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General Introduction 



Chapter 1 

The heart functions as a result of alternating contractions and relaxations. This 
uninterrupted mechanical activity of the heart to pump blood through the 
circulation requires the continuous availability of metabolic energy. In addition, 
the heart responds to many hormonal, electrical and metabolic changes by 
adjusting the rate and intensity of contractions. For this the heart may switch 
between energy substrates. 

Cardiomyocytes are the contractile unit of (striated) cardiac muscle and 
contain many mitochondria to produce the ample energy required for both 
mechanical and electrical activity and for functioning of ion channels and 
transmembrane pumps and transporter proteins. The heart can utilize a variety of 
substrates including (long-chain) fatty acids (LCFAs), carbohydrates, amino acids, 
ketones, and lactate to derive its continuous energy needs. Of the substrates 
utilized, under normal physiological conditions the oxidation of LCFAs (60–70%) 
and of carbohydrates (30–40%) contribute predominantly to daily energy needs 
[1]. Entry of carbohydrates and LCFAs into heart is facilitated via tissue specific 
protein structured transporters. Glucose is carried across the plasma membrane 
by glucose transporters (GLUTs). LCFAs can be either carried by membrane fatty-
acid transporters like FATP or CD36, or otherwise passively diffuse across the 
membrane [2]. Regulation of substrate uptake occurs by reversible translocation of 
GLUT4 and CD36 from intracellular storage compartments to the cell surface in 
response to several physiological stimuli (e.g., insulin, contractions) [2]. The 
flexibility of the heart to switch between different substrates ensures continuous 
ATP production to maintain its functions in various situations, for instance during 
the transition from rest to exercise or in order to adapt to changes in substrate 
availability. However, deterioration in the ability of heart to switch between 
various substrates upon different physiological and pathophysiological conditions 
(stress, enhanced work load) contributes to the development and/or progression 
of cardiac dysfunction [1, 3]. Disturbances in cardiac substrate metabolism are 
usually associated with contractile and left ventricular dysfunction although the 
sequence of the triggering is not known [2]. Therefore, research aimed at 
understanding the regulation and molecular etiology of protein transporter 
mediated cardiac substrate utilization in the heart constitutes a pivotal field of 
investigation and may yield new therapeutic approaches for the diseased heart. 

 
This thesis describes new insights into the regulation of cardiac substrate 

uptake in normal and diseased states including the underlying molecular 
mechanisms. In particular, these studies emphasize the importance of cardiac 
substrate transporters and their regulation for maintaining cardiac energy 
homeostasis, especially in the context of type 2 diabetes. Below the reader is 
provided with a short overview of the basics of cardiac substrate metabolism and 
specific aspects underlying the studies performed in this thesis. 
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 General Introduction 

Cardiac physiology at a glance  

The heart has four compartments called chambers. The upper two chambers are 
the atria and the lower two chambers are the ventricles. Atria receive blood 
coming from all over the body and deliver it into ventricles. Diastole and systole 
are the terms to explain relaxation and contraction of ventricles in cardiac muscle, 
respectively. Ventricles, after having blood from atrium during the diastole, pump 
it away from the heart into the arteries during systole. In each systole the right 
ventricle pumps low-oxygen blood into the pulmonary artery and the left ventricle 
pumps oxygen-rich blood into the aorta. Rhythmically occurring contractions and 
relaxations are initiated and coordinated by nerves called Sinoatrial Node (SN) in 
atrium and flowingly by the Atrioventricular Node in ventricles [4]. 

 
Source: Mohrman DE, Heller LJ,  
Cardiovascular Physiology, 7th edition 
 

Fig. 1 Heart chambers and excitation contraction coupling. The figure on the left represents the 
heart chambers. The right atrium receives oxygen and nutrient poor blood coming from the entire body 
while the left atrium collects oxygen and nutrient rich blood coming from the lungs. During diastole, the 
ventricles are filled with the blood received from the atria, and pump it out of the heart during systole. 
The figure on the right (adapted from Bers DM, 2002) represents the events in excitation–contraction 
coupling. Contraction of a cardiac muscle starts with the depolarization of the cell membrane which 
leads to activation of voltage dependent channels. Ca2+ entry via depolarization-activated channels 
trigger an increased amount of Ca2+ release from the intracellular Ca2+ store, i.e., sarcoplasmic reticulum 
(SR). Ca2+ initiates contraction and then is removed by the common functions of SR Ca2+-ATPase, Na/ 
Ca2+ exchanger, sarcolemmal Ca2+-ATPase and mitochondrial Ca2+ uniporter during the relaxation phase 
of contraction. Ion movements are indicated at the contraction phase (red arrows) and at the relaxation 
phase (blue arrows). ATP, sarcolemmal or sarcoplasmic reticulum Ca2+-ATPase; NCX, Sodium-calcium 
exchanger; PLB, phospholamban. 

The excitation–contraction coupling is a process involving conversion of 
electrical excitation of cardiomyocytes into contraction of the entire heart. 
Excitation (depolarization of action potential) of cardiac muscle initiates a series of 
events that is accompanied by a rise in intracellular calcium (Ca2+) [5]. During the 
action potential, Ca2+ enters the cell through voltage dependent Ca2+ channels 
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(mainly L-type Ca2+ channels) triggering a major amount of Ca2+ release from the 
sarcoplasmic reticulum (Ca2+ induced Ca2+ release). Elevated intracellular Ca2+ 
concentrations ([Ca2+]i) initiate contraction by binding of Ca2+ to the myofilament 
protein troponin C. At the relaxation phase of contraction intracellular Ca2+ has to 
be removed which will then lead to disassociation of Ca2+ from troponin. 
Subsequent removal of Ca2+ is mediated by common activity of sarcolemmal Na+/ 
Ca2+ exchangers, sarcoplasmic reticulum  (SR) Ca2+-ATPase, sarcolemmal Ca2+-
ATPase, and mitochondrial Ca2+ uniporter [5] (Fig. 1).  

Cardiac energy production  

The amount of ATP stored in the heart is not that large (~5µmol/g wet weight) and 
is just sufficient to maintain heart functions for a couple of seconds. Therefore, ATP 
synthesis and hydrolyzation rates are considerably high to maintain this ATP 
concentration in the heart [1]. Under non-ischemic conditions, the heart produces 
its ATP mainly (~95%) via oxidative phosphorylation of substrates primarily from 
glucose and LCFAs. In case of acute increases of energy needs, the heart uses 
additional pathways for ATP synthesis like glycolysis, phosphotransferase 
reactions catalyzed by creatine and adenylate kinases [1, 6]. Oxidative 
phosphorylation takes place in the inner membrane of mitochondria where the 
electron transport chain is located. Acetyl-CoA is the fuel of citric acid cycle (Krebs 
cycle) and is generated by β-oxidation of LCFA (60-90%) and of pyruvate (10-
40%) in healthy heart [7]. 

Cardiac substrate transporters and substrate metabolism  

Glucose and LCFAs are predominantly carried across the plasma membrane by 
protein substrate transporters. Besides being present at the plasma membrane, 
substrate transporters are stored in endosomal compartments from where 
vesicles containing substrate transporters (e.g. GLUT4 and/or CD36) are formed to 
transport these proteins to the plasma membrane [8].  
 

Because of its hydrophilic properties, glucose is unable to diffuse through 
the lipid bilayer of a cell membrane and needs to be transported. Glucose 
transporters (GLUT)-1 and -4 are highly expressed in the heart. GLUT4 is an 
insulin responsive transporter expressed in the adult heart while GLUT1 is insulin 
independent glucose transporter responsible for basal glucose uptake and 
expression of it is also predominant in fetal heart [9, 10]. There are other 
transporters expressed in the heart which have only recently been identified, like 
GLUT-3, -8, -10, and -12 [11, 12]. However, functions and contributions of these 
transporters to cardiac substrate uptake are yet to be completely elucidated. 
Because of their hydrophobic nature, LCFAs can cross the plasma membrane by 
passive diffusion. It has been shown in the heart and in other tissues like skeletal 
muscle and adipocytes that besides passive diffusion, LCFA uptake is facilitated by 
protein transporters at the plasma membrane. Facilitated transport gains 
importance in either high energy needing process (enhanced contraction) or after 
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a meal upon a stimulus (elevated plasma insulin levels). Plasma membrane 
associated fatty acid binding protein (FABPpm) located on the outer membrane, and 
transmembrane proteins like fatty acid translocase/CD36 and fatty acid transport 
protein (FATPs 1–6) are putative transporters for LCFA. Of these LCFA 
transporters, only CD36 contributes to the major amount of inducible LCFA 
transport [7]. CD36 deficient humans are known to have low rates of cardiac fatty 
acid uptake which emphasizes the function of CD36 in the regulation of cardiac 
fatty acid metabolism in vivo [13, 14]. These LCFA transporter proteins can 
compensate to some extent for each other. For instance, it was shown that FATP1 
expression is increased in CD36 null mice which prevented a drop in basal LCFA 
uptake [15]. The molecular mechanism of how CD36 and other LCFA transporters 
facilitate LFCA transport is not well defined. Suggested mechanisms involve either 
binding of CD36 to LCFA at the cell surface and facilitating the LCFA entry through 
the sarcolemma alone, or cooperation with FABPpm [16]. It was also suggested that 
CD36 might serve as recruiter for LCFA on the plasma membrane by tethering and 
providing them to FATP1 and FATP6 for the transportation into the cell [7] (Fig. 2).   

 

 

 

 

 

 

 

 

 

 

Fig. 2 Facilitated substrate transport and cellular fate of glucose and LCFAs. Glucose is taken up 
into cardiomyocytes by glucose transporter 4 (GLUT4). After cellular uptake, glucose is phosphorylated 
and converted into glucose-6-phosphate and thereby trapped in the cell. The glycolysis end product 
pyruvate is transported into mitochondria and converted into acetyl-Co A, the fuel of the citric acid 
cycle. Long-chain fatty acids (LCFAs) can either diffuse across the lipid bilayer (1) or are transported by 
protein transporters (2-4). Concomitant esterification of LCFAs to acyl-CoA esters occurs by acyl-CoA 
synthetase (ACSL) function of FAT1 or of ACSL1. Fatty acyl-CoA is either directed for TAG formation in 
the cytosol or for β-oxidation in the mitochondria. ETC, electron-transport chain; TAG, triacylglycerol. 

Transporter-mediated substrate uptake is an important process not only 
because it is a mechanism to respond quickly to variations in energy requirements, 
but also it constitutes a control point for the regulation of substrate influx rate and 
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subsequent cellular utilization processes [7]. In the healthy heart the amounts of 
both LCFA and glucose taken up into cardiomyocytes are exquisitely coupled to 
their subsequent metabolism. After taken up into a cell, glucose is converted into 
glucose-6 phosphate by an enzyme called hexokinase to maintain a low 
intracellular glucose concentration, and hence a steep glucose gradient between 
outside and inside the cell. Phosphorylated glucose (glucose-6-phosphate) either 
undergoes glycolysis for production of pyruvate or is synthesized into glycogen. 
Pyruvate can either be converted into lactate in the cytoplasm or transported into 
mitochondria for complete oxidation through formation of acetyl-CoA entering the 
citric acid cycle for ATP production [17].  

After their cellular uptake, LCFA either bind to cytoplasmic FABP (FABPc) 
for transport through the soluble cytoplasm or are directly converted into acyl-
coenzyme A (acyl-CoA) and thereby simultaneously activated and trapped in the 
cell. Being different from other LCFA transporters, FATP1 has long-chain acyl 
coenzyme A (acyl-CoA) synthetase (ACSL) activity which facilitates internalization 
of LCFAs via rapid esterification [7]. The fate of LCFA whether to undergo β-
oxidation for energy production or being stored into triacylglycerols is already 
determined by the type of acyl-CoA synthetase isoenzymes [18, 19]. There are 5 
types ACSL isoenzymes (ACSL1,-3,-4,-5,-6) each showing a distinct tissue 
distribution. ACSL1 contributes to the majority of cardiac acyl-CoA formation. 
Whole body ACSL1 knockout mice showed 90% decreased total ACSL activity and 
palmitate oxidation concomitant with an increased glucose and pyruvate 
oxidation. These data suggest that ACSL1 is responsible for the synthesis of acyl-
CoA which will be utilized in β-oxidation in the heart [19]. 
 
Signaling pathways involved in transporter mediated substrate uptake 

The amount of glucose and LCFA taken up into the cardiomyocyte is controlled by 
several mechanisms including expression levels and recycling rate of GLUTs and 
LCFA transporters to the plasma membrane [9, 20]. Intracellular and membrane 
distributions of GLUT4 and CD36 are changed by different stimuli. Both an 
increased rate of contractions and insulin trigger the translocation of endosomal 
recycling vesicles carrying GLUT4 and CD36 to the plasma membrane [8, 21, 22]. 
Vesicular transport plays an important role in recycling of vesicles containing 
GLUT4 and CD36 between the plasma membrane and endosomal stores. An Akt 
substrate of 160 kDa (AS160), which has Rab GTPase activity, is the common 
mediator for translocation of GLUT4 and CD36 containing vesicles to the plasma 
membrane in response to insulin or contraction [23-25]. Below the insulin and 
contraction mediated substrate uptake processes are discussed in more detail. 

Insulin signaling 

Insulin has many metabolic functions like stimulating cell growth, cell 
proliferation, protein synthesis, and gene transcription. Glucose homeostasis in the 
blood circulation is regulated by insulin and glucagon actions. In the fasting state, 
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blood glucose levels are maintained by glycogenolysis or gluconeogenesis in the 
liver that is elicited upon secretion of glucagon from pancreatic α-cells. After a 
meal, insulin secreted from the Langerhans islets of the pancreas initiates 
clearance of substrates from the blood circulation into cells of insulin responsive 
tissues such as skeletal muscle, adipose tissue and liver. Following the binding of 
insulin to extracellular α-subunit of its receptor located on the cell surfaces a series 
of signaling events is initiated. Insulin binding to the insulin receptor (IR) results in 
auto-phosphorylation and activation of intrinsic tyrosine kinase activity of the 
transmembrane β-subunit [26]. Activated IR phosphorylates and activates a series 
of insulin receptor substrate (IRS) proteins. Activation of IRS leads to activation of 
two main signaling pathways: the mitogen-activated protein kinase (MAPK) 
pathway which is involved in the execution of insulin’s cell growth and 
proliferation actions, and the phosphatidylinositol 3-kinase pathway (PI3K). PI3K 
is a heterodimeric protein consisting of a catalytic (p110) and a regulatory subunit 
(p58). After being recruited and activated through binding of p58 to IR and IRS, 
PI3K catalyses the phosphorylation of phosphoinositides to phosphatidylinositol-
3,-4,-5-tri-phosphate (PIP3). Increases in PIP3 activate phosphoinositede-
dependent kinase 1 (PDK1) and serine-threonine dependent protein kinase B 
(PKB/Akt) [17]. Activation of PKB/Akt initiates activation of a series of vesicular 
transport proteins which are involved in GLUT4 translocation. One of those is Rab 
GTPase-activating protein which has recently been shown as a player in GLUT4 
translocation via insulin signalling pathway [27]. 

Insulin also induces LCFA uptake and CD36 translocation in a similar 
manner to GLUT4 translocation as it also involves activation of the PI3K pathway 
[28]. Importantly, the metabolic action of insulin is different for glucose and LCFA 
that is taken up into cells. While insulin increases glucose utilization inside 
cardiomyocytes, FAs are directed for storage [29] (Fig. 3).  

Contraction signaling 

It has been shown in both skeletal and cardiac muscle that enhanced contractions 
activate the energy sensor AMP-dependent protein kinase (AMPK) [2]. AMPK is a 
serine/threonine protein kinase which is sensitive to the AMP/ATP and ADP/ATP 
ratios [30, 31]. Any cellular process causing an increase in AMP/ATP levels or in 
ADP/ATP levels leads to AMPK activation. AMP acts as allosteric regulator of 
AMPK activation [31]. AMP (or ADP) binding to the regulatory γ-subunit of AMPK, 
makes AMPK conformationally accessible for phosphorylation by an upstream 
AMPK kinases at the Thr172 residue within the catalytic α-subunit [30, 31]. AMPK 
stimulates catabolic pathways for increased energy production through enhanced 
oxidation of substrates and simultaneously downregulates anabolic pathways to 
slow down energy consumption caused by biosynthesis and storage of substrates. 
So far 3 kinases have been pointed as having AMPK kinase activity. These are 
tumor suppressor gene LKB1 [32-34], Ca2+-calmodulin dependent protein kinase 
kinase α and β (CaMKK-α/CaMKK-β) [35], and TGFβ activated kinase-1 (TAK1) 
[36, 37]. The muscle specific isoform CaMKK-β is activated upon a rise in 
intracellular Ca2+ concentrations whereas LKB1 is constitutively active [38]. 
However, LKB1 can only activate AMPK in conditions with increased AMP levels. 
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There are contradictory findings in the literature regarding the regulation of 
AMPK by upstream kinases in contraction-stimulated substrate uptake. So far only 
LKB1 has been shown as an upstream kinase of AMPK in contraction mediated 
substrate uptake in the heart [39]. It was shown that oligomycin induced LCFA and 
glucose uptake was completely abolished in cardiomyocytes from AMPK-α2 and 
LKB1 deficient mice [39]. In LKB1 deficient skeletal muscle cells contraction 
induced AMPK activation and glucose uptake was completely abolished [40]. 
However findings regarding the activation of AMPK via CaMKKs in contraction 
mediated substrate uptake are restricted to studies in skeletal muscle and these 
findings are contradictory. CaMKK-β has been appointed as upstream kinases of 
AMPK in the regulation of substrate metabolism (especially for glucose uptake) in 
contracting skeletal muscle [41-44]. On the other hand, it was also suggested that 
contraction-mediated glucose uptake in skeletal muscle involves separate 
activation of both AMPK and calcium signaling [41, 45, 46] since contractions also 
leads to a rise in [Ca2+]i. Overall it is not well defined whether CaMKK-β/CaMKs 
contribute to contraction mediated substrate uptake alone or through activation of 
AMPK in the heart. Both CaMKs and CaMKKs have been shown to exhibit 
autonomous activity independent of intracellular [Ca2+]i which might be important 
for the activation of these kinases in heart where [Ca2+]i is finely regulated. 

Both pharmacological and genetic approaches have been used to study 
AMPK and its downstream signaling involved in skeletal and cardiac substrate 
metabolism. Pharmacological AMPK activators include AICAR and oligomycin. 
AMPK has two catalytic isoforms; AMPKα1 and α2 out of which AMPKα2 is 
suggested to be responsible for basal and AICAR induced glucose uptake. Whereas 
contraction induced glucose uptake was not affected in either knockout models 
suggesting that one isoform substitutes for another upon enhanced contraction 
[47]. Activation of AMPK leads to both GLUT4 and CD36 translocation to the 
plasma membrane and concomitantly to an increased glucose and LCFA uptake 
into cardiomyocytes [15, 39, 48-50]. AMPK dependent LCFA uptake into 
cardiomyocytes involves CD36 [15]. It has been shown in CD36 null mice that 
oligomycin-induced LCFA uptake was 80% diminished compared to CD36 positive 
mouse cardiomyocytes [15]. However, the exact molecular mechanism by which 
AMPK leads to transporter translocation is not known. There are findings 
supporting the involvement of AS160 (Rab GTPase-activating protein) [51, 52].  

Contraction signaling also activates protein kinase-D1 (PKD1) independent 
from AMPK [53]. Activation of PKD1 was shown to lead to translocation of GLUT4, 
but not of CD36, to the plasma membrane and to concomitantly increase glucose 
uptake, but not LCFA uptake. Activation of PKD1 will occur upon binding to the 
tumor suppressor death-activated protein kinase (DAPK) in response to increased 
reactive oxygen species (ROS) production (ROS-DAPK-PKD-1 pathway) [54] (Fig. 
3). 
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Fig. 3 Insulin and contraction mediated cardiac substrate metabolism. Insulin binding to its 
receptor activates downstream targets which result in vesicular translocation of GLUT4 and CD36 to 
sarcolemma via activation of AS160 dependent manner and subsequent increases in glucose and LCFA 
uptake into cells. Similarly contractions activate both PKD and AMPK. Activation of PKD results in only 
increased translocation of GLUT4 to sarcolemma and increased glucose uptake levels while AMPK 
activation triggers both GLUT4 and CD36 translocation to sarcolemma and subsequent increases in 
substrate uptake. AMPK dependent substrate uptake process also involves AS160 as insulin pathway; 
however PKD downstream targets involved in cardiac substrate uptake have not been identified yet. 

Cardiac substrate metabolism in the diabetic heart  

Type 2 diabetes mellitus (T2DM) is a world-wide chronic condition which is 
associated with numerous pathophysiological conditions like insulin resistance, 
hyperinsulinemia, hyperglycemia, oxidative stress, inflammation, dyslipidemia 
[55]. In the long term any of these conditions might trigger and contribute into a 
functional disorder of cardiac muscle which is known as diabetic cardiomyopathy 
[56]. Diabetic cardiomyopathy progresses as independent from other 
cardiovascular disease like hypertension and coronary artery disease. Diabetic 
cardiomyopathy is characterized in the early stages by diastolic dysfunction and 
ventricular hypertrophy and in later stages by systolic dysfunction [57-59].  

Short term metabolic alterations upon various conditions (substrate and 
oxygen availability, increased metabolic end products (like diacylglycerol, 
ceramides), hormones, energy status, cellular stress) are compensated and 
balanced via switches in between the metabolic signaling pathways as implicated 
by the Randle cycle [60].  However, long term metabolic alterations contribute to 
cardiovascular dysfunction. Growing evidence suggests that especially cardiac 
insulin resistance and impaired metabolic flexibility largely contribute to the 
development of diabetic cardiomyopathy [56]. For instance, in the type 2 diabetes 
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the lack of proper insulin action impairs glucose uptake and utilization while 
leading to high circulating levels of LCFAs through elevated lipolysis levels in 
adipose tissue [61]. Under these conditions the heart adapts to the utilization of 
LCFA [62]. This substrate switch is accompanied with many maladaptive changes 
related to increased LCFA utilization like increased oxygen use [63, 64], elevated 
ROS production [63, 65, 66], increased TAG stores and accumulation of lipid 
metabolites [67, 68]. All these changes might contribute to development of diabetic 
cardiomyopathy [69, 70]. Increased fatty acid metabolites result in the activation 
of PKC-θ which in turn leads to increased IRS-1/Ser307 phosphorylation and 
concomitantly decreased phosphorylation and activation of IRS-1 mediated PI3K 
activity [71]. As results insulin sensitivity on glucose transport is decreased. 
Another explanation of inhibited glucose signalling is through inhibition of 
glycolytic enzymes via fatty acid oxidation end products. For instance, 6-
phosphofructo-1-kinase (PFK) and pyruvate dehydrogenase (PDH) are inhibited 
via accumulation of citrate and acetyl-CoA, respectively which eventually inhibit 
glucose transport [56].   

Cardiac substrate transporters contribute to the metabolic alterations listed 
above during progression to cardiomyopathy. Decreased translocation of GLUT4, 
increased overexpression of fatty acid transporter proteins CD36 and FABPpm, and 
the permanent translocation of CD36 to the plasma membrane upon high levels of 
circulating fatty acids go along with impaired insulin actions [72, 73].  

CD36 as a drug target for the treatment of lipid induced insulin resistance is 
valuable tool as well as to prevent progression into associated disease. As a proof-
of-principle, it has been already shown that inhibition of CD36 mediated fatty acid 
transport by using its cell-impermeable inhibitor sulfo-N-succimidyl-oleate (SSO) 
reduced LCFA uptake rate, TAG accumulation and the levels of un-esterified LCFA 
in obese Zucker rats [72].  

Aim of the thesis 

Modulation of cardiac substrate metabolism is one of the major therapeutic 
approaches to prevent progression of heart failure. This thesis aims to provide 
new insights in our understanding of cardiac substrate metabolism and related 
diseases by investigating the molecular mechanism and the regulation of cardiac 
substrate uptake in the healthy and diabetic heart. 

As explained above, diabetic cardiomyopathy is associated with increased 
cellular uptake of LCFA leading to accumulation TAG and fatty acid metabolites. 
This thesis aims to investigate the regulation of protein transporter mediated 
cardiac substrate uptake in the context of type 2 diabetes. More specifically, the 
research addresses the alterations in the functions of CD36 and GLUT4 in an in 
vitro cell culture model of insulin resistance where primary adult rat 
cardiomyocytes were maintained during the 48 hours in the absence or presence 
of either high insulin or high palmitate containing culture mediums.  
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Another topic addressed in this thesis is the role of both calcium (Ca2+) and 
zinc (Zn2+) ions and related signaling pathways in cardiac substrate metabolism. 
Both Ca2+ and Zn2+ ions are crucially important for the conduct of physiological 
functions. Zn2+ deficiency is associated with the development of diabetes and 
related complications. At the same time Zn2+ has many described physiological 
roles in the cardiovascular system. However, there are hardly any findings 
establishing the molecular mechanisms which associate Zn2+ deficiency with 
diabetes and related cardiovascular disease. Therefore we wanted to investigate 
the effect of Zn2+ deficiency on cardiac substrate metabolism in both freshly 
isolated and cultured primary rat cardiomyocytes. 

Ca2+ is a major regulator of contraction and also plays major role in the 
activation of Ca2+/calmodulin dependent protein kinases (CaMKs). The role of Ca2+ 
and CaMKKs/CaMKs in the substrate uptake process has not yet been investigated 
in the heart. Previously, studies on Ca2+ and the CaMKK/CaMK system were 
restricted to skeletal muscle. This research topic was also relevant because in some 
cell systems and in skeletal muscle it has been shown that CaMKKs are upstream 
kinases of the energy sensor AMPK. Therefore, we aimed to investigate the effect of 
increased [Ca2+]i and activated CaMKKs/CaMKs on cardiac substrate transporters 
and contraction dependent substrate uptake processes in the heart. We used 
pharmacological approaches to activate both Ca2+-signaling and contraction 
signaling (AMPK) separately since it is known that in skeletal muscle contraction 
will activate both signaling pathways.  

Lastly we studied the effects of polyunsaturated fatty acids (PUFAs), EPA 
(C20:5n-3) and DHA (C22:6n-3), on cardiac substrate metabolism in an in vitro 
insulin resistance model of primary rat cardiomyocytes. PUFAs, EPA and DHA 
(C22:6n-3), have been shown to improve insulin sensitivity in insulin-sensitive 
tissues. Although the exact mechanisms have not been revealed yet, one of the 
mechanisms is through incorporation of PUFAs into cellular membranes, thereby 
effecting membrane fluidity and phospholipid composition [74]. However, the 
direct effect of n-3 PUFAs on insulin signaling in the myocardium has not been 
examined. 

We used freshly isolated cardiomyocytes to perform the studies represented 
in this thesis. Adult primary cardiomyocytes isolated from mouse and rat 
constitute a suitable model to study cardiac substrate metabolism [75]. Mostly 
pharmacological approaches were applied to either activate or inhibit certain 
signaling pathways by metal-ion chelating and kinase inhibition using well-
established compounds. Detailed information regarding the action mechanisms of 
used pharmacological compounds in this thesis are shown in the Table1. 
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Chapter 1 

 
Abbreviation / full 
name 

 
Action mechanisms 

 
Effects in cardimyocytes or  
in (*)other tissue/cell type  

 
Related 
literature 

Oligomycin  
 

Inhibits F0 part of H+-ATP 
synthase which located in 
electron-transport chain in 
the mitochondria. 

Leads ATP depletion and 
thereby activation of AMPK.  
 
AMPK activation leads 
translocation of GLUT4 and 
CD36 to sarcolemma and 
increased substrate uptake 

[48] 
 
 
[15, 76] 

AICAR / 5-
aminoimidazole-4-
carboxamine-1-β- D- 
ribofuranoside 

After taken into cell by 
adenosine transporters, it is 
subsequently 
phosphorylated to ZMP (5-
aminoimidazole-4-
carboxamide-1-β-d-
furanosyl 5-
monophosphate) within the 
cell, which mimics AMP 
action in AMPK signaling 
[77]. 

AICAR-induced AMPK 
activation increases LCFA 
uptake as well as 
sarcolemmal fatty-acid 
transporter (CD36) content 
 
AICAR induced AMPK 
activation does not lead  to 
increases in glucose uptake 
since AICAR does not activate  
PKD 

[48,76, 78, 
79]  
 
 
 
 
[54] 

Compound C / 6-[4-(2-
piperidin-1-yl-ethoxy)-
phenyl)] 3-pyridin-4-
yl-pyrazolo[1,5-a] 
pyrimidine 

Cell permeable, selective 
ATP-competitive inhibitor 
of AMPK [80] 

Inhibits AMPK mediated 
processes 

[81]* 
example 
from 
skeletal 
muscle 

Ara A / adenine 9-β-
Darabino-furanoside 

competitive inhibitor of 
AMPK [82] 

Inhibits AMPK mediated 
processes 

[82]* 
example 
from 
skeletal 
muscle 

A23187 Ca2+ ionophore Increases cytoplasmic 
calcium and thereby leads 
activation of calcium-
activated protein kinases and 
calcium handling proteins 

[83] 

Thapsigargin Inhibits sarcoplasmic 
reticulum Ca2+-ATPase [84]   

Increases cytoplasmic 
calcium and thereby leads 
activation of calcium-
activated protein kinases and 
calcium handling proteins 

[85, 86*] 

STO-609 Selective inhibitor of 
CaMKKs [35]  

Inhibits CaMKK-β action in  
cardiomyocytes 

[87,88] 

KN93 Specific inhibitor of CaMKII; 
displays inhibitory effects 
on CaMKII phosphorylation 
as competitor to calmodulin 
[89] 

Inhibits CaMKII dependent 
processes 
  
Inhibits L-type Ca2+ (Cav1.2 
and Cav1.3) channel currents 

[90]* 

TPEN / tetrakis-[2-
pyridylmethyl]-
ethyene-diamine 

TPEN is a heavy metal 
chelator with low affinities 
for Ca2+ and Mg2+ and very 
high affinities for Zn2+ and 
Fe2+, (2.6x10-6, 2.4x10-15) 
[91] 

Chelates Zn2+ 
 

[92] 

1,10-o-Phenanthroline  Zn2+ chelator [93] Chelates metal ions [94]* 
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 General Introduction 

Outline of the thesis 

Chapter 2 introduces an in vitro cell culture model to study cardiac substrate 
transporters in the regulation of cardiac substrate uptake under the conditions 
inducing insulin resistance. Primary rat cardiomyocytes were maintained during 
48 hours in the absence or presence of either high levels of palmitic acid or insulin 
containing culture medium. This chapter puts forward CD36 as a key molecule to 
target fatty acid induced insulin resistance and contractile dysfunction by 
mediating exceeded LCFA influx into cardiomyocytes of primary cell culture model 
of adult rats. Chapter 3 investigates the effect of a rise in [Ca2+]i and activated 
CaMKKs/CaMKs on GLUT4 and CD36 transporters and transporter mediated 
substrate uptake. In this study, differences in the molecular mechanism of 
contraction-mediated substrate uptake between cardiac and skeletal muscles are 
shown. Chapter 4 reports the beneficial effects of fish oils EPA and DHA on insulin 
signaling in an insulin resistance model of primary rat cardiomyocytes. Chapter 5 
reveals the molecular mechanisms of impaired insulin signaling upon Zn2+ 
deficiency in both cultured and freshly isolated rat primary cardiomyocytes. In 
chapter 6, the main results presented in this thesis are summarized and discussed 
in relation to the latest insights from the literature.  
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Chapter 2 

Abstract   

An increased cardiac fatty acid supply and increased sarcolemmal presence of the 
long-chain fatty acid transporter CD36 are associated with and contribute to 
impaired cardiac insulin sensitivity and function. We aimed at preventing the 
development of insulin resistance and contractile dysfunction in cardiomyocytes 
by blocking CD36-mediated palmitate uptake. Insulin resistance and contractile 
dysfunction were induced in primary cardiomyocytes by 48 h incubation in media 
containing either 100 nM insulin (high insulin; HI) or 200 μM palmitate (high 
palmitate; HP). Under both culturing conditions, insulin-stimulated glucose uptake 
and Akt-phosphorylation were abrogated or markedly reduced. Furthermore, 
cardiomyocytes cultured in each medium displayed elevated sarcolemmal CD36 
content, increased basal palmitate uptake, lipid accumulation and decreased 
sarcomere shortening. Immunochemical CD36 inhibition enhanced basal glucose 
uptake and prevented elevated basal palmitate uptake, triacylglycerol 
accumulation, and contractile dysfunction in cardiomyocytes cultured in either 
medium. Additionally, CD36 inhibition prevented loss of insulin signaling in cells 
cultured in HP, but not in HI medium. In conclusion, CD36 inhibition prevents lipid 
accumulation and lipid-induced contractile dysfunction in cardiomyocytes, but 
likely independently of effects on insulin signaling. Nonetheless, pharmacological 
CD36 inhibition may be considered as a treatment strategy to counteract impaired 
functioning of the lipid-loaded heart. 
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Introduction  

Increased cardiac lipid content has been associated with pathophysiological 
conditions like cardiac insulin resistance and contractile dysfunction which may 
lead to the development of diabetic cardiomyopathy [1-3]. Cardiac lipid 
accumulation occurs as a result of elevated long-chain fatty acid (LCFA) supply [4] 
and/or increased uptake of LCFA [5-7]. Excessive entry of LCFA into 
cardiomyocytes provides increased substrates for mitochondrial LCFA oxidation. 
When the flux of incoming LCFA exceeds the mitochondrial β-oxidation capacity, 
LCFA will increasingly be stored as triacylglycerols and converted into bio-active 
metabolites such as diacylglycerols. Notably, there is a strong correlation between 
triacylglycerol storage and insulin resistance [8, 9]. Moreover, diacylglycerols have 
been regarded to be causal to the development of insulin resistance through 
activation of PKC-mediated Ser/Thr phosphorylation of the insulin receptor 
substrate, thereby impairing downstream insulin signaling [10]. 

Glucose and LCFA are the major energy substrates for the heart. Cardiac 
substrate uptake is dependent on plasma glucose and LCFA concentrations, as well 
as the sarcolemmal presence of glucose and LCFA transporters [7, 11]. The main 
glucose transporter (GLUT) in the heart is GLUT4, whereas LCFA uptake is largely 
mediated by CD36 [12]. Also other LCFA transporters have been found to be 
present in the heart such as members of the family of fatty acid transporter 
proteins (FATPs), but these proteins have a minor role in bulk uptake of LCFA into 
the heart [7]. Insulin is a major physiological stimulator of cardiac glucose and 
fatty acid uptake. Insulin-stimulated glucose uptake is due to GLUT4 translocation 
from intracellular compartments to the sarcolemma via a vesicle-mediated process 
[12-14]. A similar vesicle-mediated process is also responsible for CD36 
translocation from intracellular compartments to the sarcolemma, which entirely 
accounts for insulin-stimulated LCFA uptake [12]. Accordingly, in cardiomyocytes 
from CD36 knockout mice, insulin-induced CD36 translocation is completely 
abolished [15].  

The expression of CD36 in the heart is not changed in rodent models of 
insulin resistance. However, this transporter has been shown to permanently 
relocate from intracellular stores to the sarcolemma. This CD36 relocation will 
cause chronically elevated LCFA uptake into the heart, followed by myocellular 
lipid accumulation, and consequently insulin resistance [7, 16, 17]. Ultimately, 
permanent sarcolemmal CD36 relocation may lead to cardiac dysfunction [16]. 
Accordingly, ablation of CD36 has been shown to preserve cardiac function in 
Western diet-fed mice [18], and also in mice suffering from PPARα overexpression-
induced lipotoxicity [19]. Taken together, CD36 and its increased abundance at the 
sarcolemma play a key role in the development of high-fat diet-induced cardiac 
dysfunction. 

CD36 is a multifactorial protein and has different functions in different cell 
types. Several endogenous CD36-ligands (LCFA, thrombospondin-1, oxidized low-
density lipoproteins) with different binding regions on the extracellular domain of 
CD36 are known [20-22]. In addition, synthetic CD36-specific binding molecules 
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(sulfo-N-succinimydyl oleate (SSO), hexarelin, EP80317) and antibodies have been 
introduced [23, 24]. Sulfo-N-succinimidyl esters of LCFA have proven to block 
initial LCFA uptake into heart and muscle [25]. However, they are not useful in 
long-term experiments because of their chemical instability [24]. In search for 
other CD36 ligands that interfere with the fatty acid transport function of CD36, we 
tested whether hexarelin, EP80317 and anti-CD36 monoclonal antibodies (mAb) 
would inhibit short-term LCFA uptake into cardiomyocytes prior to testing their 
protective potential against the detrimental effects of cardiomyocytic lipid 
overload. 

To test the putative preventive effect of CD36 ligands on cardiomyocyte 
lipid accumulation, insulin resistance and contractile dysfunction, we first needed 
to establish suitable culturing conditions in which cardiomyocytes develop 
excessive lipid storage and loss of insulin signaling and contractile function. For 
this, we chronically exposed rat primary cardiomyocytes to two different media. 
One medium contained a high concentration of insulin (HI), because insulin is 
known to induce CD36 translocation to the sarcolemma and thereby increase LCFA 
uptake and lipid accumulation. Besides, it is known that chronic insulin-treatment 
induces loss of insulin signaling in cardiomyocytes [26]. A second medium 
contained a high concentration of palmitate (HP), which is known to reduce 
contractile function [27]. As a result, cardiomyocytes were cultured in a HI or a HP 
containing medium with/without a CD36-blocking compound. Then, we evaluated 
the cultured cardiomyocytes on surface CD36 presence, glucose and LCFA uptake, 
insulin signaling, myocellular lipid content and contractile function. We describe 
here that inhibition of CD36-mediated LCFA uptake by a CD36-blocking compound 
prevents lipid accumulation and loss of sarcomere shortening in these cultured 
cardiomyocytes. 

Materials and Methods 

Materials 

2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid were obtained from GE 
Healthcare (Little Chalfont, UK). Laminin and insulin were purchased from Sigma 
(Saint Louis, USA). Bovine serum albumin (BSA) (fraction V), dependent on the 
application, was derived from MP Biomedicals (Irvine, USA) (for cardiomyocyte 
isolation and incubation purposes), or from Sigma (other purposes). Collagenase 
type II was from Worthington (Freehold, USA). SSO was synthesized in our 
laboratory [28], EP80317 was from Bio-Connect (special production by Peptides 
International, Kentucky, USA). Hexarelin was a gift from Prof. Dr. Heemskerk 
(CARIM, Maastricht, NL). The anti-CD36 monoclonal antibody (mAb) clone 63 
(anti-CD36-cl63; also known as clone CRF D2717) was from BD Biosciences 
(Franklin Lakes, NJ, USA), and kindly provided by Bioceros BV, (Utrecht, NL). The 
anti-CD36 mAb clone 10E10 (anti-CD36-cl10E10) was produced by Bioceros BV.  
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Experimental animals 

Male Lewis rats, 200-250 gram, were purchased from Charles River laboratories 
and used for cardiomyocyte isolation. All animals were fed ad libitum and kept 
under normal 12h/12h dark-light cycles. All procedures were approved by the 
Experimental Animal Committee of Maastricht University, NL. 

Cardiomyocyte isolation and culturing 

Cardiomyocyte isolations were performed as described previously [29] with the 
only difference being the sterile conditions that were taken into account for 
subsequent culturing. After isolation of cardiomyocytes, 200,000 cells/well were 
routinely seeded in laminin coated 6-well plates (9.6 cm2), unless otherwise 
specified. After 90 min adhesion in modified Krebs-Ringer medium [30] 
supplemented with 0.45% BSA, the adhesion medium was replaced with control 
medium (based on M199 supplemented with 5 mM creatine monohydrate, 3.2 mM 
carnitine hydrochloride, 3.1 mM taurine, 100 U/ml penicillin and streptomycin, 20 
µM palmitate (palmitate:BSA 0.3:1)) HI medium (control medium supplemented 
with 100 nM insulin) or HP medium (control medium with more palmitate; 200 
µM, palmitate:BSA 3:1). Cells were cultured for 48 h and in case of measurements 
of short-term insulin effects cardiomyocytes were washed with modified Krebs-
Ringer supplemented with 0.45% BSA and 1 mM CaCl2 (medium A) and left 
untreated for 30 minutes (explained in detail in Results section).  

Measurement of substrate uptake 

We measured uptake of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid (in 
complex with BSA) into freshly isolated cardiomyocytes [30] as well as into 
cardiomyocytes in culture [13], as previously described. With respect to freshly 
isolated cardiomyocytes, cells were pre-incubated with anti-CD36-specific binding 
molecules (500 µM SSO, 100 µM EP80317, 20 µM hexarelin, 0.83 µg/ml anti-CD36-
cl63, 1.7 µg/ml anti-CD36-cl10E10) at 37°C while shaking for 20 min, and 
subsequently incubated without/with oligomycin (5µM) for an additional 20 min. 
Then, a mixture of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid was added 
the last 5 min of incubation and radioactivity was measured in scintillation fluid 
(Opti-Fluor) Perkin Elmer, Waltham, USA. 

With respect to two days-cultured cardiomyocytes, a mixture of 2-Deoxy-D-
[1-3H]glucose and [1-14C]palmitic acid was added for 10 min directly following a 
15 min incubation period with/without insulin (100 nM). Then, cells were washed 
with Stop medium (modified Krebs Ringer buffer, 1 mM CaCl2, 0.2 mM phloretin) 
on ice, lysed in sample buffer (40% glycerol, 0.25 M Tris, 1 M DTT) and 
radioactivity was measured in scintillation fluid (Opti-Fluor, Perkin Elmer, 
Waltham, USA). 
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Detection of phosphorylation of enzymes within the insulin signaling network 

Following a 15 min treatment with/without insulin (100 nM), cells were lysed in 
sample buffer (40% glycerol, 0.25 M Tris, 1 M DTT, bromo-phenol-blue) and used 
for protein detection by SDS-polyacrylamide gel electrophoresis (20 µg protein per 
lane), followed by Western blotting, as previously described [31]. Antibodies 
against phospho-Ser473-Akt, Akt, phospho-Ser9-GSK3β and GSK3β were 
purchased from Cell Signalling Technologies (Danvers, MA), phospho-Thr642-
AS160 from Upstate (Millipore) (Billerica, MA), CD36 from GenTex Inc. (San 
Antonio, TX, USA), GLUT4 and GAPDH from Abcam (Cambridge, USA) and 
caveolin3 from BD Transduction laboratories (Franklin Lakes, USA). The anti-CD36 
monoclonal antibody MO25 was a gift from Dr. N.N. Tandon, Thrombosis Research 
Laboratory, Otsuka Maryland Medicinal Laboratories Rockville, Maryland., and was 
used only for Western blotting. Western blot images were analyzed with a 
Molecular Imager (ChemiDoc XRS, BioRad) and quantified with Quantity One® 
(BioRad).  

Measurement of sarcomere shortening and Ca2+-fluxes 

For measurement of sarcomere shortening and Ca2+-fluxes, cells were cultured on 
35 mm high dishes with elastic surface from Ibidi GmBH (München,Germany). 
After two days of culturing, cells were preloaded with Fura-2 AM (Merck chemicals 
(Darmstadt, Germany) for 25 min at room temperature, washed twice with control 
medium 199 and then incubated for 20 min with medium 199. Subsequently, 
contractile function and Ca2+-transients were analyzed in cells showing an intact 
rod-shaped morphology and sarcomere length >1.6 µm as described previously 
[32]. Before measurement was started, cells were electrically pre-stimulated for 5 
min with 1 Hz to reach a steady-state level for sarcomere shortening and Fura-2 
fluorescence. Then, cells were paced with bipolar pulses of 5 ms duration at 1 Hz. 
The cytosolic Ca2+ concentration was monitored as a ratio of the fluorescence 
emission peaks at 340 and 380 nm. In each experimental condition, data files were 
recorded of 10 consecutive beats for at least eight different cells. Sarcomere 
shortening and Ca2+-transients were measured with a fluorescence system from 
IonOptix (Dublin, Ireland) and calculated using IonWizard (IonOptix).  

Myocellular triacylglycerol and diacylglycerol contents 

For measurement of intramyocellular lipid content, cardiomyocytes were cultured 
in 55 cm2 glass petridishes with 1 x 106 cell density. Intramyocellular lipids were 
determined after 2 days of culturing as described previously [33]. In short, samples 
containing 400 µg of protein were used for intracellular lipid extraction in 
methanol/chloroform, and an internal standard and water were added. Afterwards 
thin-layer chromatography was used to separate lipids. Bands were resolved with 
a hexane/diethylether/propanol (87:10:3) resolving solution. Triacylglycerol and 
diacylglycerol bands were detected with a Molecular Imager (ChemiDoc XRS, 
BioRad) and analyzed with Quantity One® (BioRad). 
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Sarcolemmal presence of CD36 

Following a 15 min treatment with/without insulin (100 nM), cells were incubated 
for 10 min with 2 µg/ml anti-CD36-cl63, which is known to cross-react with rat 
CD36, and FITC labeled rabbit-anti-mouse IgA secondary antibodies (1:500; 
Rockland, USA). Cardiomyocytes were washed with adhesion medium and then the 
viable cardiomyocytes were imaged using the Leica SP5 imaging platform in two-
photon mode (Leica Microsystems, Wetzlar, Germany) with the emission filters 
optimized for FITC-detection. Images were processed with ImageJ. Cardiomyocytes 
were kept at 37 ˚C during incubation and imaging. 

Statistics 

Differences among the data obtained from five to eight experiments are presented 
as means ± S.E.M. Statistical difference between groups of observations was 
evaluated by unpaired Student’s t-test, one-Way ANOVA or 2-Way ANOVA, 
depending on the groups compared. P values equal to or less than 0.05 are 
considered as significant. 

Results  

Anti-CD36 mAb clone 63 (anti-CD36-cl63) treatment inhibits LCFA uptake in freshly 
isolated cardiomyocytes 

Our first aim was to select a CD36 ligand that would inhibit LCFA uptake into 
cardiomyocyte cultures. Therefore we tested the ability of hexarelin (100 μm), 
EP80317 (20 μm) and two distinct anti-CD36 antibodies, i.e., anti-CD36-cl63 (0.83 
µg/ml) and anti-CD36-cl10E10 (1.7 µg/ml), to block short-term LCFA uptake into 
cardiomyocytes under basal conditions to find out that only the anti-CD36-cl63 
was effective (Fig. 1A). In addition, the specific CD36 inhibitor SSO modestly 
inhibited basal LCFA uptake, as described previously [23]. Expectedly, the putative 
LCFA uptake-blocking effects of the selected CD36 ligands can be best appreciated 
under conditions in which CD36 has a large contribution to the LCFA uptake rate in 
cardiomyocytes. Therefore, we also tested the ability of these CD36 ligands to 
inhibit LCFA uptake into cardiomyocytes treated with the F1F0-ATPase inhibitor 
oligomycin, because oligomycin treatment is known to enhance the contribution of 
CD36 to total LCFA uptake into rat cardiomyocytes from about 50% to >80% [28]. 
In concordance with the effects under basal condition, only SSO and anti-CD36-
cl63 significantly inhibited LCFA uptake under oligomycin stimulation (Fig. 1A).  

We then tested lower and higher concentrations of the used CD36 ligands 
on LCFA uptake in cardiomyocytes. In case of EP80317 and hexarelin, higher 
concentrations impaired cell viability (data not shown). In case of anti-CD36-
cl10E10 (data not shown) and anti-CD36-cl63 (Fig. 1B), no further inhibitory effect 
was observed at higher concentrations, whereas lower anti-CD36-cl63 
concentrations did not significantly inhibit LCFA uptake. In contrast to LCFA 
uptake, both SSO and anti-CD36-cl63 did not inhibit basal or oligomycin-
stimulated glucose uptake (Figs. 1A and B), thereby providing evidence that their 
inhibitory effects on cardiac substrate uptake are selective for LCFA uptake. 
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Because SSO is unsuited as a long-term blocker of LCFA uptake [24], we selected 
anti-CD36-cl63 (0.83 μg/ml) to chronically inhibit palmitate uptake into primary 
cardiomyocyte cultures. 

Fig. 1 Effects of selected CD36 ligands on basal and oligomycin-stimulated glucose and LCFA 
uptake into cardiomyocytes. (A) Cardiomyocytes were pre-incubated with CD36 ligands for 20 min. 
(blank, 0.5 mM SSO, 100 µM EP80317, 20µM hexarelin, 0.83 µg/ml anti-CD36-cl63 and 1.7 µg/ml anti-
CD36-cl10E10). Next, oligomycin (5µM) was added for 20 min, followed by (5 min) measurement of 
uptake of [3H]glucose and [14C]palmitate (n=5).  (B) Cardiomyocytes were incubated for 20 min with 
different concentrations of anti-CD36-cl63 prior to oligomycin stimulation and measurement of 
substrate uptake (n=3). Values are displayed as mean +/- S.E.M. n.a.: not analysed; * vs. basal; # vs. 
oligomycin (p<0.05) 

Short-term insulin effect on substrate disappears after 30 minutes 

To assay insulin-stimulated glucose and LCFA uptake, we treated cardiomyocytes 
with insulin for 15 min prior to substrate uptake measurements. However, in case 
of culturing cardiomyocytes in HI medium for two days, chronic and short-term 
insulin effects might be present at the same time. To fully appreciate the chronic 
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effects of insulin on Akt phosphorylation and substrate uptake, short-term effect of 
insulin must have completely faded out. Therefore, we determined the 
disappearance time of short-term insulin effects on glucose and, for comparison, 
on LCFA uptake into basally cultured cardiomyocytes. Cardiomyocytes were 
stimulated with insulin (100 nM) for 15 min and directly assayed for substrate 
uptake or, the stimulus medium containing insulin was washed away and substrate 
uptake was measured at several time-points (Fig. 2). Firstly, insulin significantly 
increased both glucose and palmitate uptake rates (Fig. 2). Secondly, glucose 
uptake returned to basal level after 15 min and palmitate uptake returned to basal 
level after 30 min. Therefore, in the following experiments cells were washed after 
48 hours of culturing. Then, control medium was added to all wells, and we waited 
for 30 min before starting insulin-sensitivity measurements. 

Fig. 2 Disappearance of acute insulin effects on glucose and palmitate uptake into 
cardiomyocytes. 90 min after seeding, cardiomyocytes were stimulated with insulin for 15 minutes, 
and uptake of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid was measured directly hereafter, or at 
indicated time points after insulin removal. Values are displayed as mean +/- S.E.M (n=5). * vs. basal, # 
vs. insulin (p<0.05) 

Establishment of lipid loaded and insulin resistant cardiomyocytes with decreased 
contractile activity  

Cardiomyocytes were exposed to HI or HP containing medium to induce 
myocellular insulin resistance. One of the initial steps in acquisition of myocellular 
insulin resistance is the permanent relocation of CD36 to the sarcolemma [34]. 
Sarcolemmal CD36 presence was measured in viable cells by two-photon 
microscopy. First, it was confirmed that this method could be successfully applied 
in our experimental setting, because short-term (15 min) insulin treatment of 
basally cultured cardiomyocytes promoted the well-recognized increase in CD36 
presence at the sarcolemma (Fig. 3A), which is due to translocation from 
intracellular stores [34]. Additionally, HI and HP media enhanced sarcolemmal 
CD36 presence (Fig. 3B). However, total (i.e., sum of intracellular and 
sarcolemmal) CD36 protein expression was not altered after culturing of 
cardiomyocytes in HI or HP media (Fig. 3C), implicating that upon either of the 
insulin resistance-inducing conditions CD36 is permanently relocated from 
intracellular stores to the sarcolemma. Additionally, both insulin resistance-
inducing media did not alter myocellular GLUT4 expression (Fig. 3C).  
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Fig. 3 Effects of culturing under insulin resistance-inducing conditions on cell surface content 
and total expression levels of CD36 in cardiomyocytes. (A) For verification of the suitability of 2-
photon microscopy to visualize changes in cell surface localization of CD36, cells were short-term (15 
min) treated with 100 nM insulin to positively confirm the well-described insulin-induced CD36 
translocation event. CD36 was detected upon FITC labeling. Representative images are shown (n=3). 
(B) Cardiomyocytes were cultured in control medium, or in media containing high insulin or high 
palmitate concentrations for 48 hours, and then used for microscopic detection of CD36. n=3.  (C) 
Protein expression of GLUT4 and CD36, and caveolin3 (Cav3; loading control) was measured in cell 
lysates from cardiomyocytes cultured in control medium (C), high insulin (HI) or high palmitate (HP) 
media without or with (C+, HI+. HP+) 0.83 µg/ml anti-CD36-cl63. Representative blots are shown (n=3)  

Basally cultured cardiomyocytes displayed a 3.8-fold increase in glucose 
uptake and a 1.5-fold increase in palmitate uptake upon insulin treatment. 
Cardiomyocytes cultured in either HI or HP medium showed no change in basal 
glucose uptake (Fig. 4). In contrast, these cardiomyocytes exhibited elevated basal 
LCFA uptake (amounting to 1.4-fold and 1.6-fold, respectively) compared to 
basally cultured cells. In addition, cardiomyocytes cultured in either HI or HP 
media displayed a loss of insulin-stimulated glucose and LCFA uptake (Fig. 4). 

 For evaluation of insulin signaling, phosphorylation of Akt and its two 
direct substrates AS160 and GSK3β were assessed. In basally cultured 
cardiomyocytes, short-term insulin addition increased Akt-Ser473 
phosphorylation, AS160 phosphorylation and GSK3β-Ser9 phosphorylation by 4.4- 
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Fig. 4 Effect of anti-
CD36-cl63 on substrate 
uptake into cardio-
myocytes cultured 
under insulin resistance 
-inducing conditions. 
Cardiomyocytes were 
cultured in control 
medium (C), or in media 
containing high insulin 
(HI) or high palmitate 
(HP) concentrations in the 
absence or presence of 
0.83 µg/ml anti-CD36-
cl63. Upon 2 days 
culturing, cells were 
allowed to recover for 30 
min prior to short-term 
(15 min) insulin (100 nM) 
addition and subsequent 
measurement of uptake of 
[3H] glucose and [14C] 
palmitate. Values are 
displayed as mean +/- 
S.E.M (n=5). * insulin 
effect, # medium effect, ^ 
anti-CD36 effect (p<0.05) 

 

 

 

 

 

 

 

fold, 3.8-fold and 2.5-fold, respectively (Fig. 5B). Insulin-stimulated signaling was 
completely lost in cardiomyocytes cultured in HI medium, and largely reduced in 
cardiomyocytes cultured in HP medium. In this latter instance, only a residual 3.1-
fold insulin-stimulation of Akt-Ser473 phosphorylation was observed, while 
induction of GSK3β and AS160 was completely abrogated (Fig. 5B). These 
decreases in insulin signaling were not accompanied by changes in total 
expression of Akt nor of downstream substrates (supplemental Fig. 1).  

With respect to myocellular lipid accumulation, cardiomyocytes cultured in 
HI or HP medium displayed increased triacylglycerol content (1.6-fold, and 2.3- 
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Fig. 5 Effect of anti-CD36-cl63 on insulin signaling in cardiomyocytes cultured under insulin 
resistance-inducing conditions. Cardiomyocytes were cultured in control medium (C), or in media 
containing high insulin (HI) or high palmitate (HP) concentrations in the absence or presence of 0.83 
µg/ml anti-CD36-cl63. Upon 2 days culturing, cells were allowed to recover for 30 min prior to short-
term (15 min) insulin (100 nM) addition and subsequent Western blotting of phosphorylation of Akt 
(pAkt), AS160 (pAS160) and GSK3β (pGSK3β).  Representative blots are shown in (A) Quantification of 
the signals is shown in (B) Values are displayed as mean +/- S.E.M (n=5). * insulin effect, # medium 
effect, ^ anti-CD36 effect (p<0.05) 
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fold, respectively) compared to basally cultured cardiomyocytes (Fig. 6), but we 
did not observe changes in diacylglycerol stores (Fig. 6).  

To investigate whether exposure to HI or HP media leads to physiological 
dysfunction of cardiomyocytes, we analyzed the kinetics and amplitude of the 
contraction, shortening and re-lengthening rates, as well as peak sarcomere 
shortening. Compared to basally cultured cardiomyocytes, peak sarcomere 
shortening decreased by 38% and 62% during culturing in HI and HP media, 
respectively (Fig. 7A). Departure velocity and return velocity of contraction were 
also reduced by culturing in HI and HP media (departure velocity: -45% and – 
62%, respectively, return velocity: -65% and -70%, respectively). Intracellular Ca2+ 
fluxes (velocity of Ca2+ increases and decreases, and peak Fura-2 fluorescence 
signal) were unchanged in cardiomyocytes cultured in either medium (Fig. 7B). 

Thus, cardiomyocytes cultured in HI or HP media displayed elevations in 
sarcolemmal CD36 presence, basal LCFA uptake and myocellular triacylglycerol 
content. In addition, cardiomyocytes cultured in either medium showed loss of 
insulin-stimulated substrate uptake, insulin signaling and sarcomere shortening, 
and hence, displayed hallmark features of lipid-induced insulin resistance and 
contractile dysfunction. 

Effects of anti-CD36-cl63 treatment on prevention of lipid accumulation and 
development of insulin resistance 

Anti-CD36-cl63 was used to evaluate the effects of a blockade of CD36-mediated 
LCFA uptake on prevention of the development of insulin resistance and 
contractile dysfunction in cardiomyocytes cultured in HI or HP media. Anti-CD36-
cl63 was added at the start of the 2 days culturing of cardiomyocytes under basal 
or insulin resistance-inducing conditions, and was removed by washing the 
cardiomyocytes prior to the measurements of short-term glucose and palmitate 
uptake. The lack of an effect of anti-CD36-cl63 on basal and insulin-stimulated 
palmitate uptake into basally cultured cardiomyocytes (Fig. 4) indicates that this 
antibody has effectively been washed away (as shown with two-photon 
microscopy, see supplemental Fig. 2), and suggests that there has been no 
compensatory upregulation of CD36 (in agreement with Fig. 1C) or of other LCFA 
transporters. Furthermore, treatment with anti-CD36-cl36 increased basal glucose 
uptake into cardiomyocytes by 4.0 to 8.0-fold under all three culturing conditions, 
and short-term insulin treatment did not further stimulate glucose uptake (Fig. 4). 
Notably, treatment with anti-CD36-cl63 prevented the increase in basal LCFA 
uptake in cardiomyocytes cultured in HI or HP media. On the other hand, insulin-
stimulated LCFA uptake was not restored by treatment with anti-CD36-cl63. 

When investigating insulin-signaling we observed that treatment with anti-
CD36-cl63 increased basal Akt-Ser473 phosphorylation in all three culturing 
conditions (C: 3.0-fold; HI: 3.2-fold; HP: 1.7-fold) (Fig. 5A-B). Treatment with anti-
CD36-cl63 did not alter insulin-stimulated Akt phosphorylation in basally cultured 
cardiomyocytes, and did not prevent loss of insulin-stimulated Akt 
phosphorylation in cardiomyocytes cultured in HI medium. However, treatment 
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with anti-CD36-cl63 was successful in preventing loss of insulin-stimulated Akt 
phosphorylation in cardiomyocytes cultured in HP medium. Overall, changes in 
Akt-Ser473 phosphorylation were largely reflected by changes in GSK3β-Ser9 
phosphorylation, and to a lesser extent by changes in AS160 phosphorylation.  

With respect to intramyocellular lipid accumulation, treatment with anti-
CD36-cl63 robustly reduced triacylglycerol content in cardiomyocytes cultured in 
control medium, and completely prevented the increase in triacylglycerol storage 
upon culturing in HI or HP media (Fig. 6). There was no effect of treatment with 
anti-CD36-cl63 on myocellular diacylglycerol content (Fig. 6). 

Fig. 6 Effect of anti-CD36-cl63 on lipid 
accumulation in cardiomyocytes 
cultured under insulin resistance-
inducing conditions. Cardiomyocytes 
were cultured in control medium (C) or 
in media containing high insulin (HI) or 
high palmitate (HP) concentrations in the 
absence or presence of 0.83 µg/ml anti-
CD36-cl63. After 2 days culturing, 
cardiomyocytes were lysed, and used for 
measurement of triacylglycerol and 
diacylglycerol content via HPTLC. Values 
are displayed as mean +/- S.E.M (n=5). # 
medium effect, ^ anti-CD36 effect 
(p<0.05) 

 
 
 
 
 
 
 
 
 
 
 

 
With respect to parameters of contractile function, treatment with the anti-

CD36-cl63 had no effect on sarcomere shortening or intracellular Ca2+ oscillations 
in basally cultured cardiomyocytes. Treatment of primary cardiomyocytes with 
anti-CD36-cl63 totally or largely prevented the decrease in peak sarcomere 
shortening in HI or HP cultured cardiomyocytes, respectively (Fig 7). Additionally, 
shortening and relengthening rates were partially retained upon treatment of HI-
cultured cardiomyocytes with anti-CD36-cl63. In contrast, intracellular Ca2+ 
oscillations were not altered by treatment anti-CD36-cl63 (Fig. 7). 
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Fig. 7 Effect of anti-CD36-cl63 on contractile functions of cardiomyocytes cultured under insulin 
resistance-inducing conditions. Cardiomyocytes were cultured in control medium (C) or in media 
containing high insulin (HI) or high palmitate (HP) concentrations in the absence or presence of 0.83 
µg/ml anti-CD36-cl63. After 2 days culturing, cardiomyocytes were used for analysis of parameters; (A) 
sarcomere shortening and (B) Ca2+-fluxes The following parameters are displayed: (A) departure 
velocity of contraction; peak sarcomere shortening; return velocity of contraction; (B) velocity of 
cytosolic Ca2+ increases, peak Fura-2 fluorescence signal, and velocity of cytosolic Ca2+ decreases. 
Values are displayed as mean +/- S.E.M of at least 10 independent experiments. # medium effect, ^ anti-
CD36 effect (p<0.05) 

We also tested the effects of anti-CD36-cl10E10, which detects CD36 on 
Western blot (supplemental Fig. 3) but which failed to block short-term LCFA 
uptake (Fig. 1A), on glucose uptake and contractile function in cardiomyocytes 
cultured in basal, HI and HP media. In contrast to anti-CD36-cl63, anti-CD36-
cl10E10 did not increase basal glucose uptake under all three culturing conditions 
or restore peak sarcomere shortening in HI-cultured cardiomyocytes 
(supplemental Fig. 3). Hence, the beneficial effects of anti-CD36-cl63 
cardiomyocytes exposed to lipotoxic conditions are likely not due to simply 
binding to CD36, but rather due to a blockade of the transport function of CD36. 
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In summary, treatment of cardiomyocytes cultured in HI or HP medium with 
anti-CD36-cl63 prevented lipid accumulation and lipid-induced contractile 
dysfunction. However, treatment with anti-CD36-cl63 only protected insulin 
signaling in cardiomyocytes cultured in HP medium, and not when cultured in HI 
medium. 

Discussion 

Here we described the preventive action of a pharmacological blockade of LCFA 
uptake in the development of insulin resistance and contractile dysfunction in 
cardiomyocytes. Although there are many studies reporting on the ability of lipids 
to decrease insulin signaling and to alter substrate utilization in cellular systems 
including cardiomyocytes, none of these studies have proposed to restore the 
maladaptive changes by blocking protein-mediated cellular LCFA uptake. In the 
present study, we investigated the suitability of CD36 as a target to restore insulin 
sensitivity and contractile parameters in cultures of cardiomyocytes exposed to 
insulin resistance-inducing conditions. Firstly, a variety of structurally unrelated 
compounds reported to inhibit CD36 function, were screened for their ability to 
inhibit LCFA uptake into primary cardiomyocytes. Secondly, we established that 
cardiomyocytes cultured in HI or HP containing medium displayed key features of 
lipid-induced insulin resistance [34]. Finally, we demonstrated that inhibition of 
CD36-mediated LCFA uptake was able to prevent lipid accumulation and 
contractile dysfunction in cardiomyocytes cultured under insulin resistance-
inducing conditions. 

Anti-CD36 mAb clone 63 (anti-CD36-cl63) potently inhibits LCFA uptake into primary 
cardiomyocytes 

Sulfo-N-succinimydyl oleate (SSO) is the most widely established inhibitor of 
CD36-mediated LCFA uptake, but its use in long-term incubations is not feasible 
because of its relatively short half-life in aqueous solutions [24]. Nonetheless, the 
use of SSO in short-term LCFA uptake studies confirmed that maximally stimulated 
LCFA uptake in these primary cardiomyocytes is largely CD36-dependent. The 
CD36-specific thrombospondin-binding peptide inhibitors hexarelin and EP80317 
did not affect LCFA uptake demonstrating that the thrombospondin-binding 
domain of CD36 is not involved in LCFA transport or does not overlap with the 
LCFA-binding pocket of CD36 [35, 36].  Hence, both peptides are likely to be 
unsuited for protection against myocellular lipid-overload. The use of CD36-
specific mAbs proved to be more promising in terms of blocking LCFA uptake. 
Specifically, anti-CD36 mAb (clone 63) treatment inhibited maximally stimulated 
LCFA uptake by >30% (Fig. 1). However, frequently used anti-CD36 mAbs, like 
clone MO25 and clone OKM5 [37], did not appear to affect LCFA uptake. Whereas 
SSO inhibited LCFA uptake by >70% [38] in heart giant sarcolemmal vesicles, both 
these latter anti-CD36 mAbs were without effect on LCFA uptake in these vesicles 
(Luiken & Bonen, 1999, unpublished results). Taken together, the anti-CD36 mAb 
clone 63 is a valuable in vitro tool to test whether CD36-mediated LCFA uptake 
would be a target for offering protection to lipid-overloaded cardiomyocytes 
against the development of insulin resistance and contractile dysfunction. 
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Development of a cardiomyocyte model for lipid-induced insulin resistance 

Long-term incubation of cell lines or primary cell cultures with saturated LCFA 
species has been shown to induce insulin resistance at the level of decreased 
insulin signaling and/or decreased insulin-stimulated glucose uptake [39-41]. 
However, long-term effects on LCFA transport, transporters and storage have not 
been investigated yet. Chronic insulin stimulation has also been used to induce 
insulin resistance in cardiomyocyte cultures [26], but again, LCFA transport and 
transporters were not measured. In the present study, chronic insulin treatment as 
well as chronic palmitate treatment of cardiomyocyte cultures enhanced the 
presence of CD36 at the sarcolemma in concordance with elevated basal LCFA 
uptake and triacylglycerol accumulation. Simultaneously, insulin-stimulated 
phosphorylation of proteins in the insulin signaling cascade and insulin-stimulated 
glucose and LCFA uptake were lost or markedly reduced in chronic insulin or 
palmitate treated cardiomyocytes. These results indicate that both chronic 
conditions induce key features of insulin resistance in this in vitro cardiomyocyte 
model. Yet, there are some subtle differences in insulin-treated and palmitate-
treated cardiomyocytes concerning these features of insulin resistance: lipid 
accumulation in palmitate-treated cells is 2-fold greater than in insulin-treated 
cells, while inhibition of insulin signaling is less extensive in palmitate-treated 
cells, and inhibition of insulin-stimulated substrate uptake is almost identical in 
both insulin- and palmitate-treated cardiomyocytes. This demonstrates that there 
is no linear relationship between lipid accumulation, impairment of insulin 
signaling and of insulin-stimulated glucose uptake. Another striking feature of the 
HI and HP cultured cells is that the increase in myocellular triacylglycerol storage 
is not accompanied by increased diacylglycerol levels. This is different from the 
concomitant increases in myocellular diacylglycerol and triacylglycerol contents in 
rodents fed with high fat diets for several weeks (e.g., see ref. [13]). Likely this is 
related to the much shorter (i.e., 48 h) exposure of the cells to lipotoxic conditions, 
in which time the diacylglycerol and triacylglycerol stores might not have reached 
full equilibrium yet. However, importantly, given that the cells are insulin resistant, 
it can be deduced that diacylglycerols do not contribute to the acquisition of 
insulin resistance in these cultured cardiomyocytes. 

With respect to cardiomyocyte contractility, culturing of cardiomyocytes in HI or 
HP containing media impaired contractile amplitude. This is in agreement with 
recent findings that exposure of freshly isolated adult mouse cardiomyocytes to 
palmitate rapidly reduced unloaded fractional cell shortening [27], and in line with 
the currently accepted notion that insulin resistance is causal to contractile 
dysfunction [42]. There is more controversy about the association of insulin 
resistance with disturbance of Ca2+ dynamics. In our experiments Ca2+ oscillations 
were unchanged in cultured cells with HI and HP containing media. This is in 
agreement with the lack of changes in kinetics and amplitude of Ca2+ transients in 
cardiomyocytes from mice fed a high fat diet [43]. However, cardiomyocytes from 
insulin resistant sucrose-fed mice and ob/ob mice displayed decreased Ca2+ 
oscillations [44, 45]. Nonetheless, sarcomere shortening is considered as a better 
marker of mechanical output for evaluating cardiomyocyte function [46]. 
Interestingly, the alterations in contractile function were proportional to the 
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amount of myocellular triacylglycerol accumulation, because high palmitate-
cultured cardiomyocytes showed greater dysfunction and greater triacylglycerol 
accumulation than in high-insulin cultured cells. This supports the concept that 
myocellular accumulation of lipids is causal to contractile dysfunction. 

In conclusion, both HI and HP containing media provide suitable culturing 
conditions for inducing insulin resistance and contractile dysfunction in 
cardiomyocytes via myocellular lipid overload. 

Inhibition of CD36-mediated LCFA uptake prevents reduction of insulin sensitivity 
and contractile function in lipid-overloaded cardiomyocytes 

The main purpose of this study was to prevent the development of lipid-induced 
insulin resistance and contractile dysfunction by inhibition of CD36-mediated 
LCFA uptake.  

First, we investigated the metabolic effects of inhibition of CD36-mediated 
LCFA uptake in basally cultured insulin sensitive cardiomyocytes. Treatment of 
basally cultured cardiomyocytes with anti-CD36-cl63 enhanced basal glucose 
uptake, and insulin did not further stimulate glucose uptake suggesting that 
insulin-stimulated glucose uptake contributes to increased basal glucose uptake in 
CD36-inhibited cardiomyocytes. This increased basal glucose uptake occurred in 
the absence of changes in GLUT4 expression, suggesting that a relocation of GLUT4 
from intracellular insulin-responsive stores to the sarcolemma might explain this 
increase in basal glucose uptake. Furthermore, the anti-CD36-cl63-induced 
increase in basal glucose uptake is likely due to a blockade of the transport 
function of CD36 rather than just binding to CD36. Namely, another anti-CD36 
antibody, anti-CD36-cl10E10, unable to block the LCFA transport function, does 
not increase glucose uptake. This shows that merely binding to CD36 is not 
sufficient for a change in substrate switch towards glucose. Interestingly, the 
increase in basal glucose uptake was accompanied by an increase in 
phosphorylation of both Akt and its direct target AS160. Phosphorylation of AS160 
will inhibits its rab-GTPase activity, so that GLUT4 translocation-mediating rab 
proteins will be re-activated. Subsequently, GLUT4 will be liberated from retention 
within the intracellular stores. Remarkably, insulin-stimulated Akt 
phosphorylation was retained in basally cultured cardiomyocytes treated with 
anti-CD36-cl63, which is in contrast to the loss of insulin-stimulated glucose 
uptake. Perhaps in these cardiomyocytes, GLUT4 is already completely depleted 
from the intracellular storage compartments, including the insulin-responsive 
stores, so that extra phosphorylation of Akt and of AS160 upon insulin addition 
would be futile in this respect. Another explanation could come from a recent 
study in which it was shown that Akt is not the rate-limiting step of insulin-
induced glucose uptake [47]. However, insulin-stimulated glucose uptake in these 
anti-CD36-cl63 treated cardiomyocytes was not further increased by additional 
stimulation of AMP-activated kinase (AMPK) signaling, whereas AMPK and insulin 
stimulation act synergistically in basally treated cardiomyocytes (supplemental 
Fig. 4). This observation provides further evidence for this notion of depletion of 
intracellular GLUT4 storage upon a chronic CD36 blockade. 
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How anti-CD36-cl63 could trigger basal Akt phosphorylation in 
cardiomyocytes is a matter of speculation. Perhaps, a pharmacological blockade of 
CD36 transport function prevents accumulation of LCFA metabolites that would 
inhibit kinases upstream of Akt or Akt itself. For instance, ceramides are known to 
directly inhibit Akt [48], and preventing their accumulation would therefore 
increase basal Akt phosphorylation. This would also assume that ceramide pools 
would more rapidly follow the changes in influx in LCFA than the diacylglycerols. 
Further research is needed to elucidate the molecular mechanisms behind 
increased basal Akt phosphorylation in anti-CD36-cl63 treated cardiomyocytes.  

Treatment of cardiomyocytes cultured under both insulin resistance-
inducing conditions with the anti-CD36 mAb-cl63 enhanced basal Akt/GSK3β 
phosphorylation and basal glucose uptake similarly to basally cultured 
cardiomyocytes treated with the anti-CD36 mAb-cl63. More importantly, however, 
this treatment prevented myocellular lipid accumulation and loss of contractile 
function. Remarkably, treatment with the anti-CD36-cl63 prevented the loss of 
insulin stimulated Akt/GSK3β phosphorylation in cardiomyocytes cultured in HP 
medium but was not able to retain insulin signaling in cardiomyocytes cultured in 
HI medium. We have no explanation for these selective preventive effects of the 
anti-CD36 mAb-cl63 on insulin signaling and insulin-stimulated glucose uptake in 
one model of insulin resistant cardiomyocytes and not in the other. However, we 
may only conclude that the prevention of myocellular lipid accumulation can be 
connected to preservation of contractile function in the absence of preservation of 
insulin signaling. Possibly, the prevention of myocellular lipid accumulation might 
directly explain the anti-CD36 mAb-mediated preservation of contractile function. 
Namely, increased depositioning of lipid droplets in between the contractile fibers 
could directly inhibit contraction mechanics, which is then prevented by blocking 
CD36-mediated LCFA uptake. Alternatively, the prevention of myocellular lipid 
accumulation would prevent the activation of lipid-activated transcription factors 
that would otherwise induce an unfavourable switch in the expression pattern of 
isoforms of contractile proteins. However, we cannot exclude the possibility that 
the protective effects of the anti-CD36 mAb are not related to inhibition of LCFA 
uptake. For instance, binding of the anti-CD36 mAb-cl63 to CD36 might induce 
intracellular signaling (e.g., Akt activation) that would directly or indirectly 
preserve contractile function of cardiomyocytes. Nonetheless, the finding that the 
anti-CD36 mAb prevents the reduction in contractile function in cardiomyocytes 
cultured under both insulin resistance-inducing conditions provides powerful 
evidence that CD36 offers a suitable target to prevent the onset of cardiomyocyte 
dysfunction under these adverse conditions. 

Conclusions 

On top of the previous findings in CD36-knockout mice that CD36-mediated LCFA 
uptake plays a key role in the development of lipid-induced insulin resistance and 
cardiac dysfunction [17,18], the present findings illustrate that a pharmacological 
blockade of CD36 is a treatment strategy to counteract lipid accumulation and to 
protect against loss of cardiac function. Specifically, the blockade of CD36-
mediated LCFA uptake caused a substrate switch towards glucose and prevented 
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lipid accumulation and decreases in contractile function in two in vitro models of 
lipid-induced cardiac insulin resistance. Increased cardiac glucose uptake is known 
to be involved in the development of cardiomyocyte hypertrophy, suggesting that 
proper titration of anti-CD36 treatment is necessary to avoid a total shift of 
cardiomyocyte metabolism towards glucose utilization.  

CD36 is known to have a number of different functions in different 
mammalian cell types. Therefore, a pharmacological CD36 inhibitor that would 
interfere with all these functions would be unfavourable. However, a hypothetical 
agent that would selectively block the sarcolemmal LCFA transport function of 
CD36 would not have these adverse side effects, and would therefore be optimally 
suited to improve cardiac lipid overload and contractile dysfunction in vivo. In this 
respect, it has been speculated that the LCFA binding pocket in the extracellular 
domain of CD36 is mainly not overlapping with the docking sites of 
thrombospondin and oxLDL [35]. Therefore, the LCFA binding pocket might be the 
subject of a novel drug design strategy to specifically block the CD36 transport 
function. 
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Supplemental data concerning chapter 2 

Supplemental Fig 1 Total expression of Akt and downstream targets in cardiomyocytes is not altered 
upon HI and HP treatment in the absence or presence of anti-CD36-cl63. Cardiomyocytes were cultured 
in control medium (C), or in media containing high insulin (HI) or high palmitate (HP) concentrations in 
the absence or presence of 0.83 µg/ml anti-CD36-cl63. Upon 2 days culturing, cells were allowed to 
recover for 30 min prior to short-term (15 min) insulin (100 nM) addition and subsequent Western blot 
analysis of total Akt and GSK3β content. Hence, the changes in the phosphorylation states of these 
proteins (see Fig. 5) are not due to changes in total protein expression. 
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Supplemental Fig 2 The washing steps after 48 h culturing almost entirely remove anti-CD36-cl63 
used to detect the cell surface localization of CD36. Cardiomyocytes were cultured in control medium 
for 48 hours in the presence of 0.83 µg/ml anti-CD36-cl63 (right panel) and subsequently washed as 
described in Materials and Methods (left panel), and then used for microscopic detection of anti-CD36-
cl63 using a FITC-labeled secondary antibody. n=3. It is of note that upon washing the fluorescent signal 
has almost completely disappeared, indicating that the washing procedure effectively removes anti-
CD36-cl63. 
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Supplemental Fig. 3 Binding to CD36 is not sufficient for anti-CD36 antibodies to prevent the 
maladaptive changes in cardiomyocytes upon exposure to lipotoxic conditions. A. Anti-CD36-cl10E10 
detects CD36 on Western blot. CD36 protein expression was checked in the homogenates from liver 
(negative control) and heart tissue by Western blotting. The ability of anti-CD36-cl10E10 monoclonal 
antibody to detect CD36 was compared with the anti-CD36 monoclonal antibody MO25 routinely used 
for Western blotting. Cardiomyocytes were cultured in control medium (C), or in media containing high 
insulin (HI) or high palmitate (HP) concentrations in the absence (Basal) or presence of 1.7 µg/ml anti-
CD36-cl10E10. B. Upon 2 days culturing, cells were allowed to recover for 30 min prior to short-term 
(15 min) insulin (100 nM) addition and subsequent measurement of 2-Deoxy-D-[1-3H]glucose uptake. 
C. Upon 2 days culturing, cardiomyocytes were used for analysis of peak sarcomere shortening. Values 
are displayed as mean +/- S.E.M (n=3). * insulin effect, # medium effect, ^ anti-CD36 effect (p<0.05). 
These data demonstrate that, in contrast to anti-CD36-cl63 (see Fig. 4 and 7), anti-CD36-cl10E10 does 
not induce the substrate switch to increased glucose uptake, and does not preserve contractile function 
in cardiomyocytes exposed to lipotoxic conditions. In conclusion, merely binding to CD36 is not 
sufficient for anti-CD36 antibodies to prevent or protect against lipid-induced contractile dysfunction.  
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Supplemental Fig. 4 AMP-activated kinase 
(AMPK) stimulation does not increase 
glucose uptake in anti-CD36-cl63-treated 
cardiomyocytes. Cardiomyocytes were 
cultured in control medium in the absence 
or presence of 1.7 µg/ml anti-CD36-cl63. (A) 
Upon 2 days culturing, cells were allowed to 
recover for 30 min prior to short-term (15 
min) addition of insulin (100 nM) and/or the 
potent AMPK stimulator oligomycin (5 μM), 
and subsequent measurement of 2-Deoxy-D-
[1-3H] glucose uptake. Values are displayed 
as mean +/- S.E.M (n=3). * insulin effect, $ 
oligomycin effect, ^ anti-CD36 effect 
(p<0.05). These data demonstrate that 
short-term AMPK stimulation of anti-CD36-
cl63-treated cardiomyocytes, in contrast to 

basally cultured cardiomyocytes, either in the absence or presence of short-term insulin stimulation, 
does not stimulate glucose uptake. We suggest that anti-CD36-cl63-treatment leads to a maximal 
depletion of GLUT4 from the intracellular storage compartment, so that additional treatment of 
cardiomyocytes with GLUT4 translocation-inducing stimuli will be futile. 
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Chapter 3 

Abstract   
 
Insulin resistance is an important risk factor for the development of several 
cardiac pathologies, thus advocating strategies for restoring insulin sensitivity of 
the heart in these conditions. Polyunsaturated fatty acids (PUFAs), EPA (C20:5n-3) 
and DHA (C22:6n-3), have been shown to improve insulin sensitivity in insulin-
sensitive tissues, but the direct effect of these ω-3 PUFAs on insulin signaling in the 
myocardium has not been examined. The aim of this study was therefore to 
examine the ability of EPA and DHA to prevent insulin resistance in isolated rat 
cardiomyocytes. Primary rat cardiomyocytes were made insulin resistant by 48 h 
incubation in high insulin (HI) medium. Parallel incubations were supplemented 
by 200 µM EPA or DHA. Insulin sensitivity was assessed by subsequent 
measurements of cellular glucose and long-chain fatty acid uptake, as well as 
phosphorylation of proteins in the insulin signaling cascade. In addition, 
contractile function (sarcomere shortening of electrically stimulated 
cardiomyocytes) was recorded. Insulin resistant cardiomyocytes showed 
decreased glucose uptake, increased fatty acid uptake, and reduced 
phosphorylation of Akt/PKB, AS160 and GSK3β. The abundance of the fatty acid 
transporter CD36 at the sarcolemma was also increased in insulin resistant cells, 
and cell shortening was significantly reduced. Addition of EPA or DHA to the HI 
medium prevented the induction of insulin resistance and also prevented the 
sarcolemmal abundance of CD36. Only cardiomyocytes incubated in the presence 
of EPA exhibited improvements in glucose and fatty acid uptake and cell 
shortening. We conclude that ω-3 PUFAs protect metabolic and functional 
characteristics of cardiomyocytes subjected to insulin resistance-evoking 
conditions. 
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Introduction  

An elevated supply of lipids in obesity and type 2 diabetes leads to alterations of 
myocardial substrate metabolism, manifested insulin resistance with reduced 
glucose utilization and increased long-chain fatty acid (LCFA) utilization [1-3]. 
Thus, isolated cardiomyocytes from various diabetic/obese rodent models show 
impaired insulin signaling, including reduced activation of Akt/PKB, reduced 
GLUT4 translocation from intracellular compartments to the sarcolemma, as well 
as impaired insulin-induced glucose uptake [4-6]. Several mechanisms have been 
proposed to lead to impaired insulin signaling in insulin sensitive tissues, including 
intracellular accumulation of LCFA and their derivatives (fatty acyl-CoA, 
diacylglycerol and ceramides). Glucose and LCFA are the major substrates for the 
heart, and GLUT4 and CD36 the major substrate transporters, which are regulated 
by reversible insulin-induced translocation [7]. Notably, increased LCFA supply to 
cardiomyocytes will evoke persistent relocation of CD36 from intracellular stores 
to the sarcolemma, followed by chronically elevated LCFA uptake and lipid 
accumulation, eventually resulting in insulin resistance [8, 9]. Aditionally, 
sustained hyperinsulinemia itself has also been shown to chronically stimulate 
CD36 translocation in cardiomyocytes and consequently, lead to lipid-induced 
insulin resistance in a very similar manner to Cardiomyocytes exposed too LCFA 
oversupply, as reported previously [6, 8]. We also found that insulin resistant 
cardiomyocytes exhibited contractile dysfunction (reduced cell shortening) [9].  

Numerous studies have shown that diets enriched in EPA and/or DHA 
improve whole-body insulin resistance in rodent models of obesity and diabetes 
[13, 14]. Intake of ω-3 fatty acids also improves defects in insulin signaling and 
prevents alterations in glucose homeostasis in humans, due to improved 
lipoprotein metabolism and reduction in LCFA accumulation in muscle and liver 
[15]. Of interest, several studies in rat and mouse models of pressure overload–
induced heart failure have reported that intake of EPA and DHA prevents LV 
remodeling and contractile dysfunction [10-12]. The heart is considered as an 
insulin responsive organ, and impairment of insulin-stimulated cardiac glucose 
uptake has been described in animal models of diabetes and obesity [16]. Whether 
EPA and DHA have the potential to directly improve insulin signaling in the heart 
is, however, not clear. It is also disputed whether activation of AMP-activated 
protein kinase (AMPK) is involved in the beneficial effects of these ω-3 fatty acids. 
Namely, mice treated with diet containing ω-3 PUFAs did not show any changes in 
the activity of myocardial AMPK [17]. Furthermore, no effect of ω-3 PUFAs on 
AMPK activity could be detected in cultured hepatocytes [18]. On the other hand, it 
has been demonstrated that ω-3 PUFAs enhance AMPK activity in the liver [19], 
intestine [20], adipose tissue [21], and in 3T3-L1 cells and primary adipocytes [22]. 

To test the putative preventive effect of EPA and DHA on myocardial insulin 
resistance, rat primary cardiomyocytes were made insulin resistant by long-term 
exposure to a medium containing high concentrations of insulin, as previously 
described [9]. In order to study the effect of EPA and DHA, these fatty acids were 
complexed to albumin and co-incubated with high insulin. After washing the cells, 
insulin sensitivity was evaluated based on glucose uptake and LCFA uptake, as well 
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as phosphorylation of selected proteins in the insulin signaling cascade in response 
to acute insulin administration. In addition, the effect of EPA and DHA on the 
presence of fatty acid transport protein CD36 in the sarcolemma was examined by 
confocal microscopy. Finally, we also examined the effect of EPA and DHA on 
myocardial cell shortening.   

Materials and Methods 

Materials 

Medium M199 and Penicilin/streptomycin were purchased from Invitrogen 
(Carlsbad, CA, USA). Phloretin, laminin, creatine monohydrate, carnitine 
hydrochloride, taurine, EPA and DHA were purchased from Sigma Aldrich (St. 
Louis, MO, USA). Collagenase type II was from Worthington (Freehold, USA). 
Insulin was obtained from Sigma (bovine insulin) or Novo Nordisk (human 
insulin).  Bovine serum albumin (BSA, essentially fatty acid free, fraction V) was 
derived from MP Biomedicals (Irvine, USA) or from Sigma Aldrich (St. Louis. MO, 
USA).  Phloretin was from Fluka. 2-deoxy-D-[1-3H]glucose and [1-14C]palmitic acid 
were obtained from GE Healthcare (Piscataway, NJ, USA).   

Experimental animals  

Male Lewis rats (200–250 g) were purchased from Charles River Laboratories and 
were used for isolation of cardiomyocytes. All animals were fed ad libitum. All 
procedures were approved by the Experimental Animal Committee of Maastricht 
University, Maastricht, the Netherlands. 

Cardiomyocyte isolation and culturing  

Isolation of adult rat cardiomyocytes (Lewis rats 200-250 g, 2-3 months of age) 
were performed by using a Langendorff perfusion system according to the 
procedure described previously [23] with the only difference being sterile 
conditions that were taken into account to enable subsequent culturing. A 
modified Krebs Henseleit bicarbonate medium (MKR) containing 1.17 M NaCl, 26 
mM KCl, 12 mM KH2PO4, 12 mM MgSO4•7H2O, 100 mM NaHCO3, 100 mM HEPES 
with adjusted pH 7.55 was stored at a 10-fold concentration. MKR medium was 
diluted 10-fold and equilibrated with a 95% O2 / 5% CO2 gas phase at 37°C for 
daily use to prepare buffers used during cardiomyocyte isolation and experiments 
with cardiomyocytes.  

Cells were seeded on laminin-coated six-well plates (9.6 cm2) (substrate 
uptake and signaling measurements ) or on 35-mm high dishes (Ibidi GmBH, 
München, Germany) with an elastic surface (for sarcomere shortening and for the 
surface CD36 measurements) at a density of 100,000 cells/ml in 10-times diluted 
MKR supplemented with 0.45% (w/v) BSA. After 90 min adhesion, the medium 
was replaced with control medium [medium M199 supplemented with creatine 
monohydrate (5 mM), carnitine hydrochloride (3.2 mM), taurine (3.1 mM) 
penicillin (100 units/ml), streptomycin (10 mg/ml) and palmitic acid (20 μM)], 
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high insulin medium (HI; control medium supplemented with 100 nM insulin) or 
ω-3 PUFA medium (high insulin medium supplemented with 200 μM EPA or DHA). 
Cardiomyocyte cultures were kept and maintained in 5% CO2 at 37°C for 48 h. 
Medium was refreshed after 24 h of seeding. Following 48 h of culturing, cells were 
washed and allowed to recover in medium A (10-times diluted MKR supplemented 
with 0.45% (w/v) BSA and 1 mM CaCl2) for 30 min prior to start 15 min 
incubation with or without insulin (100 nM). Fatty acids were bound to BSA in a 
ratio LCFA/BSA = 6:1 (for palmitic acid) or LCFA/BSA = 4:1 (for EPA and DHA). 
BSA was used as fatty acid free control added to the control medium to avoid 
interference from vehicle. 

Measurement of substrate uptake 

The uptake of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid (in complex with 
BSA) into cultured cardiomyocytes was measured. Following a 15 min treatment 
with/without insulin (100 nM), a mixture of 2-Deoxy-D-[1-3H]glucose (8 Ci/mM) 
and [1-14C]palmitic acid was added into the incubation medium for 10 min. 
Thereafter, cells were washed twice with ice-cold Stop medium (10-times diluted 
MKR buffer supplemented with 1 mM CaCl2 and 0.2 mM phloretin) on ice, and then 
lysed in sample buffer (40% (v/v) glycerol, 0.25 M Tris and 1 M DTT) followed by 
assessment of radioactivity in scintillation fluid (Opti-Fluor; PerkinElmer, 
Waltham,USA). 

Detection of phosphorylation of enzymes within the insulin network 

Following a 25 min treatment with/without insulin (100 nM) cultured 
cardiomyocytes were lysed in 1.3 X sample buffer (40% (v/v) glycerol, 0.25 M Tris, 
1 M DTT and 1.5 mM bromo-phenol-blue) and used for protein detection. 
Approximately 20 µg per sample was used for SDS-polyacrylamide gel 
electrophoresis followed by Western blotting. 

Primary antibodies specific to Akt, phospho-Ser473-Akt, phospho-Thr172-
AMPKα, phospho-Ser9-GSK3β were purchased from Cell Signaling Technology 
(Danvers, MA), phospho-Ser79-ACC and phospho-Thr642-AS160 from Upstate 
Biotechnology (Millipore) (Billerica, MA), GLUT4 from Abcam (Cambridge, USA), 
caveolin 3 from BD Transduction Laboratories (Franklin Lakes, USA) were used. 
Anti-CD36 antibody MO25 was a gift from Dr N.N. Tandon (Thrombosis Research 
Laboratory, Otsuka Maryland Medicinal Laboratories Rockville, MS, U.S.A.). 
Western blot images were analyzed with a molecular imager (ChemiDoc XRS, Bio-
Rad Laboratories) and quantified with Quantity One® (Bio-Rad Laboratories). 

Sarcolemmal presence of CD36 

Following 48 h of culturing, cells were washed twice with control medium, treated 
with primary antibody against CD36 (BD Biosciences) for 10 min at 37°C followed 
by incubation with FITC-labelled rabbit-anti-mouse IgA secondary antibodies 
(1:500 dilution; Rockland). The viable cardiomyocytes were imaged using the 
Leica SP5 imaging platform in confocal mode (Leica Microsystems) with the 
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emission filters optimized for FITC detection. Images were processed with ImageJ 
(NIH).  

Measurement of sarcomere shortening 

Following 48 h of culturing, cells were washed twice with control medium and 
subsequently analyzed for contractile function as previously described [24]. Before 
the start of the measurements, cells were electrically pre-stimulated for 5 min with 
1 Hz to reach a steady-state level for sarcomere shortening. Then, cells were paced 
with bipolar pulses of 5 ms duration at 1 Hz. Under each experimental condition, 
data files were recorded of ten consecutive beats for at least eight different cells. 
Sarcomere shortening was measured with IonOptix (Dublin, Ireland) and 
calculated using IonWizard (IonOptix). 

Statistics 

All data are presented as means ± S.E.M. Statistical analyses were performed by 
one-way or two-way ANOVA or Student's t-test by using GraphPad Prism Program 
(GraphPad Software Inc., San Diego, CA, USA). P < 0.05 was considered as 
significant. 

Results  

Effect of EPA and DHA on insulin-stimulated glucose uptake  

Insulin resistance was induced in cultured adult primary rat cardiomyocytes 
during 48h of insulin (100 nM) exposure (HI medium) as previously described [9, 
25]. Cardiomyocyte insulin sensitivity was assessed by insulin-stimulated glucose 
uptake. Non-treated  cardiomyocytes during 48 h of culturing in control medium 
responded to acute insulin stimulation (100 nM) by a 3.3-fold increase in glucose 
uptake, while glucose uptake was hardly affected in insulin resistant cells (Fig. 1A). 
Interestingly, basal glucose uptake was significantly elevated in insulin resistant 
cardiomyocytes upon EPA (200 μM) exposure during 48 h of culturing in HI 
medium. Furthermore, exposure of EPA also prevented the loss of insulin 
sensitivity, which was completely abolished in cardiomyocytes cultured in HI 
medium during 48 h (Fig. 1A). Thus, there was no difference in insulin-induced 
increment in glucose uptake between control and EPA-treated cardiomyocytes. 
The effect of DHA on glucose uptake was tested in parallel experiments, and like 
EPA, DHA also caused an increase on basal glucose uptake in cardiomyocytes 
subjected to insulin resistance-evoking conditions. On the other hand, the response 
to acute stimulation with insulin was blunted in DHA-treated cardiomyocytes, as 
compared to control cardiomyocytes (Fig. 1A). 

Fig. 1B shows that the observed improvements in glucose uptake upon 
exposing cardiomyocytes to EPA or DHA were not associated with alterations in 
the total level of the insulin-regulated glucose transporter GLUT4. 
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Fig. 1 Effect of ω-3 PUFAs on 
glucose uptake and total 
expression level of GLUT4. 
Cardiomyocytes were pre-
incubated for 48 h in control 
medium (C) or in medium 
supplied with 100 nM insulin 
(high insulin, HI) in the 
absence or presence of 200 μM 
EPA or DHA. Thereafter, cells 
were washed and allowed to 
recover for 30 min prior to 
short-term (25 min) incubation 
with or without insulin (100 
nM). (A) Glucose uptake into 
cardiomyocytes was evaluated 
by the measurements of 2-
deoxy-D-[1-3H]glucose which 
was added to medium for the 
last 10 minutes of short-term 
insulin incubations. Results are 
represented as mean values ± 
SEM, (n=11 and n=4 for 
incubations with EPA and DHA 
respectively). * P<0.05 vs. 
control/basal value; ^ P<0.05 

vs. basal value in the absence of ω-3 PUFAs; # P<0.05 vs. insulin-stimulated value in the absence of ω-3 
PUFAs in the insulin resistant group. (B) Western blot analysis of total GLUT4 in cardiomyocytes 
cultured in control or HI medium in the absence or presence of ω-3 PUFAs during basal (B) and insulin-
stimulated conditions (Ins). Caveolin 3 (Cav3) was used as loading control.  

Effect of EPA and DHA on insulin signaling in cardiac myocytes 

A commonly used read-out of insulin resistance is decreased phosphorylation of 
enzymes in the canonical insulin signaling pathway. Insulin resistance was 
confirmed by markedly lower phosphorylation of Akt and two of its down-stream 
substrates, GSK3β and AS160, in response to acute (15 min) exposure to 100 nM 
insulin, as compared that of control cells (Fig 2A). Thus, whereas insulin 
stimulation caused a 4.3–5.9 fold increase in phosphorylation state of control cells, 
we observed only a 1.5–2.2 fold increase in insulin resistant cells (Fig. 2 B–D). 
Addition of ω-3 PUFA (EPA or DHA) to the culture medium during the 48 h 
incubation with insulin almost completely prevented the loss of insulin sensitivity 
of the cardiomyocytes, since the subsequent short-term insulin stimulation 
resulted in a similar increase in  phosphorylation state of the three selected 
proteins as observed in control cells cultured with control medium (Fig. 2 A–D). 
We also observed that exposure of insulin resistant cardiomyocytes to EPA or DHA 
caused a slight increase in phosphorylation of all three proteins during baseline 
conditions (i.e. with no insulin) (Fig. 2 B–D). These changes in insulin signaling 
were not due to different loading or changes in total expression of Akt (data not 
shown). 
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Fig. 2 Effect of ω-3 PUFAs on insulin signaling. Cardiomyocytes were pre-treated and stimulated 
with insulin as described in the legend of Fig. 1. (A) Western blot analysis of phosphorylated Akt/PKB 
(pAKT), GSK (pGSK3β) and AS160 (pAS160) in cardiomyocytes cultured in control (C) or high insulin 
(HI) medium in the absence or presence of ω-3 PUFAs during basal (B) and insulin-stimulated 
conditions (Ins). (B-D) Quantification of the signals from Western blot corrected for loading control. 
Results are represented as mean values ± SEM (n=10). * P<0.05 vs. control/basal value; ^ P<0.05 vs. 
basal value in the absence of ω-3 PUFAs; # P<0.05 vs. insulin-stimulated value in the absence of ω-3 
PUFAs in the insulin resistant group. 

Effect of EPA and DHA on insulin-stimulated fatty acid uptake 

Insulin led to a 1.4-fold stimulation of palmitate uptake in cardiomyocytes cultured 
with control medium (Fig. 3 A), in agreement with previous studies [9, 26]. This 
response was lost in cardiomyocytes cultured for 48 h under HI conditions, while 
co-incubation with EPA (but not DHA) recovered the insulin sensitivity. 
Furthermore, both EPA and DHA caused a marked (>2-fold) stimulation of basal 
palmitate uptake in insulin resistant cardiomyocytes.  The changes in palmitate 
uptake were not associated with changes in the expression of the total cellular 
content of the fatty acid transporter CD36 (Fig. 3B). We also examined the 
sarcolemmal abundance of CD36 by using immunofluorescence microscopy (Fig. 
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3C). Cardiomyocytes cultured in HI medium exhibited a markedly elevated cell 
surface CD36 content in the absence of changes in total CD36 expression, in 
agreement with earlier observations [9]. Such persistent CD36 relocation is 
considered a hallmark event in the development of fatty acid induced insulin 
resistance. Persistent CD36 relocation was reversed in incubations with EPA and 
to some extent also with DHA, but not in incubations with palmitate. Co-incubation 
of EPA with anti-CD36 antibody abolished both basal and insulin stimulated 
palmitate uptake in cardiomyocytes which might suggest that EPA exerts its 
insulin sensitizing action after having been taken up across the cell membrane 
through CD36. We have shown earlier that anti-CD36 antibody (clone-63) blocks 
the fatty transport function of CD36 [9].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Effect of ω-3 PUFAs on palmitate uptake, total expression level and cell-surface content of 
CD36. Cardiomyocytes were pre-treated and stimulated with insulin as described in the legend of Fig. 1. 
(A) Palmitate uptake into cardiomyocytes was evaluated by the measurements of [1-14C]palmitic acid 
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which was added to medium for the last 10 minutes of short-term insulin incubations. Also shown are 
the data from cardiomyocytes cultured in the presence of EPA co-incubated with anti-CD36 antibody. 
Results are represented as mean values ± SEM, (n=11 and n=4 for incubations with EPA and DHA 
respectively). * P<0.05 vs. control/basal value; ^ P<0.05 vs. basal value in the absence of ω-3 PUFAs; # 
P<0.05 vs. insulin-stimulated value in the absence of ω-3 PUFAs in the insulin resistant group. (B) 
Western blot analysis of total CD36 in cardiomyocytes cultured in control or HI medium in the absence 
or presence of ω-3 PUFAs during basal (B) and insulin-stimulated conditions (Ins). Caveolin 3 (Cav3) 
was used as loading control. Representative blots are shown. (C) Surface staining of CD36 in 
cardiomyocytes cultured in control or HI medium in the absence or presence of 200 μM EPA, DHA or 
palmitate.  

Impact of EPA and DHA on cardiomyocyte contractility (shortening)  

It has been previously been shown that culturing of primary rat cardiomyocytes 
for 48 h in HI medium is associated with impaired peak sarcomere shortening (-
40%; [9]). Here, we investigated the effect of EPA and DHA on sarcomere 
shortening of cardiomyocytes cultured for 48 h in HI medium. EPA improved peak 
sarcomere shortening by 1.6-fold (Fig. 4). Also DHA improved sarcomere 
shortening (1.5-fold), but this effect did not reach statistical significance (P>0.05; 
Fig. 4). Hence, EPA, and perhaps DHA, have a beneficial effect on contractile 
functions of cardiomyocytes in conditions of impaired insulin signaling. Although 
the mechanisms of how ω-3 PUFAs improve sarcomere shortening in insulin 
resistance cardiomyocytes are unknown, one of the possible explanations could be 
the incorporation of EPA into phospholipid membranes. Beneficial effects (like 
anti-arrhythmic actions, prevention of hypertrophy or reduction of myocardial 
infarct size) of ω-3 PUFAs on cardiac functions have been shown earlier [27]. 
Dietary fats are known to determine fatty acid composition of cardiac cell 
membranes, similarly ω-3 PUFAs especially DHA rich diets have been shown to 
attenuate cardiac functions through incorporation into phospholipid membranes 
[28-30]. For instance, ω-3 PUFA incorporation into cardiac membranes made 
myocardium less susceptible to ischemic injury and aided post-ischemic recovery 
though reduced oxygen consumption [29].  

Fig. 4 Effect of ω-3 PUFAs on peak sarcomere 
shortening. Cardiomyocytes were pre-incubated 
for 48 h in medium supplied with 100 nM insulin 
(HI) in the absence or presence of 200 μM EPA or 
DHA. Subsequently peak sarcomere shortening was 
recorded under 1Hz and 5 ms of electrical pulsated 
cardiomyocytes. Results are represented as mean 
values ± SEM, (n=6). * P<0.05 vs. value in the 
absence of ω-3 PUFAs.  

 

Effect of EPA and DHA on AMPK signaling 

In order to investigate whether AMPK signaling is involved in the beneficial effects 
of the ω-3 fatty acids on insulin sensitivity, substrate uptake and contractile 
function, activation of AMPK was assessed via phosphorylation at Thr172 within 
the catalytic α-subunit, and via phosphorylation of its major subcellular target 
acetyl-CoA carboxylase (ACC). Culturing in HI medium, neither in the absence or 
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presence of EPA or DHA had any effect on AMPK-Thr172 or ACC-Ser79 
phosphorylation (Fig. 5). Hence, AMPK seems not involved in these beneficial 
actions of EPA and DHA. 

Fig.5 Effect of ω-3 PUFAs on 
AMPK signaling. Cardiomyocytes 
were pre-incubated for 48 h in 
medium supplied with 100 nM 
insulin (HI) in the absence or 
presence of 200 μM EPA or DHA. 
Thereafter cells were lysed, and 
used for Western detection of  
phosphorylated AMPK and ACC and 
for caveolin-3 (Cav3; loading 
control). Representative images are 
shown from n=6 observations.  

Discussion 

Dysregulation of cardiac substrate metabolism in conditions of insulin resistance 
(obesity- and/or type 2 diabetes) eventually leads to functional deterioration of 
the heart. In the present study we investigated the effect of PUFAs on insulin 
signaling and substrate uptake in insulin resistant cardiomyocytes, which were 
generated by culturing the cells in HI medium. The main finding was that inclusion 
of ω-3 poly-unsaturated fatty acids (PUFAs) in the HI medium counteracted the 
development of insulin resistance and improved insulin-stimulated glucose uptake. 
Apparently, the effect of EPA was stronger than that of DHA.  

Glucose uptake 

The presently observed ability of ω-3 fatty acids to antagonize the development of 
insulin resistance in cardiomyocytes is in line with results which have been 
reported in several models in the past. Thus, improved insulin-stimulated glucose 
uptake was observed in skeletal muscle after treatment with EPA or DHA [31], as 
well as in adipocytes co-cultured with macrophages [32]. Also, EPA and DHA were 
found to be  more effective than other unsaturated fatty acids (including oleic acid) 
in preventing insulin resistance in L6 skeletal muscle cells [33]. These authors 
speculated that the effect of EPA and DHA could be related to their PPARα ligand 
activity or anti-inflammatory activity.  Yet the beneficial effect of EPA was more 
potent than that of DHA, perhaps because it is a better PPARα activator. 
Alternatively, EPA might have other, yet unknown, subcellular targets. 

Insulin-stimulated glucose uptake in cardiac myocytes is mediated by 
translocation of the glucose transporter GLUT4 from intracellular compartments 
to the plasma membrane [34]. In accordance with previous studies [31, 35] we 
found that the preserved insulin sensitivity in cardiomyocytes co-incubated with 
EPA and DHA during HI conditions was not associated with changes in the total 
expression of cellular GLUT4. Because of experimental limitations, we were not 
able to measure GLUT4 translocation (surface GLUT4), but several reports have 
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shown that the defect in GLUT4 translocation is associated with alterations of the 
insulin-induced activation of Akt/PKB signaling pathway [36, 37].  

Insulin-stimulated glucose transport in the heart appears to be primarily 
mediated by the Akt/PKB signaling pathway [38]. Furthermore, the Rab GTPase-
activating protein AS160 is a substrate for Akt/PKB and serves as a link between 
insulin activation of Akt/PKB and the subsequent translocation of GLUT4 to the 
cell surface [39]. As expected, induction of insulin resistance in cardiomyocytes (in 
response to long-term HI exposure) was associated with reduced phosphorylation 
of both Akt/PKB and AS160. The presence of EPA and DHA in the incubation 
medium prevented, however, this response, and may therefore explain the finding 
of a preserved insulin sensitivity of the cardiomyocytes, as demonstrated by 
increased glucose uptake in response to acute insulin stimulation.  

One should bear in mind that Akt/PKB is not the only kinase responsible for 
phosphorylation of AS160. For example, AMPK, independently of insulin, is also 
able to phosphorylate AS160 [40] and to stimulate glucose uptake in the heart [25, 
41]. However, from previous studies in different mammalian tissues the impact of 
ω-3 PUFAs on AMPK activity is not clear (see Introduction). Nonetheless, our 
present results indicate that EPA or DHA do not activate AMPK. Hence, other 
mechanisms must be responsible for preservation of insulin signaling and insulin-
stimulated glucose uptake by these ω-3 PUFAs during culturing of cardiomyocytes 
under insulin resistance-inducing conditions.  

The fact that EPA and DHA prevented the reduction in Akt/PKB activity 
(phosphorylation) during HI conditions could also explain the concomitant 
increased phosphorylation of GSK3, since GSK3 is a downstream target of 
Akt/PKB. Over the last two decades it has become apparent that GSK3 plays a key 
role in the regulation of many cell functions, including signaling by insulin, growth 
factors and nutrients [42]. Moreover, numerous studies have implicated GSK3 in 
the pathogenesis of insulin resistance and T2DM; increased GSK3 protein level was 
reported in human skeletal muscle [43], and increased activity of GSK3 was also 
reported in hearts from diabetic mice [43, 44]. Therefore, the inhibition of GSK3 by 
EPA and DHA in the insulin resistant cardiomyocytes argues in favor of ω-3 fatty 
acids as a therapeutic principle in insulin resistance and type 2 diabetes. 

Fatty acid uptake/CD36 

Redistribution of CD36 from intracellular stores to the plasma membrane and lipid 
accumulation are early changes occurring in the heart during diet-induced obesity 
and insulin resistance [9]. Thus, cardiomyocytes which were made insulin 
resistant by HI displayed elevated sarcolemmal CD36 content and increased basal 
palmitate uptake. The HI-induced increase in basal palmitate uptake was further 
increased in the presence of EPA and DHA but, surprisingly, this response was 
accompanied neither by changes in the total expression of CD36 nor by 
translocation of CD36 to the plasma membrane. On the contrary, inclusion of EPA 
and DHA significantly prevented the robust translocation of CD36 to the 
sarcolemma, which was otherwise seen in the insulin resistant cardiomyocytes. At 
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a first glance, this observation seems paradoxical, but on the other hand it shows 
that exposure to EPA and DHA prevented one of the main processes involved in the 
development of insulin resistance, namely persistent CD36 relocation to the 
sarcolemma. The finding that insulin sensitivity, measured as acute insulin-
stimulated palmitate (and glucose) uptake was maintained in the presence of EPA 
supports this notion. Our results are also consistent with results by Madonna and 
colleagues [45], who observed a decreased plasma membrane content of CD36 
after the treatment with EPA or DHA in human microvascular endothelial cells. 

The fact that the EPA/DHA-induced elevation of basal palmitate uptake was 
not paralleled by elevated presence of CD36 at the sarcolemma indicates that EPA 
and DHA open alternative avenues for palmitate uptake, which by-pass the CD36 
transporter. One possibility could be that the presence of EPA/DHA alters the 
fluidity of the sarcolemma by incorporation into the phospholipid by-layer, 
allowing for increased uptake of palmitate through passive diffusion [46]. 
Apparently, this was not the case, since blocking of CD36 during EPA exposure by 
specific anti-CD36 antibodies almost totally prevented the palmitate uptake (Fig. 
3A). Perhaps, in addition to their prevention of CD36 permanent relocation to 
sarcolemma, both EPA and DHA alter the bilayer organization around CD36, 
thereby increasing the LCFA transport function of this membrane protein. The sum 
of these two opposing effects would then be an increase in basal LCFA uptake rate. 
However, an increase in basal palmitate uptake would be an undesired action, in 
the light of palmitate-induced insulin resistance via diacylglycerols and/or 
ceramides [47]. However, this could be counteracted by increased CD36-mediated 
EPA and DHA uptake into cardiomyocytes, allowing both ω-3 fatty acids to reach 
intracellular targets, such as PPARs. Subsequently, PPARα activation might 
increase mitochondrial β-oxidation of LCFA, thereby preventing/reversing the 
conversion of palmitate into diacylglycerols/ceramides. 

Concluding remarks 

In summary, the present study shows that EPA and DHA counteract the 
development of insulin resistance in isolated cardiomyocytes incubated under 
insulin resistance-evoking conditions by preserving the phosphorylation state of 
key proteins in the insulin signaling cascade. EPA and DHA also similarly prevent 
the persistent relocation of CD36 to the sarcolemma. EPA and DHA might exert 
these beneficial effects, not through one specific subcellular action, but rather 
through a combination of different actions, perhaps involving an increased fluidity 
of the sarcolemmal lipid bilayer, as well as activation of PPARα, but not involving 
AMPK. Interestingly, EPA more potently improved insulin stimulated glucose and 
LCFA uptake and contractile function. This suggests that EPA might have 
additional, yet unknown, subcellular targets in cardiomyocytes that are not shared 
by DHA treatment, which effects would contribute to EPA’s superior beneficial 
actions. For instance, EPA, but not DHA, might activate VAMP2, a SNARE protein 
involved in the regulation of both insulin-stimulated glucose and LCFA uptake [48]. 
Finally, to our knowledge this is the first study extending the beneficial effects of 
ω-3 fatty acids to preservation of contractile function of the heart at the cellular 
level and in the context of insulin resistance. 
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Chapter 4 

Abstract   

Activation of AMP-activated protein kinase (AMPK) in cardiomyocytes induces 
translocation of glucose transporter GLUT4 and long-chain fatty acid (LCFA) 
transporter CD36 from endosomal stores to the sarcolemma to enhance glucose 
and LCFA uptake, respectively. Ca2+/calmodulin-activated kinase kinase-β 
(CaMKK-β) is positioned directly upstream of AMPK. However, it is unknown 
whether acute increases in [Ca2+]i stimulate translocation of GLUT4 and CD36 and 
uptake of glucose and LCFA, and whether Ca2+ signaling converges with AMPK 
signaling to exert these actions. Therefore, we studied the interplay between Ca2+ 
and AMPK signaling in regulation of cardiomyocyte substrate uptake. Exposure of 
primary cardiomyocytes to inhibitors or activators of Ca2+ signaling did not affect 
AMPK-Thr172 phosphorylation nor basal and AMPK-mediated glucose and LCFA 
uptake. In contrast to their lack of an effect on substrate uptake, Ca2+ signaling 
activators induced GLUT4 and CD36 translocation. When cardiomyocytes were co-
treated with activators of Ca2+ and AMPK signaling, Ca2+ signaling activators 
stimulated glucose and LCFA uptake on top of AMPK-mediated substrate uptake. 
Ca2+ signaling shows no involvement in AMPK-induced GLUT4/CD36 translocation 
and substrate uptake, but elicits transporter translocation via a separate pathway 
requiring CaMKKβ/CaMKs. Ca2+-induced transporter translocation by itself 
appears ineffective to increase substrate uptake, but requires additional AMPK 
activation to effectuate transporter translocation into increased substrate uptake. 
Ca2+-induced transporter translocation might be crucial under excessive cardiac 
stress conditions that require supraphysiological energy demands. Alternatively, 
Ca2+ signaling might prepare the heart for substrate uptake during physiological 
contraction by inducing transporter translocation. 
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Introduction  

Cardiac muscle meets its energy demands predominantly by uptake of glucose (20-
30 %) and long-chain fatty acids (LCFA; 60-70%) from the circulation. During the 
continuous contractile activity of the heart, glucose and LCFA are taken up into 
cardiomyocytes via protein-mediated transport involving glucose transporter-4 
(GLUT4) and fatty acid translocase/CD36, respectively [1, 2]. We and others have 
shown that enhanced cardiac contraction, e.g., as a result of increased sympathicus 
input, leads to the simultaneous translocation of GLUT4 and CD36 from endosomal 
compartments to the sarcolemma to increase substrate entry [1, 3, 4]. 

With respect to the signaling mechanisms involved in contraction-induced 
GLUT4 and CD36 translocation in cardiomyocytes, there is solid evidence for the 
involvement of AMP-activated protein kinase (AMPK), especially the AMPKα2 
isoform [4, 5]. Following a rise in subcellular AMP, the binding of AMP to AMPK 
makes this kinase conformationally accessible for phosphorylation by an AMPK 
kinase at Thr172, so that it will become activated. In cardiomyocytes from LKB1-
null mice, GLUT4 and CD36 translocation did not respond to contraction-like 
stimulation, disclosing LKB1 as the responsible upstream kinase of AMPK [5]. 
Activation of AMPK results in a series of signaling events, such as AS160 
phosphorylation causing GLUT4 and CD36 translocation [6, 7] and a consequential 
increase in substrate uptake. Additionally, AMPK activation increases glucose and 
LCFA oxidation through phosphorylation of glycolytic enzymes and of acetyl-CoA 
carboxylase (ACC), respectively. 

Besides regulating AMPK activity, the continuous contractions of the heart 
also regulate the reoccurring Ca2+ transients. A rise in the intracellular Ca2+ 
concentration ([Ca2+]i) in each excitation-contraction coupling of the heart and also 
of skeletal muscle stimulates Ca2+-dependent signaling events, such as activation of 
Ca2+/calmodulin-dependent kinases (CaMK/CaMKK) through binding of Ca2+ to its 
carrier protein calmodulin. The binding of the Ca2+/calmodulin complex to the CaM 
domain of CaMKKs and of CaMKII releases the auto-inhibition and leads to further 
activation of these Ser/Thr protein kinases. Activated CaMKK phosphorylates and 
activates its downstream target CaMKI. There are two isoforms of CaMKK, of which 
only CaMKK-β is highly expressed in the heart. Under normal physiological 
conditions, [Ca2+]i in the heart is finely regulated and the activity of  CaMKs is 
regulated by protein phosphatases in concert with [Ca2+]i [8-10]. Despite that both 
CaMKK and CaMKII are activated in response to a cytoplasmic Ca2+ rise via a 
Ca2+/calmodulin dependent manner, it has been shown in skeletal muscle that both 
kinases also have autonomous activity [11, 12]. Additionally, it was reported that 
exercise leads to rapid activation and increased phosphorylation of CaMKII and its 
downstream targets [13]. However the degree of autonomous activity of both 
CaMKKs and CaMKs, the speed of their activation as well as the duration of their 
active states have not yet been reported for heart tissue. 

Studies describing the role of Ca2+-signaling in skeletal muscle substrate 
uptake often have used caffeine to increase [Ca2+]i [14, 15]. Specifically, it has been 
shown that caffeine treatment induces CaMKK-β and CaMKII phosphorylation, 
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concomitantly with increased glucose uptake. This caffeine-induced glucose uptake 
was sensitive to pharmacological CaMKKβ and CaMKII inhibition [14]. Moreover, 
contraction-induced glucose uptake was, at least partly, inhibited by CaMKK-β and 
CaMKII inhibitors, indicative for a role of both Ca2+ activated kinases in 
contraction-induced glucose uptake [14]. Contraction-induced LCFA uptake also 
appeared to be inhibited by CaMKK-β inhibition in skeletal muscle [16], whereas 
CaMKII inhibition has not yet been studied in this respect.  

In contrast to skeletal muscle, information is lacking about the roles of 
CaMKK-β and CaMKII in contraction-induced substrate uptake in the heart, 
especially in relation to AMPK. A possible bridge between Ca2+ signaling and AMPK 
signaling might be provided by CaMKK-β, because it is one of the kinases known to 
have AMPK kinase activity in vitro and to activate AMPK in mammalian cells 
deficient in LKB1 [17, 18]. Indeed, several studies in skeletal muscle indicate that 
CaMKK-β and CaMKII stimulate muscle substrate uptake through AMPK activation. 
However, other data suggest that this Ca2+-induced signaling axis stimulates 
substrate uptake independently of AMPK [14, 16, 19, 20]. Therefore, the aim of this 
study was to investigate the interrelation between AMPK, CaMKs and [Ca2+]i in the 
regulation of transporter mediated substrate uptake into cardiomyocytes. In order 
to assess separately the effects of [Ca2+]i and of CaMKK-β/CaMKs on AMPK 
mediated substrate uptake, we used pharmacological agents to activate these 
signaling pathways individually and independent from contraction. 

Materials and Methods   

Materials 

2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid were obtained from GE 
Healthcare (Piscataway, NJ, USA). Bovine serum albumin (BSA, fraction V, 
essentially fatty acid free), laminin, phloretin, DMSO, thapsigargin, A23187, STO-
609, and KN93, oligomycin, 5-amino-1-β-D-ribofuranosyl-imidazole-4-
carboxamide (AICAR), adenine 9-β-D-arabinofuranoside (Ara-A) were obtained 
from Sigma Aldrich (St. Louis, MO, USA). Sulfo-NHS-LC-biotin and immobilized 
streptavidin were from Perbio Science (Etten-Leur, the Netherlands). Compound C 
was from Calbiochem (Radnor, Pennsylvania). Fluo-4 acetoxy-methylester and 
pluronic acid were from Invitrogen (F1420c1) (Bleiswijk, the Netherlands). 

Antibodies 

Antibodies were purchased as indicated: phospho-ACC (Ser79) (# 07-303) from 
Upstate (Billerica, MA, USA), phospho-AMPKα (Thr172) (#2531) and phospho-
CaMKII (Thr286) (#3361) from Cell Signaling Technology (Beverly, MA, USA), 
phospho-CaMKI (sc-28438-R) from Santa Cruz Biotechnology (Santa Cruz, CA, 
USA), caveolin3 (#610420) from BD Transduction Laboratories (Franklin Lakes, 
NJ, USA), anti-CD36 antibody (CRF D-2717) used in 2-photon microscopic images 
from BD Pharmingen (Franklin Lakes, NJ, USA), anti-GLUT4 (Ab 1346) used in 
Western Blotting from Chemicon International (Billerica, MA, USA). FITC-labeled 
rabbit anti-mouse IgA secondary antibody was from from Rockland 
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Immunochemical Inc (Gilbertsville, PA, USA). The anti-CD36 antibody (# MO25) 
used in Western Blotting was a gift from dr. N. Tandon (Bethesda, USA).  

Isolation of primary rat cardiomyocytes 

Adult rat cardiomyocytes (Lewis rats 200-250 g, 2-3 months of age) were isolated 
by using a Langendorff perfusion system according to the procedure developed by 
Fischer et al [21] as has been described previously [22]. This method yields mainly 
ventricular myocytes. A modified Krebs Henseleit bicarbonate (MKR) medium was 
stored at a 10-fold concentration, and contained 1.17 M NaCl, 26 mM KCl, 12 mM 
KH2PO4, 12 mM MgSO4, 100 mM NaHCO3, 100 mM HEPES. Upon 10-fold dilution of 
the concentrated stock for daily use, the MKR medium was adjusted to pH 7.55 and 
equilibrated with a 95% O2 / 5% CO2 gas phase at 37°C. 

Experiments with freshly isolated cardiomyocytes 

To recover from the isolation procedure, cardiomyocytes were incubated for an 
additional 90 min in medium A (1x MKR medium supplemented with 2% BSA, 2 
mM D-glucose and 1 mM CaCl2) while rotating at room temperature (24°C). For 
substrate uptake measurements, approximately 200,000 cells per condition and 
for signaling experiments approximately 100,000 cells per condition were used. 
During these experiments, cell suspensions were incubated with/without 
stimulators and/or inhibitors of Ca2+ and AMPK signaling in capped 20-ml glass 
vials. The vials were placed in a 37°C water bath under continuous shaking at 160 
rpm. 

Measurement of 2-deoxy-[1-3H]glucose and [1-14C]palmitate uptake rates into 
cardiomyocytes 

To increase [Ca2+]i and also activate CaMKs/CaMKKs, cardiomyocytes were 
exposed to 5 µM A23187 or to 5 µM thapsigargin for 20 min. For AMPK activation, 
cardiomyocytes were either treated with oligomycin (5 µM) or AICAR (1.5 mM) 
during 20 min, or were subjected to 4 Hz electric field stimulation during the last 7 
min of a 20 min total incubation time. For inhibition of CaMKs, cardiomyocytes 
were pre-incubated with STO-609 (5 µM) or KN93 (5 µM) for 20 min whereafter 
either CaMKs or AMPK activating stimuli were added for an additional 20 min. 
Subsequently, substrate uptake was measured by addition of 0.5 ml of a mixture of 
2-deoxy-[1-3H]glucose and [1-14C]palmitate/BSA complex, as described previously 
[22]. Five min after addition of the radiolabeled substrates, the uptake reaction 
was stopped by transferring the cell contents to 15-ml Falcon tubes containing ice-
cold MKR buffer with 0.1% BSA and 0.2 mM phloretin (stop solution). Cells then 
were washed two-times for 2 min at 45 g in ice-cold stop solution, as previously 
described [22]. The radioactivity of the cell pellets was measured by scintillation 
counting. 
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Measurements of [Ca2+]i 

Freshly isolated cardiomyocytes were plated in laminin-coated 12-well plates in 
medium A. Cardiomyocytes were allowed to attach to the bottom of each well 
during 90 min before loading with 5 µM Fluo-4 acetoxymethyl ester (AM) and 2 
mg/ml pluronic F-127 for 30 min. After a 15 min period to allow probe de-
esterification, the Fluo-4-loaded cells were washed 3 times with medium A. The 
washed cells in the 12-well plate were subjected to Ca2+ measurements by pseudo-
ratio fluorescence microscopic imaging, using a filter-wheel controlled Nikon 
Diaphot 200 microscope, equipped with a Hamamatsu EM-CCD digital camera and 
VitiTech (Sunderland, UK) image control software [23]. Recordings at 0.5 Hz from 
microscopic fields containing at least 15 cardiomyocytes were performed during 
addition of thapsigargin, A23187 or oligomycin (each at 5 µM) at the indicated 
time periods. Where indicated, cardiomyocytes were subjected to electric field 
stimulation at a frequency of 4 Hz. Changes in Fluo-4 fluorescence per region-of-
interest per image, representing a single cell, were converted to pseudo-ratio 
values F’ = F / Fo; where F is the measured fluorescence value, Fo the average 
fluorescence level during 20 s under resting conditions, and F’ the pseudo-ratio 
fluorescence level at any time. Calibration of F’ to nanomolar levels of [Ca2+]i was 
made via the equation [Ca2+]i = Kd F’ / (F’max – F’). The maximal pseudo-ratio 
fluorescence level, F’max, was determined for each optical condition with 
calibrated solutions of free Fluo-4 [24].  

Surface detection of GLUT4 and CD36 

Three distinct methods were used to assess cellular surface presence of GLUT4 and 
CD36. 

a) Biotinylation method: The biotinylation technique was used to separate plasma 
membrane proteins from subcellular proteins. After isolation, cardiomyocytes 
were plated on laminin coated (10 µg/ml) 35-mm culture plates. After 90 min 
attachment, cells were incubated with stimuli and subsequently biotinylated with 
the cell-impermeable reagent sulfo-NHS-LC-biotin in 1x MKR medium at a final 
concentration of 1 mg/ml for 45 min at 4°C as described previously [25]. 
Thereafter cells were treated with ice-cold glycine (100 mM) in 1x MKR medium. 
After a brief wash with ice-cold 1x MKR medium, cells were scraped in 300 µl lysis 
buffer (consisting of 50 mM Tris-HCL, 150 mM NaCl, 1% (v/v) Igepal CA-630 (or 
NP40), 5% (w/v) sodium deoxycholate, 1% (w/v) SDS, 4% (v/v) complete 
protease inhibitor cocktail, 5% PhosSTOP phosphatase inhibitor cocktail). The 
lysates were rotated for 1 hour at 4°C and centrifuged for 10 min at 13,000 x g at 
4°C. 30 µl supernatant was used for detecting total protein samples with Western 
blotting, and 150 µl supernatant incubated overnight with streptavidin beads. 
Samples then were centrifuged for 2 min at 13,000 x g at 4°C. Thereafter, beads 
were washed twice with lysis buffer. The biotinylated proteins were eluted by 
incubation of the streptavidin beads for 5 min at 95°C in sample buffer (40% 
glycerol, 0.25 M Tris, 1 M DTT, bromo-phenol-blue). Samples were subjected to 
SDS polyacrylamide gel electrophoresis, followed by Western Blotting for the 
detection of GLUT4 and C36. 
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b) Fractionation method: After recovery, cardiomyocytes were pre-treated for 20 
min with kinase inhibitors STO-609 and KN93 and subsequently stimulated with 
the indicated agonist for 15 min. Thereafter, cell suspensions were subjected to the 
fractionation procedure as previously described. GLUT4 and CD36 proteins were 
detected by Western blotting.   

c) Two-photon microscopy: Following a 10 min pre-treatment with either A23187, 
thapsigargin or oligomycin, cells were labeled during 10 min with 2 µg/ml (diluted 
in medium A) anti-CD36 antibody. Subsequently, FITC-labeled rabbit anti-mouse 
IgA secondary antibody (Cend 1:500) was added to the cells. Finally, 
cardiomyocytes were washed twice with medium A. Viable cardiomyocytes were 
imaged using Leica SP5 Multiphoton imaging platform (Leica Microsystems). The 
excitation wavelength of the 140 fs-pulsed laser was 800 nm, while emission filters 
were optimized for FITC detection (500-560 nm). Laser power was kept as low as 
possible to avoid bleaching and photo-damage. Images were processed with 
ImageJ software (JAVA-based imaging software from the National Institutes of 
Health). Cardiomyocytes were kept at 37°C during incubations and imaging. 

Statistics  

Differences among the data obtained from five to eight experiments are presented 
as means ± SEM. Statistical differences between groups of observations was 
evaluated by unpaired Student’s t-test, one way-ANOVA and/or two-way ANOVA, 
depending on the groups compared by using statistical analysis software Prism 5 
(GraphPad Software, Inc.). A P-value equal or less than 0.05 was considered 
statistically significant. 

Results 

Testing the potential of thapsigargin and of A23187 as [Ca2+]i-increasing agents, and 
STO-609 and KN93 as Ca2+ signaling inhibitors in cardiomyocytes 

Fluorescent Ca2+ indicators are suitable tools to study Ca2+ transients in primary 
adult cardiomyocytes [26]. In the present study, cardiomyocytes isolated from 
adult rats were adhered in 12-well plates and loaded with the Ca2+ probe Fluo-4 to 
measure single-cell Ca2+ transients by microscopic fluorescence imaging. We used 
two agents with different action mechanisms, i.e., the sarco/endoplasmic reticulum 
Ca2+-ATPase (SERCA) inhibitor thapsigargin and the Ca2+-ionophore A23187 to 
study the effects of increased [Ca2+]i. Under resting conditions, in the absence of 
electric field stimulation, the majority of cells displayed incidental Ca2+ transients 
(Fig. 1A), which paralleled spontaneous contractions of the cells. In Fluo-4-loaded 
cells that were electrically stimulated at 4 Hz or treated with the ATP-synthase 
inhibitor oligomycin, the frequency of the Ca2+ transients noticeably increased 
from 5 to 14 and to 8 peaks per min, respectively. In either case, levels of [Ca2+]i 
fully restored to basal levels in between each transient. Both conditions also raised 
the frequency of cardiomyocyte contractions. In contrast, stimulation of the cells 
with either thapsigargin or A23187 provoked marked and prolonged increases in 
[Ca2+]i not restoring to baseline values within 5 min. At these concentrations, 
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A23178 and thapsigargin did not affect short-term cell survival, as the rod shaped 
appearance of the cardiomyocytes was not altered by these treatments (Fig. 1A). 

 

Fig. 1 Elevation of [Ca2+]i 
and activation of Ca2+ 
dependent protein 
kinases induced by 
thapsigargin or A23187. 
(A) Cardiomyocytes loaded 
with Fluo-4 were exposed 
to thapsigargin (Tpg, 5 µM) 
or A23187 (A23, 5 µM). 
Fluorescence changes in 
individual cells were 
recorded during 15 min, 
whereas fluorescence 
changes in oligomycin (Oli, 
5 µM) or in 4-Hz electric 
field stimulation treated 
cells were recorded for 2 
min. Traces are from 
representative cells, 
averaged traces are from 
30-40 cells.. (B)  
Cardiomyocytes were pre-
incubated for 15 min in the 
absence (C) or presence of 
CaMKK inhibitor STO-609 
(5 µM) and CaMKII specific 
inhibitor KN93 (5 µM) and 
then further treated with 
thapsigargin or A23187 for 
an additional 15 min. (C) 
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Cardiomyocytes were incubated for 15 min in the absence (C) or presence of oligomycin (Oli, 5 µM) or 
AICAR (1.5 mM). 4-Hz electric field stimulation was applied during the last 7 min of overall incubations. 
At the end of the incubations cells were lysed, and phosphorylation of CaMKI and of CaMKII were 
assessed by Western blotting. Caveolin-3 (Cav3) was used as a loading control. Values are displayed as 
mean ± S.E.M (n=5). * vs. control, # vs. A23187 (P<0.05).  

Compatible with these differences in Ca2+ kinetics, thapsigargin and A23187 
enhanced phosphorylation of CaMKI (by 1.6 and 2.2 fold, respectively) and of 
CaMKII (by 1.4 and 1.6 fold, respectively) (Fig. 1B). A23187-induced CaMKI 
phosphorylation was significantly inhibited by the CaMKK-β inhibitor STO-609, 
but not by the CaMKII inhibitor KN93 (Fig. 1B). In contrast, A23187-induced 
CaMKII phosphorylation was significantly inhibited by KN93 but not by STO-609 
(Fig. 1B). We neither observed an increased phosphorylation of CaMKI nor of 
CaMKII upon 7 min 4 Hz stimulation (Fig. 1C), which is in contrast to findings in 
skeletal muscle [14, 15]. Additionally, treatment with oligomycin or AICAR 
treatment did not increase phosphorylation of either kinase (Fig. 1C). 

We conclude that thapsigargin and A23187 can be used to increase [Ca2+]i 
thereby activating both CaMKK-β and CaMKII dependent signaling events in 
cardiomyocytes. Furthermore, Ca2+ signaling remains unchanged in response to 
oligomycin or AICAR indicating their specificity for AMPK activation in our cellular 
model. Also, the inhibitors STO-609 and KN93 block their intended target enzymes 
CaMKKβ and CaMKII, respectively. 

Effects of Ca2+ signaling on AMPK activation and on AMPK-mediated substrate 
uptake 

We investigated the roles of CaMKK-β and CaMKs in AMPK activation and in 
AMPK-mediated substrate uptake into cardiomyocytes. To activate AMPK in 
cardiomyocytes, we used both a pharmacological approach (oligomycin or AICAR) 
and a physiological approach (4-Hz electrostimulation). Each of these treatments 
induced AMPK-Thr172 phosphorylation (by 7.4-fold, 6.2-fold, and 2.9 -fold, 
respectively) and concomitantly phosphorylation of AMPK’s major substrate ACC 
at Ser97 (by 10, 8, and 3-fold, respectively) (Fig. 2A), in agreement with our 
previous observations [4, 27]. Correspondingly, all three AMPK activators 
significantly enhanced palmitate uptake (by 1.7, 1.3, and 1.4 fold, respectively). 
Additionally, oligomycin and 4-Hz electrostimulation enhanced glucose uptake (by 
2.2 and 1.4 fold, respectively), whereas AICAR showed no effect (Fig. 2A). The 
inability of AICAR to induce glucose uptake is in agreement with our previous 
observations [5, 27, 28], and relates to the fact that next to AMPK activation, 
glucose uptake requires additional activation of protein kinase-D1 (PKD1). As a 
result, AICAR which in contrast to oligomycin or 4-Hz stimulation does not activate 
PKD1, can only be used to study AMPK-mediated LCFA uptake [28]. Pre-treatment 
of cardiomyocytes with STO-609 or KN93 did not alter AMPK-Thr172 and ACC-
Ser97 phosphorylation induced by all three AMPK-activating stimuli (Fig. 2A). 
Furthermore, pre-treatment with either of these inhibitors did not alter the effect 
of each of the three AMPK-activating stimuli on glucose  nor palmitate uptake (Fig. 
2B). 
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In conclusion, Ca2+ signaling appears to be involved neither in AMPK activation nor 
in AMPK-mediated substrate uptake into cardiomyocytes.   

 

Fig. 2 Effects of STO-609 and KN93 on AMPK activation and AMPK mediated substrate uptake 
into cardiomyocytes. Cardiomyocytes were pre-incubated for 15 min in the absence (C) or presence of 
STO-609 or KN93, and subsequently subjected to AMPK activating stimuli: Oligomycin (Oli; 5 μM/15 
min), AICAR (5 mM/15 min), electric field stimulation (4 Hz/7 min). (A) Cells were lysed, and activation 
of AMPK and ACC were assessed by Western blotting. (B) Uptake of 2-deoxy-[1-3H]glucose and of [1-
14C]palmitate/BSA complex (5 min) was determined as pelletable radioactivity. Values are displayed as 
mean ± S.E.M (n=5). * vs. control  (P<0.05).  

Effects of Ca2+ signaling on GLUT4 and CD36 translocation 

To investigate the effect of thapsigargin and of A23187 on GLUT4 and CD36 
translocation, we used three independent methods to monitor transporter 
translocation: cell surface biotinylation, subcellular fractionation, and 
immunolabeling. Immunolabeling of cell surface protein, in contrast to the other 
methods, can only be employed for CD36 and not for GLUT4 detection, because 
suitable GLUT4 antibodies capable of recognizing the cell surface epitopes are 
lacking at present. In these experiments oligomycin, a well-established inducer 
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 of GLUT4 and CD36 translocation [4], was used as positive control to validate the 
suitability of each of these methods. First, cell surface biotinylation showed that 
oligomycin, as well as thapsigargin and A23187, enhanced sarcolemmal contents 
of GLUT4 (each by 1.3-fold) and CD36 (by 1.8, 2.1 and 1.9-fold, respectively) (Fig. 
3A). This increase in cell surface content of both transporters occurred in the 
absence of changes in overall protein expression of GLUT4 and CD36 (Fig. 3A).  
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Fig. 3 Effects of [Ca2+]i-elevating agents on GLUT4 and CD36 translocation. (A, B) Cardiomyocytes 
were pre-incubated for 15 min in the absence (C) or presence of thapsigargin (Tpg; 5 μM), A23187 
(A23; 5 μM), or oligomycin (Oli; 5 μM, positive control), and subsequently assessed on (A) sarcolemmal 
content of CD36 and GLUT4 using the biotinylation method, and on (B) plasma membrane and low 
density microsome content of CD36 and GLUT4 using the fractionation method. (C) Two-photon images 
of plasma membrane content of CD36 in primary cardiomyocytes subjected for 15 min to thapsigargin 
(Tpg), A23187 (A23), or oligomycin (Oli, positive control). Values are displayed as mean ± S.E.M (n=5). 
* vs. control , # vs. A23187 (P<0.05).  

Using subcellular fractionation, we also detected an increased sarcolemmal 
content of GLUT4 (by 1.5, 1.3, and 1.4-fold, respectively) and of CD36 (by 1.5, 1.7, 
and 1.4-fold, respectively) upon treatment with each of these stimuli (Fig. 3B). This 
method further demonstrated a concomitantly decreased content of GLUT4 (by 
40%, 50%, and 25%, respectively) and of CD36 (by 50%, 70%, and 65%, 
respectively) from the low density microsomal (LDM) fraction which represents 
intracellular membrane compartments (Fig. 3B).  

Finally, immunodetection and microscopical visualization of CD36 in intact 
cardiomyocytes clearly demonstrated increased cell surface staining upon 
treatment with each stimulus (Fig. 3C).  

In conclusion, just as oligomycin, the two applied Ca2+ raising agonists 
induce translocation of both GLUT4 and CD36 from intracellular membrane 
compartments to the sarcolemma. 

Effects of Ca2+ signaling on AMPK activation and substrate uptake 

Based on the observation that thapsigargin and or A23187 induce GLUT4 and 
CD36 translocation, we studied whether transporter membrane localization 
results in increased glucose and LCFA uptake rates, respectively. Whereas 
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oligomycin markedly enhanced glucose and palmitate uptake into cardiomyocytes 
(Figs. 2B and 4A) and potently induced AMPK-Thr172 and ACC-Ser97 
phosphorylation (Figs. 2A and 4B), thapsigargin and A23187 were without any 
effect on substrate uptake and phosphorylation of AMPK (Figs. 4A and 4B). 
Together, these findings indicate that AMPK activation is not involved in Ca2+-
induced GLUT4 and CD36 translocation, and that Ca2+-induced translocation of 
both transporters as such is insufficient for increased glucose and/or LCFA uptake.  

Fig. 4 Effects of [Ca2+]i-increasing agents on AMPK activation and substrate uptake into primary 
cardiomyocytes. Cardiomyocytes were incubated for 15 min in the absence (C) or presence of 
thapsigargin (Tpg; 5 μM), A23187 (A23; 5 μM), or oligomycin (Oli; 5 μM). (A) Uptake of 2-deoxy-[1-
3H]glucose and of [1-14C]palmitate (5 min) was determined as pelletable radioactivity. (B) 
Phosphorylation of AMPK and ACC was assessed by Western blotting. Values are displayed as mean ± 
S.E.M (n=5). * vs. control  (P<0.05).  

Combined effects of Ca2+ signaling and AMPK activation on substrate uptake  

Apparently, Ca2+-induced GLUT4 and CD36 translocation did not effectuate into 
increased uptake. However it is still possible, that co-activation of AMPK might be 
required to reveal a stimulatory action of Ca2+ raising agonists on glucose and 
LCFA uptake. For this purpose, we studied the effects of co-treatment of Ca2+ 
signaling activators with AMPK activators on glucose and palmitate uptake. In 
agreement with Fig. 4A, A23187 by itself did not alter glucose nor palmitate 
uptake, but it enhanced glucose uptake in the presence of oligomycin co-treatment 
(1.4-fold), and palmitate uptake in the presence of either oligomycin (1.2-fold) or 
AICAR (1.3-fold) co-treatment (Fig. 5A). In order to determine whether A23187-
stimulated substrate uptake was due to concomitant AMPK activation, and not to 
off-target actions of the used AMPK activators, we incubated the cardiomyocytes 
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with established AMPK inhibitors, i.e., compound-C and adenine 9-β-D-
arabinofuranoside (Ara-A). As expected, each of these AMPK inhibitors inhibited 
AICAR-induced AMPK-Thr172 and ACC-Ser97 phosphorylation (Fig. 5B). While 
compound-C or Ara-A did not alter basal palmitate uptake, each agent completely 
inhibited AICAR-induced palmitate uptake (Fig. 5B). Furthermore, each agent 
completely inhibited A23187-stimulated palmitate uptake in the presence of 
AICAR co-treatment (Fig. 5B).  

Fig. 5: Potentiating effect of [Ca2+]i-increasing agents on AMPK mediated substrate uptake. (A) 
Cardiomyocytes were incubated for 15 min in the absence (C) or presence of oligomycin (Oli; 5 μM) 
and/or A23187 (A23; 5 μM) prior to assessment of the uptake of 2-deoxy-[1-3H]glucose and of [1-
14C]palmitate (5 min). (B) Cardiomyocytes were incubated for 15 min in the absence (C) or presence of 
adenine 9-β-D-arabinofuranoside (AraA; 3 mM) or compound C (50 μM) for 15 min prior to a 15 min-
incubation with A23187 and/or AICAR, and subsequent assessment of AMPK and ACC phosphorylation 
and of 2-deoxy-[1-3H]glucose and [1-14C]palmitate uptake. Values are displayed as mean ± S.E.M (n=5). 
* vs. control , ^ vs. oligomycin, $ vs. AICAR, ^^ vs. A23/AICAR (P<0.05).  

In conclusion, the ability of A23187 to increase glucose and palmitate 
uptake into cardiomyocytes in the presence of AMPK activators indicates that Ca2+-
induced transporter translocation requires AMPK co-activation for effectuating 
such translocation into enhanced substrate uptake. 
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Discussion 

The aim of this study was to investigate the interrelation between [Ca2+]i, CaMKK-
β/CaMKs, and AMPK in the regulation of transporter mediated substrate uptake 
into the heart. The major novel findings of this study are: (i) Ca2+ signaling is 
involved neither in AMPK activation nor in AMPK-mediated substrate uptake. (ii) 
Activation of Ca2+ signaling, similarly to AMPK signaling, stimulates translocation 
of GLUT4 and CD36 from endosomes to the sarcolemma. In contrast, (iii) activation 
of Ca2+ signaling does not stimulate glucose nor LCFA uptake, whereas AMPK 
signaling does. Finally, (iv) Ca2+-induced translocation of GLUT4 and/or CD36 can 
result in enhanced substrate uptake when accompanied with AMPK activation. 

Together, these findings propose that Ca2+-induced transporter 
translocation may help to recruit an additional quantity of substrate transporters 
to the sarcolemma to have these available to respond rapidly to conditions that 
require supraphysiological energy demands.  

(i) Ca2+ signaling is involved neither in AMPK activation nor in AMPK-mediated 
substrate uptake 

Several studies in mammalian non-muscle cells have shown that CaMKKβ 
overexpression can induce AMPK activation and AMPK-Thr172 phosphorylation 
[17-19]. Additionally, in skeletal muscle, the ability of STO-609 to inhibit AMPK 
activation upon caffeine treatment indicated that CaMKKβ is involved in Ca2+-
induced AMPK activation [16, 19]. However, in the present study using 
cardiomyocytes, the Ca2+ ionophore A23187 and the SERCA inhibitor thapsigargin, 
while increasing [Ca2+]i, did not alter AMPK activation. Moreover, STO-609 nor 
KN93 affected contraction-induced AMPK activation (4 Hz electric field 
stimulation), and also not AMPK activation by AICAR or oligomycin, thus excluding 
a role for CaMKKβ or CaMKII in the regulation of AMPK signaling in the heart. The 
inability of CaMKII to activate AMPK in cardiomyocytes is in agreement with 
previous work in skeletal muscle [14]. However, the lack of involvement of 
CaMKKβ in AMPK activation in cardiomyocytes is pointing towards differences in 
the regulation of AMPK between heart and skeletal muscle. 

With respect to the regulation of substrate uptake, we observed that in 
cardiomyocytes AMPK-activating stimuli (including contraction) enhance GLUT4 
and CD36 translocation, as well as glucose and LCFA uptake, in agreement with our 
previous studies [5, 29]. The inability of STO-609 or KN93 to inhibit AMPK-
mediated substrate uptake matches the inability of both inhibitors to affect AMPK 
signaling, and excludes the involvement of CaMKKβ or CaMKII herein. These 
findings are in line with our previous observations in cardiomyocytes from LKB1-
knockout mice, in which AMPK-mediated increases in glucose and LCFA uptake 
were entirely lost [5], and, therefore, provide further evidence that LKB1, and not 
CaMKKβ, is the AMPK activating kinase involved in the contraction-induced 
regulation of cardiac substrate uptake. In contrast, in skeletal muscle contraction-
induced substrate uptake is sensitive to STO-609-mediated inhibition of CaMKKβ 
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[16], illustrating that differences exist between heart and skeletal muscle in 
signaling cascades and substrate uptake during contraction. 

(ii) Activation of Ca2+ signaling stimulates translocation of GLUT4 and CD36 

Although the effect of [Ca2+]i-increasing stimuli on glucose transport in skeletal 
muscle has been a topic of several studies [14, 19, 20], only few studies have 
shown GLUT4 translocation upon treatment with [Ca2+]i-increasing stimuli (e.g., 
[16]). More recently, the [Ca2+]i-increasing agent caffeine was reported to stimulate 
GLUT4 translocation in a STO-609-sensitive manner, thereby implicating the 
involvement of CaMKKβ [16]. However, during caffeine stimulation not only 
CaMKKβ was activated, but also AMPK. Hence, during caffeine-induced GLUT4 
translocation in skeletal muscle Ca2+ signaling cannot be separated from AMPK 
signaling. There are also evidences in skeletal muscle that Ca2+ is involved in 
insulin-stimulated GLUT4 translocation and docking of GLUT4 vesicles at and 
fusion with the sarcolemma [30, 31]. 

To our knowledge no studies have shown that an elevation in [Ca2+]i induces 
GLUT4 translocation in cardiomyocytes. We have used two independent methods 
to monitor GLUT4 translocation upon elevation of [Ca2+]i by pharmacological 
agents (thapsigargin and A23187), i.e. surface biotinylation and cellular 
fractionation techniques. Both methods reveal that each of the Ca2+ signaling-
inducing agents induce GLUT4 translocation from intracellular stores to the cell 
surface in cardiomyocytes in the absence of AMPK activation. Therefore, our study 
is the first to show that intracellular Ca2+ increasing stimuli are able to induce 
GLUT4 translocation without concomitant AMPK activation.  

Reports on a relation between Ca2+ signaling and CD36 translocation are 
limited to the observation that caffeine induces the translocation of CD36 
simultaneously with GLUT4 translocation in skeletal muscle [16, 32]. We employed 
three independent methods, including antibody labeling in combination with two-
photon microscopy, to study the effects of thapsigargin or of A23187 on CD36 
translocation. Each of these methods clearly indicated enhanced CD36 
translocation in response to activation of Ca2+ signaling. Furthermore, Ca2+-
induced CD36 translocation appears to be regulated in a manner similar to Ca2+-
induced GLUT4 translocation. Namely, both Ca2+-induced GLUT4 translocation and 
CD36 translocation are AMPK-independent, but are sensitive to inhibition by STO-
609 and KN93, which indicates the involvement of CaMKK-β/CaMKs. The inability 
of Ca2+ signaling-inducing agents to induce AMPK activation in cardiomyocytes 
further suggests that Ca2+-induced transporter translocation proceeds 
independently from AMPK-mediated transporter translocation. Thus, 
cardiomyocytes appear to operate two separate pathways, i.e., AMPK and 
Ca2+/CaMK signaling, to initiate transporter translocation. 
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(iii) Activation of Ca2+ signaling is not sufficient to stimulate glucose and LCFA 
uptake 

In contrast to the parallel increases in AMPK-mediated substrate transporter 
translocation and AMPK-mediated substrate uptake, Ca2+-induced GLUT4 and 
CD36 translocation was not accompanied by increases in glucose and LCFA uptake. 
A likely explanation for these findings is that substrate transporter translocation is 
necessary but not sufficient for a given stimulus to increase substrate uptake. 
Hence, once arrived at the cell surface substrate transporters may need an 
additional activation step to become fully functional in substrate uptake. In case of 
AMPK signaling, this signaling route might then be involved in both substrate 
transporter translocation and cell surface activation of substrate transporters. In 
contrast, Ca2+ signaling appears to be involved only in the first step, the 
translocation, and ineffective in further cell surface activation. Evidence for such a 
two-step process in the stimulation of substrate transport has been previously 
reported in adipocytes as the inability of phosphatidylinositol-3,4,5-trisphosphate 
(PIP3) to stimulate glucose uptake into these cells despite a successful 
translocation of GLUT4 to the plasma membrane [33]. These latter findings 
indicate that PIP3 (the main product of insulin-stimulated phosphatidylinositol-3 
kinase (PI3K) activation), is involved in insulin-stimulated GLUT4 translocation, 
but the GLUT4 activation step required for insulin-stimulated glucose uptake is 
mediated by another, perhaps PI3K-independent factor. 

Similarly, in AMPK-mediated substrate uptake, the cell surface activation 
step would require different downstream mechanisms of AMPK compared to the 
translocation step. Specifically, whereas phosphorylation of AS160 (or its 
homologue TBC1D1) by AMPK is involved in the regulation of GLUT4 and CD36 
translocation [7, 34], we do not necessarily expect AS160/TBC1D1 to be involved 
in cell surface transporter activation at the cell surface since the rabGTPase 
activity of both proteins is tightly connected to vesicular trafficking [35]. 

We can only speculate about the mechanism of AMPK-mediated transporter 
activation at the cell surface. This activation step might involve a signaling-induced 
phosphorylation of each of the transporters individually. However, evidence for 
phosphorylation of GLUT4 or of CD36 to regulate transport activity is scarce. For 
CD36, merely ectophosphorylation was reported [36], whereas for GLUT4, a study 
in adipocytes showed that GLUT4 phosphorylation is inversely correlated with 
glucose uptake in response to insulin stimulation [37]. Alternatively, both GLUT4 
and CD36 might be activated in another, combined event. For instance, GLUT4 and 
CD36 may simultaneously translocate to sarcolemmal regions that are non-
functional in substrate uptake and then laterally migrate through the sarcolemma 
to a subdomain that is functional in substrate uptake. Such sarcolemmal 
subdomains might include caveolae, which have been demonstrated to be 
necessary for LCFA uptake, at least in adipocytes [38]. 
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(iv) Combined activation of Ca2+ signaling and AMPK signaling synergistically 
stimulates glucose and LCFA uptake in an AMPK-sensitive manner 

One major observation in this study is that activation of Ca2+ signaling, by itself 
unsuccessful in stimulating glucose and LCFA uptake into cardiomyocytes, 
substantially stimulated cardiac substrate uptake upon co-activation of AMPK 
signaling. Hence, Ca2+ signaling is dependent on separate co-activation of AMPK 
signaling to stimulate cardiac substrate uptake (illustrated in Fig. 6). In view of the 
ability of Ca2+ signaling to induce both GLUT4 and CD36 to translocate to the 
sarcolemma, once arrived at the cell surface, both transporters might undergo 
subsequent activation by AMPK signaling. The observation that pharmacological 
AMPK inhibitors entirely block substrate uptake induced by combined activation 
of Ca2+ and AMPK signaling provides support that activation of Ca2+-recruited 
transporters is indeed due to AMPK, and not to an off-target effect of these stimuli.   

Findings of this study point towards a gap in our knowledge on the role of 
Ca2+ and CaMKs on contraction stimulation of cardiac substrate uptake. Our 
findings revealed that upon an exaggerated rise in [Ca2+]i by pharmacological 
agents, activation of CaMKs will induce both GLUT4 and CD36 translocation. 
However, contraction stimulation did not activate Ca2+ signaling, at least not within 
the observation time (several minutes). Perhaps, Ca2+-induced/CaMK-mediated 
transporter translocation might gain importance during pathological Ca2+ overload 
conditions [39], as mimicked by thapsigargin or A23187 treatment. Under such 
pathological conditions AMPK activity would not be expected to be impaired, and 
thus amply sufficient to mediate cell surface transporter activation. Then, Ca2+-
induced transporter translocation can be effectuated into increased substrate 
uptake. Together, the present findings point towards the hypothetical presence of 
separate GLUT4/CD36-containing subcompartments within the endosomes 
specifically responsive to a rise in [Ca2+]i, next to the AMPK-responsive storage 
compartments for these transporters. The recruitment of transporters from these 
Ca2+-responsive storage compartments might be restricted to emergency 
situations (like hypoxia, fight/flight response) in order to meet the excessive 
metabolic demands of the heart in such condition.  

Yet, the basal activity of CaMKs in the heart or the changes in activation of 
CaMKs on a msec time scale are not yet known. Similar to Ca2+ oscillations that 
activate CaMKs signaling, also AMPK activation status might fluctuate on the msec 
time scale. Expectedly there would be some delay to the CaMK signaling, because 
the increased energy demand (that is sensed by AMPK through changes in adenine 
nucleotide levels) evolves from the Ca2+-induced cardiomyocyte contraction. Thus, 
we could speculate about Ca2+/CaMK signaling preparing the cardiomyocyte for 
substrate uptake during contraction by inducing transporter translocation, which 
in case of actual energy requirement is finalized by AMPK into substrate uptake to 
refill cellular energy. At present, it is not possible for us to determine CaMK and 
AMPK signaling changes occurring at such rapid pace. In conclusion, we cannot 
exclude a possible msec action of CaMKs on transporter translocation under 
normal physiological conditions. 
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Finally, identification of the proteins functioning downstream of CaMKs in 
Ca2+-induced translocation of GLUT4 and CD36 might provide novel targets to 
influence cardiac substrate uptake. 

Fig. 6: Putative mechanism of the synergistic effect of Ca2+ and AMPK signaling on cardiac 
glucose and fatty acid uptake. Contraction as induced by an action potential (AP) leads to activation of 
AMPK. Both contraction-induced AMPK activation and a supraphysiological influx of Ca2+ into 
cardiomyocytes (e.g., induced by A23187) trigger translocation of GLUT4 and CD36 from separate 
AMPK-responsive and Ca2+ signaling-responsive endosomal subcompartments to the sarcolemma. 
AS160 is known to be involved in contraction-induced GLUT4/CD36 translocation [7]. Additionally, 
AS160 might be involved in Ca2+-induced transporter translocation, as CaMKII has been proposed to 
activate AS160 in muscle cells [40]. Hence, phosphorylation of AS160 by both signaling pathways will 
relieve GLUT4 and CD36 from their endosomal retention. Both transporters arrive at the sarcolemma in 
an inactive state (depicted by a light-gray fill colour). Then, both transporters need an activation step 
(possibly lateral movement through the bilayer towards a specific membrane domain, depicted as black 
with white spickels) to become functional in substrate uptake (depicted by a dark-gray fill colour). This 
latter step is dependent on AMPK activation. Hence, whereas AMPK-recruited transporters do not 
require additional signaling pathways to effectuate translocation into enhanced substrate uptake, 
[Ca2+]i-recruited transporters depend on additional AMPK activation to become functional. 
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Abstract   

Diabetic cardiomyopathy is associated with zinc (Zn2+) deficiency. However, the 
mechanistical link between both processes is incompletely understood. One of the 
main causal factors in diabetic cardiomyopathy is chronically elevated long-chain 
fatty acid uptake via increased flux through CD36, the predominant cardiac long-
chain fatty acid (LCFA) transporter. This results in lipid accumulation, insulin 
resistance and contractile dysfunction. Given that the impact of Zn2+ depletion on 
cardiac substrate uptake is unknown, our aim was to investigate whether Zn2+ 
depletion would increase CD36-mediated LCFA uptake, and whether this would 
lead to lipid accumulation and insulin resistance in cardiomyocytes. Acute (20 
min) or long-term (48 h) Zn2+ depletion was induced in isolated cardiomyocytes by 
exposure to the Zn2+ chelators N,N,N',N'-tetrakis-(2-
pyridylmethyl)ethylenediamine (TPEN) or 1-10-phenanthroline. 20 min-exposure 
of cardiomyocytes to each Zn2+ chelator increased LCFA uptake (1.4-fold), whereas 
glucose uptake was unaltered. In the presence of AMPK-activating stimuli or 
insulin, each known to increase LCFA uptake, the stimulatory effect of Zn2+ 
chelation on LCFA uptake was retained without altering AMPK or insulin signaling. 
LCFA uptake stimulation by Zn2+ chelation was abolished in CD36-null 
cardiomyocytes. Zn2+ chelation did not affect CD36 expression nor its cell surface 
content, but increased its transport activity. 48 h exposure of cardiomyocytes to 
TPEN decreased insulin-stimulated Akt phosphorylation, and increased cellular 
triacylglycerol contents. Each of the 4 cysteines that are located in the intracellular 
domains of CD36, were found to be required for Zn2+ binding. CD36 carries a Zn2+-
finger motif regulating its transport function. Zn2+ chelation activates CD36, and 
thereby might cause lipid overload and insulin resistance. Thus, CD36 might play a 
key role in Zn2+ deficiency related diabetic cardiomyopathy. 
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Introduction  

Zinc (Zn2+) is an essential cofactor for many enzymes and transcription factors. 
Additionally, Zn2+ has potent antioxidant properties [1]. Zn2+ deficiency is 
associated with human disease, especially with diabetic cardiomyopathy and 
nephropathy [1, 2]. Accordingly, Zn2+ depletion in the drinking water or in the diet 
can induce (and/or worsen) type 2 diabetes both in man and experimental animals 
[3, 4]. Another link between diabetes and Zn2+ deficiency which has been shown in 
many groups is the lower serum Zn2+ concentrations [1, 2, 5]. The exact 
mechanisms by which Zn2+ deficiency induces the development of diabetic 
cardiomyopathy are not well addressed [2]. It has been speculated that Zn2+ 
deficiency can directly result in insulin resistance [6, 7]. On the one hand the loss of 
Zn2+’s antioxidant effects might cause oxidative stress and activation of stress 
signaling leading to Ser-phosphorylation of IRS1. On the other hand Zn2+ is a 
negative regulator of protein-tyrosine phosphatases, and their resulting activation 
by Zn2+ depletion would diminish Tyr-phosphorylation of IRS1, and thereby shift 
to IRS-Ser-phosphorylation [7, 8]. However, Zn2+ deficiency might also be more 
indirectly involved in the development of myocellular insulin resistance.  

With respect to lipid metabolism, Zn2+ is an important regulator of long-
chain fatty acid (LCFA) utilization in mammalian tissues [9], including the heart [1] 
via modulation of Zn2+-dependent lipid metabolizing enzymes, but also through 
mechanisms that are ill-understood. LCFA utilization is disturbed in the diabetic 
heart [10]. Specifically, the diabetic heart is characterized by exaggerated lipid 
storage, and there is an increase in LCFA deposition into diacylglycerols, 
triacylglycerols and ceramides. Especially, the increase in myocellular content of 
the latter two LCFA metabolites is postulated to result in the development of 
myocellular insulin resistance. The rise in diacylglycerols would activate PKCs and 
a consequent Ser/Thr signaling pathway leading to Ser-phosphorylation of IRS1. 
The rise in ceramides would impair insulin signaling at the level of Akt through 
direct inhibition of this kinase [11]. 

The accumulation of LCFA metabolites is likely not due to redirection of 
LCFA from oxidation to storage, because LCFA oxidation is not impaired in 
cardiomyocytes from diabetic rodent models [12, 13]. Rather, LCFA uptake is 
chronically increased to such an extent that the mitochondrial capacity is 
exceeded, and the surplus LCFA are, by default, converted into triacylglycerols, 
diacylglycerols and ceramides [10]. The mechanism of this maladaptive increase in 
LCFA uptake in the diabetic rodent heart [10] or in obese human muscle cells [14] 
is pinpointed to increased surface abundance of the LCFA transporter CD36. CD36 
is the main cardiac LCFA transporter and accounts for ~70% of the total LCFA flux 
into the heart [15]. CD36 is not only present at the sarcolemma, but also within 
intracellular/endosomal storage compartments. LCFA uptake is inducible within 
minutes upon exposure of cardiomyocytes to physiological and pharmacological 
stimuli that activate insulin signaling or AMPK signaling. These stimuli will induce 
CD36 translocation from the endosomes to the sarcolemma, and thereby increase 
myocellular LCFA uptake. Within 30 min after termination of stimulation, CD36 
reversibly returns to endosomal storage [16]. However, in the hearts of diabetic 
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rodent models, CD36 permanently relocates from the endosomes to the 
sarcolemma. Since there is no change in CD36 expression in the diabetic rodent 
heart, permanent CD36 relocation is responsible for the above described 
maladaptive increases in contents of insulin resistance-inducing LCFA metabolites. 

The aim of the present study was to investigate whether CD36 is involved in 
Zn2+ deficiency-induced insulin resistance in the heart. We first investigated 
whether Zn2+ deficiency has the ability to alter CD36 dynamics in the heart. For 
this, we studied the effects of Zn2+ chelation on cardiomyocytic LCFA uptake, CD36 
expression, subcellular localization and intrinsic activity. Subsequently, we 
investigated whether the same experimental conditions in which Zn2+ chelation 
successfully upregulated CD36-mediated LCFA uptake, also resulted in myocellular 
lipid accumulation and insulin resistance. Finally, we assessed the ability of Zn2+ to 
bind to a peptide mimicking the intracellular structure of CD36. Thereby we 
focused on the four Cys residues in both intracellular domains of CD36. Each of 
these four was mutated to Ser, and we compared the binding properties to Zn2+ 
and other divalent metal ions between the wild-type and the different Cys→Ser 
mutant peptides. 

Materials and Methods   

Materials 

2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid were obtained from GE 
Healthcare (Piscataway, NJ, USA). Bovine serum albumin (BSA, fraction V, 
essentially fatty acid free), bovine insulin, laminin, phloretin, DMSO, oligomycin, 5-
amino-1-β-D-ribofuranosyl-imidazole-4-carboxamide (AICAR), the  intracellular 
Zn2+ chelator N,N,N',N'-tetrakis-(2-pyridylmethyl)ethylenediamine (TPEN) and 
1,10-o-Phenanthroline were obtained from Sigma Aldrich (St. Louis, MO, USA). 
Sulfo-NHS-LC-biotin and immobilized streptavidin were from Perbio Science 
(Etten-Leur, the Netherlands). Cell culture chemicals and media were purchased 
from Invitrogen (Breda, the Netherlands).  

Antibodies 

Antibodies were purchased as indicated: phospho-ACC (Ser79) (# 07-303) from 
Upstate (Billerica, MA, USA);phospho-AMPKα (Thr172) (#2531), Akt, phospho-Akt 
(Ser473), phospho-GSK3β (Ser9) from Cell Signaling Technology (Beverly, MA, 
USA); caveolin3 (#610420) from BD Transduction Laboratories (Franklin Lakes, 
NJ, USA); anti-CD36 antibody (CRF D-2717) used in 2-photon microscopic images 
from BD Pharmingen (Franklin Lakes, NJ, USA). FITC-labeled rabbit anti-mouse IgA 
secondary antibody was from from Rockland Immunochemical (Gilbertsville, PA, 
USA). The anti-CD36 antibody (# MO25) used in Western Blotting was a gift from 
dr. N. Tandon (Bethesda, USA).  
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Isolation of primary rat cardiomyocytes and culture 

Adult rat cardiomyocytes (Lewis rats 200-250 g, 2-3 months of age) were isolated 
by using a Langendorff perfusion system according to the procedure described by 
Fischer et al [17] which has been described previously [18] with the only 
difference being the sterile conditions that were taken into account for subsequent 
culturing. A modified Krebs Henseleit bicarbonate (MKR) medium containing 1.17 
M NaCl, 26 mM KCl, 12 mM KH2PO4, 12 mM MgSO4, 100 mM NaHCO3, 100 mM 
HEPES was adjusted to pH 7.55 and stored at a 10-fold concentration. Upon daily 
use MKR medium was diluted 10 times and equilibrated with a 95% O2 / 5% CO2 
gas phase at 37°C. For culturing the cells after isolation of cardiomyocytes, 200,000 
cells/well were routinely seeded in laminin coated 6-well plates (9.6 cm2). After 
90 min of seeding in the adhesion medium (1xMKR buffer supplemented with 
0.45% BSA and 2mM D-glucose), the medium was replaced with control medium 
(based on M199 supplemented with 5 mM creatine monohydrate, 3.2 mM carnitine 
hydrochloride, 3.1 mM taurine, 100 U/ml penicillin and streptomycin, 20 µM 
palmitate (palmitate:BSA 0.3:1)). Cells were cultured for 48 h in the absence 
(control medium) and in the presence of either high palmitate (control medium 
with more palmitate; 200 µM, palmitate:BSA 3:1) or 5 µM TPEN containing control 
medium. At the end of 48 hour culturing cell were  washed with 1x MKR 
supplemented with 1mM CaCl2 and 0,45 % BSA (medium A) two times and left 30 
min in the medium A before stimulation with insulin for signaling experiments.   

Myocellular triacylglycerol and diacylglycerol levels 

For measurement of intramyocellular lipid content, cardiomyocytes were cultured 
in 55 cm2 glass petridishes with 1 x 106 cell density. Intramyocellular lipids were 
determined after 2 days of culturing as described previously [19]. In short, samples 
containing 200 µg of protein were used for intracellular lipid extraction in 
methanol/chloroform, and an internal standard and water were added. Afterwards 
thin-layer chromatography was used to separate lipids. Bands were resolved with 
a hexane/diethylether/propanol (87:10:3) resolving solution. Triacylglycerol and 
diacylglycerol bands were detected with a Molecular Imager (ChemiDoc XRS, 
BioRad) and analyzed with Quantity One® (BioRad). 

Experiments with freshly isolated cardiomyocytes 

To recover from the isolation procedure, cardiomyocytes were incubated for an 
additional 90 min in medium A while rotating at room temperature (24°C). For 
substrate uptake measurements, approximately 200,000 cells per condition and 
for signaling experiments approximately 100,000 cells per condition were used. 
During these experiments, cell suspensions were incubated for 20 min either with 
1,10-o-Phenanthroline (phenanthroline)or TPEN alone or for additional 20 min 
together with stimulators of insulin or AMPK signaling in capped 20-ml glass vials. 
The vials were placed in a 37ºC water bath under continuous shaking at 160 rpm. 
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Measurement of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid uptake rates into 
cardiomyocytes 

To chelate and thereby remove intracellular Zn2+, cardiomyocytes were exposed 
to either 1mM Phenantroline or 5µM TPEN during 20 min incubations. For 
activation of AMPK and insulin signaling pathway, cardiomyocytes were either 
treated with oligomycin (5 µM), AICAR (1.5 mM), or insulin (100 nM) during 20 
min incubations. For co-exposure experiments cardiomyocytes were incubated 
with either chelators for 20 min thereafter insulin or AMPK activating stimuli were 
added for an additional 20 min. Subsequently, substrate uptake was measured by 
addition of a 0.5 ml-mixture of 2-deoxy-[1-3H]glucose and [1-14C]palmitate/BSA 
complex. Five min after addition of the radiolabeled substrates, the uptake reaction 
was stopped by transferring the cell contents to 15-ml Falcon tubes containing ice-
cold stop solution with 0.2 mM phloretin. Cells then were washed two-times for 2 
min at 45 g in ice-cold stop solution, as previously described [18]. The radioactivity 
of the cell pellets was measured by scintillation counting. 

Detection of phosphorylation of enzymes within the insulin and AMPK signaling 
network 

Following a 15 min treatment with/without insulin (100 nM), cells were lysed in 
sample buffer (40% glycerol, 0.25 M Tris, 1 M DTT, bromo-phenol-blue) and used 
for protein detection by SDS-polyacrylamide gel electrophoresis (20 µg protein per 
lane), followed by Western blotting. Western blot images were analyzed with a 
Molecular Imager (ChemiDoc XRS, BioRad) and quantified with Quantity One® 
(BioRad). 

Detection of surface CD36 

Following a 10 min pre-treatment with either Phenanthroline or TPEN cells were 
labeled during 10 min with 2 µg/ml (diluted in medium A) anti-CD36 antibody. 
Subsequently, FITC-labeled rabbit anti-mouse IgA secondary antibody (Cend 1:500) 
was added to the cells. Finally, cardiomyocytes were washed twice with medium A. 
Viable cardiomyocytes were imaged using Leica SP5 Multiphoton imaging platform 
(Leica Microsystems). The excitation wavelength of the 140 fs-pulsed laser was 
800 nm, while emission filters were optimized for FITC detection (500-560 nm). 
Laser power was kept as low as possible to avoid bleaching and photo-damage. 
Images were processed with ImageJ software (JAVA-based imaging software from 
the National Institutes of Health). Cardiomyocytes were kept at 37°C during 
incubations and imaging. 

Palmitate uptake by giant-vesicles  

Palmitate uptake was measured in giant vesicles isolated from rat skeletal muscles 
as described previously [20]. Preparation of giant vesicles: Briefly, rat hindlimb 
muscles from both legs 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), collagenase type VII (150 
units/ml) and aprotinin (10 mg/ml). At the end of the incubation, the supernatant 
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was collected and the remaining muscle tissue was washed with KCl/MOPS and 10 
mm EDTA which resulted in a second supernatant. Both supernatants were pooled, 
and Percoll and aprotinin were added to final concentrations of 16% (v/v) and 10 
mg/ml, respectively. The resulting suspension was placed at the bottom of a 
density gradient consisting of a 3ml middle layer of 4% Nycodenz (w/v) and a 1 ml 
KCl/MOPS upper layer. This sample was centrifuged at 60g for 45 min at room 
temperature. Subsequently, the vesicles were harvested from the interface of the 
upper and middle layer, diluted in KCl/MOPS, and recentrifuged at 900g for 4 min. 
The pellet was resuspended in KCl/MOPS to a protein concentration of 1–2 mg/ml. 
Palmitate uptake measurements in giant vesicles: Vesicles were pre-treated with 
phenanthroline (200 µM) and TPEN (1 µM) for 20 min at 37 C. After that, 
unlabeled and radiolabeled 0.3 µCi [9,10-3H]palmitate and 0.06 µCi[14C]mannitol 
in a 0.1% BSA KCI/MOPS solution were added to 40 µl of vesicles (~40 µg protein). 
The reaction was carried out at room temperature for 15 sec. Palmitate uptake was 
terminated by addition of 1.4 ml of ice-cold KCl/MOPS (2.5mM) HgCl2 and 0.1 % 
BSA. The sample was quickly centrifuged at maximal speed in a microcentrifuge for 
1 min. The supernatant was discarded, and radioactivity left in the tip of the vial 
(1.5 ml) was measured. Non-specific uptake was measured by adding the stop 
solution prior to addition of the radiolabeled palmitate solution. 

Peptide synthesis 

Peptide amides were synthesized using an automatic ABI 433APeptide 
synthesizer, using the ABI FastMoc (0.25 mM) protocols with coupling times of 45 
minutes. Fmoc (9-fluorenylmethoxycarbonyl) amino acid derivatives, activated in 
situ by using HBTU/HOBt (2 - (1H - benzotriazole - 1 - yl) - 1,1,3,3 - 
tetramethyluronium hexafluorophosphate in 0.5 M 1-hydroxybenzotriazole) and 
DiPEA (N,N-diisopropylethylamine) in NMP (1-Methyl-2-pyrrolidone), were used 
in coupling steps. The peptides were deprotected and cleaved from the resin by 
treatment with 25 ml TFA (trifluoroacetic acid)/H2O/TIS (triisopropylsilane) 
(95:2.5:2.5) for 2 hr at room temperature. Finally, the peptides were precipitated 
in a MTBE (methyl t-butyl ether)/n-hexane (1:1, v/v) solution. After this, the 
pellets were dissolved in tertiar butanol/water (1:1, v/v) (ca. 60 ml) and 
lyophilised to obtain the crude peptides as solids. Peptides were checked for purity 
using reversed phase (rp) HPLC and integrity using electrospray ionization mass 
spectrometry (ESI-MS). Final peptide purification was accomplished by 
preparative rpHPLC using C18-bonded silica column chromatography (Vydac 
218TP510) using a GE Pharmacia ÄKTA Purifier. The peptides were eluted with a 
linear gradient of 5 to 30% acetonitrile (CH3CN) in 0.1% aqueous TFA, over 30 
minutes with 10 ml/min flow rate. The purified peptides were once again 
lyophilised and stored as dried powder at -20oC until further use. The peptide n-
MGCDRNCGGSGGSGGSGGSYCACRSKNGK-c containing the wild type sequences of 
the N(n)- and C(c)-terminal ends (underlined), spaced by ten amino acids 
(GSGGSGGSGG) is indicated as ‘CCCC’, where the position of each ‘C’ represents 
each of the four Cys (C) residues (italic) in N-to C-terminal manner. The two CD36 
peptide sequence segments correspond to NCBI protein sequence with accession 
number Q07969.3. Variant peptides were synthesized in the same manner and 
varied in each individual or combinations of the position of C by introducing Ser 
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(S), His (H) or Asp (D). The variant peptides were indicated by a combination of 
four of the four letters, where the position of the letter in the four-letter sequence 
indicates the position of the amino acid in the respective peptide. 

Mass spectrometry 

Proteomic analysis was performed by nano-ESI-MS. The instrument used was a 
Finnigan LCQ-DECA-XP ion-trap spectrometer (Thermo Scientific). The ESI 
conditions (i.e. cone temperature, electrostatic potentials, ion optical elements, 
flow rate) were kept constant throughout the measurements to insure constancy. 
The conditions were chosen using peptide CCCC (wild type sequence). 

Binding experiments of divalent metal ions to oligopeptides 

Peptide stock solutions were prepared by dissolving the purified peptides in Milli-
Q water in a concentration of 2 mM. Metal stock solutions were prepared by 
dissolving chloride salts in Milli-Q water in different concentrations. These stock 
solutions were stored at -20oC. Samples for metal ion binding experiments were 
performed under the following standard conditions. Samples were prepared by 
diluting 1 µl of the peptide and 1 µl of the metal salt (chloride form) solutions in 20 
µl of ammonium carbonate (AC) buffer at a final concentration of 10 mM, either of 
pH 7.5 or pH 6, thus obtaining solutions containing 0.1 mM peptide with a three-
fold molar excess of metal ions. Subsequently, the solution is mixed, incubated at 
room temperature for the required time, diluted 10 times in 10 mM AC buffer and 
continuously infused into the ESI source at a flow rate of 20 µl/min. Mass spectra 
were recorded in the range of 750-2,500 Da, and a window of 100 Da in which the 
peptide with and without the bound metal are both visible. For each sample a 
measurement consisted of the average of 30 scans. The Cys containing peptides 
undergo oxidation once diluted in AC buffer. A varying oxidation degree of 5-20% 
was observed in the Cys-containing peptides. This degree of oxidation was 
determined by comparing the obtained mass spectra with theoretical mass spectra 
of varying degrees of oxidation. As the addition of a reducing agent interfered too 
much with the measurement it was chosen to proceed without reducing agent. The 
oxidized fraction of the peptide did not bind metal ions, thus a 100% metal binding 
was not observed. 

Peptide CCCC (wild type CD36 sequence) or SSSS was incubated with a 
three- or nine fold molar excess of the divalent cations of Zn, Ca, Ba, Mg, or Mn 
(chloride salts). The theoretical mono-isotopic mass for each peptide with or 
without bound divalent cation was calculated, and compared with the measured 
mono-isotopic mass of the free peptide or peptide in complex with the cation. For 
Zn2+ an increase in mass (64 Da) was measured; this is the mass of the metal atom 
minus that of two hydrogen (H) atoms. The binding of Zn2+ to different peptides 
was calculated in a semi-quantitative manner; the quotient of the heights (in %) of 
the two peaks representing the lowest isotopic mass of the obtained isotope mass 
pattern of the peptide in complex with Zn2+ and free peptide, respectively, was 
determined when the peptide was incubated with 3 mM ZnCl2. To determine the 
Kd (µM) of the Zn2+ binding of peptide CCCC in a semi-quantitative manner, Zn2+ in 
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the concentration range of 1 µM to 9 mM was incubated with the peptide, the MS 
spectra recorded, from which the ratio of the lowest mono-isotopic peak for the 
bound and unbound peaks were determined.  

Statistics  

Differences among the data obtained from five to eight experiments are presented 
as means ± SEM. Statistical differences between groups of observations was 
evaluated by unpaired Student’s t-test,  one way-ANOVA and/or two-Way ANOVA, 
depending on the groups compared by using statistical analysis software Prism 5 
(GraphPad Software, Inc.). A P-value equal or less than 0.05 was considered 
statistically significant. 

Results   

Effects of Zn2+ chelators on palmitate and deoxyglucose uptake into primary 
cardiomyocytes. 

Before applying Zn2+ chelators to cardiomyocyte cultures for induction of insulin 
resistance, we tested whether and under which specific conditions Zn2+ chelators 
would influence LCFA uptake (and for comparison glucose uptake) into 
cardiomyocytes. For this purpose, suspensions of primary cardiomyocytes were 
either exposed to each of two Zn2+ chelating agents for 20 min; phenanthroline (1 
mM) and TPEN (5 µM) or in combination with insulin (100 nM),  oligomycin (5 
µM) and AICAR (1.5 mM) for an additional 20 min. We found that both Zn2+ 
chelating agents increased palmitate uptake by 1.4-fold (Fig. 1). Concentrations of 
each chelator that were 5-fold lower than the indicated concentrations had a 
smaller stimulatory effect on palmitate uptake, whereas concentration that were 5-
fold higher appeared to affect cell viability (data not shown). At the indicated 
concentrations, phenanthroline and TPEN both further increased insulin-
stimulated palmitate uptake from 1.5-fold to 2.0 fold.  Additionally, palmitate 
uptake stimulated by the AMPK activators oligomycin (1.9-fold) or AICAR (1.5-
fold) was further stimulated to 2.6-fold or 2.4-fold, respectively, or to 1.9-fold or 
2.3-fold, respectively by phenanthroline or TPEN (Fig. 1), suggesting separate 
mechanisms involved in Zn2+ depletion-stimulated LCFA uptake versus 
insulin/AMPK-stimulated LCFA uptake. 

Neither phenanthroline nor TPEN increased basal deoxyglucose uptake (Fig. 
1). In contrast, deoxyglucose uptake was increased by insulin (3.9-fold) or 
oligomycin (2.0-fold) treatment, but not by AICAR (Fig. 1). The inability of AICAR 
to stimulate glucose uptake has been previously reported by us [21], and relates to 
the notion that AMPK activation is not sufficient to stimulate glucose uptake, and 
that additional PKD activation is required for AMPK activators to stimulate glucose 
uptake. This additional PKD activation is achieved by oligomycin treatment but not 
by AICAR [21]. In contrast, AMPK-mediated LCFA uptake is not dependent on co-
activation of PKD1 [21]. In agreement with their inability to stimulate basal 
deoxyglucose uptake, both Zn2+ chelators also did not further stimulate insulin-
stimulated or AMPK-mediated deoxyglucose uptake (Fig. 3). Instead, 
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phenanthroline consistently decreased glucose uptake in the absence or presence 
of insulin or AMPK stimulators by 34-56%, whereas TPEN did not alter 
deoxyglucose uptake under any tested condition (Fig. 1). 

Fig. 1 Effect of Zn2+ chelators on substrate uptake into rat cardiomtocytes. Primary rat 
cardimyocytes were pre-incubated for 20 minutes in the absence or presence of 1-10-phenantroline (1 
mM) or TPEN (5 µM), and then further incubated for 20 min with/without insulin (100 nM), oligomycin 
(5 µM) or AICAR (1.5 mM). Finally, uptake of 2-Deoxy-D-[1-3H]glucose and [1-14C]palmitic acid/BSA 
complex (5 min) was determined as pelletable radioactivity  (n=4). * p<0.05. 

In order to study the role of CD36 in Zn2+ chelation-mediated LCFA uptake, 
we used cardiomyocytes isolated from hearts of CD36-null mice. Phenanthroline 
treatment stimulated palmitate uptake into cardiomyocytes from WT mice by 1.6-
fold (Fig. 2), i.e., a similar magnitude as observed in rat cardiomyocytes (Fig. 1). 
Phenanthroline-stimulated palmitate uptake was complete abrogated in CD36-null 
cardiomyocytes (Fid. 2). Unexpectedly, TPEN failed to stimulate palmitate uptake 
in mice cardiomyocytes in contrast to rat cardiomyocytes. This lack of TPEN to 
enhance palmitate uptake occurred not only at 5 µM (Fig. 2), but also at 5-fold 
higher or lower concentrations (data not shown) which could relate to yet 
unknown species differences in the effectiveness of this Zn2+ chelator. In 
agreement with the rat cardiomyocyte data, TPEN did not alter basal deoxyglucose 
uptake into cardiomyocytes from WT and CD36 mull mice, whereas phenantroline 
had a marked inhibitory effect (–18% to –43%; Fig. 2). These findings suggest that 
Zn2+ chelation increases basal LCFA uptake via involvement of CD36 but 
independently of insulin or AMPK-stimulated LCFA uptake. This stimulatory effect 
of Zn2+ chelation on LCFA uptake is specific because glucose uptake was not 
stimulated under these same conditions. Given that GLUT1 is the main cardiac 
glucose transporter involved in basal glucose uptake, perhaps the inhibitory action 
of phenanthroline on glucose uptake is due to direct inhibition of GLUT1, because 
this effect is already apparent under basal conditions. 
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Fig. 2 Effect of Zn2+ chelators on 
substrate uptake into cardiomtocytes 
from CD36 null mice. Primary 
cardiomyocytes from wild-type and 
CD36-null mice were incubated for 20 
minutes in the absence or presence of 1-
10-phenantroline (1 mM) or TPEN (5 µM), 
and subsequently used for uptake of 2-
deoxy-[1-3H]glucose and [1-
14C]palmitate/BSA complex (5 min) (n=4). 
* p<0.05. 

 

 

 

 

 

 

Effects of Zn2+ chelators on insulin and AMPK signaling 

The non-additive effect of Zn2+ chelation with that of insulin or AMPK activators on 
LCFA uptake suggests that insulin or AMPK signaling is not involved in Zn2+ 
chelation-mediated LCFA uptake. To further study this, we tested whether 
phenanthroline or TPEN treatment stimulated Akt-Ser463 phosphorylation (as 
readout of insulin signaling), as well as AMPK-Thr172 and ACC-Ser97 
phosphorylation (as readout of AMPK signaling). Insulin treatment stimulated Akt-
Ser463 phosphorylation by >5-fold, and oligomycin or AICAR treatment stimulated 
ACC-Ser97 phosphorylation by >5-fold and AMPK-Thr172 phosphorylation by >2-
fold (in case of oligomycin) (Fig. 3), in agreement with previous results [22]. In 
contrast, phenanthroline or TPEN were without any effect on phosphorylation of 
any of these proteins, neither under basal conditions, nor in the presence of insulin 
or AMPK activators (Fig. 3). Hence, the stimulatory action of Zn2+ chelators on 
LCFA uptake is independent of insulin or AMPK signaling. 

Effects of Zn2+ chelators on surface CD36 content and activity  

Translocation of CD36 from endosomal stores to the sarcolemma is the main 
cellular mechanism via which cardiomyocytes can increase cellular LCFA uptake 
on a short-term scale. Insulin and AMPK activators stimulate LCFA uptake via this 
mechanism. In order to assess whether Zn2+ depletion induces CD36translocation, 
cardiomyocytes were exposed for 15 min to phenanthroline or TPEN, and cell 
surface CD36 presence was detected by immunofluorescence microscopy, using a 
two-photon microscope. Using this method, we previously showed that 15 min 
insulin treatment markedly enhanced cell surface CD36 staining without altering  
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Fig. 3 Effect of Zn2+ chelators on insulin and AMPK signaling in rat cardiomtocytes. Primary rat 
cardimyocytes were pre-incubated for 20 minutes in the absence or presence of 1-10-phenantroline (1 
mM) or TPEN (5 µM), and then further incubated for 20 min with/without insulin (100 nM), oligomycin 
(5 µM) or AICAR (1.5 mM). Subsequently, cells were lysed, and phosphorylation of Akt, AMPK and ACC, 
as well as total protein levels of caveolin-3 (Cav3) and Akt were assessed by Western blotting. 
Representative images from n=4. 

total CD36 expression, indicative of CD36 translocation to the cell surface [23]. In 
contrast, both Zn2+ chelators failed to enhance CD36 translocation to the cell 
surface (Fig. 4). Hence, other mechanisms must be responsible for the stimulatory 
action of Zn2+ chelators on CD36-mediated LCFA uptake.  

 

 

 

 

 

 

 

 

 

102 
 



Involvement of zinc in fatty acid transport function of CD36: A novel link to type 2 diabetes 

Fig. 4 Effect of Zn2+ chelators on 
CD36 translocation and on CD36 
transport function. (A) Primary rat 
cardiomyocytes incubated for 20 
minutes in the absence or presence of 
1-10-phenantroline (1 mM), or TPEN 
(5 µM), and subsequently used for 
immunofluorescence microscopy 
using a two-photon microscope to 
detect cell surface localization of 
CD36. (B) Giant sarcolemmal vesicles 
were incubated for 20 minutes in the 
absence or presence of 1-10-
phenantroline (1 mM) or TPEN (5 
µM). Thereafter, uptake of 
[3H]palmitate/BSA complex (5 min) 
was determined as pelletable 
radioactivity (n=5). * p<0.05. 

To test the possibility that Zn2+ chelators increase the intrinsic LCFA 
transport activity of CD36, giant vesicles from rat muscle were used. This 
sarcolemmal preparation is enriched in CD36 and excellently suited to measure 
unidirectional LCFA uptake in the absence of translocation or other trafficking 
processes, because intracellular membrane compartments are absent [24]. 
Exposure of giant sarcolemmal vesicles for 15 min to phenantroline or TPEN 
increased palmitate uptake by 2.2 and 1.6-fold, respectively (Fig. 4), indicating that 
Zn2+ chelators directly increase the fatty acid transport facilitating property of 
CD36.  

Effects of Zn2+ depletion on insulin sensitivity and lipid content of cultured 
cardiomyocytes 

We tested whether 5 TPEN or 1 mM phenanthroline, successfully stimulating 
CD36-mediated LCFA uptake, would induce insulin resistance and lipid 
accumulation in cardiomyocyte cultures. For comparison, we also induced insulin 
resistance in these cells by exposing them to a high concentration of palmitic acid 
(HP, 200 μM) during 48 h of culturing [23]. Unfortunately, exposing 
cardiomyocytes for 48 h to phenanthroline greatly impaired the cell viability. 
Perhaps this could be related to phenanthroline’s inhibitory effect on glucose 
uptake. When cells were cultered in HP medium, and thereafter tested for short-
term insulin-induced Akt phosphorylation and GSK3β phosphorylation, as well as 
for myocellular lipid content, it appeared that insulin signaling was largely 
impaired in HP-exposed cells compared to basally cultured cells (Fig. 5A). 
Measurement of myocellular lipids in HP medium-cultured cardiomyocytes 
revealed that the contents of triacylglycerol and diacylglycerol were increased by 
2.1-fold (Fig. 5B) and unchanged (data not shown), respectively. This is in 
agreement with our previous observations [23], and confirms the suitability of 
cardiomyocyte cultures as a cellular model system to assess the development of 
lipid-induced insulin resistance. Similarly, TPEN-exposed cells showed markedly 
decreased Akt and GSK3β phosphorylation upon short-term insulin treatment, and 
also exhibited elevated myocellular triacylglycerol content (1.6-fold), whereas the 
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diacylglycerol content was unchanged (data not shown). In conclusion, 
cardiomyocytes cultured both in HP medium and in Zn2+ depletion medium exhibit 
characteristics of lipid-induced insulin resistance.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Effect of Zn2+ depletion on development of insulin resistance and lipid accumulation in 
cultures of primary rat cardiomyocytes. Primary rat cardiomyocytes were cultured for 48 hours in 
the absence (C) or presence of high palmitate (200 µM) or TPEN (5 µM)-containing medium (A) For 
assessment of insulin signaling, cells were incubated for another 30 min under basal conditions 
(recovery period). Thereafter, cells were incubated with/without 100 nM insulin for a final 25 minutes. 
Harvested cells were lysed and used for Western detection of p-Akt, p-GSK3β, total Akt (t-Akt) and 
caveolin-3  (Cav3). Representative images from n=4. (B) For assessment of lipid accumulation, cells 
were lysed, and used for measurement of triacylglycerol and diacylglycerol content via HPTLC (n=4).  * 
p<0.05. 

Metal ion binding of protein terminal ends of CD36  

To explain the ability of Zn2+ chelators to directly “activate” CD36, we speculated 
that CD36 binds to Zn2+, and that this binding decreases CD36 activity. We further 
speculated that the four intracellular cysteines, two in each of the short 
intracellular N- and C-terminal ends of CD36, might provide a Zn2+-binding motif. 
To test the metal binding potential of the putative intracellular N- and C-terminal 
ends of CD36 and the involvement of the Cys residues in this binding, a peptide, 
termed CCCC, was synthesized that contains the N-terminal eight amino acid 
sequence of the protein (MGCDRNCG), C-terminally linked to the eleven C-terminal 
amino acids (SYCACRSKNGK) by a spacer of ten amino acids (GSGGSGGSGG) (Fig. 
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6A). In addition variants of this peptide were synthesized in which each of the four 
Cys residues is replaced by Ser (peptides termed SCCC, CSCC, CCSC, or CCCS), two 
Cys residues (SSCC or CCSS), or all four (SSSS). The GS-rich linker allows the 
spanning of a distance of 13-20Å (22) that is potentially present between the two 
protein terminal ends on the presumptive basis of two transmembrane α-helical 
segments of CD36 that succeed and preceded the two terminal ends, respectively. 
The capacity of the peptides to bind the divalent cations Mg2+, Ca2+, Ba2+, Zn2+, or 
Mn2+ was assayed in the range of 0.001 to 9 mM (chloride as counter ion), using 
electrospray ionization mass spectrometry (ESI-MS) analysis. For detection of 
complex formation of oligopeptide and metal cation, the occurrence and the 
combination of monoisotopic peaks in the position of the mass spectrum that 
corresponds to a mass of the peptide and cation is taken as measurement. Peptide 
CCCC formed a single molecular complex with one Zn2+ ion, as indicated by the 
appearance of a combination of monoisotopic peaks in the mass spectrum 
beginning at 1387.47 Da and upwards (1387.47 Da is the molecular mass of the 
first double charged monoisotopic peak representing the mass of the complex of 
peptide and Zn2+) (Fig. 6A). In the absence of Zn2+, the peptide exhibited a mass 
spectrum with the first monoisotopic peak at 1356.57 Da. Since the lowest 
monoisotopic form of Zn2+ is 64 Da, and the difference in mass between the free 
and Zn2+ bound form is 31 but not 32 Da (i.e double charged form of the Zn2+ 
complex), this confirms that two H atoms were displaced to bind the Zn2+ cation. 
This result is in excellent agreement with the results obtained by Maret for other 
Zn2+ binding proteins (18). At approximately 0.1 mM Zn2+, the combination of 
monoisotopic peaks representing the complex, reached its maximum; the peaks 
representing the free oligopeptide reached a minimum level. At higher Zn2+ 
concentrations up to 9 mM, no further decrease of peaks was observed. In contrast, 
the peptide did not form a complex with any of the other above mentioned cations 
in the indicated concentration range, as judged by the absence of peaks in the 
spectrum at positions specific for the mass of the peptide increased with that of the 
metal cations. 

 In a semi-quantitative manner a Kd for the Zn2+-binding to CCCC could be 
determined at approximately 20 µM, by performing a similar binding experiment 
as described above, using titrating concentrations of Zn2+ in the range of 1 µM to 9 
mM. At approximately 20 µM the monoisotopic peak representing the Zn2+ 
complex was half maximal of that at 300 µM or 3 mM Zn2+ (data not shown). The 
stability of the Zn2+-complex (peptide CCCC and Zn2+) was determined in the 
presence of titrating concentrations of the other divalent cations, in particular Ca2+, 
that functions directly or indirectly in signal transduction by binding to proteins. 
The occurrence of complex formed when peptide CCCC was incubated with 20 µM 
Zn2+, was tested in the presence of the other metal cations in a concentration range 
of 10 µM to 3 mM. Results showed that Ca2+ or the other cations do not affect 
complex formation of peptide CCCC and Zn2+ (data not shown), indicating that 
peptide CCCC specifically and uniquely binds Zn2+. Binding experiments performed 
at pH 6, incubation in the presence of acetate as counter ion, or a prolonged pre-
incubation time of peptide and metal-ion up to two hours before analysis of 
complex formation by ESI-MS, showed identical results as indicated above. This 
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indicates that the complex of CCCC and Zn2+ is pH independent, specific for Zn2+, 
and is stable during prolonged incubation times. 

To study the involvement of the Cys residues in metal ion binding of 
oligopeptide CCCC, oligopeptide SSSS was tested for its Zn2+ binding potential or 
that of the other above mentioned cations, tested in a concentration range of up to 
3 mM. Peptide SSSS bound Zn2+ only poorly (Fig. 6B), however, like peptide CCCC 
did not bind any of other metal cations (data not shown). Single and double Cys to 
Ser-variant peptides (SCCC, CSCC, CCSC and CCCS, and SSCC and CCSS, 
respectively) showed a similar binding pattern for the metal ions indicated above 
as for peptide CCCC; the variant peptides bound Zn2+, but did not bind to the other 
cations. The single Cys to Ser-variants (SCCC, CSCC, CCSC, and CCCS) bound Zn2+ to 
a similar extent as peptide CCCC, whereas both the double Cys-residue variants 
(SSCC and CCSS) bound Zn2+ to a substantial lesser extent than the single site 
variant peptides or CCCC (Fig. 6B). These results indicate the specific involvement 
of the four Cys residues of the CD36 terminal ends in complex formation with Zn2+. 
In addition, when His or Asp replaces the Cys residues in the peptide, a similar Zn2+ 
binding and cation specificity as the Cys to Ser-variant peptides was observed 
(data not shown). These results indicate that the Zn2+ binding properties of the 
different peptides used in this study, obey biochemical binding properties that 
apply to zinc coordination in proteins (for review see [25]). 

Conclusively, these results indicate that the protein terminal ends of CD36 
are able to form a Zn2+ binding motif that specifically involves all four Cys residues 
in both N- and C-terminal ends. Suggested Zn2+ binding of cysteine residues on one 
or two CD36 molecules is illustrated in Fig. 6C.  
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Fig. 6 Zn2+ binding of the protein terminal ends of CD36. (A) Primary structure of synthetic petide. 
(B) Upper two panels represent a relevant part of the ESI-MS mass spectrum of oligopeptide CCCC in 
the presence (left) or absence (right) of Zn2+. The lower two panels represent a relevant mass spectrum 
of the oligopeptide SSSS in the presence (left) or absence (right) of Zn2+. The relative abundance 
indicates the abundance of a component after evaporation and detection by ESI-MS. m/z indicates the 
mass of a detected ionized component, measured per charge (the mass spectrum indicates the m/z part 
of the spectrum in which components are ionized with two charges).  The numbers in the spectrum 
indicate molecular masses (in Da) of the monoisotopic peaks directly below the numbers. (C) The 
normalized binding of Zn2+ at 0.3 mM to variant oligopeptides. The first monoisotopic peak of the free 
peptide was set at 100% and the monoisotopic peak of the peptide in complex with Zn2+ was 
determined as a fraction of that. The result shows the average of three independent binding 
experiments for each of the different peptides. The bar labels indicate the standard deviation. (D) 
Illustration of suggested Zn2+-bindings to Cysteine residues either from one or two CD36 proteins.  

Discussion 

Western diet-induced lipid oversupply causes diabetic cardiomyopathy, one of the 
main mortality causes in diabetic patients. Previously we showed that diabetic 
cardiomyopathy induced by lipid oversupply to rodents is due to CD36 relocation 
from intracellular stores to the sarcolemma, resulting in myocellular lipid 
accumulation, insulin resistance and contractile dysfunction of cardiomyocytes 
[13]. Another factor known to be associated with the development of myocellular 
insulin resistance and diabetic cardiomyopathy is Zn2+ deficiency. In the present 
study we investigated whether insulin resistance associated with Zn2+ deficiency 
shared subcellular molecular events with lipid-induced insulin resistance, thereby 
focusing on CD36. The main conclusions are that (i) Zn2+ depletion in 
cardiomyocytes results in increased CD36-mediated LCFA uptake, lipid 
accumulation and insulin resistance. Finally, (ii) CD36 possesses a Zn2+-binding 
domain that requires all of the four cysteines in the short intracellular terminal 
segments of the protein. 

(i) Zn2+ depletion in cardiomyocytes results in increased CD36-mediated LCFA uptake 
and lipid-induced insulin resistance.  

Using two structurally unrelated Zn2+ chelators, we showed that Zn2+ depletion 
results in increased LCFA uptake into cardiomyocytes. Uptake of glucose, the other 
major cardiac energy substrate, was not influenced by Zn2+ depletion. This 
indicates that Zn2+ depletion does not act as a general stimulator of cardiac 
substrate uptake, and at a specific mechanism may underlay Zn2+ depletion-
stimulated LCFA uptake. This specific mechanism includes CD36, as Zn2+ depletion-
stimulated LCFA uptake is abolished in CD36-null cardiomyocytes. Other 
conditions known to increase CD36-mediated LCFA uptake are insulin exposure or 
AMPK activation. This occurs via CD36 translocation from intracellular membrane 
compartments to the sarcolemma. However, the observation that Zn2+ depletion-
induced LCFA uptake is non-additive to insulin/AMPK-stimulated LCFA uptake 
suggests that Zn2+ depletion uses a different mechanism via which flux through 
CD36 is increased. Further evidence that Zn2+ depletion-stimulated LCFA uptake is 
independent from insulin/AMPK-stimulated LCFA uptake is provided by the lack 
of ability of Zn2+ depletion to stimulate insulin or AMPK signaling. Indeed, as 
shown with immunofluorescence microscopy, Zn2+ depletion does not lead to 
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enhanced surface CD36 content, thereby excluding CD36 translocation. Instead 
Zn2+ chelators enhanced LCFA uptake into giant sarcolemmal vesicles containing a 
fixed content of CD36 within the sarcolemma. Therefore, the effect of Zn2+ 
depletion on stimulation of LCFA uptake must be due to an increase in the intrinsic 
transport activity of CD36. Given that we earlier showed that the 
phosphodiesterase inhibitor 3-isobutyl-1-methylxanthine stimulates LCFA uptake 
into giant sarcolemmal vesicles [26], this makes Zn2+ depletion the second 
condition to increase LCFA uptake via CD36 activation.  

During prolonged exposure to Zn2+ depleting conditions, i.e., when CD36 
activation is sustained, cardiomyocytes exhibit a marked increase in triacylglycerol 
content and also to insulin resistance. This is very similar to the accumulation in 
triacylglycerol and the development of insulin resistance seen in cardiomyocytes 
in HP medium. However, cardiomyocytes cultured in HP medium displayed an 
elevated sarcolemmal CD36 content in the absence of increases in total CD36 
expression, indicating that during lipid overload a permanent relocation of CD36 to 
the sarcolemma is responsible for lipid-induced insulin resistance [23]. Hence, 
irrespective of the mechanism by which flux through CD36 is increased, an 
increase in CD36-mediated LCFA uptake leads to lipid-induced insulin resistance. 
It is commonly accepted that triacylglycerols are not directly responsible for the 
induction of insulin resistance, but rather an indicator of cellular lipid overload 
[27]. However, myocellular diacylglycerol levels were not altered by HP medium or 
Zn2+ depletion, indicating that diacylglycerol-mediated impairment of IRS1 does 
not provide the mechanism for HP or Zn2+ depletion-mediated-induced insulin 
resistance. In conclusion, we present CD36 activation as a novel mechanism by 
which Zn2+ depletion induces insulin resistance. This might be in concordance with 
the other mechanisms by which Zn2+ depletion is suggested to cause insulin 
resistance, including loss of antioxidant capacity and loss of downregulation of 
protein-tyrosine phosphatases. 

(ii) CD36 possesses a Zn2+-binding domain 

The importance of the intracellular domains of CD36 in CD36 localization 
and/or function is supported by multiple investigations in various different cell 
systems. For example, in a rat hepatoma cell line, deletion of the ten C-terminal 
amino acids resulted in decreased glycosylation and intracellular retention of 
CD36, corresponding to a decreased LCFA uptake, while deletion of only the last 
five amino acids – thus still containing both C-terminal Cys – had no effect on CD36 
localization and LCFA uptake [28]. Replacement of the 11 C-terminal amino acids 
of CD36 by alanines does not change the plasma membrane localization in HEK293 
cells, but does diminish its role in toll-like receptor signaling, as does mutation of 
C464 alone [29]. The two cytosolic lysine residues at position 469 and 472 of CD36 
are ubiquitinated. CD36 ubiquitination is decreased by insulin treatment and 
increased by LCFA incubation of C2C12 muscle cells, leading to an enhancement 
and decrease in the amount of total CD36 (and LCFA uptake levels), respectively 
[30]. Thus, the four cysteines within the intracellular domains of CD36 might play a 
potentially essential role in CD36 localization and/or function. 
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By using a synthetic oligopeptide peptide composed of both protein 
terminal ends of CD36 in metal binding experiments, we found strong suggestive 
evidence for the potential of the four Cys residues in the CD36 terminal ends to 
specifically bind divalent Zn2+, in a Zn2+-binding motif dependent manner. All four 
Cys residues are necessary for optimally coordinating Zn2+, since the Zn2+-binding 
potential of the oligopeptide was substantially compromised when at least two of 
the four Cys residues was replaced by Ser in the oligopeptide (Ser can not easily 
replace Cys in Zn2+-binding motifs [25, 31-35]). This result is in line with those of a 
similar studies by Bergman et al. [36] or Brandt et al. [37], who showed that Zn2+-
binding of oligopeptide analogs of the Zn2+-binding site of alcohol dehydrogenase, 
a typical Zn2+-binding protein, also showed clearly compromised Zn2+-binding 
upon replacement of two Cys residues that function in the Zn2+-binding motif of the 
enzyme. Additional evidence for the involvement of the four Cys residues of the 
two terminal ends in a Zn2+-binding motif is provided by the data that shows that 
His or Asp can replace each of the Cys residues in the binding experiments, which 
is also observed in many other Zn2+-binding motif containing proteins [25, 31-35]. 
The relatively high affinity of the oligopeptide composed of the wild type 
sequences of the two terminal ends (Kd of 20 µM), considering Zn2+ concentrations 
in (cardiac) cells can be as high as 200 µM [32], suggests that the existence of  a 
complex of the two protein ends and Zn2+ in CD36 is physiologically not unrealistic. 
Taken together, the present study is the first to show that CD36 has a specific Zn2+-
binding domain. Hence, Zn2+ regulation of CD36 extends the role of Zn2+ in 
regulation of lipid metabolism, as investigated earlier [9].  

Studies with the Zn2+ indicator FluoZin-3, demonstrate that Zn2+ is present 
in the cytoplasm of cardiomyocytes in sufficient abundance to act as a regulator of 
metabolism or gene expression [38]. Likely, under normal/basal, conditions, the 
intracellular Zn2+ concentration in cardiomyocytes is sufficiently high to bind to a 
large portion of the total CD36 population via its Zn2+-binding domain. This will 
keep CD36 in a suboptimal activation state. Then, exposure of cardiomyocytes to 
Zn2+ chelators will lead to disassociation of Zn2+ from CD36 and subsequent 
activation of CD36. We do not know yet the molecular mechanisms by which Zn2+ 
displacement from CD36’s intracellular arms might activate CD36, but this might 
trigger a conformational change within the extracellular loop of CD36, thereby 
improving the exposure of the LCFA binding pocket (within this extracellular loop) 
to LCFA in the extracellular medium.  

(iii) Concluding remarks  

Insulin resistance associated with Zn2+ deficiency and lipid-induced insulin 
resistance share the key involvement of CD36. However, differently from CD36 
being relocated from intracellular stores to the sarcolemma as primary cause for 
lipid-induced insulin resistance, Zn2+ deficiency-associated insulin resistance is 
caused by an activation of CD36 that is already present at the sarcolemma. The 
present findings also propose that, besides Zn2+ supplementation to Zn2+-deficient 
diabetic patients as a strategy to combat diabetic cardiomyopathy, an alternative 
strategy might include specific drugs aimed at inhibition of CD36. Finally, 
polymorphisms within CD36 might be discovered in the future in which the 
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intracellular cysteines might be replaced by other amino acid residues, resulting in 
CD36 forms with increased transport activity. These mutant CD36 forms might 
then be predictive of an increased risk for the development of type-2 diabetes and 
diabetic cardiomyopathy. 
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Membrane-associated transporter proteins play an important role in the 
facilitation of substrate entry across the plasma membrane in response to changes 
in high energy demands of heart and contracting skeletal muscle [1]. Upon a 
physiological (insulin) or mechanical stimulus (enhanced contraction) the glucose 
transporter GLUT4 and the long-chain fatty acid (LCFA) transporter CD36, each 
located in intracellular compartments, translocate to the plasma membrane to 
facilitate glucose and LCFA entry into cell, respectively [2]. Mediators of the 
vesicular transport play a major role in the regulation of the translocation process 
of the vesicles containing GLUT4 and CD36 to the plasma membrane [3-5]. 

With respect to GLUT4-mediated glucose uptake some reported findings 
suggest that glucose uptake is not only regulated by GLUT4 translocation to the 
plasma membrane but also by changes in the activity of GLUT4 once at the side of 
the plasma membrane [6-8]. Knowledge in the literature regarding the possible 
requirement of an additional activation step after translocation to the membrane 
was not fully appreciated. In addition, for CD36 there are no such examples. In this 
thesis we provide novel mechanisms for the regulation of transporters and the 
transporter mediated substrate uptake process in health and disease. 

Permanent relocation of endosomal CD36 to the sarcolemma is one of the 
hallmarks of insulin resistance and associated cardiac lipotoxicity [9, 10]. It is 
known that CD36-mediated LCFA influx is responsible for increased TAG content 
in the diabetic heart and skeletal muscle. In this thesis we showed that inhibition 
of CD36-mediated LCFA influx by targeting CD36 via an antibody resulted in 
diminished TAG levels and attenuated insulin signaling in primary rat 
cardiomyocytes cultured under insulin resistance-inducing conditions (chapter 2). 
We also showed beneficial effects of n-3 PUFAs (EPA and DHA) on insulin signaling 
in primary rat cardiomyocytes cultured under insulin resistance-inducing 
conditions (chapter 3).  

Another novel finding in this thesis is that translocation of substrate 
transporters to the plasma membrane and their activation at the membrane (i.e., 
increasing their substrate transport facilitating function) are separate events for 
both substrate transporters GLUT4 and CD36. It was found that both transporters 
can be activated upon arrival at the plasma membrane with a common mechanism 
(chapter 4). Finally, we obtained strong evidence for the regulation of CD36 
intrinsic activity at the site of the membrane by Zn2+-binding which thereby 
modulates the fatty acid transport function of CD36 (chapter 5). This latter finding 
may have clinical implications as it may explain why Zn2+ deficiency is associated 
with diabetes.  

In this discussion chapter selected aspects of these studies will be discussed 
in more detail. This discussion is structured under four titles. Perspectives for 
future research also will be stated under each title. First, we will discuss the 
transporter-mediated substrate uptake process with special attention to 
transporter translocation and subsequent transporter activation at the site of the 
plasma membrane. Second, based on our findings in chapters 2, 3 and 5, the 
importance of fatty acid translocase/CD36 in the treatment of fatty acid-induced  
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insulin resistance and related diseases will be discussed. Under the third title, the 
importance of calcium signaling in the regulation of cardiac substrate metabolism 
will be discussed with special reference to our findings reported in chapter 4. In 
the fourth and final title the reverse effect, i.e, of CD36 on calcium signaling, will be 
discussed using recently obtained and unpublished findings from our group.   

(i) GLUT4 and CD36 translocation to the plasma membrane and their 
membrane activation are separate events 

The general knowledge on the mechanism of transporter-mediated substrate 
uptake comes mainly from the findings reported for glucose transporters. It is well 
accepted that mainly GLUT4 translocation is responsible for the increases in 
glucose uptake in heart and muscle [11]. There is a number of findings for GLUT4 
which show unchanged glucose uptake levels after translocation of GLUT4/1 to 
plasma membrane [12] or alternatively increased glucose uptake levels upon a 
stimuli without any change in membrane GLUT content [13]. For instance, PI3K 
activation is needed for insulin mediated GLUT4 translocation and glucose uptake. 
However, addition of a cell permeable phosphoinoside-binding peptide (PBP-10) 
into 3T3-L1 cells induced GLUT4 translocation to the plasma membrane without 
leading to increases in glucose uptake [6]. Furthermore, inhibition of PI3K with 
wortmannin did not prevent the phosphoinoside-binding peptide-induced GLUT4 
translocation but prevented insulin to increas glucose uptake [6, 7]. These findings 
suggest that translocation to the plasma membrane and membrane activation of 
GLUT4 are separate events and insulin induced GLUT4 activation requires PI3K 
activity.  

In addition, for GLUT4 there is evidence for the requirement of an additional 
regulation step at the plasma membrane to increase substrate uptake [6-8]. L6 rat 
skeletal muscle cells incubated with recombinant resistin or stably transfected 
with myc-tagged mouse resistin showed diminished levels of 2-deoxyglucose 
uptake without any changes neither in components of the insulin signaling 
pathway nor in the amount of GLUT4 moved to plasma membrane [14]. The 
authors concluded that resistin-triggered insulin resistance is the result of changes 
in GLUT4 intrinsic activity at the membrane. Subsequently, these authors showed 
that the activity of GLUT4 is regulated by phosphorylation of GLUT4 from at the 
serine-488 residue [14]. All together these findings suggest that translocation itself 
is not always sufficient to account for increases in substrate uptake and that an 
additional increase in activity of GLUTs is needed for elevation of glucose uptake 
through the membrane. Mechanisms which might regulate activity of GLUT4 on the 
membrane will be discussed in detail below. 

All the findings listed so far provide evidence for the additional activation 
steps for GLUT-mediated substrate uptake. There is to our knowledge no reported 
evidence for CD36 intrinsic activity as a mechanism to control its fatty acid 
transport function at the site of the plasma membrane. Our findings in chapters 4 
and 5 show for the first time that CD36 intrinsic activity is regulated via AMPK 
activation and/or via zinc ions. This finding in chapter 4 is the first evidence 
suggesting two distinct regulatory mechanisms in CD36 mediated substrate 
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uptake, i.e., translocation to the membrane and regulation of activity of CD36 at the 
membrane.  

We showed that a rise in [Ca2+]i upon exposure of cardiomyocytes to the 
Ca2+-ionophore A23187 or the SERCA/ATPase inhibitor thapsigargin resulted in an 
increases of membrane GLUT4 and CD36 content without any increases in cellular 
substrate uptake. We showed that both plasma membrane recruited GLUT4 and 
CD36 upon activation of Ca2+ signaling needed additional AMPK activation to 
upregulate glucose and palmitate uptake, respectively (chapter 4, figure 5) The 
findings in chapter 4 suggest that AMPK is responsible for the activation of Ca2+ 
recruited transporters at the plasma membrane to increase substrate uptake 
(chapter 4). There are also other examples in the literature showing the 
involvement of protein kinases to activate transporters on the plasma membrane. 
For instance, p38-MAPK was suggested to enhance GLUT4 activity on the plasma 
membrane [15-17]. Inhibition of p38-MAPK with SB203580 in 3T3-L1 adipoycytes 
and in L6 myotubes prevented insulin stimulated glucose uptake but did not affect 
basal glucose uptake. The observed effect was without inhibition of GLUT4 and 
GLUT1 translocations [18]. Taken together, our findings and that of others suggest 
that the activation of substrate transporters on the plasma membrane involves 
protein kinases. However, it is not exactly known under which circumstances 
AMPK or (an)other protein kinase(s) could phosphorylate the transporters or 
regulatory proteins in vesicular transport like TBC1D4 [19, 20] to 
effectuate/prevent proper fusion of the transporter with the plasma membrane. It 
is conceivable that protein kinases phosphorylate and activate or inhibit substrate 
transporters or proteins involved in the fusion process of substrate transporters to 
plasma membrane [21]. Possible activation mechanisms of transporters including 
their phosphorylation will be discussed in more detail under the “posttranslational 
modifications” subtitle.  

Another novel finding is the modulation of CD36 activity via Zn2+-binding. 
We showed for the first time that CD36 has a zinc finger motif (chapter 5). Binding 
of Zn2+ ions to cysteine residues on both the intracellular N- and C- terminals of 
CD36 regulates its fatty acid transport function. We showed that removal of Zn2+ 
ions by chelating effectuated CD36 function on the membrane and increased CD36 
mediated fatty acid uptake into cardiomyocytes (chapter 5). These novel findings 
provide evidence for different regulatory mechanisms to control the activity and 
functioning of substrate transporters upon constantly changing cell needs and 
environment in health and disease. As we have shown, a rise in [Ca2+]i leads to 
CD36 and GLUT4 translocation to the plasma membrane whereas depletion of Zn2+ 
ions selectively effectuates the fatty acid transport function of CD36.  

In the following sections an overview of potential activation mechanisms of 
substrate transporters on the plasma membrane, which might affect the substrate 
transport function of GLUT4 and of CD36, will be discussed. 
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Incomplete fusion of vesicles containing GLUT4 and CD36 with the plasma membrane  

Proper fusion of vesicles carrying substrate transporters with the physiologically 
active membrane domains at the cell surface is one of the parameters affecting the 
substrate uptake process. Upon appropriate stimuli GLUT4 storing vesicles (GSV) 
translocate to the plasma membrane, and then are tethered, docked and fused to 
the membrane [3, 20, 22]. Heyward et al.  [23] discovered a phosphatidic acid 
(PtdOH) binding motif on the extracellular loop of GLUT4 which is unique for 
GLUT4 and not found on other carbohydrate transporter proteins. PtdOH, which is 
generated by action of phospholipase D on membrane phospholipids, is a lipid 
secondary messenger and plays a role in different signaling pathways. PtdOH has 
been suggested to be involved in insulin-induced glucose uptake through achieving 
an effective fusion process of GLUT4 containing vesicles to the plasma membrane 
[23]. Alanine mutation of the PtdOH binding peptide of GLUT4 attenuated insulin 
stimulated fusion of GLUT4 containing vesicles with the plasma membrane which 
resulted in unchanged glucose uptake [23]. This finding indicates that proper 
fusion of GLUT4 containing vesicles to the plasma membrane by PtdOH binding 
effect GLUT4 activity to transport glucose upon insulin stimulation.  

In addition to proper vesicle fusion, the membrane (lipid) composition has 
been reported to affect the incorporation and functioning of the substrate 
transporters at the plasma membrane. For instance, cholesterol and sphingolipid-
rich membrane microdomains which are called lipid rafts play a role in the cellular 
uptake processes of both glucose and LCFA mainly via affecting the membrane 
localization and thereby presumably also the functioning of the substrate 
transporters (GLUT4, CD36, FABPc1-4) [24, 25]. Caveolae are intracellular 
invaginations of lipid raft membranes and contain caveolin (caveolin 1,-2,-3) 
proteins. In 3T3-L1 adipocytes caveolin-enriched membrane lawns were found to 
contain GLUT4 [26, 27]. Later it has been suggested that caveolins play a role in 
GLUT4 internalization into the plasma membrane after insulin stimulation during 
exocytosis or during endocytosis [27, 28]. Similar to GLUT4, CD36 has been shown 
to be present in lipid rafts in 3T3-L1 adipocytes where it is involved in LCFA 
uptake [29, 30]. Specifically, lipid rafts are suggested to play a role in fatty acid 
uptake by modulating the surface availability of CD36 [29]. Accordingly, caveolin-1 
deficient mice have been shown to be resistant to diet-induced obesity [31].  
Furthermore, caveolin-1 deficient mouse embryonic fibroblasts (MEFs) showed 
diminished FAT/CD36 content in plasma membrane fractions and a decreased 
fatty acid uptake rate compared to wild-type MEFs [32]. As discussed above, the 
functional activity of GLUT4 and of CD36 to increase cellular substrate uptake is 
dependent on their membrane availability which, in turn, is dependent on the lipid 
composition of the membrane and the effective fusion of GLUT4 and CD36 vesicles 
with the membrane.  

Post-translational modifications 

GLUT4 is subject to many post-translational modifications (PTM) following 
physiological responses to external stimuli. These PTM affect its subcellular 
localization and functioning. Several PTM have been identified on GLUT4, including 
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phosphorylation of serine-274 and serine-478 residues, N-glycosylation sites, and 
interchangeable ubiquitination sites [33]. ATP binding of GLUT4 has been 
proposed to have an inhibitory effect on GLUT4-mediated glucose uptake. 
Lawrence et al. [34] were the first to identify a phosphorylation site on GLUT4 
which at that time was designated as “insulin regulatable glucose transporter” 
(IRGT). These investigators showed in rat adipocytes that treatment with cAMP-
dependent protein kinase leads to phosphorylation of the serine-488 residue 
which is located at the C-terminal side of GLUT4. The effect of GLUT4 
phosphorylation on its functioning was investigated by others. Reusch et al. [35] 
showed decreased intrinsic activity of GLUT4 upon insulin stimulation in 
adipocytes treated with parathyroid hormone (PTH) compared to non-treated 
control cells despite no difference between the plasma membrane GLUT4 
distribution in control and PTH treated cells neither before nor after insulin 
stimulation. These findings suggest that GLUT4 phosphorylation decreases glucose 
uptake without changing GLUT4 recruitment to the plasma membrane. Begum et 
al. [36] also showed reduced insulin stimulated glucose uptake in adipocytes which 
were exposed to ATP or thapsigargin to increase [Ca2+]i. Although there was not a 
change on the GLUT4 content or its translocation to the plasma membrane, they 
showed increased phosphorylation of GLUT4 upon a rise in [Ca2+]i. They suggested 
that a rise in [Ca2+]i interferes with the ability of insulin to dephosphorylate GLUT4 
thereby leading to a decrease in GLUT4 intrinsic activity [36]. Taken together, 
insulin was suggested to prevent GLUT4 phosphorylation and thereby allowing its 
activation.  

Similarly to GLUT4, CD36 has also several PTM sites, i.e. palmitoylation, 
phosphorylation, and ubiquitination, as illustrated in Fig. 1. Palmitoylation and 
ubiquitinaton have been shown to affect its fatty acid transport function; however, 
under which circumstances these processes are executed is a research area which 
still needs further investigations. CD36 has two transmembrane spanning 
domains, one large extracellular loop which has a small hydrophobic pocket and 
two short cytoplasmic tails. The hydrophobic domain is predicted to be flexible 
and in some cases it might fall back into the lipid bilayer [37]. However, there are 
few reports on the physiological relevance of PTMs on the functioning of CD36. We 
showed that four cysteine residues, each two located on the both the N- and C- 
intracellular domains of CD36, can bind to Zn2+ ions (chapter 5). These cysteines 
are located in the 3rd, 7th, 464th and 466th positions in the amino-acid sequence 
of CD36 peptide. Based on our findings, Zn2+- binding to CD36 modulates its fatty 
acid transport function. We showed that removal of Zn2+ ions by chelation resulted 
in increases in palmitate taken up into cells. 

Likewise, ubiquitination of CD36 has been shown to control its levels and 
stability in different tissues upon different stimuli [38]. Insulin decreased CD36 
ubiquitination (on lysine 48 and lysine 63) in Chinese hamster ovary (CHO) cells 
and thereby increased CD36 protein levels while the long-chain fatty acids 
palmitate and oleate increased CD36 ubiquitination [37, 38] and decreased CD36 
protein levels. Parkin is an E3-ubiquitin ligase and involved in either 
polyubiquitination with subsequent degradation of targets proteins or mono- and 
multi-mono-ubiquitination to modify protein function and stability [39, 40]. 
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Parkin plays an important role in lipid metabolism. It has been shown that parkin 
levels were increased in wild type mice fed with high fat diet in parallel to 
increases in fatty acid transport proteins (CD36, FABP, SR-B1). In the same study it 
was shown that parkin-dependent CD36 ubiquitination enhanced its stability and 
elicited its translocation to the plasma membrane to subsequently increase the 
rate of fatty acid uptake [40]. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Putative membrane topology of CD36 together with known disulfide bonds and post-
translational modifications.  (Adapted from Glatz et al., Physiol Rev, 2010) The pink arrow illustrates 
the putative binding site and transmembrane transport route of long-chain fatty acids. 

Two phosphorylation sites (Thr-92 and Ser-237) have been identified on 
CD36 [41] but the significance of these sites for the fatty acid transport activity of 
CD36 has not been reported. It is possible that sarcolemmal CD36 (and also 
GLUT4) that is recruited by a rise in [Ca2+]i and activated by AMPK (chapter 4),  is 
additionally phosphorylated. To check potential phosphorylation of CD36/GLUT4 
via AMPK activation one could use mass spectrometric analysis of the samples 
which were pre-treated with A23187 or thapsigargin before AMPK activation. On 
the other hand, it is possible that AMPK phosphorylates one of the vesicular 
membrane proteins so as to complete CD36 (and also GLUT4) internalization into 
a proper plasma membrane site after recruitment of CD36 to the plasma 
membrane with cytosolic Ca2+ rise. The latter option is more difficult to study as it 
is known that a number (>40 ) of distinct proteins are involved in subcellular 
trafficking processes [42] . 
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Protein-protein interaction 

The intrinsic transporter activation of GLUT4 is also regulated by protein-protein 
interaction. Not only proteins involved in the regulation of vesicular traffic of 
GLUT4 but also some glycolytic proteins, such as GAPDH (glyceraldehyde-3-
phosphate dehydrogenase) and hexokinase-II (HK-II), were shown to co-
precipitate with myc-tagged GLUT4 in L6 myotubes [43]. In a follow-up study it 
was shown that insulin stimulation resulted in increased GAPDH and decreased 
HK-II amounts in the co-precipitates of GLUT4. These findings suggest that binding 
of either GAPDH or HK-II to GLUT4 is part of a mechanism controlling GLUT4 
activity either at plasma membrane or in endomembranes [44]. CD36 was also 
found to co-precipitate with FABPpm, however it is not entirely known whether 
CD36 functions alone or as a hetoromeric complex with FABPpm to facilitate fatty 
acid transport. [45].  

Our present results together with findings from the literature clearly 
indicate that translocation of the substrate transporters to the plasma membrane 
and activation on the membrane to facilitate substrate uptake are separate events. 
There are many mechanisms controlling both processes in response to changes in 
intra- and extra-cellular environment. However, there is little known about these 
regulatory mechanisms controlling the transporter functions of GLUT4 and CD36, 
especially their membrane activation. Identification of potential effects of PTMs on 
both GLUT4 and CD36 activity and functioning is an incomplete research field. 
Given the impact of these regulatory mechanisms on whole body lipid metabolism 
it would be of much interest to investigate how these potential activation 
mechanisms of both transporter are regulated in different physiological as well as 
pathophysiological conditions.  

(ii) Fatty acid translocase/CD36 as a target to ameliorate insulin resistance  

Diabetic cardiomyopathy is associated with a disturbed regulation of substrate 
uptake and utilization including impaired GLUT4 and CD36 trafficking and 
membrane signaling [46, 47]. Rats fed a high fat diet during 8 weeks showed 
cardiac contractile dysfunction, impaired insulin signaling, increased membrane 
CD36 levels, and increased LCFA uptake rates and intracellular triacylglycerol 
(TAG) stores [9]. A study in which intramyocellular lipid contents of muscle 
biopsies were compared between obese humans with or without type 2 diabetes 
reported increased lipid contents and CD36 plasma membrane levels in all 
pathological conditions compared to healthy controls [48]. Palmitate exposure of 
rat soleus muscle during 6, 12 and 18 hours resulted in a decrease in glucose 
uptake and a concomitant decrease in GLUT4 translocation [49]. Although there 
were no changes in GLUT4 translocation after 6 hour incubation, glucose uptake 
into the soleus muscle diminished (% 50) at 12 and 18 hours [49] which suggests 
that changes occurred in GLUT4 intrinsic activity.  

Several approaches have been considered so far to ameliorate glucose 
utilization in the treatment of insulin resistance and related disease. For instance, 
selective overexpression of GLUTs in a diabetic animal model has been used to 
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repair impaired insulin signaling and insulin dependent glucose uptake. However, 
this approach led to increases in plasma membrane GLUT levels which then 
resulted in increases in basal glucose uptake even without any insulin stimulation 
[50]. Another approach was to directly target insulin signaling and/or downstream 
players. Phosphoinosides (PIP3 and PIP2) are lipid second messengers and 
decreased levels of PIP3 are associated with the development of impaired insulin 
signaling [51]. It was shown that addition of PIP3 but not PIP2 resulted in 
increases in GLUT4 expression, GLUT4 membrane distribution and glucose 
utilization in 3T3L1 adipocytes cultured in high glucose (25 mM) containing 
medium [12]. Similarly we have shown that transiently over-expression of VAMP3 
(vesicle-associated membrane protein 3) in HL-1 atrial cardiomyocytes, which 
were treated with elevated levels of insulin and palmitate during 16 hours of 
culturing, prevented lipid induced inhibition of GLUT4 translocation  [52]. VAMPs 
are a type of vesicle-associated SNAREs (Soluable N-ethylmaleimide-sensitive 
factor (NSF) attachment protein receptors) which are involved in membrane 
fusion and subcellular distribution of GLUT4 and CD36.  VAMP2 is involved in 
insulin while VAMP3 is involved in contraction mediated GLUT4 and CD36 
translocation to the plasma membrane [53]. Interestingly overexpression of 
VAMP3 but not VAMP 2 attenuated insulin mediated GLUT4 translocation in HL-1 
cells via a mechanism involving PKD activation [52]. Other therapeutic ap-
proaches in the treatment of type 2 diabetes include compounds targeting the 
rebalancing of impaired substrate uptake and utilizations. Thiazolidinediones 
(TZDs) are agonists of the transcription factor peroxisome proliferator-activated 
receptor-gamma (PPARγ). Rosiglitazone is a thiazolidinedione subspecies used for 
the treatment of type 2 diabetes. Rosiglitazone increases glucose uptake by 
increasing endosomal recycling of GLUT4 upon insulin treatment [54]. 

In light of the above approaches we hypothesize that rebalancing impaired 
substrate utilization by directly interfering with fatty acid transport would be 
beneficial for the amelioration of insulin resistance and associated disease. 
Therefore, first we aimed to inhibit the fatty acid transport function of CD36 via 
exposing primary rat cardiomyocyte cultures to a monoclonal antibody of CD36 
(chapter 2). Secondly, we aimed to rebalance fatty acid utilization and impaired 
insulin signaling by exposing primary cardiomyocytes (same culture model) to 
polyunsaturated fatty acids (EPA and DHA) (chapter 3). ω-3 LC-PUFAs have many 
beneficial effects like anti-inflammatory [55], anti-athoregenic [56], insulin 
sensitizing effects [57] and improvement of cardiac functions. However, not much 
is known about the underlying mechanism(s).  

We showed improved insulin mediated glucose uptake and insulin signaling 
upon blocking of CD36-mediated fatty acid flux into cardiomyocytes (chapter 2). 
This effect could be explained by the diminished levels of fatty acid influx and 
cellular TAG levels. Thus, inhibition of the fatty acid transport function of CD36 
would be a therapeutic approach for the treatment of insulin resistance and 
associated disease. However, CD36 has many functions besides fatty acid transport 
and has broad diversity of ligands (e.g., ox-LDL, thrombospondin). Fatty acids are 
suggested to bind in the hydrophobic pocket between the residues 139-183 of 
multiligand binding site [41]. Generating peptides which would only bind to this 

123 
 



Chapter 6 

fatty acid binding pocket without interfering with other ligand bindings and 
functions of CD36 would be a strong therapeutic approach for the treatment of 
lipid-induced insulin resistance. Inhibition of fatty acid uptake by Sulfo-N-
succinimidyloleate is also successful for short term application. Because of the 
short-life time of SSO, it is not suitable for in vivo applications. A similar approach 
has been recently considered for the inhibition of other LCFA transporters. Thus, 
recently the identification and characterization of a small molecule which would 
inhibit FABP5 has been reported [58].   

We also showed beneficial effects of ω-3 LC-PUFA (EPA and DHA) on insulin 
signaling in cardiomyocytes cultured for 48 h with HI containing medium (chapter 
3). EPA exposure rescued diminished glucose uptake upon insulin stimulation. 
Both EPA and DHA improved phosphorylation of insulin downstream target 
proteins GSK-3β and AS160. Both LC-PUFAs increased basal palmitate uptake into 
cardiomyocytes, however only EPA improved increases in palmitate uptake upon 
insulin stimulation which would suggest the involvement of CD36 in the EPA 
transport. However, we did not see any increase in membrane abundance of CD36 
(chapter 3, Fig. 2C) and total CD36 protein levels (chapter 3, Fig. 3B) upon EPA 
treatment compare to control. This might suggest that EPA increased either 
activity of CD36 which is at the plasma membrane or fatty acid flip-flop through 
membrane. It has been evidenced that PUFAs increase membrane fluidity by 
changing membrane lipid composition [59]. Although EPA and DHA exposure 
increased palmitate uptake via a yet unknown mechanism into cardiomyocytes, 
insulin sensitivity of cardiomyocytes were still improved independent of increases 
in palmitate uptake. These findings are quite paradoxical as the reported 
antiatherogenic effect of PUFAs in macrophages where EPA increased CD36 mRNA 
and protein expressions via increased activity of PPARγ, which suggest that these 
antiatherogenic effects of PUFAs were not through diminished CD36 levels [56]. 
These observed effects of LC-PUFAs are similar to findings from others [60] but it 
is difficult to address their action mechanisms. Contrary findings about PUFAs 
effect might be sourced from different tissue specifity of PUFAs. Although we did 
not measure intracellular TAG stores and lipid metabolities, it is possible that EPA 
and DHA could also increase the rate of fatty acid utilization as PUFAs were shown 
to activate cellular lipid utilization [61]. Interestingly, inhibition of CD36-mediated 
fatty acid flux with anti-CD36 antibody during EPA treatment, led to a diminished 
palmitate uptake rate suggesting that EPA was transported via CD36.  

It is also suggested that LC-PUFAs exert their beneficial effect through 
activation of the transcription factors PPARs. EPA and DHA supplementation was 
shown to diminish plasma TAG levels and increase HDL cholesterol [57]. These 
effects indeed could be exerted through activation of PPARs. PPARα modulates 
LCFA metabolism and glucose homeostasis in skeletal muscle and liver whereas 
PPARγ is responsible for the modulation of adipocyte fatty acid metabolism. 
PPARγ activation results in improvement of whole body insulin sensitivity in type 
2 diabetic patients [62] and a decrease in cell size and intracellular TAG content in 
3T3-L1 adipocytes [63]. Both fatty acid and eicosanoids activate PPARs. The exact 
molecular mechanism of how fatty acids activate PPARs is not known. Recently one 
study described an example of direct interaction between FABPc and PPARα in the 
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liver [64]. The investigators showed that FABPc forms a complex with the PPAR 
ligand binding domain. They suggested that this binding could led to direct 
channeling of ligands to activate PPAR transcriptional activity [64]. It is not known 
whether cytosolic FABP in the heart would be involved in a similar activation 
mechanism of PPARs. 

(iii) Regulation of cardiac substrate uptake upon contraction and hypoxia 
(possible role for Ca2+ signaling) 

The contraction-dependent substrate uptake process in heart and skeletal muscle 
involves activation of AMPK. However, the involvement of other signaling 
pathways has been proposed, such as Ca2+ signaling because contractions in both 
of heart and contracting skeletal muscle induce regularly occurring Ca2+ 
oscillations. In our studies we showed that inhibition of calcium-dependent protein 
kinases (CaMKs/CaMKK-β) via STO-609 and KN93 did not diminish glucose nor 
palmitate uptake into primary rat cardiomyocytes which were subjected to electric 
field stimulation (chapter 4). These findings suggest that calcium-activated 
protein kinases (CaMKs/CaMKKs) are not involved in the substrate uptake 
process. On the other hand, by increasing [Ca2+]i with A23187 or thapsigargin, we 
were able to show increased CD36 and GLUT4 levels at the sarcolemma.(see 
section “i”). Interestingly, membrane recruitment of CD36 and GLUT4 upon 
A23187 or thapsigargin were sensitive to inhibition of CaMKs/CaMKKs which 
suggests that the translocation process of GLUT4 and CD36 upon a rise in [Ca2+]i 
involves activation of CaMKs/CaMKK-β (chapter 4).  

The importance of these findings for the heart is difficult to address. In the 
healthy heart under physiological conditions [Ca2+]i and the activity of CaMKs 
(especially CaMKII) are finely regulated during each beat of the heart. We can only 
speculate about their role in the myocellular substrate uptake process. It was 
stated that autonomous activity of CaMKII is not changed in cardiomyocytes upon 
electric field stimulation [65]. We also found that phosphorylation of CaMKII in rat 
cardiomyocytes was not changed upon electric field stimulation (4 Hz, 7 min) 
(chapter 4, Fig. 1C). This might relate to a difference between heart and skeletal 
muscle physiology. Namely, in skeletal muscle of exercising humans increased 
CaMKII activity and phosphorylation of Thr287 was shown [66, 67]. CaMKII 
activity was measured in skeletal muscle of humans during the 40 min of exercise. 
The investigators showed increased autonomous activity of CaMKII at 40 min but 
not at 5 min of exercising human muscle while the total CaMKII activity remained 
the same [67].      

Regulation of CaMKII activity in the heart is an important issue since CaMKII 
is involved in the modulation of other protein functions like ryanodine receptors, 
phospholamban, and troponin C which each are involved in Ca2+ homeostasis and 
contraction. In summary, our present findings suggest an important involvement 
of Ca2+ in the regulation of cardiac substrate transporters perhaps in each beat of 
the heart. Our findings in heart muscle are however different from those in skeletal 
muscle in terms of the role of Ca2+ in the substrate uptake process.   
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Yet, is not clear under which physiological/supraphysiological 
circumstances Ca2+-signaling might regulate the contraction-mediated substrate 
uptake process. Nevertheless, a regulatory role of Ca2+in contraction-mediated 
substrate uptake can be elaborated with different findings from the literature. 
Elevated [Ca2+]i in muscle cells has been proposed to act as a secondary messenger 
to initiate con-traction dependent glucose transport and GLUT4 translocation in 
earlier days [68]. Many studies using caffeine or ionophores to increase [Ca2+]i 
without inducing contraction or changing the levels of  high energy phosphates 
have shown increased glucose uptake [69, 70]. Studies investigating the modula-
tors of contraction-mediated substrate uptake in skeletal muscle suggested the 
contribution of both CaMKII and AMPK signaling. Increases in glucose transport 
into skeletal muscle induced by caffeine and AICAR was shown to be additive [70]. 
In another study caffeine-induced fatty acid uptake into rat hindquarters was 
completely abolished while contraction induced fatty acid uptake was decreased 
upon inhibition of CaMKII with KN93 [71]. Similarly, inhibition of CaMKII by the 
specific inhibitor KN62 or KN93 was shown to prevent caffeine-induced increases 
in 2-deoxyglucose uptake [70]. These findings suggest that both CaMKII and AMPK 
are involved in contraction-induced substrate uptake in skeletal muscle. On the 
other hand, another study performed in skeletal muscle showed a contribution of 
CaMKKα in the regulation of skeletal muscle glucose uptake independent of AMPK 
[72]. Expression of a dominant inhibitory mutant of AMPK in transgenic mouse 
muscle was shown to reduce contraction-induced glucose uptake (by 30-40%) 
[73]. This latter study also supports the notion that contraction-dependent 
signaling pathways regulating substrate uptake include the involvement of other 
protein kinases, besides AMPK. 

We suggest that Ca2+-induced GLUT4 and CD36 translocation (chapter 4) is 
important for the regulation of cardiac substrate uptake under hypoxic conditions 
or in arrhythmia where a rise in [Ca2+]i is seen. It has already been known that 
during hypoxic conditions AMPK is activated and is responsible for the regulation 
of cardiac and skeletal muscle substrate uptake [74]. We suggest that Ca2+ and 
CaMKs/CaMKKs might also have a role under hypoxic conditions in the regulation 
of cardiac substrate uptake in the heart. In this context it is of note that hypoxia 
induces ROS production and leads to increases in [Ca2+]i which activates AMPK  in 
alveolar epithelial cells [74, 75]. 

Similarly, [Ca2+]i are shown to increase in cardiomyocytes during hypoxia 
[76] and also activation of CaMKII [77]. During ischemia–reperfusion (IR) injury 
activation of CAMKII has been observed indirectly via increased phosphorylation 
of its downstream target phospholamban [78]. Inhibition of CaMKII by KN93 
showed increased contractile activity and decreased infarction size [78]. These 
findings clearly show that under hypoxic conditions there is an increased 
activation of CaMKII. This could strengthen our hypothesis that CaMKII might play 
a role in the regulation of substrate uptake under conditions in which there is a 
rise in [Ca2+]i such as hypoxic conditions. Substrate uptake has been investigated in 
the isolated cardiomyocytes and whole heart perfused under hypoxic conditions 
[79], but a role for Ca2+ signaling or CaMKs/CaMKK-β has not been investigated in 
this study. Specifically, in the perfused heart, CD36 was shown to translocate to the 
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sarcolemma upon 15 min of hypoxia, leading to increased LCFA uptake. Because, 
LCFA oxidation will come to a halt under hypoxic condi-tions, the default metabolic 
fate of the excess LCFA taken up will be increased storage in lipid droplets, as is 
indeed observed [79]. In another study in which cardioprotective effect of an 
anaesthetic sevoflurane on ischaemia-reperfusion injury was investigated showed 
that  hearts perfused with sevoflurane recovered from Ca2+ overload after 
ischemia–reperfusion injury. It was reported that sevoflurane increased GLUT4 
presence in lipid rafts and thereby caused increases in glucose uptake. There was 
no increase in phosphorylation of AMPK upon sevoflurane perfusion compared to 
untreated control hearts [80]. The authors explained these increases in presence of 
GLUT4 in lipid rafts as a result of increased contractility and they did not check 
activation of other protein kinases than AMPK. However, these findings might be 
the result of CaMKII activation.  

In summary, both hypoxia and contraction activate AMPK because of 
increases in the cellular AMP/ATP ratio. Activation of CaMKII has been shown to 
occur under both conditions because of increases in [Ca2+]i. it is still unknown 
whether both kinases work alone or together to accomplish substrate uptake 
under hypoxic conditions in the heart. It is possible to address this question by 
using hypoxic chambers. Although it is difficult to perform Ca2+ measurements 
under hypoxic conditions, it would be still possible to measure surface CD36 and 
GLUT4 by the biotinylation method in cardiomyocytes which are plated and kept 
in hypoxic conditions during different time points (15, 30 and 45 min). Pre-
incubation of cardiomyocytes with the inhibitors of CaMKs/CaMKKs would allow 
evaluating the involvement of CaMKs/CaMKKs in the translocation process of 
CD36 and GLUT4. It is also possible to measure 2-deoxyglucose and palmitate 
levels taken up by cardiomyocytes under hypoxic conditions.  

(iv) Effects of CD36 on Ca2+ dynamics in cardiomyocytes 

CD36 is a multifunctional protein. Besides being a membrane transporter 
for LCFA, it serves also as a signaling molecule. Lingual CD36 has been shown to be 
involved in fat perception through a signaling mechanisms involving activation of 
Src kinases and neurotransmitter release [81]. Src kinase activation was a result of 
elevated [Ca2+]i through activated SOCC (store-operated calcium channels) 
channels. We wanted to investigate whether CD36 can act as a signaling molecule 
via lipid binding and whether lipid binding triggers cytosolic Ca2+ rise in 
cardiomyocytes. For this, we first measured intracellular Ca2+ transients upon 
addition of palmitate, and for comparison, addition of the calcium ionophore 
A23178 to cardiomyocytes from WT and CD36 null mice which were loaded with 
the fluorescent Ca2+-indicator fluo-4AM. We found that CD36 null mice showed 
larger initial Ca2+ sparks upon palmitate or A23187 addition in comparison to 
cardiomyocytes from WT mice (Fig. 2). Interestingly, cardiomyocytes in control 
conditions from CD36 null mice showed more frequent spontaneous and more 
irregular Ca2+ oscillations compared to cardiomyocytes from WT mice. It seems 
that absence of CD36 was associated with impaired Ca2+ homeostasis. Shortly after 
our preliminary findings Pietka et al. [82] was the first group showing that CD36 is 
important in the regulation of myocardial Ca2+ metabolism. They showed that 
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CD36 null mice during a fasting period have conduction anomalies and altered 
expression of Ca2+ handing proteins [82]. They hypothesized that these conduction 
anomalies during fasting were due to increased SERCA levels and increased ATP 
utilization to recruit intracellular Ca2+. However, the absence of CD36 caused 
compromisation in LCFA uptake and energy production during fasting. Contrary to 
the above findings it was shown in another study that CD36 deficiency did not 
compromise the function and energy use in hearts before and after ischemia [83]. 
Findings from Pietka et al. might illuminate the molecular mechanism behind 
pathophysiology of hypertrophic cardiomyopathy in patients with CD36 deficiency 
[84] although the pathophysiology of CD36 deficiency in both man and mice vary. 

Fig. 2 Spontaneous Ca2+ sparks and transients in cardiomyocytes from wild type and CD36 null 
mice. Freshly isolated cardiomyocytes from wild type and CD36 null mice were adhered in 12-well 
plates and loaded with the Ca2+ probe Fluo-4 to (2.5 µM during 30 min in combination with 1mg/ml 
pluronic acid) measure single-cell [Ca2+]i by fluorescence microscopic  imaging. Fluorescence changes in 
individual cells were recorded during 2 min in the absence (control conditions) and presence of 
palmitate (100uM) and A23187 (5uM). (Arrows indicate the pipetting time of the compounds). 
Averaged traces are from 30-40 cells. 

Future perspectives 

In this thesis we have disclosed a novel regulatory mechanism of the fatty acid 
transport function of the membrane-associated protein CD36. We showed for the 
first time that CD36 has a Zn2+ finger motif and that Zn2+ binding by CD36 is 
important for the regulation of CD36 activity towards its transmembrane fatty acid 
transport facilitating function. However, it is still unknown whether Zn2+-binding 
would affect the fatty acid binding function or other functions of CD36 in different 
tissues. For instance, it is known that CD36 is associated with foam cell formation 
and atherosclerosis [85] and that the absence of CD36 is associated with 
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diminished size of adipose tissue, diminished macrophage infiltration and 
inflammation [86]. A recent finding has shown the involvement of Zn2+ deficiency 
in the recruitment of macrophages into adipose tissue [87]. A Zn2+-deficient diet (3 
weeks) following a high fat diet (6 weeks) in C57BL/6 caused increased levels of 
leptin and infiltration of activated macrophages into adipose tissue [87]. These 
findings clearly point a role for Zn2+ dependent modulation of CD36 fatty acid 
transport function in other tissues which will be a link between Zn2+ deficiency and 
associated disease. Therefore, further study of the role of Zn2+-binding to CD36 and 
its effect on the distinct functions of CD36 in both physiological and 
pathophysiological processes is likely to be a significant future area of 
investigation. 

Furthermore, the role of Ca2+ and CaMKs/CaMKKs on cardiac substrate 
transporters and metabolism in various physiological and pathophysiological 
conditions needs further investigation. It is  still not known whether substrate 
transporters undergo post-translational modifications such as phosphorylation by 
either Ca2+-activated protein kinases or AMPK in response to a rise in [Ca2+]i or 
arrival at the membrane, respectively. Molecular mechanisms of how LC-PUFAs 
ameliorate insulin resistance also need further investigation. Finally it is worth to 
invest in development of small peptides which inhibit fatty acid transport function 
of CD36 for use in clinical studies in the treatment of diabetic humans. 
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Summary  

Heart function is a result of alternating contractions that require continuous ener-
gy supply through cellular uptake of energy rich-compounds. Glucose and long-
chain fatty acids are the major substrates, oxidation of which meets the daily ener-
gy needs of the heart. Glucose transporter 4 (GLUT4) and fatty acid transporter 
CD36, present in the plasma membrane, facilitate the entry of glucose and fatty 
acids into the cardiac muscle cell, respectively. Both these transporters are stored 
in subcellular organelles (endosomes) from which they can translocate to the 
plasma membrane to increase the rate of substrate uptake. In case cardiac energy 
requirements decrease, these transporters are internalized and stored in endo-
somes (recycling). 

Under physiological conditions the heart can switch between available sub-
strates to ensure a continuous ATP production. However, in diabetic cardiomyopa-
thy the heart switches to the use of mainly fatty acids. This change is accompanied 
by impaired CD36 recycling between endosomal compartments and the plasma 
membrane thus leading to a permanent CD36 relocation to the plasma membrane 
while GLUT4 remains intracellularly (insulin resistance) In this thesis we describe 
studies that have revealed novel factors and mechanisms controlling CD36-
mediated fatty acid uptake into cardiac muscle. This knowledge is important for a 
better understanding of the perturbations in cardiac energy metabolism occurring 
in diabetes and also offers new targets for its treatment. 

Chapter 1 introduces the molecular mechanism of the protein transporter 
mediated substrate uptake process, involving GLUT4 and CD36. Several stimuli, 
including insulin and contraction, initiate signaling events to increase substrate 
uptake into cardiac muscle cells. Impairment of signaling events that control the 
recycling of GLUT4 and CD36 containing vesicles from endosomal compartments 
to the plasma membrane contributes to the progression of diabetes or related 
chronic diseases, such as diabetic cardiomyopathy. 

Chapter 2 is a report on studies in which we aimed at inhibiting CD36 so as 
to reduce fatty acid influx into the heart to ameliorate lipid induced insulin re-
sistance. It has been shown in both skeletal and cardiac muscle that upon exposure 
to a high fat diet CD36 permanently translocates to the plasma membrane thereby 
causing an elevated fatty acid influx and storage in intracellular lipid pools, which 
eventually leads to insulin resistance. Hence, we hypothesized that interfering with 
CD36 fatty acid binding would prevent excessive fatty acid uptake and further im-
pairment of insulin signaling via accumulation of intracellular lipids and their me-
tabolites. For these studies, a cell model was established comprising of primary rat 
cardiomyocytes cultured in the absence (control) or presence of either a high con-
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centration of insulin (HI-medium) or a high concentration of palmitic acid (HP me-
dium) to provoke insulin resistance. We showed that exposure to either HI or HP 
media during 48 hours leads to impaired insulin signaling (including Akt phos-
phorylation), a diminished response to insulin stimulated glucose uptake, in-
creased TAG levels and cellular contractile dysfunction. Exposure to HI or HP me-
dia also caused an increased plasma membrane occurrence of CD36. Blocking 
CD36 fatty acid transport via co-incubation of the primary cardiomyocytes with 
CD36 monoclonal antibodies resulted in a reduction of TAG stores, amelioration of 
insulin sensitivity and the prevention of contractile dysfunction. These findings 
suggest CD36 to be a suitable target to prevent lipid-induced insulin resistance and 
related disease.  

In chapter 3 we studied the beneficial effect of polyunsaturated fatty acids 
(PUFA) of marine origin, namely eicosapentaenoic acid  (EPA, C20:5 n–3) and do-
cosahexaenoic acid (DHA, C22:6 n–3), on primary rat cardiomyocytes subjected to 
insulin-resistance-evoking conditions (treatment with HI medium). Our data indi-
cate that the simultaneous presence of either EPA or DHA in the HI medium pre-
vented the induction of insulin resistance in cardiomyocytes by preserving the in-
sulin responsiveness of key proteins in the insulin signaling cascade and by pre-
venting the net relocation of the fatty acid transporter CD36 to the sarcolemma. 
Cardiomyocytes incubated in the presence of EPA, not DHA, also showed main-
tained insulin-stimulated glucose and fatty acid uptake rates and maintained con-
tractile function.  Hence, EPA protects all metabolic and functional properties of 
cardiomyocytes subjected to insulin resistance-evoking conditions, whereas DHA 
only preserves insulin sensitivity. These findings indicate that preservation of in-
sulin sensitivity is not sufficient to preserve contractile function and that EPA and 
DHA use different action mechanisms. 

In chapter 4 we investigated the role of calcium (Ca2+) and Ca2+-activated 
protein kinases (CaMKKβ/CaMKII) in the regulation of substrate transporters and 
contraction mediated substrate uptake. In heart a direct involvement of Ca2+ and 
CaMKKβ/CaMKII signaling in the substrate uptake process has remained unde-
fined. We found that a rise in intracellular Ca2+ concentrations ([Ca2+]i) leads to 
translocation of both GLUT4 and CD36 from endosomal compartments to the 
plasma membrane via a process involving activation of CaMKKβ/CaMKII without a 
change in substrate uptake. We also show that AMP-activated protein kinase 
(AMPK) activation switches on the transporter function after initial recruitment to 
the plasma membrane via activated Ca2+ signaling. This study provides evidence 
that translocation and membrane activation are two separate steps in transporter 
mediated substrate uptake into the heart.   
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Zinc (Zn2+) deficiency often occurs in diabetic patients. However the molecu-
lar link between Zn2+ deficiency and substrate uptake in the context of type 2 dia-
betes is unknown. Therefore, in chapter 5 we investigated a possible connection 
between Zn2+ deficiency and CD36 transporter function in cultured and freshly 
isolated cardiomyocytes. We measured insulin signaling and substrate uptake into 
cardiomyocytes from which Zn2+ had been removed by exposure of the cells to the 
Zn2+-chelators 1-10 phenantroline or TPEN. Cardiomyocytes cultured with TPEN 
for 48 hours showed impaired Akt phosphorylation in response to insulin stimula-
tion, and increased triacylglycerol levels. Exposing freshly isolated adult rat cardi-
omyocytes to either phenanthroline or TPEN for 15 min resulted in further in-
creases in fatty acid uptake mediated by each of stimuli activating insulin or AMPK 
signaling. Further studies indicated a direct physical interaction between Zn2+ and 
cysteine residues located on the intracellular arms of CD36, two of which are locat-
ed on the N- and two others on the C- terminals. These cysteine residues bind Zn2+ 

ions but not bind other divalent cations such as Ba2+, Mg2+, Ca2+. The combined re-
sults suggest that Zn2+ binding to CD36 compromises its fatty acid transport func-
tion. These findings represent a first molecular explanation how Zn2+ deficiency 
through elevated CD36 mediated fatty acid import could contribute to lipid in-
duced diabetes development.  

In chapter 6, we discuss the major findings of this thesis and place them in 
the context of the current state-of-the-art literature. The three main findings are:  

1. The GLUT4 and CD36 mediated myocardial substrate uptake processes involve 
the separate translocation of these proteins to the plasma membrane and the 
subsequent activation of their transport function, pointing to novel regulatory 
mechanisms in cardiac substrate uptake regulation that require further eluci-
dation.  
 

2. Inhibition of CD36 mediated fatty acid uptake prevents lipid induced insulin 
resistance and contractile dysfunction in cardiomyocytes indicating CD36 as a 
possible drug target. 
 

3. Zinc binding to CD36 controls its fatty acid transport function putatively ex-
plaining the link between zinc deficiency and diabetes.  

Collectively, the work described in this thesis provides a deepened 
knowledge about the molecular mechanisms of membrane transporter mediated 
substrate uptake in the healthy and diabetic heart. These novel insights will facili-
tate the development of future strategies aimed at preventing and/or treating dia-
betic cardiomyopathy. 
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Samenvatting 

De functie van het hart is het voortdurend rondpompen van bloed door het 
lichaam. Hiertoe trekt de hartspier regelmatig samen. Voor deze spiercontractie is 
veel energie nodig, die het hart verkrijgt door verbranding van energierijke stoffen 
die vanuit de bloedbaan in de hartspiercellen worden opgenomen. Glucose en 
langketenige vetzuren zijn de belangrijkste brandstoffen voor de 
energievoorziening van het hart. De opname van deze brandstoffen door de 
hartspiercellen vindt plaats door middel van speciale transporteiwitten aanwezig 
in de plasmamembraan (dit is het celomhulsel) van de hartspiercellen. Het 
transporteiwit voor glucose is glucose transporter 4 (GLUT4) en dat voor vetzuren 
is CD36. Beide eiwitten zijn opgeslagen in subcellulaire organellen, de endosomen, 
vanwaar deze eiwitten naar de plasmamembraan migreren om de 
brandstofopname te vergroten. Indien de behoefte aam brandstoffen afneemt, 
keren deze transporteiwitten weer terug naar hun endosomale opslagplaats. 

Onder normale fysiologische omstandigheden kan het hart het gebruik van 
glucose en vetzuren afwisselen, afhankelijk van de beschikbaarheid ervan, om 
zodoende de energieproductie (ATP) veilig te stellen. Het diabete hart kan dit 
echter niet of nauwelijks en is voor de energievoorziening vrijwel uitsluitend 
aangewezen op vetzuren. Deze aanpassing gaat samen met een permanente 
aanwezigheid van CD36 op de plasmamembraan, terwijl GLUT4 juist in de cel 
(endosomen) blijft (insuline resistentie). In dit proefschrift worden een viertal 
experimentale studies beschreven die onze kennis over de regulatie van de CD36-
gemedieerde vetzuuropname door de hartspiercellen aanzienlijk hebben vergroot. 
Deze kennis is van belang voor een beter begrip van de verstoorde 
energiehuishoudng van het diabete hart en biedt nieuwe aangrijpingspunten voor 
behandeling ervan. 

In hoofdstuk 1 wordt een overzicht gegeven van onze huidige kennis van het 
moleculaire mechanisme van eiwitgemedieerde brandstofopname door de 
hartspiercel, met name de rol van de glucosetransporter GLUT4 en die van de 
vetzuurtransporter CD36. Zowel de aanwezigheid van het hormoon insuline in de 
bloedbaan als veranderingen in contractiesnelheid van de hartspier worden door 
middel van ketens van intracellulaire signalen (signaaltransductiecascade) 
doorgegeven en leiden tot migratie van GLUT4 en CD36 naar de plasmamembraan 
om de opname van glucose en vetzuren te vergroten. Verstoringen in deze 
signaalketens dragen bij aan het ontstaan en de verergering van (type II) diabetes 
mellitus en verwante chronische ziekten, zoals diabete cardiomyopathie 
(verminderde hartfunctie ten gevolge van diabetes). 

Hoofdstuk 2 beschrijft een studie die tot doel had om het eiwit CD36 op de 
plasmamembraan te blokkeren om zodoende de instroom van vetzuren in de 
hartspiercellen te verminderen en daarmee bovenmatige vetopslag in het hart 
(hartvervetting) tegen te gaan. Hartvervetting is een belangrijke oorzaak van 
insulineresistentie van het hart. In zowel hart- als skeletspier is eerder aangetoond 
dat een vetrijke voeding leidt tot een permanente relocatie van CD36 naar de 
plasmamembraan en een toegenomen vetzuuropname en -opslag in de 
hartspiercel. Onze hypothese was dat bij een vetrijke voeding een blokkering van 
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CD36 de excessieve vetzuuropname zou tegengaan en dit zou leiden tot minder 
vetopslag en daarbij het ontstaan van insuline resistentie kan voorkomen.  

Voor deze studie hebben we eerst een celmodel ontwikkeld voor het 
ontstaan van insuline resistentie door vetrijke voeding. Dit model bestaat uit 
primaire hartspiercellen (cardiomyocyten) die uit het rattehart worden geïsoleerd 
en vervolgens gedurende 48 uur in kweek gebracht in een medium met een hoge 
concentratie insuline (HI medium) of een medium met een hoge concentratie 
palmitinezuur (langketenig vetzuur; HP medium). In beide gevallen leidt dit tot 
insulineresistentie van de hartspiercellen, blijkend uit een verminderde insuline 
signaaltransductie (Akt fosforylatie), een verminderde insuline-gestimuleerde 
glucose opname, meer vetopslag en een verslechtering van contractiele 
eigenschappen van de cellen. Na het kweken van de cellen in een HI of HP 
kweekmedium was ook de hoeveelheid CD36 op de plasmamembraan sterk 
toegenomen. Door tegelijkertijd monoclonale antilichamen gericht tegen CD36 aan 
het medium toe te voegen, kon dit CD36 worden geblokkeerd. Onder deze 
omstandigheden nam de vetopslag in de hartspiercellen gedurende de 48 uur niet 
toe, was er geen sprake van insuline resistentie en bleef de contractiele functie van 
de cellen geheel behouden. Deze resultaten geven aan dat CD36 een geschikt 
aangrijpingspunt kan zijn om insulineresistentie van de hartspier door vetrijke 
voeding te voorkomen. 

In hoofdstuk 3 bestudeerden we de gunstige invloed van meervoudig 
onverzadigde visvetzuren, namelijk eicosapentaeenzuur (eicosapentaenoic acid, 
EPA; C20:5 n-3) en docosahexaeenzuur (docosahexaenoic acid, DHA; C22:6 n-3) op 
primaire hartspiercellen die aan insulineresistentie bevorderende 
omstandigheden worden blootgesteld (HI en HP kweekmedium gedurende 48 uur; 
zie hoofdstuk 2). De gelijktijdige aanwezigheid van EPA of DHA in het HI 
kweekmedium voorkwam de inductie van insulineresistentie in de hartspiercellen. 
Dit bleek uit het feit dat sleuteleiwitten uit de insuline signaalketen hun 
gevoeligheid voor insuline behielden en dat er geen sprake was van een 
toegenomen hoeveelheid CD36 op de plasmamembraan. In aanwezigheid van EPA 
– niet DHA – bleken de hartspiercellen bovendien onveranderd in hun gevoeligheid 
voor insuline-gestimuleerde glucose en vetzuuropname en waren de contractiele 
eigenschappen van de cellen ook niet gewijzigd. We mogen dus concluderen dat 
EPA alle metabole en functionele eigenschappen beschemt van hartspiercellen die 
worden blootgesteld aan insulineresistentie bevorderende omstandigheden (HI 
medium) terwijl DHA alleen de insulinegevoeligheid van de cellen beschermt. Deze 
bevindingen suggereren voorts dat behoud van insulinegevoeligheid niet 
voldoende is voor behoud van cellulaire contractiele eigenschappen en dat EPA en 
DHA volgens verschillende mechanismen werkzaam zijn. 

De rol van calcium (Ca2+) en Ca2+-geactiveerde eiwitkinases (CaMKII/ 
CaMKKβ) in de regulatie van GLUT4 en CD36 en contractie-gemedieerde glucose 
en vetzuuropname is in hoofdstuk 4 beschreven.  In de hartspier is de eventuele 
betrokkenheid van Ca2+ en de CaMKII/ CaMKKβ signaaltransductie bij de opname 
van glucose en vetzuren voor de energiehuishoudng niet eerder onderzocht. Wij 
vonden dat een toename in de intracellulaire Ca2+ concentratie ([Ca2+]]i) via de 
activatie van CaMKII/ CaMKKβ de translocatie van zowel GLUT4 als CD36 van 
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endosomen naar de plasmamembraan stimuleert, maar dat dit niet leidt tot een 
hogere opnamesnelheid van glucose of vetzuren. Activatie van de AMP-geactiveerd 
eiwitkinase (AMPK), een belangrijke cellulaire energiesensor, was nodig om de 
transportfunctie van de door Ca2+ signalering naar de plasmamembraan gebrachte 
GLUT4 en CD36 aan te schakelen. Op grond van deze studie concluderen we dan 
ook, dat bij de regulatie van de opname van glucose en vetzuren door de hartspier 
de translocatie van de transporters GLUT4 en CD36 naar de plasmamembraan 
enerzijds en activatie van hun transportfunctie anderszijds gescheiden processen 
zijn. 

Bij patiënten met diabetes is er vaak sprake van een tekort aan zink (Zn2+). 
Het moleculaire mechanisme dat ten grondslag ligt aan dit verband is 
onopgehelderd. In hoofdstuk 5 bestudeerden we een mogelijke samenhang tussen 
Zn2+ deficëntie en de transportfunctie van CD36. Daartoe onderzochten we de 
insulinegevoeligheid en de opname van vetzuren in geïsoleerde hartspiercellen 
waarin Zn2+ was verwijderd door behandeling met zogenaamde Zn2+ chelators 
(zoals 1-10 fenantroline of TPEN). Wanneer de hartspiercellen gedurende 48 uur 
aan TPEN werden blootgesteld nam hun insulinegevoeligheid af (verminderde Akt 
fosforylatie) en namen de opnamesnelheid van vetzuren en de intracellulaire 
vetopslag toe. In vervolgstudies konden we vaststellen dat er een directe fysische 
interactie is tussen Zn2+ en vier cysteïne-residuen in het intracellulaire gedeelte 
van het CD36 molecuul. Twee van deze cysteïne-residuen bevinden zich in het N-
terminale segment en twee in het C-terminale segment van het eiwit. De cysteïne-
residuen binden specifiek Zn2+; andere divalente kationen, zoals Ba2+, Mg2+ of Ca2+, 
binden niet. Tesamengenomen duiden deze nieuwe onderzoeksgegevens erop dat 
de binding van Zn2+ aan CD36 de vetzuurtransportfunctie van CD36 remt. Bij 
afwezigheid van Zn2+ toont CD36 een grotere vetzuurtransportactiviteit hetgeen 
kan leiden tot een toegenomen vetopslag en uiteindelijk tot insuline resistentie en 
(type II) diabetes mellitus. Dit is een eerste moleculaire verklaring voor het 
verband tussen Zn2+ deficiëntie en het voorkomen van type II diabetes. 

Tenslotte worden de belangrijkste in dit proefschrift beschreven resultaten 
in hoofdstuk 6 samengenomen en bediscussieerd in relatie tot de huidige kennis 
omtrent de oorzaken van een afgenomen hartfunctie bij diabetes. De drie 
belangrijkste bevindingen zijn: 

1. In de regulatie van de GLUT4-gemedieerde glucose opname en de CD36-
gemedieerde vetzuuropname door de hartspier moeten we onderscheid 
maken tussen de translocatie van deze transporteiwitten van endosomen naar 
de plasmamembraan en activatie van deze eiwitten aan de plasmamembraan. 
Dit is een nieuw element in het regelmechanisme van de opname van 
brandstoffen voor de energievoorziening van de hartspier dat 
vervolgonderzoek verdient. 

2. Blokkering van de vetzuurtransportfunctie van CD36 aan de plasmamembraan 
voorkomt het ontstaan van vetzuur-gemedieerde insuline resistentie en een 
verminderde contractiele functie van hartspiercellen. CD36 lijkt daarmee een 
geschikt aangrijpingspunt voor de preventie en de behandeling van diabete 
cardiomyopathie. 
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3. De binding van zink aan CD36 reguleert de transportfunctie van CD36. Dit 
fenomeen zou verantwoordelijk kunnen zijn van het gevonden verband tussen 
een zinktekort en diabetes. 

De in dit proefschrift beschreven nieuwe inzichten in de moleculaire 
mechanismen die ten grondslag liggen aan de regulatie van de opname van glucose 
en vetzuren door de gezonde en de diabete hartspier zullen bijdragen aan de 
ontwikkeling van nieuwe strategiën ter voorkoming en genezing van diabete 
cardiomyopathie. 
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