT1 (Abcam, Cambridge, 

MA, USA), DGAT1 (Abcam), Lipin1 (Abcam), ATGL (Cayman Chemical Company, 

Ann Arbor, MI, USA), and HSL (Cell Signaling Technology, Danvers, MA, USA). 

 

Statistical analysis 

Data were analyzed using either a 2-tailed unpaired t-tests or a 2-way analysis of 
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variance, and when appropriate a Fisher's LSD post-hoc tests.  A P-value of less than 0.05 

was considered significant. All data are reported as mean ± SEM. 

 

Results 

Skeletal muscle insulin resistance   

As expected, red and white muscles of obese animals were insulin resistant. Specifically, 

independent of phenotype, basal and insulin-stimulated rates of glucose transport were 

greater in red muscles compared to white muscles (Figure 13(a) & (b)).  However, in 

obese animals, the basal rates of glucose transport were reduced by ~30% in both red and 

white muscle (Figure 13(a)). In addition, insulin sensitivity was reduced ~75% in both 

red and white muscles of the obese animals (Figure 13(b)).  

 

Figure 13. Basal (a) and insulin stimulated (b) glucose uptake in red and white 
muscles from lean and obese Zucker rats.  Bars represent the means ± SEM.  Results 
based on n=5 independent experiments.  * significantly different from lean animals (p < 
0.05). † significantly different from red (p <0.05). 
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CD36 protein expression and plasma membrane content 

Rates of plasmalemmal palmitate transport were increased in red (+100%) and white 

(+51%) muscles, when compared to the respective muscles in lean animals (Figure 

14(a)).  This increase in transport was only associated with an increase in the content of 

plasmalemmal CD36 (red +116%, and white +115%) in obese animals (Figure 14(b)), as 

all other fatty acid transport proteins studied were unrelated (Table 2).  At the whole 

muscle level, the protein content of all fatty acid transporters measured, with the 

exception of CD36 in white muscle, were unaltered with obesity (Figure 14(c) & Table 

2), and were 40-60% lower in white muscle regardless of phenotype  (Figure 14(c) & 

Table 2). Other studies have also shown that augmented rates of fatty acid transport is 

associated with an increased rate of muscle triacylglycerol synthesis (76) and content 

(26), although the site(s) of lipid accumulation are not well documented. 

 

Figure 14. Plasma membrane free fatty acid transport rate (a) and CD36 plasma 
membrane (b) and whole muscle (c) protein content in red and white muscle from 
lean and obese Zucker rats.  Bars represent the means ± SEM.  Results based on n=5 
independent experiments.  * significantly different from lean animals (p < 0.05). † 
significantly different from red muscle (p <0.05). 
 
 

 



 

 

Table 2.  Whole muscle and plasma membrane protein content of FABPpm, FATP1, and FATP4 in red and white tibialis 
anterior muscle from lean and obese Zucker rats. 
 

 

'DWD�DUH�H[SUHVVHG�DV�WKH�PHDQV���6(0��DUELWUDU\�2�'��XQLWV��ȝJ�SURWHLQ���DQG�DUH�EDVHG�RQ�Q �-9 for whole muscle and n=5  for 
plasma membrane protein content.   
 * significantly different from red muscle (p < 0.05). 
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Intramuscular lipids 

Intramuscular lipid content was determined in two ways. Traditional biochemical 

analyses were used to quantify the intramuscular contents of triacylglycerol, 

diacylglycerol and ceramide. In addition, in TEM images we determined the lipid droplet 

accumulation in selected subcellular compartments.  

 

Biochemical determinations 

Regardless of muscle fibre composition, triacylglycerol (red, ~3.7-fold; white  ~4.2-fold) 

and diacylglycerol (red +37%; white + 85%) contents were increased in obese animals 

(Figure 15(a) & (b)). In contrast, ceramide content was increased in the red (+39%), but 

not white muscles of the obese animals (Figure 15(c)).  

 

 

Figure 15.  Biochemical determination of intramuscular lipid species in red and 
white muscles from lean and obese Zucker rats. Triacylglycerol (TAG; a), 
diacylglycerol (DAG; b), and ceramide (c) contents. Bars represent the means ± SEM.  
Results based on n=5 independent experiments.  * significantly different from lean 
animals (p < 0.05). † significantly different from red (p <0.05). 
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Lipid droplet size, number, and subcellular distribution 

 From TEM images it was readily apparent that the visible intramuscular lipid droplets 

were a) distributed in specific subcellular muscle compartments in proximity with SS and 

IMF mitochondria, b) differed substantially in lean and obese animals, as well c) 

displayed expected muscle distributions (i.e. red>>white) (Figure 16 (a)-(f)). Lipid 

droplets in lean and obese white muscle were not prominent (Figure 16(f)). Thus, 

comparisons between red and white muscles below are necessarily based on the relatively 

few regions of the white muscle where lipid droplets were observed. 
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Figure 16. Subcellular lipid deposition in red and white muscles from lean and obese  
Zucker rats. Representative TEM images demonstrating the differences in lipid droplet 
abundance within the SS and IMF regions in red muscle from lean (a) and obese (b) 
Zucker rats.  Similar images were used to quantify lipid droplet size (d and f) and number 
(c and e) in red and white muscles, respectively.  Bars represent the means ± SEM.  
Results are based on n=5 independent experiments, and the bar = 2 Pm.  Representative 
images were taken at 10,500x magnification.  * significantly different from lean animals 
(p < 0.05). † significantly different from SS (p <0.05). 
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Individual lipid droplet size and number 

In all muscles examined, regardless of muscle and phenotype, lipid droplets were more 

prevalent (~4-5 fold) in the IMF compared to the SS region (Figure 16(a)-(f)).  In 

addition, in both lean and obese animals there were considerable differences in lipid 

droplets between red and white muscles, as well as between respective muscles within 

these animals (Figure 16 (a)-(f)).  

 

Relative to lean red muscles, the red muscle of obese animals contained considerably 

more individual lipid droplets per unit area of muscle, in both the SS (~4 fold) and IMF 

(~3 fold) mitochondrial regions (Figure 16(d)). In addition, while the size of individual 

lipid droplets were increased ~3 fold in both SS and IMF regions of obese animals 

(Figure 16(c)), the number of lipid droplets in the IMF region was ~5 fold greater than in 

the SS region (Figure 16(d)).  As a result, when normalized to fibre surface area, SS 

lipids only represented a small fraction of the overall lipids within red muscle (lean; 

5.4r0.5%, obese; 9.6r0.5%).  

 

In white muscle, in contrast to red muscle, lipid droplets were barely present in the SS 

compartment of either lean or obese animals (Figure 16(e) & (f)). Lipid droplets, in the 

IMF region were comparable in number in lean and obese animals (Figure 16(f)).  

Therefore, in white muscle the increase in total triacylglycerol content (Figure 15(b)) 

appears to be due exclusively to an increase in the size of the limited number of lipid 

droplets within the IMF region (Figure 16(e)).  
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Mitochondrial size and density  

Since altered mitochondrial structure and lipid metabolism have been implicated with the 

development of insulin resistance, we next examined the size, number and density of SS 

and IMF mitochondria in longitudinal sections of red and white muscles from lean and 

obese animals (Figure 17(a)-(d)).  

 

Mitochondrial size 

In general, the qualitative appearance of mitochondria in lean and obese animals did not 

differ with respect to cristae density.  In red muscle, the size of individual SS 

mitochondria was not different in lean and obese animals. In contrast IMF mitochondria 

were larger (+58%) in the obese animals (Figure 17(a)).  

 

In white muscle, compared to red muscle, mitochondria were smaller (~50%) and less 

prevalent (Figure 17(c)), regardless of phenotype.  In addition, in white muscle, SS 

mitochondria were rarely observed, while IMF mitochondria appeared highly organized, 

in doublets (Figure 17(c)), flanking the Z-lines, as has been seen by others (49).  Despite 

the scarcity of white muscle SS and IMF mitochondria, when these were detected their 

sizes were not different in the two subcellular regions either in lean or obese animals 

(Figure 17(b)). 

 

Mitochondrial density in red muscle 

In obese animals, the red muscle mitochondrial density was increased in both the SS 

(+21%) and IMF (+27%) mitochondrial regions (Figure 17(d)), suggesting an increase in 
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mitochondrial content.  This is supported by an increase in red muscle mtDNA (Figure 

17(e)).  Given the paucity of SS and IMF mitochondria and their diffuse nature in white 

muscle, we have not quantified mitochondrial density in SS and IMF regions in this 

tissue. However, whole muscle mtDNA was increased +26% in white muscles (Lean; 

63r3 vs. Obese; 79r8, arbitrary units) suggesting, similar to red muscle, an increase in 

mitochondrial content.  
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Figure 17. Mitochondrial subcellular characteristics in red and white muscles from 
lean and obese Zucker rats. Subsarcolemmal (SS) and intermyofibrillar (IMF) 
mitochondrial size in red (a) and white (b) muscle was determined in TEM images (c). 
Mitochondrial density in both SS and IMF regions (d) and mitochondrial DNA (e) were 
determined in red muscle only, as the diffuse nature of mitochondria within white muscle 
prevented this analysis. Bars represent the means ± SEM.  Results are based on n=5 
independent experiments.  The bar = 2 Pm for white muscle and 10 Pm for red muscle. 
Representative images were taken at x10,500 (white muscle) and x3,400 (red muscle) 
magnification. * significantly different from lean animals (p < 0.05). † significantly 
different from SS (p <0.05). ‡ main effect of phenotype (lean vs. obese) (p < 0.05).§main 
effect of subcellular location (SS vs. IMF) (p <0.05).  
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Metabolic trafficking of palmitate 

Since without exception, lipid droplets were found to be in direct contact with 

mitochondria (Figure 18(a)), we next examined the metabolic fates of palmitate to 

determine the potential cause of lipid accumulation within the obese animal. Palmitate 

trafficking experiments in white muscle were not performed since lipid droplets were 

only prevalent in the red muscle. 

 

Palmitate oxidation and triacylglycerol esterification 

In the obese animals whole muscle palmitate oxidation was reduced ~20% (Figure 18(b)), 

while rates of triacylglycerol esterification were increased ~20% (Figure 18(c)).  

Combined, these data suggest that fatty acids are trafficked into lipid droplets.  

 

To further examine this we have determined fatty acid accumulation within the SS and 

the IMF mitochondrial compartments following H3-palmitate exposure (60 min) in an 

incubated soleus muscle preparation. In obese animals the accumulation of radiolabeled 

fatty acids within SS mitochondria was unaltered (Figure 18(d)). In contrast, fatty acid 

accumulation within IMF mitochondria was reduced by 44% (Figure 18(d)).  
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Figure 18. Intramuscular metabolic fate of palmitate in red muscles from lean and 
obese Zucker rats.  Representative image demonstrating the intimate association 
between lipid droplets and mitochondria (a).  Palmitate oxidation (b) and esterification (c) 
in incubated soleus muscle.  Accumulation of H3-palmitate in the subsarcolemmal (SS) 
and intermyofibrillar (IMF) mitochondria isolated from incubated soleus muscles (d). 
Bars represent the means ± SEM. n=6 independent experiments. The bar = 2 Pm. 
Representative image was taken at x46,000 magnification. * significantly different from 
lean animals (p < 0.05). † significantly different from SS (p <0.05). 
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Triacylglycerol esterification enzyme content and subcellular distribution 

Given the apparent trafficking of lipids away from IMF mitochondria, we next examined 

whether the enzymes involved in fatty acid esterification were present, and increased 

specifically in IMF mitochondria in obese animals, thereby directing fatty acids towards 

triacylglycerol synthesis and away from mitochondrial oxidation. However, despite the 

functional differences in metabolic fates of palmitate in the obese animals, there were no 

differences in the total cellular content of selected enzymes involved in triacylglycerol 

metabolism (GPAT1, Lipin1 and DGAT1; Figure 19 (a)-(c)).  In addition, while GPAT1 

was detected in isolated SS and IMF mitochondria, the content of GPAT1 was not altered 

with obesity in either region.  In contrast, Lipin1 and DGAT1 were not detected in 

isolated mitochondria (Figure 19 (b) & (c)).  

 

Figure 19. Protein content and subcellular distribution of triacylglycerol 
esterification enzymes in red and white muscles from lean and obese Zucker rats.  
Glycerol-3-phosphate acyltransferase 1 (GPAT1; a), Lipin1 (b), and diacylglyceride 
acyltransferase 1 (DGAT1; c) were measured at the whole muscle level, as well as within 
subsarcolemmal (SS) and intermyofibrillar (IMF) mitochondria. Bars represent the means 
± SEM. n=5 independent experiments.  * significantly different from Lean (p < 0.05). 
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Discussion 

In the current study we have examined the fatty acid transport and plasma membrane 

CD36 as well as the subcellular distribution of lipids in red and white muscles of lean and 

insulin resistant animals. Our data demonstrate; 1) that plasma membrane and fatty acid 

transport were upregulated in obese animals, 2) that lipid droplets are more prevalent in 

the IMF region in both lean and obese animals, 3) insulin resistant white muscles are 

devoid of SS lipid droplets, and therefore 4) SS lipids are not required for insulin-

resistance, 5) within the IMF region, lipids are trafficked away from mitochondria in 

obese animals, a process that 6) cannot be explained by increased expression of 

triacylglycerol esterification enzymes. This diversion of lipids away from IMF 

mitochondria likely contributes to lipid accumulation within this subcellular compartment 

in insulin resistant muscle. 

 

CD36 content at the plasma membrane in obesity 

Several studies have shown that in the obese Zucker rat, skeletal muscle fatty acid uptake 

is increased, and this is associated with an increase in CD36 protein content at the plasma 

membrane (76, 89, 125).  In a broader context, an increase in skeletal muscle fatty acid 

transport in conjunction with an increase in plasmalemmal CD36 protein content has 

been observed in a number of rodent models of insulin resistance (23, 38, 76, 89, 125, 

176, 179), as well as in human insulin resistant skeletal muscle (6, 26).  Studies in the 

obese Zucker rats (89), Zucker diabetic fatty rats (23), as well as human skeletal muscle 

(26) demonstrate that there is a strong positive correlation (r ��������EHWZHHQ�LQFUHDVHV�

fatty acid transport rates, CD36 plasmalemmal protein content, and intramuscular 
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triacylglycerol accumulation in insulin resistant muscle. Thus, an increase in CD36 

mediated fatty acid transport is likely a key feature of insulin resistant skeletal muscle 

and contributes to the increased lipid accumulation in this tissue (70). 

 

Total cellular lipids and insulin resistance 

Skeletal muscle is key for glucose disposal, as it is well known that this tissue takes up 

~80% of a glucose load (190). An increase in the intramuscular content of selected lipids 

has been associated with skeletal muscle insulin resistance (114, 147, 150).  The data in 

the current study support this notion as total intramuscular triacylglycerol and 

diacylglycerol contents were increased in the red and white muscles examined in the 

obese animals.  In addition, red but not white skeletal muscle from obese animals 

displayed an increase in ceramide content.  It is currently believed that the accumulation 

of bioactive lipids, such as diacylglycerol (192) and ceramides (187), contributes to the 

etiology of insulin resistance (cf. (187, 192)). In the current study, the white muscle of 

obese animals was insulin resistant, which coincided with increased diacylglycerol but 

unaltered ceramide content.  Combined, these data suggest that increased ceramide 

content is not necessarily a pre-requisite for insulin resistance, and instead supports the 

belief that diacylglycerol content may have a direct role in this pathology.   

 

While it was originally thought that the accumulation of triacylglycerol was a direct cause 

of insulin resistance (147), the more contemporary view is that triacylglycerol is a 

neutral, and beneficial, lipid storage depot, and the accumulation of triacylglycerol in 

insulin resistance skeletal muscle is likely a marker of altered lipid homeostasis, rather 
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than a cause of insulin resistance per sé.  This view is supported by a number of 

observations, including overexpression of DGAT1 increases intramuscular triacylglycerol 

content while protecting against diet-induced insulin resistance (122), and exercise-

trained athletes display high intramuscular triacylglycerol content but are highly insulin 

sensitive (59, 71). However, a recent report by Nielsen and colleagues (142) has 

suggested that triacylglycerol lipid droplets can negatively affect insulin signalling if 

accumulated within the SS subcellular region, renewing interest in triacylglycerol 

accumulation as a potential cause of insulin resistance. 

 

Subcellular distribution of lipids 

Regardless of fibre composition or genotype, we found that lipid droplets were larger and 

more prevalent within the IMF region, and calculating the relative abundance of SS 

lipids, based on assumptions of average fibre diameter and shape in red muscle, suggests 

that SS lipids only represented ~6-10% of the overall lipids within the muscle.  While 

lipid droplets within the IMF region increased to a greater absolute magnitude within the 

muscle fibre of obese Zucker rats, given that SS lipids are virtually absent in lean 

animals, SS lipids increased to a greater relative amount with obesity. Combined, these 

data imply that lipid droplet accumulation in various subcellular regions in obese animals 

is a reflection of alterations in total cellular lipid homeostasis. While it is possible the 

estimates based on fibre diameter and shape underestimated the relative content of SS 

lipids within the cell, in white muscle, despite being insulin resistant, lipid droplets were 

not detectable within the SS region, suggesting lipid droplets within the SS region are not 

required for the development of insulin resistance. This is in contrast to a recent study by 
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Nielsen et al (142) who found that increased lipid droplet volume was exclusively limited 

to the SS compartment in patients with type 2 diabetes. The discrepancy between our 

study and that of Nielsen and colleagues may be species and/or pathology related. 

However it should be noted that SS lipids also did not correlate with insulin sensitivity 

following aerobic training in the report of Nielsen et al (142), including 5 participants 

who displayed pronounced reductions in SS lipids with only modest changes in insulin 

sensitivity, and one participant who increased SS lipids while only modestly improving 

insulin sensitivity  (142).  Therefore, based on our observations it appears that lipid 

accumulation within the SS region is not a direct cause and/or requirement for the 

development of insulin resistance in muscle of obese rodents. Presumably, and similar to 

biochemical determinations of intramuscular lipids, lipid droplet accumulation within the 

SS region likely reflects alterations in cellular lipid homeostasis rather than a direct cause 

of insulin resistance. 

 

Mitochondrial subcellular alterations and fatty acid metabolism 

A decrease in mitochondrial fatty acid oxidation has been proposed to contribute to lipid 

accumulation (106, 160), and therefore regional differences in mitochondrial content 

and/or function may help to explain lipid droplet subcellular differences.  In the current 

study, muscle mtDNA was increased in muscles of obese animals, which likely 

accounted for the increases in both SS and IMF mitochondrial density. In addition, we 

have previously shown that fatty acid oxidation in isolated SS and IMF mitochondria 

remain unaltered (IMF mitochondria) or are increased (SS mitochondria) (89) in these 

animals. The increase in SS mitochondrial density and fatty acid oxidation may represent 
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compensatory mechanisms designed to prevent lipid droplet accumulation within the SS 

region.  Therefore, it appears that reduced mitochondrial fatty acid oxidation cannot 

account for the observed intramuscular lipid accumulation, which is consistent with 

contemporary mitochondrial literature (11, 76, 77, 136, 195).  

 

However, this literature is based on ‘in vitro’ measurements that are optimized to 

determine the capacity of mitochondrial function, and may not represent the ‘in vivo’ 

oxidative flux.  In support of this, in the obese Zucker rat, despite increased 

mitochondrial density (current study, (89, 195)), and increased in vitro mitochondrial 

function (89), rates of total muscle fatty acid oxidation were decreased (current study and 

(76)), while rates of triacylglycerol esterification were increased. It should be noted that 

there is controversy in the literature regarding the notion that fatty acid oxidation is 

reduced in obese Zucker rats (50, 125, 149).  Regardless, the discrepancy between 

mitochondrial oxidative capacity and in vivo oxidative flux is echoed in the ZDF rodent, a 

model of type 2 diabetes where mitochondrial content and isolated mitochondrial 

function are increased (93), yet in vivo oxidative capacity, as assessed by 31P MRS, is 

unaltered (51).  Several potential mechanisms can explain these data, including the 

previous observation that malonyl-CoA levels, a biological inhibitor of carnitine 

palmitoyl-transferase I (CPT-I) and mitochondrial fatty acid oxidation, are increased in 

obesity and in individuals with type 2 diabetes (13). Combined, these data suggest that it 

remains possible that fewer fatty acids are transported into mitochondria in obese insulin 

resistant muscle, a phenomenon that could contribute to lipid accumulation. 
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Intramyocellular fatty acid trafficking 

In an attempt to ascertain if lipids were trafficked away from mitochondria in the obese 

animal, we incubated muscle in the presence of H3-palmitate and subsequently isolated 

SS and IMF mitochondria. The tibialis anterior muscle is not appropriate for this in vitro 

analysis, and therefore we utilized the soleus muscle for these studies, which represents 

another oxidative muscle that also displays insulin resistance and lipid accumulation in 

these animals (69).  The results with this approach suggested that fewer lipids are 

transported into IMF mitochondria in the in vivo situation.  This finding is somewhat 

surprising given the now well-recognized observation that rates of fatty acid transport 

into the obese Zucker rat is substantially increased (76, 89, 125). Nevertheless, it appears 

that less H3-palmitate was transported into IMF mitochondria despite a greater delivery of 

fatty acids into the muscle’s interior, suggesting that lipids were trafficked away from the 

mitochondria. The observation was likely not caused by decreased transport into 

mitochondria as we have previously shown that CPT-I activity and rates of mitochondrial 

fatty acid oxidation are not reduced in these mitochondria (89).  Combined these data 

suggest that lipids were trafficked away from the IMF mitochondria in an unknown 

manner.   

 

Given the proximity of IMF mitochondria to the majority of lipid droplets in the obese 

animals we hypothesized that triacylglycerol esterification enzymes would be increased 

within the IMF region, providing a mechanism for the apparent stealing of lipids away 

from mitochondrial oxidation.  However, similar to previous reports (121, 191) increases 

in whole muscle protein content were not observed in several esterification enzymes. In 
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addition, Lipin1 and DGAT1 were not detectable on IMF mitochondria, while GPAT1 

content was unaltered with obesity.  We cannot rule out that the expressions of these 

enzymes were increased specifically on the endoplasmic reticulum within the IMF 

region. In addition, adipose tissue triglyceride lipase protein was unaltered (lean;100r4, 

obese;89r4, arbitrary units) while hormone sensitive lipase cellular protein was increased 

(lean;100r6, obese;138r16, arbitrary units), suggesting decreased lipolysis cannot 

account for the observed trafficking of lipids into lipid droplets.  Alternately, the 

observation that fewer lipids are transferred into IMF mitochondria may simply reflect a 

situation where mitochondria are already oversupplied with lipids (111).   Nevertheless, 

as far as we can determine, ours is the first attempt to directly show that fatty acid 

transport into mitochondria is decreased in insulin resistant muscle, and this may provide 

a potential mechanism for lipid accumulation in the IMF region. 

 

Summary 

In obese Zucker rats we confirmed that their intramuscular lipid accumulation was 

associated with an augmented rate of fatty acid transport due to an increase in 

plasmalemmal CD36, and, within muscle we have determined the subcellular distribution 

of lipids in insulin resistant skeletal muscle. While others have suggested that SS lipids 

contribute attenuations in insulin signalling (142), the current data suggests SS lipids are 

not required for the development of insulin-resistance, as insulin resistant white muscles 

were devoid of lipids within the SS region. Therefore, similar to increases in the total 

content of triacylglycerol, lipid droplet accumulation within the SS region is likely simply 

a reflection of alterations in total cellular lipid homeostasis.  In addition, in insulin 
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resistant muscle we provide evidence that fatty acids are trafficked away from IMF 

mitochondria, and likely into lipid droplets within the IMF region.  While the underlying 

mechanism for this diversion of fatty acids remains unknown, we have provided evidence 

that this is not a direct result of increased triacylglycerol esterification enzyme content on 

IMF mitochondria. 
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Chapter 5:  Conclusions and Future Directions 
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Fatty acid transport across the plasma membrane has been established as a key site in the 

regulation of the supply of fatty acids to skeletal muscle, a process that is mediated by a 

number of fatty acid transport proteins (for review, see (70)).  It is clear that fatty acid 

uptake across the sarcolemma increases with the relative abundance of fatty acid 

transporter content (25, 100, 130, 141), which can be regulated via their acute 

translocation (24, 100, 127) and/or permanent relocation (6, 76, 89, 125) from 

intracellular depots to the plasma membrane. 

 

Examining fatty acid transporter function during metabolic stimulation in models that 

have been genetically altered has provided useful insights into the function of fatty acid 

transporters (22, 44, 67, 73, 87, 92, 94, 141).  In particular, CD36 appears to be of central 

importance in the regulation of fatty acid transport and myocellular metabolism. The 

purpose of this thesis was to examine the metabolic consequences of alterations in CD36 

gene expression either by genetic ablation of CD36, by the muscle-specific 

overexpression of CD36 and FABPpm or in the face of the permanent redistribution of 

CD36 to the plasma membrane.  Through the utilization of these models, this thesis 

sought to answer the following questions:   

1) Is caffeine-stimulated fatty acid oxidation CD36-dependent?  

2) Does CD36 function in tandem with FABPpm, and does this enhance fatty acid 

uptake at the plasma membrane and/or influence the metabolic fate of incoming 

fatty acids?  

3) is intramuscular lipid distribution altered in a rodent model of obesity, in which 

CD36-mediated fatty acid uptake is increased? 
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With these questions, discrete roles of CD36 were examined in this thesis (chapter 2 and 

3) as well as where lipids are deposited when CD36-mediated fatty acid transport is 

upregulated (chapter 4). Collectively the studies in this thesis reinforce the notion that 

CD36 is critical for fatty acid metabolism in skeletal muscle.  Specific novel findings 

include the following: 

 

1) Caffeine-stimulation is sufficient to elicit the translocation of a number of fatty acid 

transporters in skeletal muscle, but CD36 is essential for caffeine-induced increases 

in fatty acid uptake and oxidation. 

 

2) In spite of difficulties associated with protein co-overexpression, it appears that 

simultaneous overexpression of CD36 and FABPpm enhances fatty acid transport 

across the plasma membrane, and appear to collaborate to stimulate insulin-induced 

fatty acid esterification and AICAR-induced oxidation.  

 

3) Finally, in the obese Zucker rat model, augmented CD36-dependent fatty acid 

transport into muscle in combination with elevated lipid supply, results in lipid 

accretion within the IMF region of muscle, an effect that could not be explained by 

compartment-specific changes in selected glycerolipid synthesizing enzymes.   
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As with any experimental study there are some limitations.  In the present thesis a 

number of these can be identified. For example, we used whole body CD36 KO mice to 

study the effects of CD36 ablation on skeletal muscle fatty acid metabolism.  An ongoing 

criticism of whole body knock out models is that compensatory mechanism can arise 

during development to compensate for the loss of the gene of interest, and this may 

diminish the true impact of gene loss in whole body KO models.   In addition, since 

CD36 influences the metabolism of a number of other key metabolic tissues, including 

adipose tissue (45), liver (73, 209), and small intestine (58), changes in function within 

these tissues may alter the delivery of substrate to skeletal muscle.  In turn, the metabolic 

phenotype of muscle tissue in CD36 KO mice may reflect alterations in fatty acid 

delivery, as opposed to strictly CD36 function in skeletal muscle. To an extent these 

confounding effects can be minimized by the use of tissue specific knockout models, 

inducible gene expression models or transient transfection models, as we have employed 

in Chapter 3.  The use of electroporation in combination with plasmids expressing short 

hairpin RNA, as has recently been employed to knock-down other genes in skeletal 

muscle (115), is an appealing strategy for muscle specific CD36 ablation, and may avoid 

some of the confounding effects of whole body knock-out models.  

 

In chapter 3, we were unable to achieve the same degree of overexpression when 

FABPpm and CD36 were co-transfected compare to the transfection of either transporter 

alone.  Normalization of metabolic parameters to protein content revealed an increase in 

fatty acid metabolism with co-overexpression.   It should be noted, however, that the 

normalization calculation assumes that FABPpm and CD36 protein are present as a 
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complex.  This may not be the case as, in some tissues, CD36 and FABPpm respond 

differently to metabolic stimuli, and as outlined in the Chapter 3, the two proteins are 

unlikely to be completely associated within the mitochondrial compartment.  

Nonetheless, the fact the transport rates can be equally impaired by specific inhibition of 

either transporter, along with reports that they are co-immunoprecipitated from cardiac 

vesicle preparations, lends credence to the notion that they are highly associated with one 

another, at least at the plasma membrane.  Nevertheless their co-association at the plasma 

membrane in skeletal muscle awaits confirmation by their co-immunoprecipitation. It is 

also possible that other proteins, in addition to FABPpm and CD36, may be part of an 

optimally functioning transporter complex at the sarcolemma.  This will require 

examination in subsequent studies.  

 

Despite these foregoing experimental limitations, the studies in this thesis emphasize the 

importance of plasma membrane CD36 on the regulation of fatty acid oxidation and 

esterification in skeletal muscle. Beyond this other questions arise, some of which are 

addressed below.  

Does CD36 function in different cellular compartments?  
 

Although the focus in this thesis was largely to relate sarcolemmal CD36 to fatty acid 

metabolism, it is also conceivable that CD36 contributes to the regulation of fatty acid 

metabolism via its presence at subcellular sites other than the plasma membrane. It is now 

known that CD36 also localizes to the mitochondria where it has recently been shown to 

reside on the outer mitochondrial membrane, potentially upstream of acyl-CoA 
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synthetase (177).  This provides another site of control by CD36 on fatty acid 

metabolism, one that has not been explored in any depth in the present study. 

Nevertheless this begins to suggest that CD36 may also be associated with other 

subcellular compartments besides the plasma membrane, namely intracellular 

compartments involved in lipid handling, such as the lipid droplet.  Notably, CD36 was 

among the proteins identified within the proteome of lipid droplets isolated from 

adipocytes (29), although similar studies in other tissues have failed to confirm this 

finding (155, 210), including skeletal muscle (210).  

 

Although these latter studies would tend to suggest that CD36 are not directly associated 

with lipid droplets, further investigation may be warranted.  In particular, CD36 possesses 

well-defined transmembrane structures, and this would seem to exclude the possibility of 

a direct association with the phospholipid monolayer surrounding the lipid droplet.  

Interestingly, however CD36 contains cysteine residues on its cytosolic C-and N- 

terminal domains that can be palmitoylated (189).  Palmitoylation occurs through the 

reversible covalent linkage of palmitate to cysteine residues and allows the transient 

association of proteins with the surface of the membrane.  Little is known about the role 

of palimitoylation of CD36 on its function, however it has been postulated that it may 

serve to strengthen its association with the membrane.   An alternative possibility is that 

palmitoylation could permit its association with the lipid droplet phospholipid monolayer 

while tethering the lipid droplet to membrane structures found in close proximity (161) 

(Figure 20).  In this orientation, the exposure of the 'extra cellular' domain of CD36 to the 

lumen of the endoplasmic reticulum is consistent with its proposed role in recycling 
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endosomes (70). In this thesis it was also noted that lipid droplets are in close proximity 

to mitochondria, as has been observed in a number of other studies.  It is possible that 

palmitoylation of CD36 may mediate this process, by tethering mitochondrial membranes 

close to the lipid droplet.  Interestingly several enzymes involved in lipid handling have 

recently been shown to reside both on the lipid droplet and in close proximity to the 

mitochondria, including DGAT2 (183) and perilipin 5 (27).  Formation of a molecular 

complex, in this region, that include CD36, may modulate the cross talk between the fatty 

acid esterification, lipolysis and oxidation.   

 

 

 

Figure 20.  CD36 palmitoylation may mediate intracellular vesicle trafficing.   
Palmitoylation of cysteine residues at positions 3, 7, 464, & 466 of CD36 could tether 
membrane structures to the phospolipid monolayer of the lipid droplet while modulating 
fatty acid flux in association with other proteins.   
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Does CD36 function in conjunction with other proteins? 
 

As was shown in chapter 3, CD36 appears to interact with FABPpm. Indeed, it is well 

known that CD36 has multiple ligands, and for the most part these are lipid-based, 

ranging from simple long chain fatty acids (4) to more complex lipids such as oxidized 

low-density lipoprotein (153), as well as diacylglycerol derived from bacteria (84). The 

ability of CD36 to bind a broad range of lipid species suggests that its role may be limited 

to binding and perhaps sequestering fatty acids within the plasma membrane.  Some 

studies in cell lines suggest that CD36 alone is perhaps not capable of eliciting fatty acid 

uptake (66, 196). It seems likely that for optimal functioning of CD36 and fatty acid 

transport, the involvement of other proteins may be required.  However, optimal transport 

function of this complex may require the co-expression of additional proteins.  For 

instance, intestinal pre-chylomicron synthesis requires a complex that includes CD36, L-

FABP, in addition to AMP7, apoB48, and COPII proteins (172).  Future studies using 

immunoprecipitation and immunohistochemical techniques may reveal other co-factors, 

in addition to FABPpm, that may be necessary for optimal CD36-dependant fatty acid 

transport.  

 

Signalling mechanisms regulating myocellular lipid stores 

In a rodent model of obesity (Zucker obese rat), in which sarcolemmal CD36 and fatty 

acid transport rates are increased, we noted that lipid droplets are larger in the IMF 

region.  However, we found no relationship between the compartmentalization of lipid 

droplets and the protein expression of enzymes involved in glycerolipid synthesis. It 
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remains possible that alterations in the content of other, perhaps as yet undiscovered, 

protein isoforms may be important.   In addition, recent studies have emerged 

demonstrating that several of the glycerolipid synthesis proteins, such as GPAT1, 3 and 4 

as well as Lipin1, can be externally regulated, particularly in response to insulin (33, 79, 

170).  Certainly, the lipid mediated impairments in insulin may also affect glycerolipid 

synthesis enzymes, and thereby influence local accumulation of triacylglycerol.  

 

Additionally, very little is known about the impact of calcium signalling on the enzymes 

that regulate lipid turnover in skeletal muscle. While treatment with caffeine (present 

thesis) decreased exogenous lipid deposition in triacylglycerol stores, the mechanisms 

involved are uncertain. Although it has been suggested that hormone sensitive lipase 

activity was decreased in response to elevations in cytosolic calcium (201), whether this 

is sufficient to inhibit lipolysis remains uncertain, as the effect of calcium on the activity 

of another key lipolytic enzyme (ATGL) in skeletal muscle is not known. In the context 

of the third study in this thesis, it may be of considerable interest to examine the 

regulation of triacylglycerol depots within specific subcellular compartments (ie SS or 

IMF regions).  

 

Potential involvement of transverse tubules in fatty acid transport 
 

While studies examining the regulation of fatty acid transport and CD36 have been 

limited to the plasma membrane, another key muscle surface area involved in the 

transport of lipids into the cell is the T-tubular networks.  Transverse tubules are 
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membrane invaginations that penetrate deep into the myocyte interior (164).  During 

contraction, this allows membrane depolarization that is initiated at the cell surface to 

travel to the interior of the myocyte and facilitate excitation contraction coupling within 

the IMF region.  Recent studies have revealed that, in addition to their role 

excitation/contraction coupling, T-tubules also possess metabolically important functions.  

In particular glucose uptake in response to both insulin (117) and contraction (116) has 

recently been shown to occur within this compartment.  Given the similarities of GLUT4 

mediated transport and fatty acid transporter regulation, it is interesting to postulate that 

fatty acid transporters may be expressed within the T-tubules. Several important 

questions in regard to fatty acid metabolism within this compartment need to be 

answered, including: i) are fatty acid transporters present within the T-tubules? ii) Does 

fatty acid transporter translocation occur within this compartment and does it differ from 

the plasma membrane? iii) Does fatty acid transporter expression within the T-tubules 

influence the local metabolic fate of free fatty acids? 

  

The latter may be of particular interest given the present data.  Our data indicate that 

simultaneous increases in CD36 and FABPpm may elicit fatty acid esterification in 

response to insulin.  It will be interesting to determine whether such a relationship exists 

within the T-tubular network.  While the origin of the lipid found within the SS and IMF 

compartment is unknown, it seems reasonable that fatty acid metabolism could be 

regulated by differential expression of fatty acid transporters at the plasma membrane, 

principally influencing SS compartment, and the T-tubules, mediating fatty acid 

metabolism with the IMF compartment.  Given that we observed greater lipid droplet 
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content and size in the IMF region, particularly in the obese Zucker rat, one might 

speculate that CD36 and FABPpm protein content may be simultaneously increased 

within the T-tubules leading to an increase in esterification in the IMF compartment, as 

reflected by the increase in LD size and content within this region.  Characterization of 

fatty acid transporters within the T-tubular domain may be important in compartment 

specific fatty acid metabolism, and may help to explain the differential distribution of 

LDs within the SS and IMF compartment of obese Zucker rat skeletal muscle. 

 

Conclusions 
 

This thesis investigated the role of CD36 in skeletal muscle lipid metabolism using three 

models where CD36 content and subcellular distribution was chronically altered. The 

present studies not only confirm the central contribution of CD36 in the regulation of 

fatty acid transport at the plasma membrane, but also points to its larger impact on whole 

muscle fatty acid metabolism.  Future studies further characterizing the role of CD36 

within other subcellular compartment will be necessary to further our understanding of 

skeletal muscle fatty acid metabolism.  
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