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ABSTRACT 

During diabetes, when cardiac glucose utilization is impaired, the heart switches to exclusively 

using fatty acid (FA) for energy supply.  This metabolic switching could lead to cardiomyocyte 

cell death, and eventually to heart disease.  One mechanism for providing the heart with FA is 

lipoprotein lipase (LPL).  LPL, synthesized in cardiomyocytes, is transferred to the vascular 

lumen where it catalyzes the breakdown of lipoprotein-triglyceride (TG) to provide FA to the 

heart.  Following diabetes, heparin-releasable LPL activity at the coronary lumen increases by 

mechanisms that have yet to completely elucidated.  Using diazoxide (DZ), an agent that 

decreases insulin secretion and causes hyperglycemia, we induced a substantial increase in LPL 

activity at the vascular lumen.  In these hyperglycemic animals, we demonstrate that 

phosphorylation of AMPK, p38 MAPK, and heat shock protein (Hsp)25 produced actin 

cytoskeleton rearrangement.  This structural rearrangement facilitated LPL translocation to the 

myocyte cell surface and eventually, the vascular lumen.  Parallel to this mechanism, the robust 

phosphorylation of Hsp25 allowed PKC to activate protein kinase D (PKD), an important 

kinase that regulates fission of vesicles from Golgi membranes.  Rottlerin, a PKC inhibitor, 

prevented PKD phosphorylation and the subsequent increase in coronary LPL.  In myocytes in 

which PKD was silenced or a mutant form of PKC was expressed, these cells were incapable of 

increasing LPL.  Results from these studies could help in restricting cardiac LPL translocation, 

lowering FA delivery to the heart, and strategies to overcome contractile dysfunction following 

diabetes.  We also evaluated the process which restricts LPL at the vascular lumen, especially 

during severe diabetes with its associated increase in hepatic lipoprotein TG secretion and 

adipose tissue lipolysis.  Following severe hypoinsulinemia and hyperlipidemia induced by 

streptozotocin, we reported that activation of caspase-3, together with loss of 14-3-3, restricted 
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LPL translocation to the vascular lumen.  When caspase-3 was inhibited, this compensatory 

response was lost, leading to profound lipid accumulation in the heart through promotion of LPL 

activity.  Thus, although caspase-3 inhibition has been suggested to attenuate cardiac 

dysfunction, its inhibition following severe diabetes may induce cardiac damage through striking 

TG accumulation in the heart.   
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1. INTRODUCTION 

1.1. Cardiac energy metabolism 

1.1.1. Glucose utilization 

To supply blood to all organs in the body, the heart uses vast amounts of ATP per day.  

Associated with this high energy demand, ATP is obtained via the oxidation of various substrates 

including glucose, fatty acids (FA), amino acids, lactate and ketones(1-3).  Among these 

substrates, glucose and FA produce the bulk of ATP(1,4).  Under normal physiological 

conditions, cardiac glucose uptake is dependent on glucose transporters (GLUT1 and 

GLUT4)(5).  GLUT1 is located at the plasma membrane, and is responsible for basal glucose 

uptake(6).  Compared to GLUT1, GLUT4 is predominantly located in an intracellular pool, and 

can be recruited to the cell surface on stimulation by insulin or muscle contraction(7,8).  Inside 

the cardiomyocyte, glucose is either stored as glycogen or metabolized to pyruvate (glycolysis) 

for eventual oxidation in the mitochondria to produce ATP(9).  Glucose break down provides the 

adult heart with approximately 30% of its energy requirements(4).  

1.1.2. Fatty acid utilization 

Compared with glucose, FA is the preferred energy source for the heart, providing over 70% of 

the ATP demand for normal cardiac function(1,4).  As the heart has limited capacity to 

synthesize and store FA, its delivery to the cardiomyocyte is required, and this occurs through 

multiple mechanisms(10).  Albumin-bound FA can pass into the cardiomyocyte through passive 

diffusion across the plasma membrane in a bidirectional manner(11).  However, as an inhibitor 

of carrier-mediated processes blocked cardiac FA uptake by 60-80%, it was proposed that FA 

transport required carrier proteins(12,13).  Until now, three FA transporters have been identified; 

plasma membrane fatty acid-binding protein (FABPPM), fatty acid translocase (FAT/CD36), and 
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fatty acid-transport protein (FATP)(14,15).  In addition to albumin-bound FA, cardiac 

lipoprotein lipase (LPL) also contributes towards the provision of FA to the heart, and does so by 

hydrolyzing circulating lipoprotein triglyceride (TG) to release FA(16).  As the molar 

concentration of FA in lipoprotein-TG is ~10-fold larger than FA bound to albumin, LPL 

mediated hydrolysis of circulating lipoproteins to FA is suggested to be the principal source of 

FA for cardiac utilization(17).  Nevertheless, it should be noted that other studies have reported 

higher extraction rates for albumin-bound FA than TG FA, and turnover rate of albumin bound 

FA (the number molecules that circulate over a given amount of time) is much higher than that 

of circulating VLDL(18).   

1.2. Lipoprotein lipase 

1.2.1. Synthesis, activation and degradation 

LPL is a pivotal enzyme in the catabolism of triglyceride-rich lipoproteins(19).  It is widely 

expressed in various tissues, including adipose tissue, heart, adrenals, kidneys, spleen, lungs, and 

skeletal muscle(19-21).  This enzyme hydrolyzes plasma lipoproteins at the vascular 

endothelium, where it is present bound to heparan sulfate proteoglycans (HSPGs)(10,19) (Fig. 1-

1).  Although the functional location of LPL is at the capillary endothelial cell surface, the 

endothelial cell does not express LPL mRNA(22).  In the heart, LPL mRNA is only detected in 

cardiomyocytes(16), and suggests that this enzyme is synthesized and processed in 

cardiomyocyte before it translocates to the vascular endothelium.   

 Within the myocyte, LPL transcription is from the 8p22 chromosome in the nucleus(23).  

Following this, the LPL mRNA is translated as an inactive, monomeric proenzyme in the rough 

endoplasmic reticulum (ER), followed by enzyme activation through multiple steps(24,25).  In 

the ER, the inactive monomer undergoes glycosylation, and several post-translational processes 
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to be dimerized(25).  During glycosylation, mannose rich oligosaccharides are added to the 

arginine residues of the LPL peptide(25,26).  The lipid-linked oligosaccharide helps to retain 

nascent LPL in the ER for further modification by glucosidase and -mannosidase(27,28).  

These enzymes remove three terminal glucose and one mannose residue from the LPL 

polypeptide(25).  The mannose rich LPL then moves to the Golgi for further processing(25,29).  

The Golgi consists of three compartments: cis-Golgi (for receiving proteins), medial-Golgi (for 

processing), and trans-Golgi (for sorting and eventual transport of proteins)(30).  Once LPL 

enters the cis-Golgi, three mannoses are removed, whereas in the medial-Golgi, two additional 

mannoses are deleted by mannosidase(25,30,31).  In medial and trans-Golgi, N-

acetylglucosamine is added onto the LPL protein by transferase(25,30-32).  Following 

processing in the trans-Golgi, the sorted LPL has two destinations: either delivery into lysosomes 

for degradation or movement towards the cell surface for secretion(25,30) (Fig. 1-2).  

Degradation is usually a fate for misfolded or misassembled proteins(33).  However, 

interestingly, 80% of newly synthesized LPL in adipocyte is degraded in lysosomes(27,34,35).  

As lysosomal degradation of proteins also requires ATP(35), it would appear that synthesis and 

degradation of LPL in adipose tissue is an inefficient process.  Transfer of LPL towards the cell 

surface is an important mechanism which determines the eventual ability of this enzyme to 

hydrolyze lipoprotein triglyceride.   

1.2.2. Transfer from Golgi to cell surface 

The precise mechanisms by which sorted LPL vesicles transport to the cell surface remains 

unclear.  However, several suggestions have been proposed for this enzyme transfer.  For 

example, actin cytoskeleton rearrangement is widely believed to play an important role in 

intracellular protein transport(36,37), and has also been implicated in cardiomyocyte LPL 
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secretion(38,39).  Interestingly, cytochalasin D (an actin polymerization inhibitor) appreciably 

reduces cell surface LPL activity(38,39).  At present, the process by which actin filaments 

promote selective LPL vesicular movement is unknown, but likely involves distinct sets of actin-

binding proteins(40).  For actin rearrangement, several actin-binding proteins are responsible for 

assembly and disassembly of actin filaments(41-44).  For example, cofilin alters the fibrilar actin 

(F-actin) structure by interacting with actin to cause its disassembly and prevent its 

repolymerization(42,43,45).  Phosphorylation at serine (Ser) 3 on cofilin reduces its activity and 

increases actin polymerization(45).  Indeed, Rho kinase (ROCK) signals promote actin 

cytoskeleton rearrangement through this cofilin phosphorylation(45).  In addition to cofilin, heat 

shock protein 25 (Hsp25) has also been shown to bind the actin monomer preventing actin 

polymerization(44).  Under stress conditions, and phosphorylation of Hsp25, actin monomers are 

released and undergo polymerization(46).  ATP is not necessary for this process, but in its 

presence, the actin structure is more stable(47).  Another suggested mechanism for LPL transfer 

to the cell surface involves phosphorylation and activation of AMP-activated protein kinase 

(AMPK)(48,49).  Following metabolic stresses associated with energy depletion (as seen 

following diabetes), the demand for intracellular ATP promotes activation of AMPK(49,50) and 

increases in cardiac LPL.  Interestingly, inhibition of AMPK using 9--D-arabinofuranoside 

(Ara-A), or activation of AMPK using oligomycin, significantly alters cardiac LPL activity in 

the absence of any change in LPL mRNA or protein(49).  AMPK control of LPL could be related 

to the actin cytoskeleton, and recently a novel relationship between AMPK and the actin 

cytoskeleton has been described in skeletal muscle(51).  AMPK activation is known to facilitate 

p38 mitogen activated protein kinase (p38 MAPK) activation through its interaction with 

transforming growth factor -activated protein kinase 1-binding protein 1 (TAB1)(52).  
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Phosphorylation of Hsp25 is the end result of this increased p38 MAPK activation(53), resulting 

in release of actin monomer from Hsp25 to self-associate to form fibrillar actin(46).  

1.3. Stress kinases 

AMPK is a heterotrimeric complex of catalytic , and regulatory  and  subunits, with multiple 

isoforms(54,55).  Until recently, two  isoforms (1, 2), two  isoforms (1, 2), and three  

isoforms (1, 2 and 3) have been identified(56).  In the heart, the AMPK complex contains 2, 

2, 1, and 2(57,58).  The  subunit N-terminus contains the catalytic domain whereas its C-

terminus has binding sites for  and  subunits(59), and several phosphorylation residues 

including threonine (Thr) 172, Thr 258 and Ser 485(60).  The  subunit contains an anchor 

domain that connects  and  subunits, and a glycogen-binding domain that acts as glycogen 

sensor(61).  The  subunit has an AMP binding domain for allosteric activation(62).  Metabolic 

energy demand increases ATP turnover with AMP and ADP formation(63).  Following ATP 

depletion, AMP binds to  subunits to active AMPK allosterically(62,63).  This initial 

stimulation makes AMPK an easy substrate to be phosphorylated by upstream kinases such as 

LKB1(64,65).  Following this, and phosphorylation of the AMPK  subunit at Thr 172, there is a 

50-100 times increase in AMPK activity(66).  In this way, by responding to low ATP levels, 

AMPK activation can modulate various signals that replenish intracellular ATP; it enhances 

glucose uptake, FA oxidation, and glycolysis or downregulates gluconeogenesis, glycogen, lipid 

and protein synthesis(67,68).   

 A stress-activated serine/threonine protein kinase, p38 MAPK belongs to the MAP kinase 

super family(69).  Until now, four isoforms of p38 MAPK, ,  and  have identified(70,71).  

p38 and  are expressed in most tissues, whereas p38 and  have specific tissue expression, 

predominantly in lung and testis(72,73).  A variety of extracellular signals including pro-
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inflammatory cytokines and osmotic and oxidative stress can activate p38 MAPK through its 

upstream kinases including several MAPK Kinases (MKK3, MKK4 or MKK6) or AMPK(74-

76).  Once phosphorylated, p38 MAPK can regulate a wide range of downstream-signals that 

includes transcription, apoptosis, cytokine production, cell differentiation and cytoskeletal 

reorganization(77-79).  Through these mechanisms, p38 MAPK activation has been implicated 

in inflammatory disease, cancer, cardiovascular disease and diabetes(80-83).   

In addition to these stress kinases (AMPK and p38 MAPK), the protein kinase C (PKC) 

family of serine/threonine-specific proteins is also suggested to control LPL(84,85).  In this 

regard, pharmacological inhibition of PKC has been shown to decrease LPL activity by 

attenuating LPL vesicular trafficking(84).  More recently, an important role of PKC (also 

referred to as protein kinase D, PKD) in vesicle formation(86) has been described, and could be 

implicated in LPL movement. 

1.4. Protein kinase D 

1.4.1. Overview 

PKC isoforms have been classified based on structural differences and activation requirements; 

Ca2+ dependent (PKC, 1, 2, and ), Ca2+ independent (PKC, , , and ), and atypical PKCs 

(PKC and )(87).  Recently, a new member of this PKC family was identified, and was initially 

named atypical PKC(88).  Similar to the other PKC isoforms, it is a serine/threonine-specific 

kinase whose regulatory domain is stimulated by diacylglycerol (DAG)(87,88).  However, its 

catalytic sequence is highly homologous to calcium/calmodulin-dependent protein kinase 

(CAMK) and myosin light chain kinase(88,89).  However, although its structure and substrate 

specificity makes PKD a part of the CAMK family, it is not included in this group as it cannot be 

activated by calcium/calmodulin(89).  Therefore, this hybrid enzyme was called protein kinase 
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D, and was classified as a new group within the PKC family(88).  Mammalian PKD consists of 

three members, and these include PKD1 (PKC), PKD2 and PKD3 (PKC) isoforms(90-92).  

During development, PKD1 and PKD3 show widespread distribution, especially in the brain, 

heart and skeletal muscle(93).  Although PKD2 also shows widespread distribution in various 

tissues during development, its total expression is limited(93,94).  In adulthood, the expression 

of PKD is constrained(93).   

1.4.2. Structure 

The N-terminus of PKD contains a hydrophobic region, two cysteine-rich domains (Cys1 and 

Cys2), and a pleckstrin homology (PH) domain(95).  Within PKD, the cysteine-rich domains 

have been shown to have a critical role in recruiting and binding PKD to the Golgi whereas the 

PH domain has an inhibitory effect on the catalytic domain(96,97).  Although the PH domain is 

known to bind phosphoinositides, PKD is unable to generate PI3-kinase signals(98,99).  The C-

terminal catalytic domain has several residues that can be phosphorylated, and these include Ser 

744, Ser 748 and Ser 916(100,101).  Phosphorylation of these residues leads to activation of 

PKD(100).  In addition, PKD1 and PKD2 contain a PDZ-binding motif at their C-terminus, 

allowing proteins to anchor to the actin cytoskeleton(102) (Fig. 1-3).   

1.4.3. Regulation 

When PKD is inactive, its two-cysteine and PH residues on the regulatory domain inhibit the 

catalytic domain(86,103).  Following initial activation through phosphorylation of Ser 744 and 

748, the catalytic domain is uncovered from these inhibitory residues, leading to full 

activation(86,104).  The exact mechanism by which this process occurred remained largely 

undiscovered.  However, a recent study has suggested a mechanism for PKD activation that 

involves A-kinase anchoring protein (AKAP)(105).  AKAPs are a family of scaffolding proteins 
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that normally target protein kinase A (PKA), and other signaling enzymes(106).  Interestingly, 

AKAP is also known to interact with PKD, with the AKAP anchored PKD complex negatively 

regulating PKD activity(105).  However, on recruitment of an upstream kinase like PKC to the 

anchoring protein, PKD activation is made possible through phosphorylation of Ser 2737 on 

AKAP by PKA(105).  This phosphorylation dissociates PKD from AKAP, releasing PKD into 

the cytoplasm(105).  Once released, PKD can be stimulated by a number of signals.  In most 

cases, PKD activation is mediated by DAG dependent signals through dual 

pathways(95,107,108).  DAG can stimulate PKD directly by binding to its Cys1 domain(95).  

Indirect stimulation includes activation of various PKC isoforms (PKC, , , ) by DAG which 

in turn can phosphorylate Ser 744 and Ser 748 within the activation loop of PKD(95,109).  

Interestingly, several G-protein coupled receptor (GPCR) agonists, growth factors and 

lysophosphatidic acid (LPA) are known to activate PKD through DAG associated PKC 

activation(107,108,110).  Besides DAG and PKC related signals, PKD can also be stimulated by 

various pathophysiological conditions that effect Ser 744/748 phosphorylation(100,111).  For 

example, following oxidative stress, the sarcoma (Src)-mediated phosphorylation at tyrosine 

(Tyr) 95 residue within the PKD-regulatory domain facilitates its binding to PKC, which in turn 

phosphorylates Ser 744/748 in the activation loop of PKD(111).  In addition to Ser 744/748 on 

the activation loop, Ser 916 has also been identified as an autophosphorylation site for 

PKD(96,100).  As constitutively active forms of PKD (such as PH domain deleted or 

S744E/S748E-substituted mutants) display Ser 916 phosphorylation under resting conditions, 

phosphorylation at Ser 916 is viewed as an autocatalytic reaction(100).  In fact, despite the 

numerous phosphorylation sites on PKD, phosphorylation of Ser 916 is the one that most closely 
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mirrors PKD activity(96).  It should be noted that genotoxic agents have also been shown to 

activate PKD via a caspase-3-mediated proteolytic cleavage without phosphorylation(112).   

Once activated, PKD shuttles to the nucleus, Golgi or cell surface membranes.  The nuclear 

accumulation of PKD requires its Cys2 domain in conjunction with importin, while its nuclear 

export requires its PH domain(113-115).  Further analysis of point mutations demonstrated that 

loss of PKD3 kinase activity prevented its nuclear import(116).  These results indicate that the 

catalytic activity of PKD3 may also regulate its nuclear import(116).  The cysteine rich motifs of 

PKD also regulate its interaction with Golgi and cell surface.  While the proline 155 in Cys1 

domain on PKD is necessary for its recruitment to Golgi, the Cys2 motif is responsible for cell 

surface translocation(89,117).   

Once localized in different subcellular compartments, PKD carries out its various cellular 

responses and functions.  In the cytosol, PKD downregulates c-Jun N-terminal kinase (JNK) 

activity by phosphorylating c-Jun, whereas it upregulates ERK1/2 by phosphorylating the Ras-

binding protein RIN1(118,119).  At this location, it is also known to impair cardiac myofilament 

Ca2+ sensitivity by phosphorylation of troponin I(120).  In Golgi, PKD regulates transport 

carriers including ceramide transport (CERT)(121).  Activated PKD phosphorylates Ser 132 on 

CERT, decreasing the affinity of CERT for Golgi membranes thereby reducing ceramide transfer 

activity(121).  As ceramide has been described as a lipotoxic molecule known to induce cardiac 

injury, activation of PKD may induce cardiac dysfunction through its regulation of 

CERT(121,122).  PKD has also been reported to regulate neurotensin, a gut peptide that plays an 

important role in gastrointestinal secretion(123).  Additionally, with oxidative stress, p38 

MAPK activation in pancreatic  cells is known to phosphorylate PKD at Ser 397/401, reduce 

PKD activation and decrease insulin secretion(124).  Interestingly, p38 MAPK deficient  cells 
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are known to increase insulin secretion on PKD activation(124).  In the nucleus, activated PKD 

can phosphorylate class IIa histone deacetylase (HDAC) that is a known repressor of myocyte 

enhancer factor 2 (MEF2)(125).  Phosphorylation of HDACs promotes its interaction with 14-3-

3, exporting the complex from the nucleus to facilitate MEF-2 gene transcription, which is 

implicated in cardiac hypertrophy(125,126).  Recently, PKD has also been reported to 

phosphorylate Ser 258 of the activator protein (AP) 2(127).  AP2 negatively regulates 

expression of the ATP-binding cassette transporter A (ABCA) 1, which is known to increase 

high-density lipoprotein (HDL) biogenesis(127,128).  Following knockdown of PKD, there was 

a decrease in AP2 activity, increased ABCA1 expression and higher plasma HDL(127).  

Overall, through these regulatory mechanisms, PKD has been implicated in several diseases 

including cancer, asthma, cardiac hypertrophy and atherosclerosis, and thus could be an 

important pharmacological target(125,127,129).   

1.4.4. Control of vesicle biology and LPL secretion 

The mechanism by which PKD generates vesicles from the Golgi, and transports them to the cell 

surface is not clearly understood.  However, several mechanisms have been proposed.  For 

example, the cysteine domains on PKD have been shown to be essential for its recruitment to the 

Golgi, and its binding with high affinity(130).  Mutations at the Ser 744/748 sites on the catalytic 

domain of PKD not only causes a loss in its basal activity, but also prevents its transport to the 

Golgi suggesting that phosphorylation of Ser 744/748 on its activation loop may have a critical 

role in recruiting PKD to Golgi(117).  On binding to Golgi, the vesicle budding process could be 

initiated by the action of PKD on its substrate, phosphatidylinositol 4-kinase III (PI4KIII-), a 

known enhancer of vesicle fission(131).  In addition to this interaction, a product of activation of 

PI4KIII- is phosphoinositide production, which can recruit other molecules involved in Golgi 
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carrier formation(131,132).  Vesicles formed following activation of PI4KIII- predominantly 

move to the cell surface instead of the lysosome(131) (Fig. 1-4).  Thus, PKD could be essential 

for LPL vesicle formation. 

Following vesicle budding, and depending on its protein cargo, these structures are coated 

with specific adaptor proteins.  Theses include COPI, COPII and clathrin(133-135).  COPI 

coated vesicles are transported from Golgi to ER whereas COPII coated vesicles are moved from 

the ER into the Golgi(133,134).  Clathrin trafficking is ubiquitous, transporting vesicles between 

Golgi, cell surface and endosomes(135).  Given this function of clathrin, this adaptor protein 

could be involved in LPL transfer to the cell surface.  At present, it is uncertain whether LPL 

vesicles are coated with clathrin.  In pancreatic -cells, PKD can accelerate insulin vesicle 

secretion and exocytosis by a clathrin independent mechanism, and non-clathrin-coated vesicles 

are produced following PKD stimulation in HeLa cells(136,137).  Thus, it is likely that PKD 

related vesicle biogenesis is independent of clathrin coating, and requires further investigation. 

Once coated, vesicle destination depends on the appropriate docking protein.  One such 

protein involved in vesicle targeting is soluble NSF attachment protein receptor (SNARE)(138).  

SNAREs can be classified into two categories: vesicle SNARE (v-SNARE), which is 

incorporated into the membranes of transport vesicles, and target SNARE (t-SNARE), which is 

located in target membranes(138,139).  Following specific interaction between these two 

SNAREs, vesicles are able to dock onto target membranes(138).  At present, it is unclear as to 

what protein targets LPL vesicles to the cell surface.  Recently, using yeast two-hybrid 

screening, vesicle associated membrane protein (VAMP, one of the v-SNAREs) was identified 

as a novel binding partner of PKD(140).  Photo bleaching has also determined that PKD can also 

directly interact with VAMP, and this complex regulates vesicular movement for cell surface 
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docking(140).  Once generated, the vesicle interacts with myosin motor, which translocates the 

complex along actin filaments(141).  Structurally, the myosin motor has a conserved head but a 

tail which is highly variable, and able to interact with a large number of different cargoes(142).  

Currently, it is unclear which myosin motor is able to interact with LPL vesicles, to transport 

them to the cell surface.  However, as PKD has a high affinity to bind PDZ protein through its 

PDZ-binding motifs, PDZ domain containing myosin motors are likely involved in this 

process(102,143).   

1.5. Myocyte to endothelial cell transfer of LPL   

To hydrolyze TG-rich lipoproteins, LPL translocation is essential from its site of synthesis 

(cardiomyocyte) to its site of action (endothelial lumen)(25,144).  The mechanism for this 

translocation is not completely elucidated.  However, a number of suggestions have been 

proposed to explain the transfer of LPL from the apical side of cardiomyocyte to the vascular 

lumen(145-147).  One proposal for this vectorial movement is that LPL is transferred along a 

continuous network of HSPG in the interstitial space that extends from myocyte to endothelial 

cells(146).  Another theory has implicated endothelial heparanase in this movement(147) (Fig. 1-

5).  Heparanase is synthesized as a latent 65 kDa enzyme and transferred from Golgi to 

lysosomes(148).  In the endothelial lysosome, it undergoes proteolytic cleavage by cathepsin-L, 

and a 50 kDa polypeptide is formed that is ~200-fold more active than the 65 kDa parent 

compound(148,149).  Within the acidic compartment of the lysosome, active heparanase is 

stored in a stable form (half-life ~30 h)(150).  Mobilization by demand can occur, where the 

enzyme is either translocated to the nucleus to affect gene transcription, or secreted towards the 

cardiac cell surface to cleave heparan sulfate(151-153).  The mechanism by which heparanase is 

secreted has not been completely elucidated.  A previous report has suggested preferential 
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release from the basolateral side of endothelial cells towards the cardiomyocyte, where the 

enzyme can initiate cleavage of myocyte HSPG side chains(10).  More recently, data from our 

lab suggests that following hyperglycemia, rapid secretion of heparanase occurs, and this process 

requires an intact microtubule and actin cytoskeleton(154).  Following cardiac HSPG cleavage 

by heparanase, the oligosaccharide-bound LPL released into the interstitial space is then 

transported to and across the endothelial cell by a process that requires both HSPG and very low-

density lipoprotein (VLDL) receptor(145,155).  At the endothelial lumen, LPL hydrolyzes the 

TG-rich lipoproteins such as VLDL and chylomicrons, to release FA(10).   

1.6. Regulation of LPL   

Nutrition and hormonal factors have been shown to modulate LPL activity in various tissues.  

For example, during fasting, LPL activity is reduced in adipose but increased in cardiac 

tissue(25,156).  This change reduces adipose TG storage but increases FA delivery to the heart to 

meet the increased demand of the heart for energy(10).  The fasting associated changes in 

adipose LPL have been connected to a rapid increase in angiopoietin-like protein 4 (Angptl-4) 

mRNA and protein which converts LPL from a catalytically active dimer to an inactive 

monomer(157).  Interestingly, on re-feeding or insulin treatment, Angptl-4 mRNA is rapidly 

turned over, and LPL activity is restored to control levels(158,159).  Compared to adipose tissue, 

fasting increases cardiac LPL activity at the coronary vascular lumen without any corresponding 

changes in the levels of mRNA or total cardiac protein(10).  As cardiac Angptl-4 mRNA 

expression level is minimal in the heart compared to adipose tissue, the increase enzyme 

following fasting does not appear to be influenced by this mechanism(160).  We reported that the 

fasting induced increase in cardiac LPL is likely mediated by AMPK(49).  Thus, inhibition of 

AMPK in fasted hearts using an inhibitor like Ara-A or insulin, markedly lowered the enhanced 
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luminal LPL activity, suggesting that AMPK has an important role in the redistribution of LPL 

from cardiomyocytes to endothelial cells(49).   

 Regarding hormonal regulation of LPL, insulin is known to increase LPL activity 3-fold in 

adipose tissue, but reduce it significantly in skeletal muscle(161).  In adipose tissue, insulin 

regulates glucose trimming of the N-linked oligosaccharide on LPL, enabling it to transfer from 

ER to Golgi(31).  Stress, anxiety, and hypoglycemia can cause excess production of 

catecholamines (epinephrine and norepinephrine), resulting in increased LPL activity in skeletal 

muscle and heart by mechanisms not yet determined(31).  Other hormones like thyroid hormone 

and glucocorticoids (which impair insulin sensitivity), are also known to affect cardiac LPL 

activity (162).   

In addition to hormonal regulation, LPL activity can also be modulated by many other 

factors.  For example, apolipoprotein (apo) CII on lipoproteins activate LPL and enhances TG 

lipolysis, whereas binding of lipoproteins containing apo CIII or apo E is known to suppress LPL 

activity(163,164).  High concentrations of FA are also known to influence LPL, either through a 

direct inhibition of enzyme activity or displacement of LPL from its HSPG binding site on 

vascular endothelial cells(165).  These effects of FA are suggested to provide a negative 

feedback for LPL to prevent lipolysis and oversupply of FA(165).  LPL can also be regulated by 

its recycling in endothelial cells(166).  Following a drop of intracellular pH, the LPL-HSPG 

complex can be internalized into endothelial cells and stored in endocytotic vesicles (and not 

degraded)(166).  This process allows the endothelium to maintain an auxiliary pool of LPL, 

which can then recycle to the apical side of endothelial cells when demand for LPL 

increases(166).  Thus, low endothelial pH (like that anticipitated following diabetes) would be 

expected to reduce LPL degradation, allowing more enzyme to appear at the vascular lumen.  
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Interestingly, a decrease in pH from 7.3 to 6.6 is also known to activate AMPK in vitro and 

during ischemia(167,168).   

1.7. Pathological roles of LPL   

Given that LPL is a central enzyme in lipid metabolism, it has been directly or indirectly 

implicated in several pathophysiological conditions such as hypertriglyceridaemia, obesity, and 

atherosclerosis(169,170).  Deficiency in LPL or its cofactor apo CII, or inhibition of LPL by 

overexpression of apo CIII leads to a substantial hypertriglyceridemia(171-173).  This condition 

may induce severe abdominal pain, yellow skin lumps, and enlarged liver and spleen(174).  

Atherosclerosis is a condition in which the artery wall thickens due to accumulation of lipids, 

and it is the underlying cause for vascular disease, heart attack and stroke(169).  It starts from 

initial damage to the endothelium, which increases adhesive molecules, thereby causing uptake 

of monocytes(169).  Monocyte-derived macrophage engulf oxidized low density lipoprotein 

(LDL) to develop foam cells(169).  Unfortunately, these cells are unable to process the oxidized 

LDL, grow and then rupture, depositing a large amount of oxidized cholesterol in the artery 

wall(169).  As LPL is expressed in both macrophages and macrophage-derived foam cells, LPL 

has been proposed to influence the development of atherosclerosis(169,175).  It is suggested that 

LPL acts as a ligand, associating with lipoproteins to promote their binding to the LDL receptor-

related protein, accelerating lipoprotein uptake(176).  This function of LPL is largely a non-

catalytic function of the enzyme(176).  A similar role of LPL has also been described for the 

macrophage, permitting LDL uptake(169,176).  Interestingly, decreased expression of LPL or 

macrophage selective LPL deficiency in animals protects the vascular wall against feeding of an 

atherogenic diet(177).  It should be noted that LPL overexpression in adipose tissue prevents 

atherosclerosis by aiding in the clearance of circulating lipoprotein particles(178).  Moreover, 



 16

several drugs which are known to increase LPL expression, have been found to reduce 

atherosclerosis(179).  Thus, the role of LPL in atherosclerosis depends on its tissue 

expression(31).   

1.8. Models of Diabetes  

Despite insulin therapy, early metabolic changes may predispose the diabetic heart to accelerated 

damage when exposed to conditions of dyslipidemia, atherosclerosis, and hypertension(180).  

Examination of these initial metabolic changes have been problematic given the limited 

availability of animal models.  We have used two animal models to successfully indentify acute 

changes in cardiac metabolism. For my thesis, I have only focused on models of Type 1 diabetes.  

Diazoxide (DZ, 100 mg/kg), a selective K+
ATP channel opener, was used to rapidly decrease 

insulin secretion from -cells(181).  On injection with DZ, a rapid decline in serum insulin 

occurred within 1 h and was associated with a robust increase in plasma glucose that reached a 

maximum level after 2 h(181).  The reduction in insulin was also characterized by significant and 

rapid increases in plasma FA and TG(181).  Streptozotocin (STZ), a selective -cell toxin, was 

also utilized to reduce plasma insulin and induce hyperglycemia(182).  When using STZ, we 

varied the doses to obtain moderate (55 mg/kg, D-55) and severe (100 mg/kg, D-100) diabetes, 

and the animals were usually followed for 4 days after STZ administration(182).  After treatment 

of STZ in D-55 animals, hyperglycemia develops within 24~48 h in concert with a ~50% 

reduction in plasma insulin in the absence of any change in plasma FA and TG(182).  In D-100 

animals, there is intense -cell necrosis, loss of 98% of pancreatic insulin stores, and severely 

reduced plasma insulin(182).  Compared to D-55, these D-100 animals show remarkable 

elevation of plasma FA and TG(182).  It should be noted that although STZ and DZ may have 

pleiotropic cardiovascular effects, all the effects of diabetes on LPL can be reversed by insulin 
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suggesting that changes in LPL are a consequence of the disease, and not drug induced(162,181).  

In other studies, our lab has also reported the influence of insulin resistance, using 

dexamethasone, on cardiac LPL(162).   

1.9. Cardiac LPL following diabetes  

Following diabetes, the heart switches to using FA for energy supply in the presence of lower 

glucose utilization.  Our lab was the first to report an increase in cardiac LPL following moderate 

diabetes(182).  Thus, using retrograde perfusion of isolated D-55 hearts with heparin to displace 

coronary LPL, we demonstrated significantly elevated heparin-releasable (HR)-LPL 

activity(182).  Mechanistically, we subsequently reported that the increase in LPL closely 

followed AMPK phosphorylation(48).  We concluded that this increase in LPL can promote 

myocardial FA or TG accumulation.  Under conditions of FA overload, the production of 

ceramide and reactive oxygen species (ROS) trigger the flux of calcium from endoplasmic 

reticulum to mitochondria, eventually resulting in release of cytochrome C into the cytosol and 

apoptotic cell death(183).  When cardiac lipid droplet formation is overwhelming, there is up-

regulation of peroxisome proliferator activated receptor  (PPAR) and myosin heavy chain  

(MHC-) which have been known to depress cardiac function(184,185).  During severe diabetes 

(D-100), there is provision of FA through increased adipose tissue lipolysis resulting in elevated 

circulating plasma FA(182).  Hepatic VLDL-TG secretion also increases in this situation(182).  

In the event of increased FA delivery by these mechanisms, we anticipated that LPL regulated 

FA supply would be limited to avoid oversupply of this potentially lethal substrate.  Indeed, 

following severe diabetes, coronary HR-LPL activity was lower compared to control hearts(182).   



 18

1.10. Summary of previous findings from the supervisor’s laboratory 

Using retrograde perfusion of the heart with heparin to displace coronary LPL, we found 

significantly elevated luminal LPL activity following diabetes(10).  We determined that the 

increased enzyme in the diabetic heart is: i) not the result of increased gene expression, ii) likely 

unrelated to an increase in the number of capillary endothelial HSPG binding sites, iii) acutely 

(hours) regulated by short-term changes in insulin levels, iv) largely independent of circulating 

blood glucose, and v) functionally relevant and capable of hydrolyzing lipoprotein-TG(10,186).  

More recently, we have been studying the contributions of the endothelial cell in enabling this 

increased enzyme at the vascular lumen(187).  At the endothelial cell, we reported that TG and 

lipoprotein breakdown products like lysophosphatidylcholine (LPC), through their release of 

heparanase, enabled myocyte HSPG cleavage and transfer of LPL towards the coronary 

lumen(187).   

1.11. Hypothesis and research objectives   

Although cardiovascular disease is the leading cause of diabetes-related death, its etiology is still 

not understood.  The earliest change that occurs in the diabetic heart is altered energy 

metabolism where, in the presence of lower glucose utilization, the heart switches to exclusively 

using FA for energy supply.  It does this by increasing LPL at the coronary lumen.  My 

hypothesis is that in response to diabetes, LPL increase at the vascular lumen is facilitated by 

transfer of cardiomyocyte LPL to the endothelial cell.  This metabolic adaptation increases FA 

utilization and could promote cardiac injury.     

The objectives of my research proposal were to:  

1. Determine the mechanisms by which the actin cytoskeleton assists in enabling 

 cardiomyocyte intracellular LPL transport.   
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2. Evaluate the process that controls cardiac LPL vesicular formation and secretion. 

3. Resolve the intrinsic compensatory mechanisms that limit LPL derived FA under 

conditions of severe hyperlipidemia. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 20

Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-1  Fatty acid (FA) provision to target tissues by lipoprotein lipase (LPL).  Vascular 
endothelial-bound (to heparan sulfate proteoglycans, HSPGs) lipoprotein lipase (LPL) 
hydrolyzes circulating triglyceride-rich lipoproteins (chylomicrons, Chy; very low density 
lipoprotein, VLDL), to release fatty acids (FA).  The apolipoprotein (Apo) CII on lipoproteins 
stimulates LPL activity, enhancing TG lipolysis and FA supply to target tissues.  EC, endothelial 
cell. 
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Fig. 1-2  LPL synthesis and processing.  Following gene transcription, LPL mRNA is 
translated as inactive LPL proteins.  The inactive monomer undergoes glycosylation, and several 
post-translational processes to be dimerized in the endoplasmic reticulum (ER).  This dimerized 
LPL then moves to the Golgi for further processing.  In the cis-Golgi, three mannoses are 
removed, whereas GlcNAc (N-acetylglucosamine) is added onto the LPL protein by transferase 
in the medial-Golgi.  After additional processing in the trans-Golgi, the fully processed LPL is 
sorted in vesicles that are targeted either towards lysosomes (for degradation) or cell surface (for 
secretion). 
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Fig. 1-3  PKD domains and functions.  The N-terminus of PKD contains two cysteine-rich 
domains (Cys1 and Cys2), and a pleckstrin homology (PH) domain.  The Cys1 has been shown 
to have a critical role in recruiting and binding PKD to Golgi, whereas Cys2 interacts with the 
cell surface and promotes its nuclear accumulation.  The PH domain is responsible for nuclear 
export in addition to having an inhibitory effect on the catalytic domain.  The C-terminal 
catalytic domain has several residues that can be phosphorylated, and these include Ser 744, Ser 
748 and Ser 916.  Phosphorylation of these residues by upstream PKCs leads to PKD activation.  
Once PKD is activated, its kinase domain initiates vesicle budding through interaction with 
phosphatidylinositol 4-kinase III (PI4KIII-) in trans-Golgi.  In this situation, its PDZ-binding 
motif interacts with myosin motor allowing vesicle movement.  There is a caspase-3 cleavage 
site present between cysteine-rich and PH domains.   
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Fig. 1-4  PKD regulated formation of LPL vesicles and secretion.  Once PKD is activated, it 
interacts with Golgi through its Cys1 domain to initiate LPL vesicle formation via stimulation of 
phosphatidylinositol 4-kinase III (PI4KIII-), a known enhancer of vesicle fission.  Activated 
PKD also directly interacts with vesicle associated membrane protein (VAMP) and myosin 
motor; the complex can then move along the actin cytoskeleton, dock with the cell surface, and 
release LPL onto HSPG binding sites.   
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Fig. 1-5  Putative models for LPL mobilization from cardiomyocyte to vascular lumen.  One 
proposed mechanism for LPL transfer is that the protein is moved along a continuous network of 
HSPG in the interstitial space that extends from the myocyte to endothelial cells (i).  Another 
theory has implicated endothelial heparanase in this movement (ii).  In the endothelial cell 
lysosomes, an active heparanase is stored in a stable form.  Once it releases from the basolateral 
side of endothelial cells towards the cardiomyocyte, the enzyme can initiate cleavage of myocyte 
HSPG side chains.  Following this, the oligosaccharide-bound LPL released into the interstitial 
space is then transported towards the apical side of endothelial cells to bind to luminal HSPG.   
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2. Acute diabetes moderates trafficking of cardiac lipoprotein lipase through p38 MAPK 

dependent actin cytoskeleton organization1 

2.1. Introduction 

Heart disease is a leading cause of death in diabetic patients (1), with coronary vessel disease and 

atherosclerosis being primary reasons for the increased incidence of cardiovascular dysfunction 

(2).  However, a predisposition to heart failure in patients with both Type 1 and Type 2 diabetes 

might also reflect the effects of underlying abnormalities in diastolic function that can be 

detected in asymptomatic patients with diabetes alone (3-5).  These observations suggest a 

specific impairment of heart muscle, termed diabetic cardiomyopathy.  As rodent models of 

chronic diabetes also display abnormalities in diastolic left ventricular function, with or without 

systolic left ventricular dysfunction (6), it can be proposed that the diabetic state can directly 

induce abnormalities in cardiac tissue independent of vascular defects.  Several etiological 

factors have been put forward to explain the development of diabetic cardiomyopathy including 

an increased stiffness of the left ventricular wall associated with accumulation of connective 

tissue and insoluble collagen (7), and abnormalities of various proteins that regulate ion flux, 

specifically intracellular calcium (8).  More recently, the view that diabetic cardiomyopathy 

could also occur as a consequence of metabolic alterations has been put forward (9).  

During insulin resistance or diabetes, glucose utilization is compromised.  This alteration, 

together with increased fatty acid (FA) supply, switches cardiac energy generation to utilization 

of FA.  High FA uptake and metabolism not only augments accumulation of FA intermediates  

 

1A version of this chapter has been published.  Kim, M., Kewalramani, G., Puthanveetil, P., Lee, V., Kumar, U., An, 

D., Abrahani, A, and Rodrigues, B. (2008) Acute diabetes moderates trafficking of cardiac lipoprotein lipase 

through p38 MAPK dependent actin cytoskeleton organization. Diabetes 57: 64-76. 
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and triglyceride (TG), but also increases oxygen demand and generation of reactive oxygen 

species, leading to cardiac damage.  Interestingly, increasing FA uptake through overexpression 

of cardiac human lipoprotein lipase (LPL) (10) or fatty acid transport protein (11), or augmenting 

FA oxidation through overexpression of cardiac PPAR- (12) or long-chain acyl CoA synthase 

(13), results in a cardiac phenotype resembles diabetic cardiomyopathy.  Conversely, normalizing 

cardiac metabolism in diabetic animals reverses the development of cardiomyopathy (14).  Taken 

together, these studies strongly support the role of altered metabolism in the development of 

diabetic cardiomyopathy.   

LPL hydrolyzes triglyceride (TG) rich lipoproteins, thus regulating the supply of FA to meet 

the metabolic demands of different tissues.  It is synthesized in myocytes and subsequently 

transported onto heparan sulfate proteoglycan (HSPG) binding sites on the myocyte cell surface 

(15).  Through mechanisms that are not completely understood, LPL is then transported onto 

HSPG binding sites on the luminal surface of the capillary endothelium (16).  At this location, 

the enzyme plays a crucial role in hydrolysis of TG rich lipoproteins to FA, which are 

transported to the heart and used either for energy production or for re-synthesis of TG.  

Recently, LPL-mediated hydrolysis of circulating TG was suggested to be the principal source of 

FA for cardiac utilization (17,18).  In addition to its role as a lipolytic enzyme, LPL also 

mediates a non-catalytic bridging function that allows it to bind simultaneously to both 

lipoproteins and specific cell surface proteins, facilitating cellular uptake of lipoproteins (19). 

AMP activated protein kinase (AMPK) plays a key role in the regulation of cardiac 

metabolism.  Once activated, AMPK switches off energy consuming processes like protein 

synthesis, whereas ATP generating mechanisms, such as FA oxidation and glycolysis, are turned 

on (20).  Additionally, results from our laboratory have demonstrated a strong correlation 

between activation of AMPK and increases in LPL activity (21).  The objective of the present 
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study was to determine the mechanisms by which AMPK augments cardiac LPL.  Our data 

demonstrates that stress kinases like AMPK and p38 mitogen-activated protein kinase (MAPK), 

through their control of heat shock protein (Hsp) and the actin cytoskeleton, act in unison to 

facilitate LPL translocation to the myocyte cell surface, and eventually to the coronary lumen.  

The ensuing alteration in cardiac FA metabolism could be translated into increased 

cardiovascular risk following diabetes.   
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2.2. Methods 

2.2.1. Experimental animals 

The investigation conforms to the guide for the care and use of laboratory animals published by 

the US National Institutes of Health and the University of British Columbia.  Adult male Wistar 

rats (260-300 g) were obtained from the UBC Animal Care Unit and supplied with a standard 

laboratory diet (PMI Feeds, Richmond, VA), and water ad libitum.  Diazoxide (DZ), a selective 

K+
ATP channel opener, decreases insulin secretion and causes hyperglycemia (22,23).  Although 

doses of 25 and 50 mg/kg increased plasma glucose, the extent and duration of hyperglycemia 

were not as substantial as that seen with 100 mg/kg, which caused a rapid decline in serum 

insulin within 1 h (23).  DZ (100 mg/kg) was administered i.p., and animals were euthanized at 

various times.  Subsequently, hearts were removed for measurement of coronary luminal LPL 

activity and Western blotting.   

2.2.2. Plasma measurements   

Control rats were injected with DZ at 10 AM (fed state).  Following DZ, blood samples from the 

tail vein were collected over a period of 4 h, and blood glucose determined using a glucometer 

(AccuSoft) and glucose test strips (Accu-Chek Advantage, Roche).  At varying intervals, blood 

was also acquired in heparinized glass capillary tubes.  Blood samples were immediately 

centrifuged and plasma was collected and assayed.  A diagnostic kit was used to measure non-

esterified fatty acid (NEFA, Wako).   

2.2.3. Isolated heart perfusion 

Rats were anesthetized with 65 mg/kg sodium pentobarbital i.p., the thoracic cavity opened, and 

the heart carefully excised.  Following cannulation of the aorta, hearts were secured by tying 

below the innominate artery and perfused retrogradely by the nonrecirculating Langendorff 

technique with Krebs-Henseleit buffer containing 10 mM glucose (pH 7.4).  Perfusion fluid was 
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continuously gassed with 95% O2/5% CO2.  The rate of coronary flow (7-8 ml/min) was 

controlled by a peristaltic pump (24).   

2.2.4. LPL activity and gene and protein expression   

To measure coronary endothelium-bound LPL, the perfusion solution was changed to buffer 

containing fatty acid free BSA (1%) and heparin (5 U/ml).  This concentration of heparin can 

maximally release cardiac LPL from its HSPG binding sites.  The coronary effluent (perfusate 

that drips down to the apex of the heart) was collected in timed fractions (10 sec) over 5 min, and 

assayed for LPL activity by measuring the hydrolysis of a 3H triolein substrate emulsion (25).  

Retrograde perfusion of whole hearts with heparin results in a discharge of LPL that is rapid 

(within 0.5 to 1 min; suggested to represent LPL located at or near the endothelial cell surface) 

followed by a prolonged slow release (that is considered to originate from the myocyte cell 

surface) (24).  As we were primarily concerned with examining regulation of LPL at coronary 

lumen, only peak LPL activities are illustrated.  LPL activity is expressed as nanomoles oleate 

released per hour per milliliter.  LPL gene expression was measured using RT-PCR (26), and 

protein expression was determined using the 5D2 monoclonal mouse anti-bovine LPL 

(generously provided by Dr. J. Brunzell, University of Washington, Seattle, WA) (27; 28).   

2.2.5. Western blotting   

Western blot was carried out as described previously (21).  Briefly, ventricles (50 mg) or plated 

myocytes (0.4 x 106) were homogenized in ice-cold lysis buffer.  After centrifugation at 5,000 g 

for 20 min, the protein content of the supernatant was quantified using a Bradford protein assay.  

Samples were diluted, boiled with sample loading dye, and 50 g used in SDS-polyacrylamide 

gel electrophoresis.  After blotting, membranes were blocked in 5% skim milk in Tris-buffered 

saline containing 0.1% Tween-20.  Membranes were incubated with rabbit AMPK-, phospho-
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AMPK (Thr-172), p38 MAPK, phospho-p38 MAPK (Thr180/Tyr182), Hsp25, and phospho-

Hsp25 (S86) antibodies, and subsequently with secondary goat anti-rabbit HRP-conjugated 

antibody.  Reaction products were visualized using an ECL® detection kit, and quantified by 

densitometry.   

2.2.6. Isolated cardiac myocytes   

Ventricular calcium-tolerant myocytes were prepared by a previously described procedure 

(23,28).  Briefly, myocytes were made calcium-tolerant by successive exposure to increasing 

concentrations of calcium.  Our method of isolation yields a highly enriched population of 

calcium-tolerant myocardial cells that are rod-shaped in the presence of 1 mM Ca2+ with clear 

cross striations.  Intolerant cells are intact but hypercontract into vesiculated spheres.  Yield of 

myocytes (cell number, ~4.8 x 106) was determined microscopically using an improved 

Neubauer haemocytometer.  Myocyte viability (generally between 75-85%) was assessed as the 

percentage of elongated cells with clear cross striations that excluded 0.2% trypan blue.  To 

examine the influence 5-aminoimidazole-4-carboxamide-1-ß -D-ribofuranoside (AICAR, an 

AMPK activator) and the serine protease thrombin (to activate p38 MAPK) on LPL activity, 

cardiomyocytes were plated on laminin-coated 6-well culture plates (to a density of 200,000 

cells/well).  Cells were maintained using Media-199, and incubated at 37°C under an atmosphere 

of 95% O2/5% CO2 for 16 hours.  Subsequently, and where indicated, AICAR (2 mM) or 

thrombin (0.05 U/ml) was added to the culture medium.  Following the indicated times, myocyte 

basal LPL activity released into the medium was measured.  To release surface-bound LPL 

activity, heparin (8 U/mL; 1 min) was added to the culture plates, aliquots of cell medium 

removed, separated by centrifugation, and assayed for LPL activity.  In separate experiments, 

following incubation of plated myocytes (0.4 x 106 cells in a 60 x 15 mm tissue culture dish) 

with AICAR or thrombin, myocyte cell lysates were also used for Western blotting.  In addition, 
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myocytes were: a) pre-incubated with a p38 MAPK inhibitor (SB202190, 20 M) for 60 min 

prior to addition of either AICAR or thrombin (at the indicated times) and LPL activity and 

phospho-Hsp25 determined, or b) incubated with 0.5-1.5 mM albumin bound palmitic acid (1:2) 

for 15 mins prior to Western blotting for AMPK.   

2.2.7. Nuclear localization of p38 MAPK   

Following DZ, heart tissue was homogenized whereas after incubation of myocytes with 

thrombin, cells were scraped and washed twice with 0.5 ml PBS.  Subsequently, samples were 

lysed in ice-cold buffer A (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA 

1 mM DTT, 0.5 mM PMSF and 0.5 % NP40) for 15 min.  After centrifugation (13,000 rpm, 3 

min, 4°C), the supernatant (cytosolic fraction) was separated, and the pellet vigorously vortexed 

with buffer B (20 mM HEPES pH 7.9, 0.42 M NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 

mM PMSF) for 10 min.  Following centrifugation (13,000 rpm, 10 min, 4°C), the supernatant 

(nuclear fraction) was quantified using a Bradford protein assay, and used for Western blotting to 

determine nuclear localization of p38 MAPK.  Using an antibody against Histone H3 as a 

nuclear marker, we show good purity of nuclear fractions (data not shown).   

2.2.8. Filamentous (F) and globular (G) actin   

F-actin/G-actin ratio in the whole heart was determined using an in vivo assay kit.  Briefly, 

hearts from control and DZ animals were isolated and lysed.  Lysates were homogenized and 

centrifuged at 2000 rpm for 5 min.  Total actin content of the supernatant was centrifuged at 

100,000 g for 1 hr at 37°C to isolate F-actin (pellet) and G-actin (supernatant).  The pellets were 

re-suspended to same volume as the G-actin fraction using ice-cold Milli-Q water plus 10 M 

cytochalasin D, and left on ice for 1 hr to dissociate F-actin.  The ratio of F-actin/G-actin was 

determined using western blotting and densitometry.   
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F-actin and G-actin was also determined in isolated cardiomyocytes using 

immunofluorescence.  Briefly, myocytes were plated on laminin coated cover glass slides and 

rinsed with PBS.  Following incubation with thrombin or SB202190 at the indicated times, 

myocytes were fixed for 10 min with 4% paraformaldehyde in PBS, permeabilized with 0.1% 

Triton X-100 in PBS for 3 min, treated with PBS containing 1% BSA for 20 minutes, and finally 

rinsed with PBS.  Cells were double stained with DNAaseI AlexaFluor594 and 

Rhodamine488 Phalloidin to colocalize monomeric globular actin (red, G actin), and 

polymerized filamentous actin (green, F actin) (29).  The unbound fluorescent probe was rinsed 

with PBS buffer and slides were visualized and photographed by using a Leica fluorescent 

microscope (Wetzlar, Postfach, Germany).  The effects of AICAR in myocytes were also 

determined in the presence or absence of 1 µM cytochalasin D (CTD; an actin polymerization 

inhibitor) (30). 

2.2.9. Silencing of p38 MAPK by siRNA   

SiRNA transfection of p38 MAPK in cardiomyocytes was carried out using a kit from Santa 

Cruz.  Briefly, in 6-well culture plates, 0.1 x 106 cells were plated and subsequently exposed to 

the siRNA (or scrambled, Scr) solution for 8h at 37°C in a CO2 incubator.  Following this, the 

media was changed to Media 199 and the cells incubated for another 18h.  Subsequently, AICAR 

(2 mM) was added to the culture medium for 2h, and LPL (released by heparin), p38 MAPK and 

Hsp25 (using Western blotting) were determined.    

2.2.10. Materials   

3Htriolein was purchased from Amersham Canada.  Heparin sodium injection (Hapalean; 1000 

USP U/ml) was obtained from Organon Teknika.  The F-actin/G-actin in vivo assay kit was 

obtained from Cytoskeleton Inc., Denver, CO.  Total AMPK-, Phospho-AMPK-, p38 MAPK, 
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phospho-p38 MAPK, GAPDH, and Histone H3 antibodies were obtained from Cell Signaling 

(Danvers, MA).  Hsp25 and phospho-Hsp25 antibodies were obtained from GeneTex®, Inc. (San 

Antonio, TX).  SB202190 was purchased from Sigma-Aldrich.  ECL® detection kit was obtained 

from Amersham.  A diagnostic kit was used to measure non-esterified fatty acid (NEFA, Wako).  

All other chemicals were obtained from Sigma Chemical.   

2.2.11 Statistical analysis   

Values are means  SE.  Wherever appropriate, one-way ANOVA followed by the Bonferroni 

test was used to determine differences between group mean values.  The level of statistical 

significance was set at P < 0.05.   
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2.3. Results 

2.3.1. Acute diabetes increases LPL at the vascular lumen   

Following DZ, blood glucose levels increased, and were significantly higher at 1 and 4 h after 

administration (Fig. 2-1A).  Another characteristic feature associated with hyperglycemia, such 

as polydipsia, was also observed in DZ treated animals.  Retrograde perfusion of hearts with 

heparin resulted in release of LPL into the coronary perfusate.  Compared to control rat hearts, 

there was a substantial increase in LPL activity (~400%, Fig. 2-1B) at the vascular lumen 

following 4 h of DZ.  This change in LPL activity was independent of shifts in mRNA (data not 

shown), suggesting a posttranscriptional increase in myocyte LPL.  In addition, as no change in 

whole heart LPL protein was observed (data not shown), it is likely that the increase in LPL 

activity at the coronary lumen is simply due to transport of enzyme from myocytes to the 

endothelial cell.  We have previously reported that control of LPL by DZ is dependent on its 

lowering of insulin rather than its direct effects on the heart or blood pressure (23). 

2.3.2. Influence of fatty acids on cardiac AMPK phosphorylation  

Previous studies from our lab have reported significantly higher AMPK phosphorylation in 

hearts from moderately diabetic STZ animals (31).  In the present study, following DZ, an 

approximately 6-fold increase of cardiac AMPK phosphorylation was observed after 15 min 

(Fig. 2-2A).  With time, despite persistence of hyperglycemia, AMPK phosphorylation in hearts 

from DZ treated animals declined, and reached basal levels within 4 h (Fig. 2-2A).  As AMPK 

activation is prevented in severe STZ diabetes with its attendant enlargement of plasma and heart 

lipids (31), we measured changes in plasma FA to resolve whether a relationship exists between 

AMPK and FA in DZ treated animals.  Interestingly, with time, the reduction in AMPK 

activation corresponded to a significant and rapid increase of FA that peaked at 60 min, and 

remained high until 4 h (Fig. 2-2B).  When control myocytes were incubated with appropriate 
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concentrations of palmitic acid, concentrations that varied from 0.5-0.8 mM activated cardiac 

AMPK (Fig. 2-2C).  However, with high concentrations of palmitic acid (that resembled the 

peak circulating concentrations seen with DZ), activation of AMPK was absent (Fig. 2-2C), 

suggesting that in vivo and in vitro, FA has dual effects on AMPK activation.   

2.3.3. Diazoxide stimulates cardiac actin polymerization   

P38 MAPK, a downstream target of AMPK (32), is suggested to regulate actin polymerization 

through its phosphorylation of heat shock protein 25.  In turn, the actin cytoskeleton has been 

implicated in managing myocyte LPL secretion (33).  Estimation of cardiac cytosolic p38 MAPK 

phosphorylation showed a similar pattern to that seen with activation of AMPK; rapid activation 

followed by a decline to control levels within 4 h (Fig. 2-3A).  Once phosphorylated, p38 MAPK 

relocates to the nucleus (34).  Separation of the nuclear fraction revealed that concurrent to the 

decline in cytosolic p38 MAPK phosphorylation, nuclear p38 MAPK phosphorylation increased 

(Fig. 2-3A, inset).  Phosphorylation of Hsp25 also intensified (Fig. 2-3B).  However, this 

increase was time dependent, reaching a maximum around 60 min and remaining elevated for the 

next 3 h.  To determine whether Hsp25 phosphorylation elicits F-actin polymerization, we 

quantitated F-actin and G-actin cellular fractions using Western blot.  In the resting 

cardiomyocyte, the proportion of polymerized F-actin is consistently higher than G-actin (90:10), 

and is predominantly localized along the cell periphery.  Additionally, an increase in F-to-G actin 

ratio indicates actin polymerization.  DZ increased the F/G actin ratio (Fig. 2-3C).  Interestingly, 

the increase in F-actin polymerization closely mirrored the enlargement of LPL activity at 4 h 

after DZ (Fig. 2-1B).   
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2.3.4. Promotion of AMPK phosphorylation in isolated control myocytes activates p38 MAPK 

and Hsp25 and recruits LPL to the cardiomyocyte cell surface   

To directly turn on AMPK, control myocytes were incubated for different times and with varying 

concentrations of AICAR.  AICAR up to 1 mM was incapable of phosphorylating cardiac 

AMPK (data not shown).  Interestingly, increasing the concentration to 2 mM activated AMPK 

phosphorylation in a pattern similar to that seen with acute diabetes; rapid activation followed by 

a decline to control levels with time (Fig. 2-4A).  Comparable to acute diabetes induced with DZ, 

the activation of AMPK was temporally related to phosphorylation of p38 MAPK (Fig. 2-4B), 

and subsequently Hsp25 (Fig. 2-4C).  We evaluated whether AICAR can augment LPL in 

myocytes, and Table 2-1 illustrates both basal and heparin releasable LPL activity.  Incubation of 

myocytes with AICAR had no effect on basal LPL activity.  Interestingly, 2 mM AICAR 

appreciably enhanced heparin releasable activity in the medium.  This increase occurred in the 

absence of any change in LPL mRNA or protein in cardiomyocyte lysates (data not shown). 

We hypothesized that inhibition of Hsp25 phosphorylation should decrease cardiomyocyte 

LPL activity.  In the absence of specific inhibitors of Hsp25, we used SB202190, an inhibitor of 

p38 MAPK.  Incubation of control myocytes for 1 hour with SB202190 decreased Hsp25 

phosphorylation that is produced by AICAR (Fig. 2-5A).  More importantly, the robust increase 

in heparin-releasable LPL activity induced by AICAR was also reduced by pre-incubation of 

myocytes with SB202190 (Fig. 2-5B).  To investigate the involvement of the actin cytoskeleton 

in AICAR-mediated augmentation of myocyte LPL, myocytes were pretreated with an actin 

polymerization inhibitor, CTD, before incubation with AICAR.  CTD reduced the effect of 

AICAR to increase myocyte HR-LPL without any effect on basal activity (control-3417 ± 181; 

AICAR-5305 ± 223; AICAR+CTD-2163 ± 178, nmol·h–1·10–6 cells, P<0.05). 
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2.3.5. Directly increasing p38 MAPK activity also enlarges the cardiomyocyte cell surface LPL 

pool 

To activate p38 MAPK in the absence of AMPK phosphorylation, we used thrombin.  As 

predicted, control myocytes in the presence of the serine protease thrombin did not display any 

change in AMPK phosphorylation (Fig. 2-6A, inset).  Nevertheless, thrombin rapidly (within 5 

min) phosphorylated cytosolic p38 MAPK, which was followed by a decline to control levels 

within 30 min.  Comparable to diabetes, the decline in cytosolic p38 MAPK phosphorylation 

corresponded to an activation of nuclear p38 MAPK (Fig. 2-6B), Hsp25 phosphorylation (Fig. 2-

6C), F-actin polymerization (Fig. 2-8), and enhanced heparin releasable activity (Fig. 2-7B).  

Pre-incubation of control myocytes for 1 hour with SB202190 prevented all of these effects 

induced by thrombin (Fig. 2-7 and 2-8).   

2.3.6. Silencing of p38 MAPK prevents cardiomyocyte LPL recruitment observed with AICAR 

To confirm the relationship between p38 MAPK and LPL, we used short interfering RNA to 

silence p38 MAPK expression in isolated cardiomyocytes.  We first validated successful p38 

MAPK inhibition using Western blotting (Fig. 2-9, inset).  Interestingly, in myocytes in which 

p38 MAPK was silenced, heparin releasable LPL activity was reduced (control+heparin-2308 ± 

150; p38 MAPK silenced control+heparin-1142 ± 167, nmol·h–1·10–6 cells, P<0.05).  

Cardiomyocytes were next exposed to AICAR and Hsp25 and LPL activity determined.  In 

myocytes in which p38 MAPK was silenced, AICAR had no influence on total p38 MAPK 

which remained low (Fig. 2-9A) and was unable to phosphorylate Hsp25 (Fig. 2-9B) or increase 

LPL activity (Fig. 2-9C).   
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2.4. Discussion 

The major source of FA for myocardial energy utilization is LPL mediated hydrolysis of TG-rich 

lipoproteins at the vascular endothelium (17).  Despite this essential role of LPL at the coronary 

luminal surface, endothelial cells do not manufacture LPL.  In the heart, the enzyme is 

synthesized in the underlying myocytes (35) before it is translocated to the luminal side of the 

coronary vessel wall with the help of heparan sulfate oligosaccharides acting as extracellular 

chaperones (16;36).  Within the myocyte, we (30) and others (33) have reported actin 

cytoskeleton reorganization as an important means by which LPL is secreted onto plasma 

membrane HSPG binding sites.  In this study, for the first time, we demonstrate that following 

diabetes, it is the phosphorylation of AMPK, p38 MAPK, and Hsp25 that causes actin 

cytoskeleton rearrangement to facilitate LPL translocation to the myocyte cell surface, and 

eventually to the coronary lumen.   

AMPK is the switch that regulates cellular energy metabolism (37).  Changes in intracellular 

AMP/ATP levels promote Threonine (Thr172) phosphorylation and activation of AMPK, an 

important regulator of both carbohydrate and lipid metabolism (38,39).  Thus, in heart and 

skeletal muscle, phosphorylated AMPK stimulates glucose uptake by inducing GLUT4 

recruitment to the plasma membrane (40,41) and subsequent glycolysis through activation of 6-

phosphofructo-2-kinase (42).  AMPK control of FA utilization includes its effect on FA delivery 

to cardiomyocytes through its regulation of CD36 (43), and its role in facilitating FA oxidation 

through its effect on acetyl-CoA carboxylase (ACC) (44).  Recently, we have also demonstrated 

that following AMPK activation after overnight fasting (with its attendant hypoinsulinemia), 

heparin-releasable LPL activity is amplified providing an additional mechanism whereby cellular 

energy is regulated (21).  In the present study, we report that acute diabetes increases cardiac 

LPL activity within four hours.  This augmentation in LPL activity was preceded by a rapid and 
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intense phosphorylation in AMPK, that was not sustainable, and declined to control levels at 4 

hours.  The early increase in AMPK may well be a product of either metabolic stress associated 

with a decrease in insulin, or a direct activation by circulating FFA.  Interestingly, in studies 

using L6 skeletal muscle, FA’s have been demonstrated to allosterically activate AMPK without 

changing energy charge (45).  Despite the prevailing hyperglycemia following increasing 

durations of DZ, the decrease of AMPK activation to control levels is likely a consequence of the 

excessive amount of both circulating and LPL derived FA.  This idea was strengthened by our 

experiment using isolated myocytes incubated with high concentrations of palmitate.  In 

addition, moderate diabetes significantly increases cardiac AMPK and ACC phosphorylation, 

whereas in severe diabetes, with the addition of augmented plasma and heart lipids, AMPK 

activation is prevented (31).  Recently, high FA or TG, through their formation of ceramide, has 

been shown to activate protein phosphatase 2A leading to dephosphorylation of AMPK (46).   

Given the observation that when LPL activity was the highest, AMPK phosphorylation had 

returned to normal, we considered the possibility that the early activation of AMPK may have 

turned on other downstream signals.  One downstream target of AMPK is p38 MAPK, and there 

was coincident activation of both AMPK and p38 MAPK following injection of DZ.  Other 

studies have demonstrated that AMPK activates p38 MAPK through its interaction with 

transforming growth factor--activated protein kinase 1-binding protein 1 (32).  Cytosolic 

activation of p38 MAPK results in its transfer to the nucleus, and gene activation through a 

number of transcription factors (47).  In the nucleus, p38 MAPK can also activate MAPKAP 

kinase 2, which is then exported to phosphorylate Hsp25.  Our studies in the heart confirmed that 

cytosolic activation of p38 MAPK was followed by its nuclear translocation.  More importantly, 

with increasing duration of hyperglycemia, phosphorylation of Hsp25 progressively increased.  

Hsp25 is known to inhibit actin polymerization, and its phosphorylation results in a decline of 
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this inhibitory function (48).  In this setting, actin monomers are released from the 

phosphorylated Hsp25 to self-associate to form fibrillar actin.  Since the increase in myocyte 

LPL activity at 4 hours corresponded to an enlargement in the F-actin/G-actin ratio, our data 

suggest that AMPK and p38 MAPK, through their control of Hsp25 and the actin cytoskeleton, 

act in unison to facilitate LPL translocation to the myocyte cell surface.  

To eliminate the possibility that the above changes are: a) an outcome of a direct cardio toxic 

effect of DZ, and b) a result of the myriad metabolic and hormonal changes that arise during 

diabetes, we used compounds to directly stimulate AMPK and p38 MAPK.  AICAR is a cell 

permeable activator of AMPK (49).  In neonatal myocytes, 0.5-1 mM AICAR is required to 

stimulate AMPK activity (50), whereas a concentration of up to 2 mM is essential for AMPK 

phosphorylation in adult myocytes (51).  In the present study, 2 mM AICAR activated AMPK in 

a manner comparable to that seen with DZ.  Prompt activation followed by a reduction to control 

levels.  At present, the mechanism for this decrease in cardiomyocyte AMPK phosphorylation 

with time is unknown (given the absence of FA in the myocyte incubation medium).  An 

increase in energy charge due to amplification in glucose uptake, and the limited demand for 

energy in these non-beating quiescent myocytes are potential explanations.  Similar to DZ, there 

was a close relationship between AMPK activation, p38 MAPK and Hsp25 phosphorylation, and 

the increase in cardiomyocyte heparin releasable LPL activity after exposure to AICAR.  A 

different approach used thrombin to activate p38 MAPK.  It should be noted that the more 

traditional methods to activate p38 MAPK includes sorbitol and anisomycin; however, sorbitol is 

also known to activate AMPK (52), whereas anisomycin is shown to cause insulin resistance 

(53).  Thrombin, without affecting AMPK phosphorylation, had a robust effect to provoke 

cardiomyocyte p38 MAPK, likely through PAR-4 receptor and c-Src tyrosine kinase activation 

(54).  More importantly, p38 MAPK phosphorylation was followed by nuclear translocation, 
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phosphorylation of Hsp25, actin cytoskeleton reorganization and an increase in cell surface LPL 

activity.  As the p38 MAPK inhibitor SB202190 and siRNA mediated inhibition of p38 MAPK 

blocked the effects of thrombin and AICAR respectively on Hsp25 and LPL activity, our data 

suggest that F-actin polymerization produced by activation of p38 MAPK is an important means 

by which vesicle transport of LPL is made possible.   

In summary, we propose that in addition to its direct role in promoting FA oxidation, AMPK 

recruitment of LPL to the cardiomyocyte cell surface could represent an immediate 

compensatory response by the heart to guarantee FA supply when glucose utilization is 

compromised.  The mechanism underlying this process embraces p38 MAPK activation, and an 

increase in actin cytoskeleton polymerization (Fig. 2-10).  Interestingly, the actin cytoskeleton 

also plays a key role in promoting insulin-induced GLUT 4 translocation.  At present, the 

process of LPL vesicular movement along the actin filament network is unknown, and merits 

further investigation.  Understanding this mechanism could lead to strategies that overcome 

contractile dysfunction following diabetes.  This is because changes in cardiac LPL activity may 

predispose people with diabetes to premature death from cardiac disease.  In mice, both cardiac 

specific overexpression [with its attendant lipid deposition, muscle fiber degeneration, and 

proliferation of mitochondria and peroxisomes, (55)], and knockout [associated with cardiac 

interstitial and perivascular fibrosis (56)] of LPL have been implicated in cardiac dysfunction. 
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2.5. Limitations of study   

One limitation of this study is the lack of mouse models supporting the role of AMPK/p38 

MAPK in regulating LPL recruitment to the cardiomyocyte cell surface.  Transgenic mice 

overexpressing MAPK kinase 6 and MKP-1 are available, and could potentially be used in future 

studies.  However, it should be noted that endothelium-bound heparin-releasable LPL activity 

was unchanged in both Type 1 and Type 2 diabetic mouse hearts (57).  This could be a 

consequence of genetic adaptation, or the excessive heart rate in control animals (~600 

beats/min), permitting prior translocation of LPL from the cardiomyocyte to the coronary lumen 

to saturate all of the LPL HSPG binding sites.   

 Notwithstanding the extensive and effective use of isolated cardiomyocytes in this study, the 

question of whether studies with an isolated cell are truly representative of the situation in the 

intact heart must always be paramount.  It has been argued that short-term culture of isolated 

cardiomyocytes may be an important experimental approach, so that the cells have time to "rest 

and repair" after the trauma of isolation procedures that involve exposure to low-calcium 

concentrations and collagenase. Also, the preparation of cardiomyocytes from diseased hearts 

must be subject to the qualification that the isolated cells may not be representative because of 

selection bias for viable cells from the healthy portions of the myocardium.  Finally, it should be 

the isolated myocytes are quiescent and do not beat against an after load.   

 

 

 

 

 

 



    

 66

Tables and figures 

Table 2-1. Effect of AICAR on cardiomyocyte LPL activity 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Myocytes were prepared as described in the methods.  AICAR (2 mM) was added to the culture 

medium, and myocytes kept for 30-120 minutes. Following the indicated times, myocyte basal 

LPL activity released into the medium was measured.  To release surface-bound LPL activity, 

heparin (8 U/ml; 1min) was added to the culture plates, aliquots of cell medium removed, 

separated by centrifugation, and assayed for LPL activity. Results are the mean ± SEM of 3 rats 

in each group.  *Significantly different from control, P<0.05.  
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Fig. 2-1  Blood glucose and LPL activity subsequent to Diazoxide (DZ).  Animals were treated 
with DZ (100 mg/kg, i.p.), and blood samples collected over a period of 4 h.  Blood glucose was 
determined using a glucometer and glucose test strips (A).  Results are the means  SE of 3 rats 
in each group.  At the indicated times, hearts from control and DZ treated animals were also 
isolated and perfused in the non-recirculating retrograde mode.  Thereafter, coronary luminal 
LPL was released with heparin (5 U/ml).  Coronary effluents were collected (for 10 s) over 5 
mins, but only peak LPL activities are illustrated.  LPL activity was assayed using radiolabeled 
triolein.  The lower panel (B) illustrates peak heparin-releasable LPL activity released after 
varying durations of DZ (0-240 min).  Results are the means  SE of 3 rats in the 0 and 240 min 
group.  In the other groups, only a representative value is indicated.  *Significantly different from 
untreated control (0 min), P < 0.05.   
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Fig. 2-2  Alterations in AMPK phosphorylation in hearts isolated from Diazoxide treated 
animals or control myocytes treated with fatty acids.  Following DZ for different intervals, total 
or phosphorylated AMPK- was determined immediately upon removal of the heart using 
Western blotting (A).  Total and phospho-AMPK- were measured using rabbit AMPK- or 
phospho-AMPK (Thr-172) antibodies respectively.  Blood samples were also collected over a 
period of 4-h after administration of DZ.  After centrifugation, plasma was separated for 
determination of NEFA (B).  Panel C represents total and phospho-AMPK- following 
incubation of plated myocytes (0.4 x 106 cells) with 0.5-1.5 mM albumin bound palmitic acid 
(1:2).  Data are means±SE of 3 rats in each group.  *Significantly different from control (0 min), 
P<0.05.   
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Fig. 2-3  Time dependent changes in phosphorylation of p38 MAPK and Hsp25 and actin 
polymerization following DZ.  Cytosolic and nuclear p38 MAPK were evaluated using rabbit p38 
MAPK or phospho-p38 MAPK (Thr180/Tyr182) antibodies (A).  Total or phosphorylated Hsp25 
were also determined immediately upon removal of the heart using rabbit Hsp25 or phospho-
Hsp25 (S86) antibodies, and Western blotting (B).  Data are means±SE of 3 different hearts in 
each group.  *Significantly different from control, P<0.05.  Cardiac actin rearrangement 
following DZ was determined using a G-actin/F-actin in vivo assay kit (C).  Total actin was 
centrifuged to isolate F-actin (pellet) and G-actin (supernatant).  The ratio of F-actin/G-actin was 
determined using western blotting and densitometry.  An increase in F-to-G actin ratio was 
assumed to represent polymerization of actin filaments.  Data are means±SE of 3 different hearts 
in each group.  *Significantly different from control (0 min), #Significantly different from DZ (60 
min), P<0.05.   
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Fig. 2-4  Consequence of AMPK activation using AICAR.  Cardiomyocytes were plated on 
laminin-coated culture plates.  Cells were maintained using Media-199, and incubated at 37°C 
under an atmosphere of 95% O2/5% CO2 for 16 hours.  Subsequently, 5-aminoimidazole-4-
carboxamide-1-ß -D-ribofuranoside (2 mM) was added to the culture medium.  At the indicated 
times, protein was extracted to determine AMPK (A), p38 (B), and Hsp25 (C) (both total and 
phosphorylated) using Western Blotting.  Data are means ± SE; n=3 myocyte preparations from 
different animals.  *Significantly different from control (0 min), P < 0.05. 
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Fig. 2-5  Effect of inhibiting p38 MAPK on AICAR induced phosphorylation of Hsp25 and 
increase in heparin-releasable LPL activity.  Cardiomyocytes were pre-incubated in the absence 
or presence of a p38 MAPK inhibitor (SB202190, 20 M) added to the culture medium for 60 
min.  Subsequently, the myocytes were exposed to AICAR (2 mM).  At the indicated times (90 
and 120 min), protein was extracted to determine Hsp25 (both total and phosphorylated) using 
Western Blotting (A).  Myocyte LPL activity was also measured after incubations with both 
SB202190 (pre-incubation for 60 min) and AICAR (90 and 120 min).  To release surface-bound 
LPL activity, heparin (8 U/mL; 1 min) was added to the culture plates, aliquots of cell medium 
removed, separated by centrifugation, and assayed for LPL activity (B).  Data are means ± SE; 
n=3 myocyte preparations from different animals.  *Significantly different from control (0 min), 
#Significantly different from AICAR alone, P < 0.05.   
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Fig. 2-6  p38 MAPK and Hsp25 phosphorylation following incubation of cardiomyocytes with 
thrombin.  Cardiomyocytes were incubated with thrombin (0.05 U/ml) added to the culture 
medium, and myocytes kept for 0-60 minutes.  At the indicated times, cytosolic (A) and nuclear 
(B) protein was extracted to determine p38 MAPK.  Total and phosphorylated Hsp25 were also 
determined at the indicated times using Western Blotting (C).  Cytosolic phospho-AMPK- was 
also determined after incubation with thrombin (A, inset).  Data are means ± SE; n=3 myocyte 
preparations from different animals.  *Significantly different from control, P < 0.05. 
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Fig. 2-7  Effect of thrombin on Hsp25 phosphorylation and heparin-releasable LPL activity in 
cardiomyocytes.  Myocytes were prepared as described in the methods.  Thrombin (0.05 U/ml) 
was added to the culture medium, and myocytes kept for 30 and 60 minutes.  Following the 
indicated times, protein was extracted to determine Hsp25 (both total and phosphorylated) using 
Western Blotting (A).  Myocyte basal LPL activity released into the medium was also measured 
following incubation with thrombin (30 and 60 min).  To release surface-bound LPL activity, 
heparin (8 U/mL; 1 min) was added to the culture plates, aliquots of cell medium removed, 
separated by centrifugation, and assayed for LPL activity (B).  Myocytes were also pre-incubated 
with a p38 MAPK inhibitor (SB202190, 20 M) for 60 min prior to addition of thrombin (30 and 
60 min) and subsequent determination of Hsp25 (A) and LPL activity (B).  Data are means ± 
SE; n=3 myocyte preparations from different animals.  *Significantly different from control (0 
min), #Significantly different from thrombin alone, P<0.05. 
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Fig. 2-8  Myocyte actin rearrangement following thrombin.  Thrombin (0.05 U/ml) was added to 
plated myocytes, and the cells kept for 30 and 60 minutes.  Myocytes were fixed, permeabilized 
and double stained with DNAaseI AlexaFluor594 and Rhodamine488 Phalloidin to 
colocalize monomeric globular actin (red, G-actin), and polymerized filamentous actin (green, F-
actin).  The merged image of F-actin and G-actin is described in the third panel.  Myocytes were 
also pre-incubated with a p38 MAPK inhibitor (SB202190, 20 M) for 60 min prior to addition 
of thrombin (30 and 60 min) and subsequent determination of F-actin and G-actin.  Data is from 
a representative experiment done twice.   
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Fig. 2-9  Silencing of p38 MAPK by siRNA.  siRNA transfection of p38 MAPK in 
cardiomyocytes was carried out using a kit from Santa Cruz.  Plated myocytes were exposed to 
the siRNA (or scrambled, Scr).  The inset depicts transfection efficiency.  After this, AICAR (2 
mM) was added to the culture medium for 2h and p38 MAPK (A), Hsp25 (B), and LPL activity 
(C) were evaluated.  Data are means ± SE; n=3 myocyte preparations from different animals.  
*Significantly different from control, #Significantly different from AICAR treated control, 
P<0.05. 
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Fig. 2-10  AMPK recruitment of LPL to the cardiomyocyte cell surface.  Following diabetes and 
activation of AMPK, p38 MAPK is phosphorylated and transferred to the nucleus to activate 
MAPKAP kinase 2, which is then exported to phosphorylate Hsp25.  Actin monomers are 
released from the phosphorylated Hsp25 to self-associate to form fibrillar actin.  Vesicles 
containing LPL then move along the actin filament network, and eventually bind to heparan 
sulfate proteoglycans on the plasma membrane.  From here, LPL is transported onto HSPG 
binding sites on the luminal surface of the capillary endothelium.   
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3. Protein kinase D is a key regulator of cardiomyocyte lipoprotein lipase secretion 

following diabetes2 

3.1. Introduction 

Cardiac muscle has a high demand for energy and uses multiple substrates, including fatty acid 

(FA), carbohydrate, amino acids and ketones(1).  Among these substrates, carbohydrate and FA 

are the major sources from which the heart derives most of its energy.  In a normal heart, while 

glucose and lactate account for approximately 30% of energy provided to the cardiac muscle, 

70% of ATP generation is through FA oxidation(2).  FA delivery and utilization by the heart 

involves: i) release from adipose tissue and transport to the heart after complexing with 

albumin(3), ii) provision through breakdown of endogenous cardiac triglyceride (TG) stores(4), 

iii) internalization of whole lipoproteins(5), and iv) hydrolysis of circulating TG-rich lipoproteins 

to FA by lipoprotein lipase (LPL) positioned at the endothelial surface of the coronary lumen(6).  

The molar concentration of FA bound to albumin is ~10-fold less than that of FA in lipoprotein-

TG(7) and LPL-mediated hydrolysis of circulating TG-rich lipoproteins to FA is suggested to be 

the principal source of FA for cardiac utilization(8).   

Coronary endothelial cells do not synthesize LPL(9).  In the heart, this enzyme is produced in 

cardiomyocytes and subsequently secreted onto heparan sulphate proteoglycan (HSPG) binding 

sites on the myocyte cell surface(10).  From here, LPL is transported onto comparable binding 

sites on the luminal surface of endothelial cells(11).  Electron microscopy using immunogold-

labeling established that, in the heart, 78% of total LPL is present in cardiac myocytes, 3-6% in  

 

2A version of this chapter has been published.  Kim, M., Wang, F., Puthanveetil, P., Kewalramani, G., Hosseini-

Beheshti, E., Ng, N., Wang, Y., Kumar, U., Innis, S., Proud, C.G., Abrahani, A., and Rodrigues, B. (2008) Protein 

kinase D is a key regulator of cardiomyocyte lipoprotein lipase secretion after diabetes. Circ. Res. 103: 252-260. 



 85

the interstitial space, and 18% at the coronary endothelium(12).   

The earliest change that occurs in the diabetic heart is altered energy metabolism where in 

the presence of lower glucose utilization, the heart switches to exclusively using FA for energy 

supply(13).  It does this by increasing its LPL activity at the coronary lumen(8).  We have 

examined LPL biology in the diabetic heart and have determined that the augmented activity(14) 

is: i) not the result of increased gene expression(14), ii) unrelated to an increase in the number of 

capillary endothelial HSPG binding sites(14), iii) acutely (hours) regulated by short-term 

changes in insulin(15), and iv) functionally relevant and capable of hydrolyzing lipoprotein-

TG(16).  More recently, we have examined the contributions of the endothelial cell and the 

cardiomyocyte in enabling this increased enzyme at the vascular lumen.  At the endothelial cell, 

we reported that TG(17) and lipoprotein breakdown products like lysophosphatidylcholine(18), 

likely through their release of heparanase, enabled myocyte HSPG cleavage and transfer of LPL 

towards the coronary lumen.  Within the myocyte, recruitment of LPL to the cell surface was 

controlled by stress kinases like AMPK and p38 MAPK that allowed for actin cytoskeleton 

polymerization and provision of a network that facilitated LPL movement(19).  In the present 

study, we determined the mechanism that controls cardiac LPL vesicular trafficking following 

diabetes.  Our data suggests that protein kinase D (PKD) activation is essential for LPL vesicle 

formation and its movement to the cardiomyocyte plasma membrane, for eventual translocation 

to the coronary vascular lumen.   
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3.2. Methods 

3.2.1. Experimental animals 

The investigation conforms to the guide for the care and use of laboratory animals published by 

the US NIH and the University of British Columbia.  Adult male Wistar rats (260-300 g) were 

injected with diazoxide (DZ).  This agent, either through selective K+ATP channel opening(20; 

21) or inhibitory effects on aerobic energy generation(22), decreases insulin secretion and causes 

hyperglycemia.  DZ (100 mg/kg) was administered i.p., and animals were euthanized at 1 and 4 h 

after injection.  Subsequently, hearts were removed for measurement of coronary luminal LPL 

activity, immunoprecipitation, immunofluorescence, and Western Blot.  To inhibit PKD(23), 

some rats were injected with rottlerin (10 µM), 40 mins prior to administration of DZ.  To 

validate our results using DZ, rats were made diabetic with streptozotocin (STZ, 55 mg/kg 

i.v.)(24).  Animals were kept for 1 (acute) or 7 (chronic) days after STZ, at which time they were 

killed and hearts removed for measurement of LPL activity and PKD.   

3.2.2. Isolated heart perfusion 

Rats were anesthetized with 65 mg/kg sodium pentobarbital i.p. and the heart carefully excised.  

Following cannulation of aorta, hearts were perfused retrogradely with Krebs-Henseleit 

buffer(19).  The rate of coronary flow (7-8 ml/min) was controlled by a peristaltic pump(24).  To 

measure coronary endothelium-bound LPL, the perfusion solution was changed to buffer 

containing heparin (5 U/ml).  The coronary effluent was collected in timed fractions (10 sec) 

over 5 min, and assayed for LPL activity by measuring the hydrolysis of a 3Htriolein substrate 

emulsion(15).   
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3.2.3. Isolated cardiac myocytes 

Ventricular calcium-tolerant myocytes were prepared as described previously(14; 21).  To 

examine the influence of high glucose and FA or phorbol 12-myristate 13-acetate {PMA; a 

protein kinase C activator(25)} on cardiomyocytes, cells were plated on laminin-coated 6-well 

culture plates (to a density of 200,000 cells/well).  Cells were maintained using Media-199, and 

incubated at 37°C under an atmosphere of 95% O2/5% CO2 for 16 hours.  Subsequently and 

where indicated, 20 mM glucose and 1.5 mM albumin bound palmitic (PA) or oleic (OA) acid 

(molar ratio 1:2; 1-2 h) or 1 M PMA (15 min) were added to the culture medium.  BSA-FA 

solutions were prepared by first dissolving the FA in ethanol and then adding appropriate 

amounts to media to obtain the required molar ratio of BSA to FA.  In some experiments, 20 mM 

mannitol was used as osmolarity control.  Following the indicated times, cells were used either 

for Western Blot, immunoprecipitation, immunofluorescence or measurement of basal and 

heparin-releasable (heparin 8 U/mL; 1 min) LPL activity.  To determine translocation of PKD, 

myocytes were homogenized in ice-cold buffer A (20 mM Tris-HCl, 2 mM EDTA, 5 mM 

EGTA, 50 mM 2-mercaptoethanol, 25 g leupeptin, and 4 g aprotinin, pH 7.5) and centrifuged 

for 1 h at 35000 rpm; the supernatant was used as the cytosolic fraction.  The pellet was 

resuspended in buffer B (1% NP-40, 0.1% SDS, 0.5% deoxycholic acid and 5 mM EGTA, pH 

7.5), sonicated for 30 s, and centrifuged at 35000 rpm for 1 h; the supernatant was used as the 

membrane fraction(26).   

3.2.4. Adenoviral gene transfer 

Cardiomyocytes were infected with recombinant adenovirus vectors carrying wild-type (WT) 

PKCδ and dominant-negative (DN) PKCδ (K376A), as described previously(27).  Mock 
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infection as a control was performed using LacZ.  Infected cells were incubated for a further 36 h 

before treatment in the absence or presence of high glucose and PA (2 h).   

3.2.5. Western blotting 

Western blot was carried out as described previously(28).  Briefly, ventricular tissue (50 mg) or 

plated myocytes (0.4 x 106) were homogenized in ice-cold lysis buffer.  Samples were diluted, 

boiled with sample loading dye, and 50 g used in SDS-polyacrylamide gel electrophoresis.  

After blotting, membranes were blocked in 5% skim milk in Tris-buffered saline containing 

0.1% Tween-20.  Membranes were incubated with rabbit Hsp25, phospho-Hsp25 (S86), PKC, 

phospho-PKC (ser-643), PKD, and phospho-PKD (ser-744/748) antibodies, and subsequently 

with secondary goat anti-rabbit HRP-conjugated antibody.  Reaction products were visualized 

using an ECL® detection kit, and quantified by densitometry.   

3.2.6. Immunoprecipitation 

Following DZ or treatment of plated cardiomyocytes with PMA (1 M), lysates were 

immunoprecipitated using PKC or PKD antibodies overnight at 4C.  The immunocomplex was 

pulled down with protein A/G-sepharose for 1 h, and then heated for 5 min at 95°C.  The 

immunocomplex was separated into two equal portions, each of which was immunoblotted with 

anti-Hsp25 and PKC or phospho-PKC and PKD.   

3.2.7. Immunofluorescence 

Heart-Hearts were placed in 10% formalin for 24 h.  After formalin fixation and paraffin 

embedding, 3-µm sections were cut on silane-coated glass slides.  Immunostaining was carried 

out as described before(18).  Slides were incubated with chicken anti-bovine LPL antibody 

(1:400 dilution) overnight.  After being washed with TBS, slides were incubated with 

biotinylated rabbit anti-chicken IgG (1:150 dilution; Chemicon) and streptavidin-conjugated Cy3 
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fluorescent probe (1:1,000 dilution) for 1 h.  Slides were visualized using a fluorescent 

microscope.  

Cardiomyocyte-Following incubation with high glucose and PA or PMA at the indicated times, 

myocytes were fixed for 10 min with 4% paraformaldehyde in PBS, permeabilized with 0.1% 

Triton X-100 in PBS for 3 min, treated with PBS containing 1% BSA for 20 minutes, and finally 

rinsed with PBS.  Cells were incubated with rabbit polyclonal PKD and goat polyclonal vesicle 

associated membrane protein (VAMP) or chicken anti-bovine LPL antibody followed by 

incubation with secondary antibodies [goat anti-rabbit IgG-FITC, donkey anti-goat IgG-TR, 

streptavidin-conjugated Cy3 fluorescent probe] to localize PKD (green), VAMP (red), and LPL 

(red) respectively.  Slides were visualized using a Zeiss Pascal confocal microscope.  

3.2.8. Silencing of PKD and Hsp25 by siRNA 

SiRNA transfection in cardiomyocytes was carried out using a kit from Santa Cruz(19).  Briefly, 

in 6-well culture plates, 0.1 x 106 cells were plated and subsequently exposed to the siRNA (or 

scrambled, Scr) solution for 8 h at 37°C in a CO2 incubator.  Following this, the media was 

changed to Media 199 and the cells incubated for another 18 h.  Subsequently, high glucose and 

PA or PMA were added to the culture medium, and LPL activity (released by heparin) and 

immunofluorescence, and PKD, Hsp25 and PKC (using Western Blot and 

immunoprecipitation) were determined.    

3.2.9. Separation and measurement of cardiac diacylglycerol 

Total cardiac lipids were extracted and solubilized in chloroform:methanol:acetone:hexane 

(4:6:1:1 v/v/v/v).  Separation of 1,2-DAG was achieved using HPLC (Waters 2690 Alliance 

HPLC, Milford, MA) as described previously(29).   
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3.2.10. Plasma measurements 

Following DZ, blood samples from the tail vein were collected over a period of 4 h, and blood 

glucose determined using a glucometer (AccuSoft) and glucose test strips (Accu-Chek 

Advantage).  At varying intervals, blood was also acquired in heparinized glass capillary tubes.  

Blood samples were immediately centrifuged and plasma was collected and assayed for non-

esterified fatty acid using a diagnostic kit (Wako).   

3.2.11. Materials 

3Htriolein and the ECL® detection kit were purchased from Amersham Canada.  Heparin 

sodium injection (Hapalean; 1000 USP U/ml) was obtained from Organon Teknika.  PKC, 

phospho-PKC (ser-643) and PKD antibodies were obtained from Santa Cruz biothechnology, 

Inc. (Delaware Avenue, CA).  Hsp25 and phospho-Hsp25 antibodies were obtained from 

GeneTex®, Inc. (San Antonio, TX).  Phospho-PKD (ser-744/748) and GAPDH were obtained 

from Cell Signaling (Danvers, MA).  Rottlerin was purchased from Calbiochem.  All other 

chemicals were obtained from Sigma Chemical.   

3.2.12. Statistical analysis 

Values are means  SE.  Wherever appropriate, one-way ANOVA followed by the Bonferroni 

test was used to determine differences between group mean values.  The level of statistical 

significance was set at P < 0.05. 
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3.3. Results 

3.3.1. Characterization of the model of acute diabetes induced with diazoxide 

Subsequent to injection of DZ, blood glucose levels increased, and were significantly higher 

after 1 and 4 h (Table 3-1).  Changes in plasma parameters with DZ also included significant and 

rapid increases in FA (Table 3-1).  Other characteristics normally associated with hyperglycemia, 

such as polydipsia, was also observed in DZ treated animals.  Retrograde perfusion of hearts 

with heparin resulted in release of LPL into the coronary perfusate.  Compared to control rat 

hearts, there was a substantial increase in LPL activity at the vascular lumen following 1 and 4 h 

of DZ (Table 3-1).  We have previously shown that this change in LPL activity was independent 

of shifts in mRNA(14), and was dependent on its lowering of insulin rather than its direct effects 

on the heart or blood pressure(21).  Incubation of cardiomyocytes with DZ (1 mg/ml; calculated 

concentration in vivo) had no influence on heparin releasable LPL activity (Appendix Fig. A-1). 

3.3.2. Mechanism of activation of PKD in hearts from animals with hyperglycemia 

Recently, we have determined that diabetes increases the phosphorylation of Hsp25(19).  In the 

present study, we duplicated this result (Fig. 3-1A) and additionally show that Hsp25 

phosphorylation enables PKC to dissociate from Hsp25 (Fig. 3-1B).  As Hsp25 binds directly to 

ser-643 of PKC, its separation permits PKC phosphorylation (Fig. 3-1C), with an associated 

increase in its activity(30).  PKC has been suggested to regulate PKD activity in intestinal 

epithelial cells(23).  Interestingly, in addition to PKC phosphorylation, DZ also augmented 

PKD phosphorylation at 1 and 4 h after injection (Fig. 3-1E).  This increase in PKD 

phosphorylation paralleled a robust attachment of phospho-PKC to PKD (Fig. 3-1D).  Injection 

of STZ precipitated overt hyperglycemia (Table 3-1).  Compared to control hearts, LPL activity 

increased at the vascular lumen following 1 and 7 days of STZ (Fig. 3-1F).  As observed with 
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DZ, this increase in LPL activity with STZ diabetes closely paralleled activation of PKD (Fig. 3-

1G). 

3.3.3. Role of PKD in diabetes induced augmentation of LPL activity 

PKD assists in protein transport from the golgi to plasma membrane(31).  We hypothesized that 

following DZ, activation of PKD facilitates LPL vesicular movement to the cardiomyocyte cell 

surface and eventually to the vascular lumen, and that its inhibition should reduce LPL activity at 

this location.  In the absence of specific inhibitors of PKD, we used rottlerin, an inhibitor of 

PKC.  Treatment of rottlerin for 1 h decreased PKD phosphorylation that is produced following 

DZ (Fig. 3-2A).  More importantly, the remarkable increase in LPL immunofluroscence (Fig. 3-

2B) or activity (Fig. 3-2C) at the vascular lumen following 4 h of DZ was also reduced by 

preincubation with rottlerin.   

3.3.4. Simulation of diabetes promotes LPL trafficking to the cardiomyocyte plasma membrane 

We duplicated the hyperglycemia and hyperlipidemia observed following DZ by incubating 

control myocytes with high glucose and palmitic acid (Glu+PA).  20 mM glucose with 1.5 mM 

PA increased the phosphorylation of Hsp25 (Fig. 3-3A), PKC (Fig. 3-3B) and PKD (Fig. 3-3C) 

in a pattern similar to that seen with diabetes induced by DZ.  Once activated, PKD regulates 

formation of trans-golgi vesicles and facilitates their movement to the plasma membrane with 

help of vesicle associated membrane protein (VAMP)(32).  High Glu+PA brought about both 

PKD and VAMP translocation, as measured by Western blotting and confocal microscopy (Fig. 

3-4A and 3-4B).  Interestingly, this milieu also augmented cardiomyocyte cell surface heparin 

releasable LPL activity (Fig. 3-4C) and protein (Fig. 3-5B, middle panel).  Independently, high 

glucose or PA (Appendix Fig. A-2), and mannitol with PA (Fig. 3-4C) had no effect on 

cardiomyocyte LPL trafficking.  Additionally, high glucose in the presence of physiologically 
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relevant concentrations of PA (0.5 mM) did not change heparin releasable LPL activity, which 

only increased with 1 and 1.5 mM PA (Appendix Fig. A-2).  Finally, unlike PA, oleic acid (1.5 

mM) in the presence of high glucose had no influence in increasing heparin releasable LPL 

activity (Appendix Fig. A-3). 

3.3.5. Silencing of PKD prevents cardiomyocyte LPL recruitment observed with high Glu+PA 

To confirm the relationship between PKD and LPL, we used siRNA to silence PKD expression 

in isolated cardiomyocytes.  We first validated successful PKD inhibition using Western blotting 

(Fig. 3-5A, inset).  In myocytes in which PKD was silenced, high Glu+PA had no influence on 

total PKD, which remained low in the PKD knockdown cells (Fig. 3-5A).  Interestingly, in 

myocytes in which PKD was silenced, high Glu+PA was incapable of increasing LPL 

immunofluorescence (Fig. 3-5B) and activity (Fig. 3-5C) at the cardiomyocyte cell surface.   

3.3.6. Hsp25 impedes the action PMA to phosphorylate PKC   

As high Glu+PA induced a 1.4-fold increase in DAG (Con-2241±146, Glu+FA-3136±360 ng/106 

cells; P<0.05), that is known to activate PKC, we incubated control myocytes with PMA, a 

DAG mimetic.  Under our conditions, PMA was unable to phosphorylate PKC (Fig. 3-6B).  We 

hypothesized that as Hsp25 masks the catalytic site of PKC(33), silencing of Hsp25 would 

permit PMA to promote phosphorylation of PKC.  We validated successful Hsp25 inhibition 

using Western blotting (Fig. 3-6A, inset).  In myocytes in which Hsp25 was silenced, PMA had 

no influence on total Hsp25, which remained low in the Hsp25 knockdown cells (Fig. 3-6A).  

Surprisingly, in these cells, PKC phosphorylation increased (Fig. 3-6B) with an associated 

amplification in its interaction with PKD (Fig. 3-6C).  As predicted, in myocytes in which Hsp25 

was silenced, PMA was now able to induce significant phosphorylation of PKC (Fig. 3-6B).  
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More importantly, in the presence of PMA, Hsp25 knockdown cells demonstrated a strong 

interaction between PKC and PKD (Fig. 3-6C).   

3.3.7. Directly activating PKD enlarges the cardiomyocyte cell surface LPL pool 

Given the relationship between PKD and LPL movement, we determined PKD phosphorylation 

in Hsp25 silenced myocytes.  Simply knocking down Hsp25 augmented PKD phosphorylation 

(Fig. 3-7A), accelerated its translocation to the plasma membrane (Fig. 3-7B), and enlarged LPL 

immunofluorescence (Fig. 3-7B) and activity at the cardiomyocyte cell surface (Fig. 3-7C).  In 

these cells, PMA brought about an even greater phosphorylation and translocation of PKD (Fig. 

3-7A and 3-7B) with associated enlargement in LPL immunofluorescence (Fig. 3-7B) and 

activity (Fig. 3-7C).   

3.3.8. PKD phosphorylation requires prior activation of PKC 

PKC expression increased following infection with adenoviral vectors encoding WT and DN 

PKC (Fig. 3-8A).  We have previously reported that overexpression of the DN PKC does not 

increase its activity(27).  In PKC DN myocytes, high glucose and PA failed to increase phospho 

PKD (Fig. 3-8A) and completely abrogated the increase in heparin releasable LPL activity (Fig. 

3-8B).   
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3.4. Discussion 

During diabetes, when cardiac glucose uptake, glycolysis and pyruvate oxidation are impaired, 

the heart rapidly adapts to using FA exclusively for ATP generation(34).  This change occurs not 

only as a consequence of increased FA supply (due to an increased release of FA from adipose 

tissue and hydrolysis of TG-rich lipoproteins by LPL), but also through an intrinsic 

adaptation/maladaptation to elevated FA that includes an augmented FA oxidation and 

expression of genes that control utilization of this substrate(35).  Using retrograde perfusion of 

the heart with heparin to displace coronary LPL, we found significantly elevated luminal LPL 

activity following diabetes(14; 16; 21; 24).  We determined that the increased enzyme at the 

vascular lumen is a consequence of transfer of enzyme from the cardiomyocyte cell surface to 

the apical side of the endothelial cell.  Within the myocyte, recruitment of LPL to the cell surface 

was controlled by stress kinases like AMPK(28) and p38 MAPK that allowed for actin 

cytoskeleton polymerization, providing the cardiomyocyte with an infrastructure to facilitate 

LPL movement(19).  In the present study, our data demonstrate that following diabetes induced 

by DZ or STZ, a cytosolic serine-threonine kinase, PKC-µ, otherwise known as PKD, is a key 

modulator of LPL vesicular trafficking within the cardiomyocyte.   

 Heat shock proteins (Hsps), also called stress proteins, are molecular chaperones that 

assist in protein folding, proper protein conformation, and targeting of proteins to degradative 

pathways(36; 37).  Additionally, these stress proteins have been implicated in inhibiting cell 

death by multiple mechanisms including a direct interaction with cytochrome C and protein 

kinase C(33; 38).  Recently, we have shown that Hsp can also affect cardiac metabolism by 

controlling the movement of cardiac LPL(19).  Following diabetes, activation of cardiac AMPK 

and p38 MAPK, by a host of likely mechanisms {including the direct effects of FA(19), nitric 
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oxide mediated cytotoxicity(39) and augmentation of superoxide radicals(39; 40), and altered 

substrate utilization(34)}, facilitated Hsp25 phosphorylation.  This allowed actin monomers to be 

released from Hsp25 to self-associate to form fibrillar actin, an infrastructure that allows LPL to 

traffic to the cardiomyocyte surface(19).  In the current study, we tested whether Hsp25 can also 

affect PKD, an important kinase that regulates fission of vesicles from the golgi membrane(31).  

We demonstrate that with phosphorylation of Hsp25, its association with PKC is reduced, 

enabling PKC phosphorylation and activation.  As PKCs (δ, , θ, η) can directly associate with 

the pleckstrin homology domain of PKD, allowing for its phosphorylation and activation(41), we 

determined the interaction between PKC and PKD.  Interestingly, following DZ and 

phosphorylation of PKC, its interaction with PKD increased, facilitating phosphorylation and 

activation of the later kinase.  As the increase in luminal LPL activity was closely associated to 

the robust phosphorylation of PKD, and as rottlerin, a PKC inhibitor prevented PKD 

phosphorylation and the subsequent increase in LPL, our data suggest that following diabetes, 

PKD is a key player responsible for fission of LPL vesicles for eventual transport to the 

cardiomyocyte cell surface.  It should be noted that other studies have also reported an important 

contribution of PKCs towards LPL secretion in macrophages and adipocytes(42-44). 

 Diabetes is known to activate a number of PKC isoforms(45; 46).  We attempted to activate 

PKC by duplicating the plasma concentrations of glucose and FA observed after DZ, and study 

its influence on cardiac LPL.  Control myocytes were incubated with 20 mM glucose and 1.5 

mM PA.  Although high glucose or PA by themselves had no influence on myocyte LPL, their 

combination induced a robust increase in myocyte cell surface LPL activity.  Given that in the 

presence of high glucose, unsaturated FA like oleic cid build up as TG whereas saturated FA like 

PA are diverted towards 1,2-DAG(47), whose downstream signaling includes activation of the 
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PKC super family of enzymes(46; 48), we measured levels of this lipid intermediate and report a 

1.4 fold increase in myocytes treated with high Glu+PA.  Interestingly, similar to DZ, the 

increase in LPL in myocytes treated with high Glu+PA closely mirrored the increase in 

phosphorylation of PKC and PKD.  The zinc-finger domain of PKD is known to interact with 

trans-golgi membranes, allowing for fission of vesicles(31; 49).  In addition, activation of PKD 

is also suggested to promote recruitment of VAMP(32), which helps with vesicle exocytosis and 

movement along the actin filament network to reach the cell surface.  As silencing of PKD 

prevented the ability of high Glu+PA to increase cell surface LPL, our data suggest that by 

increasing DAG and promoting activation PKC, PKD is the eventual trigger that enables the 

cardiomyocyte LPL secretory pathway to turn on. 

An alternate strategy to activate PKC is to use PMA, a DAG mimetic that is known to 

phosphorylate PKC(46; 50).  Interestingly, in cardiomyocytes, we were unable to observe 

activation of PKC by PMA, an observation that was previously reported(50).  In this setting, 

PMA was also unable to affect PKD.  Given the observation that Hsp25 can prevent activation of 

PKC through a direct interaction(33), we knocked down Hsp25 using siRNA.  In myocytes in 

which Hsp25 was silenced, PKCδ and PKD phosphorylation increased, and so did LPL activity.  

Interestingly, when these myocytes were now exposed to PMA, there was a further 

phosphorylation of PKCδ, an appreciable association between PKCδ and PKD, and a vigorous 

activation of PKD.  As these cells also demonstrated an additional increase in cell surface LPL 

activity, and as a mutant form of PKCδ prevented PKD activation and increase in LPL activity 

observed with high glucose and palmitic acid, our data imply that following diabetes, PKD 

control of cardiomyocyte LPL activity requires dissociation of Hsp25 from PKCδ, activation of 

PKCδ by DAG, association between PKCδ and PKD, and vesicular transport of LPL.   
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 In summary, following diabetes, when cardiac glucose utilization is impaired, the heart 

undergoes metabolic transformation wherein it switches energy production to exclusive  -

oxidation of FA.  One way by which this process is made possible is through amplification of 

coronary LPL, thereby allowing uninterrupted FA supply to the diabetic heart.  Recruitment of 

LPL to the cardiomyocyte cell surface and eventually the vascular lumen could represent an 

immediate compensatory response by the heart to guarantee FA supply.  The mechanism 

underlying this process embraces myocyte increase in actin cytoskeleton polymerization 

(through an AMPK/p38 MAPK pathway)(19) and PKD control of LPL vesicle formation and 

movement (Fig. 3-8C).  Increasing FA uptake through overexpression of cardiac human LPL(51) 

or fatty acid transport protein(52), or augmenting FA oxidation through overexpression of 

cardiac PPAR-(53) or long-chain acyl CoA synthase(54) results in a cardiac phenotype 

resembling diabetic cardiomyopathy.  Thus, results from the present study could help in 

restricting or slowing cardiac LPL translocation and could lead to strategies that overcome 

contractile dysfunction following diabetes.   

3.5. Limitations of the study 

One limitation of this and other studies(4; 55-59) is that when examining the lipotoxic effects of 

palmitic acid on the heart, most studies have used in vitro incubations with 1-1.5 mM PA to 

duplicate the plasma concentration of total FFA observed with diabetes.  Given that albumin-

bound PA only makes up a fraction of the total plasma FFA, the concentration of PA used may 

be higher than the actual circulating amount bound to albumin.  However, it should be noted that 

FA derived from the albumin bound fraction does not account for all of the FA provided to the 

heart.  Thus, other physiologically relevant sources like hydrolysis of lipoproteins by cardiac 

LPL, which has a selective affinity towards palmitic acid containing lipoproteins (47.5% of total 
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fatty acids released)(60), also play some role in the provision of PA.  This is particularly 

important as: i) LPL increases in the DZ diabetic heart, ii) the molar concentrations of FA in 

lipoproteins are approximately 10-fold higher than that of FA bound to albumin(7), and iii) 

circulating plasma TG concentrations increase following DZ.  As intracellular TG and membrane 

phospholipids are also potential sources of PA, a true measure of the effects of PA and glucose 

on cardiac LPL would only be possible if all of these sources of PA are determined following 

diabetes induced by DZ.   
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Tables and figures 

Table 3-1. General characteristics of the animals 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Values are means  SE for 4 animals in each group. Animals were treated with diazoxide (DZ-1 
and 4hr), blood samples collected, and plasma glucose and fatty acids (FA) determined. At the 
indicated times with DZ, hearts were also isolated and coronary luminal LPL released with 
heparin. Some animals were also made diabetic with sterptozotocin (STZ) and kept for 1 (plasma 
glucose 18.7  1.1) and 7 (plasma glucose 19.6  2) days. Although plasma FA was not 
measured following STZ, LPL activity in these animals is documented in Fig. 3-1. Significantly 
different from untreated control, P < 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Control                  DZ 1hr               DZ 4hr

Glucose
(mM)

FA
(mM)

LPL activity
(nmol/ml/h)

6.9  0.8

0.43  0.07

398  59

14.7  1.2

1.48  0.08

712 43

17.5  0.4

1.5  0.1

1568  89

*

Table 1.  General characteristics of the experimental animals

*

* *

* *
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Fig. 3-1  Acute diabetes elicits robust activation of cardiomyocyte PKD through dissociation of 
PKCδ from its complex with Hsp25.  Animals were treated with DZ, and at the indicated times, 
hearts from control and DZ treated animals were isolated.  Thereafter, total or phosphorylated 
Hsp25 (A), PKCδ (C), and PKD (E) were determined using Western blotting.  To examine the 
association between PKCδ and Hsp25, PKCδ was immunoprecipitated using a PKCδ antibody, 
the immunocomplex separated into two equal portions, and each portion immunoblotted with 
anti-Hsp25 or anti-PKCδ (to confirm that equal amount of PKCδ was immunoprecipitated) (B).  
The association between phospho-PKCδ and PKD was determined using a PKD antibody, the 
immunocomplex separated into two equal portions, and each portion immunoblotted with anti 
phospho-PKCδ or anti-PKD (D).  Heparin-releasable LPL activity (F) and PKD (G) in hearts 
from animals made diabetic with streptozotocin (STZ) for 1 and 7 days is also illustrated.  
Results are the means  SE of 3-5 rats in each group.  *Significantly different from control; 
#Significantly different from DZ-1h, P < 0.05.  WB-western blot; P-phosphorylated; T-total; IP-
immunoprecipitation; Con-control.   
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Fig. 3-2  Inhibition of PKD phosphorylation reduces the diabetes induced augmentation of 
coronary LPL activity.  Animals were pretreated with rottlerin for 45 min prior to administration 
of diazoxide (DZ).  Animals were killed 4 hr subsequent to DZ injection and hearts isolated for 
determination of PKD and LPL.  Total and phosphorylated PKD were assessed using Western 
blotting (A).  Fig. 3-2B is a representative photograph showing the effect of rottlerin on LPL 
immunofluorescence as visualized by fluorescent microscopy.  Heart sections were fixed, 
incubated with the polyclonal chicken antibody against bovine LPL followed by incubations with 
biotinylated rabbit anti-chicken IgG and streptavidin-conjugated Cy3 fluorescent probe 
respectively.  Majority of LPL in the DZ heart was present at the coronary lumen (arrows).  To 
estimate this LPL, hearts were isolated and perfused in the nonrecirculating retrograde mode.  
Thereafter, coronary LPL was released with heparin.  Coronary effluents were collected (for 10 
s) at different time points over 10 mins (only the peak value is shown).  LPL activity was 
assayed using radiolabeled triolein.  Results are the means  SE of 3-5 rats in each group.  
*Significantly different from control; #Significantly different from DZ alone, P < 0.05.  
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Fig. 3-3  Mimicking diabetes in vitro using high glucose and fatty acid increases cardiomyocyte 
phosphorylation of Hsp25, PKCδ, and PKD.  Cardiomyocytes were plated on laminin-coated 
culture plates.  Cells were maintained using Media-199, and incubated at 37°C under an 
atmosphere of 95% O2/5% CO2 for 16 hours.  Subsequently, glucose (Glu, 20 mM) and palmitic 
acid (PA, 1.5 mM) were added to the culture medium.  At the indicated times, protein was 
extracted to determine both total and phosphorylated Hsp25 (A), PKCδ (B), and PKD (C) using 
Western Blotting.  Data are means  SE.  n=3 myocyte preparations from different animals.  
*Significantly different from Con; #Significantly different from Glu+PA-1h, P < 0.05.   
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Fig. 3-4  High glucose and fatty acid induced translocation of PKD is associated with increasing 
cardiomyocyte heparin-releasable LPL activity.  Following high glucose and palmitic acid added 
to the culture medium for 1 and 2 hr respectively, cardiomyocyte homogenates were prepared.  
Homogenates were subjected to cytosolic and membrane separation.  Identification of total PKD 
protein was carried out using polyclonal rabbit PKD as the primary and goat anti-rabbit 
horseradish peroxidase as the secondary antibody (A).  Representative photograph showing the 
effect of high glucose and PA on PKD immunofluorescence as visualized by a Zeiss Pascal 
confocal microscope (panel B).  Cardiomyocytes were fixed, incubated with primary antibodies 
(rabbit polyclonal PKD and goat polyclonal VAMP) followed by incubation with secondary 
antibodies [goat anti-rabbit IgG-FITC (green) and donkey anti-goat IgG-TR (red)].  LPL activity 
in control and high glucose/mannitol and PA treated cardiomyocytes was determined by adding 
heparin (8 U/ml for 1 min) to the incubation medium, and the release of surface-bound LPL 
activity into the medium determined (C).  Data are means  SE.  n=3 myocyte preparations from 
different animals.  *Significantly different from Con; #Significantly different from Glu+PA-1h, P 
< 0.05.   
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Fig. 3-5  Silencing of PKD prevents cardiomyocyte LPL recruitment to the plasma membrane 
observed with high glucose and fatty acid.  siRNA transfection of PKD in cardiomyocytes was 
performed using a kit from Santa Cruz.  Plated myocytes were exposed to the siRNA (or 
scrambled, Scr).  The inset depicts transfection efficiency.  After this, high glucose and palmitic 
acid were added to the culture medium for 2 hr and protein was extracted to confirm expression 
level of PKD (A).  To determine the relationship between PKD and LPL, LPL 
immunofluorescence in myocytes from the different groups was visualized by a confocal 
microscope.  Cardiomyocytes were fixed, incubated with the polyclonal chicken antibody against 
bovine LPL followed by incubations with biotinylated rabbit anti-chicken IgG and a streptavidin-
conjugated Cy3 fluorescent probe (B).  LPL activity was determined by adding heparin (8 U/ml) 
to the incubation medium, and the release of surface-bound LPL activity into the medium 
determined (C).  Data are means  SE.  n=3 myocyte preparations from different animals.  
*Significantly different from Con; #Significantly different from Glu+PA-2h, P < 0.05.   
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Fig. 3-6  Cardiomyocyte PKCδ activation by PMA is only evident after silencing of Hsp25.  
siRNA transfection of Hsp25 in cardiomyocytes was performed using a kit from Santa Cruz.  
Plated myocytes were exposed to the siRNA (or scrambled, Scr).  The inset depicts transfection 
efficiency.  After transfection, cells were treated with or without PMA (1 µM, 15 min), lysed and 
subjected to Western blotting for evaluating Hsp25 (A) and total or phosphorylated PKCδ (B).  
The association between PKCδ and PKD was determined using a PKD antibody, the 
immunocomplex separated into two equal portions, and each portion immunoblotted with anti-
PKCδ or anti-PKD (C).  Data are means  SE.  n=3 myocyte preparations from different animals.  
*Significantly different from unsilenced Hsp25-Con; #Significantly different from unsilenced 
Hsp25 + PMA, Significantly different from silenced Hsp25-Con, P < 0.05.  PMA, phorbol 12-
myristate 13-acetate. 
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Fig. 3-7  Augmenting PKD phosphorylation by PMA in Hsp25 silenced cardiomyocytes 
substantially increases LPL movement to the plasma membrane.  After transfection of Hsp25 
siRNA, cells treated with or without PMA (1 µM, 15min) were used to determine total or 
phosphorylated PKD using Western blotting (A).  In some experiments, cells were fixed, 
incubated with primary antibodies (rabbit polyclonal PKD and polyclonal chicken antibody 
against bovine LPL) followed by incubation with secondary antibodies [goat anti-rabbit IgG-
FITC (green) and rabbit anti-chicken IgG with streptavidin-conjugated Cy3 fluorescent probe 
(red)] and visualized with a confocal microscope (B).  LPL activity was determined by adding 
heparin (8 U/ml) to the incubation medium, and the release of surface-bound LPL activity into 
the medium determined (C).  *Significantly different from unsilenced Hsp25-Con; #Significantly 
different from unsilenced Hsp25 + PMA treated, Significantly different from silenced Hsp25-
Con, P < 0.05.   
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Fig. 3-8  Protein kinase D is a key regulator of cardiomyocyte LPL secretion following diabetes 
and requires prior activation of PKCδ.  Cardiomyocytes were infected with recombinant 
adenovirus vectors carrying wild-type (WT) PKCδ and dominant-negative (DN) PKCδ.  Mock 
infection as a control was performed using LacZ (inset).  Infected cells were incubated for a 
further 36 hours before treatment in the absence or presence of high glucose and palmitic acid 
(2h).  Phosphorylated PKD (A) and heparin releasable LPL activity (B) was subsequently 
determined.  *Significantly different from untreated Con; #Significantly different from WT 
PKCδ, P < 0.05.  Schematic mechanism of how diabetes regulates cardiomyocyte LPL is 
depicted in C.  Following diabetes and development of hyperglycemia and hyperlipidemia, 
AMPK/p38 MAPK induced formation of actin cytoskeleton together with dissociation of PKCδ 
from its complex with Hsp25 allows DAG to activate PKD.  PKD is responsible for vesicle 
formation, allowing LPL to be transported along the actin cytoskeleton network and eventually 
bind to HSPGs on the plasma membrane.  From here, LPL is transported onto similar HSPG-
binding sites on the luminal surface of the capillary endothelium.  At this location, hydrolysis of 
circulating lipoprotein-TG occurs, providing FA to the underlying cardiomyocyte. 
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4. Cleavage of protein kinase D following acute hypoinsulinemia prevents excessive LPL-

mediated cardiac triglyceride accumulation3 

4.1. Introduction  

Cardiac muscle has a high demand for energy and can use multiple substrates(1).  Among these, 

glucose (30%) and fatty acid (FA, 70%) are the major sources from which the heart derives 

most of its energy(2).  FA delivery and utilization by the heart involves: i) release from adipose 

tissue and transport to the heart after complexing with albumin(3), ii) provision through the 

breakdown of endogenous cardiac triglyceride (TG)(4), iii) internalization of whole 

lipoproteins(5), and iv) hydrolysis of circulating TG-rich lipoproteins to FA by lipoprotein lipase 

(LPL) positioned at the endothelial surface of the coronary lumen(6).  The molar concentration 

of FA bound to albumin is ~10-fold less than that of FA in lipoprotein-TG(7) and LPL-mediated 

hydrolysis of TG-rich lipoproteins is suggested to be the principal source of FA for cardiac 

utilization(8).  Coronary endothelial cells do not synthesize LPL(9).  In the heart, this enzyme is 

produced in cardiomyocytes and subsequently secreted onto heparan sulphate proteoglycan 

(HSPG) binding sites on the myocyte cell surface(10).  From here, LPL is transported onto 

comparable binding sites on the luminal surface of endothelial cells(11).  At the lumen, LPL 

actively metabolizes the TG core of lipoproteins; the released FA’s are then transported into the 

heart.  

The earliest change that occurs in the Type 1 diabetic heart is altered energy metabolism  

 

3A version of this chapter has been published.  Kim, M., Wang, F., Puthanveetil, P., Kewalramani, G., Marzban, L., 

Steinberg, S.F., Webber, T.D., Kieffer, T.J., Abrahani, A., and Rodrigues, B. (2009) Cleavage of protein kinase D 

following acute hypoinsulinemia prevents excessive LPL mediated triglyceride accumulation. Diabetes 58: 2464-

2475. 
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where in the presence of lower glucose utilization, the heart switches to using more FA for 

energy supply(12).  One means by which this is possible is through an increase in LPL at the 

coronary lumen.  Using retrograde perfusion of the heart with heparin to displace vascular LPL, 

we found elevated LPL following diabetes(13-15).  We determined that the increased enzyme is: 

i) not the result of increased gene expression(13), ii) unrelated to an increase in the number of 

endothelial HSPG binding sites(13), iii) associated with an acute reduction in insulin (within 60 

min)(16), and iv) functionally relevant and capable of hydrolyzing lipoprotein-TG(17).  More 

recently, we have examined the contributions of the cardiomyocyte and endothelial cell in 

enabling this increased enzyme at the vascular lumen.  Within the myocyte, LPL vesicle fission 

was regulated by protein kinase D (PKD)(18), whereas recruitment of LPL to the cardiomyocyte 

surface was controlled by stress kinases like AMPK(19) and p38 MAPK that allowed for 

provision of an actin network that facilitated LPL movement(20).  Translocation of LPL from the 

cardiomyocyte surface to the apical side of endothelial cells is then dependent on the ability of 

the endothelium to release heparanase(21,22), which enables myocyte HSPG cleavage and 

transfer of LPL towards the coronary lumen. 

Selective -cell death and an ensuing diabetic state can be produced after a single i.v. dose of 

streptozotocin (STZ)(23).  In Wistar rats, a dose-dependent increase in severity of diabetes is 

produced by 25-100 mg/kg STZ(24).  After injection of 55 mg/kg (D-55), stable hyperglycemia 

develops within 24-48 h in concert with a 50% reduction in plasma insulin(16,24).  Although 

these animals were insulin deficient, they did not require insulin supplementation for survival, 

and did not develop ketoacidosis.  In the absence of any changes in plasma FA and TG, these 

animals demonstrated an increase in coronary vascular LPL(13-15).  Rats administered 100 

mg/kg STZ (D-100) demonstrated intense -cell necrosis, loss of 98% pancreatic insulin stores, 
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and severely reduced plasma insulin(16).  Compared to D-55 diabetic rats, these D-100 animals 

show a remarkable elevation of plasma FA and TG.  Importantly, LPL activity decreases(14,25) 

in D-100 hearts, suggesting a potential mechanism to restrain LPL derived FA when the supply 

of this substrate from other reservoirs is in surplus.  The objective of the present study was to 

determine the mechanisms by which the hypoinsulinemic heart limits its LPL derived FA under 

conditions of hyperlipidemia.  Our data demonstrate that caspase-3 activation, by cleaving PKD, 

attempts to restrict the hydrolysis of circulating TG by LPL, to limit FA provision and cardiac 

TG overload.  Thus, although caspase-3 inhibition could be protective in reducing cell death, its 

augmentation of LPL may induce profound cardiac TG accumulation. 
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4.2. Materials and Methods 

4.2.1. Experimental animals 

The investigation conforms to the guide for the care and use of laboratory animals published by 

the US National Institutes of Health and the University of British Columbia.  Adult male Wistar 

rats (260-300 g) were injected i.v. with streptozotocin (STZ), a selective beta cell toxin, which 

induces hypoinsulinemia, and causes hyperglycemia(13).  Two different doses of STZ (55 and 

100 mg/kg, dissolved in saline) were used to cause moderate and severe diabetes, and the 

animals were kept for 4 days.  Control animals were injected with saline.  Subsequently, hearts 

were removed for measurement of coronary luminal LPL activity, immunoprecipitation, 

immunofluorescence, and Western blot.  Some D-100 animals were treated twice daily with Z-

DEVD-fmk (3.2 mg/kg, i.p.) for 3 days, to inhibit caspase-3 activity.  Blood samples were 

obtained from the tail vein and glucose was determined using a glucometer (Accu-Chek 

Advantage; Roche).  Following centrifugation and its separation, plasma was assayed for insulin 

(rat ELISA kit), triglyceride (TG; Infinity) and non-esterified fatty acids (NEFA; Wako) using 

diagnostic kits. 

4.2.2. Isolated heart perfusion 

Rats were anesthetized with 65 mg/kg sodium pentobarbital i.p. and the heart carefully excised.  

Following cannulation of the aorta, hearts were perfused retrogradely with Krebs-Henseleit 

buffer.  The rate of coronary flow (7-8 ml/min) was controlled by a peristaltic pump(14).  To 

measure coronary endothelium-bound LPL, the perfusion solution was changed to buffer 

containing heparin (5 U/ml).  The coronary effluent was collected in timed fractions (10 sec) 

over 5 min, and assayed for LPL activity by measuring the hydrolysis of a 3H triolein substrate 

emulsion(16).  The standard assay conditions were 0.6 mM glycerol tri[9,10-3H]oleate (1 
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mCi/mmol; 1 Ci = 37 GBq), 25 mM PIPES (pH 7.5), 0.05% (w/v) albumin, 50 mM MgCl2, 2% 

(v/v) heat-inactivated chicken serum (containing the LPL activator, apolipoprotein CII), plus 100 

l of either medium or heart perfusate in a total volume of 400 l. 

4.2.3. Real time-PCR 

14-3-3ζ and LPL mRNA expression were analyzed by real-time quantitative PCR using a light 

cycler and SYBR Green PCR Mix (Roche).  Total RNA from hearts (50 mg) was extracted using 

Trizol (Invitrogen).  After spectrophotometric quantification, reverse transcription was carried 

out using an oligo-(dT) primer and superscript II RT (Invitrogen).  The real time PCR mixture 

with cDNA was amplified using 14-3-3ζ and LPL specific primers.  14-3-3ζ(26): 5’-

CACAGCAAGCATACCAAGAA-3’(left) and 5’-AGAATGAGGCAGACAAAGGT-3’(right); 

LPL(19): 5’-ATCCAGCTGGGCCTAACTTT-3’(left) and 5’-AATGGCTTCTCCAATGTTGC-

3’(right).  The amplification parameters were set at 95 °C for 1 s and 60 °C for 6 s and 72 °C for 

10 s (40 cycles total).  The fluorescence signals were analyzed using light cycler relative 

quantification (Roche).  Relative expression was evaluated by normalizing to 18S-ribosomal 

RNA. 

4.2.4. Isolated cardiac myocytes and transfection   

Ventricular calcium-tolerant myocytes were prepared by a previously described 

procedure(13,15).  To examine the role of PKD on cardiomyocyte LPL, cells were plated on 

laminin-coated 6-well culture plates (to a density of 200,000 cells/well).  Cells were maintained 

using Media-199, and incubated at 37 °C under an atmosphere of 95% O2/5% CO2.  

Cardiomyocytes were infected with recombinant adenovirus vectors carrying PKD-

S744E/S748E (phosphomimetic active form) and PKD-kinase dead (PKD-KD), as described 

previously(18).  Mock infection as a control was performed using EGFP.  Infected cells were 
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incubated for a further 36 h before being used for either Western blot, immunofluorescence or 

measurement of basal and heparin-releasable (heparin 8 U/mL; 1 min) LPL activity.  

Cardiomyocytes were also transfected with PKD-wild type (Addgene 10808) or PKD-D378A 

(GenScript; non-cleavable by caspase-3) using lipofectamine 2000 (Invitrogen).  These cells 

were used for Western blot and measurement of basal and heparin-releasable LPL activity. 

4.2.5. Silencing of caspase-3 and 14-3-3 by siRNA 

siRNA (Santa Cruz) transfection in cardiomyocytes was carried out using a kit (Invitrogen)(18).  

Briefly, in 6-well culture plates, 0.1 x 106 cells were plated and subsequently exposed to the 

siRNA (or scrambled, Scr) solution for 8 h at 37 °C in a CO2 incubator.  Following this, the 

media was changed to Media 199 and the cells incubated for another 18 h.  After transfection of 

caspase-3 siRNA, cells were treated with or without PAC-1 (10 M for 30 min), lysed, and 

subjected to Western blotting.  Caspase-3 activity was measured using a fluorometric assay kit 

that detects cleavage of substrate DEVD-AMC (Biovision).  In these cells, LPL activity was 

determined by adding heparin (8 U/ml for 1 min) to the incubation medium, and the release of 

surface-bound LPL activity into the medium determined.  Bryostatin-1 (Bry, 1 nM for 30 min) 

was used to activate PKD.  In cardiomyocytes transfected with the 14-3-3 siRNA, cells were 

lysed, the obtained cytosolic fraction incubated with caspase-3 for 30 min, and immunoblotted 

for detection of PKD. 

4.2.6. Western blotting 

Western blot was done as described previously(19).  Briefly, ventricular tissue (50 mg) or plated 

myocytes (0.4 x 106) were homogenized in ice-cold lysis buffer.  Samples were quantified, 

boiled with loading dye, and 50 g used in gel electrophoresis.  After blotting, membranes were 

incubated with rabbit PKD, phospho-PKD (Ser 916 or Ser 744/748), cleaved caspase-3 
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(Asp175), caspase-3, 14-3-3, LPL (5D2 generously provided by Dr. J. Brunzell, University of 

Washington, Seattle, WA) and VAMP antibodies, and subsequently with secondary goat anti-

rabbit or mouse HRP-conjugated antibody.  Bands were visualized using an ECL® detection kit, 

and quantified by densitometry. 

4.2.7. Immunoprecipitation   

Following STZ, hearts were lysed in lysis buffer (20 mM Tris-HCl, 2 mM EDTA, 5 mM EGTA, 

50 mM 2-mercaptoethanol, 25 µg leupeptin, 4 µg aprotinin, pH 7.5) and immunoprecipitated 

using PKD antibodies overnight at 4 C.  The immunocomplex was pulled down with protein 

A/G-sepharose for 1 h, and then heated for 5 min at 95 °C.  The immunocomplex was 

immunoblotted with anti-14-3-3.  Where indicated, GST-PKD (5 g) or immunoprecipitated 

PKD (5 g) from control heart were incubated with or without caspase-3 (5 units), and full 

length and cleaved PKD determined using Western blot. 

4.2.8. Immunofluorescence 

Heart-Hearts were perfused with 10% formalin and kept for 24 h.  After formalin fixation and 

paraffin embedding, 3-µm sections were cut on silane-coated glass slides.  Immunostaining was 

carried out as described before(19).  Slides were incubated with chicken anti-bovine LPL 

antibody (1:400 dilution) for 3 h.  After being washed with TBS, slides were incubated with 

biotinylated rabbit anti-chicken IgG-conjugated Cy3 (1:150 dilution; Chemicon) for 1 h.  Slides 

were visualized using a fluorescent microscope.  

Cardiomyocyte-Following transfection, myocytes were fixed for 10 min with 4% 

paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 in PBS for 3 min, treated with 

PBS containing 1% BSA for 20 min, and finally rinsed with PBS.  Cells were incubated with 

rabbit polyclonal PKD, mouse monoclonal TGN38, or chicken anti-bovine LPL antibody 



   

 124 

followed by incubation with secondary antibodies (goat anti-rabbit IgG-FITC, donkey anti-

mouse IgG-TR, donkey anti-mouse IgG-FITC, streptavidin-conjugated Cy3 fluorescent probe) to 

localize PKD (green), TGN38 (Green and Red), and LPL (red) respectively.  Slides were 

visualized using a Zeiss Pascal confocal microscope.  

4.2.9. Separation and measurement of cardiac triglyceride 

Total cardiac lipids were extracted and solubilized in chloroform: methanol: acetone: hexane 

(4:6:1:1 v/v/v/v).  Separation and quantification of TG was achieved using HPLC (Waters 2690 

Alliance HPLC, Milford, MA), as described previously(27).  Heart sections were also stained 

with Oil-Red-O and counter stained with haematoxylin to visualize cardiac lipid accumulation. 

4.2.10. Heart fractionation and determination of OXPAT 

OXPAT is a lipid-storage droplet protein that is highly enriched in tissues that have high rates of 

fatty acid β-oxidation(28).  To determine whether the cardiac lipid droplet is coated with 

OXPAT, we fractionated heart tissue by a previously described method(28).  Briefly, cardiac 

tissues were homogenized and centrifuged (2000g for 5 min) with 45% sucrose and lysis buffer.  

The supernatants obtained were overlaid with 40% and 10% sucrose solutions and subjected to 

centrifugation at increasing force (2,700-172,000g).  The different fractions obtained at a 

particular force were then subjected to Western blot for OXPAT or used for determination of 

TG. 

4.2.11. Transmission electron microscopy 

To assess accumulation of lipid droplets, morphological evaluation of hearts was carried out 

using transmission electron microscopy(29).  Briefly, left ventricular tissue was fixed in 1.5% 

glutaraldehyde and paraformaldehyde, cut into small blocks ( 1 x 0.5 x 0.2 mm), and fixed for 8 

h at 4 °C.  After washing, tissue was post fixed with 1% osmium tetroxide and further treated 
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with 1% uranyl acetate and dehydrated using increasing concentrations of ethanol (50–100%).  

Blocks were embedded in epoxy resin and sectioned at 90 nm.  Sections were stained with 1% 

uranyl acetate and Reynolds lead citrate.  Images were obtained with a Hitachi H7600 electron 

microscope.  

4.2.12. Plasma membrane CD36  

Heart membrane fractions were isolated by a previously described method using a sucrose 

density gradient(30).  Using Western blot, identification of CD36 protein was done using rabbit 

polyclonal CD36 as the primary antibody and mouse anti-rabbit horseradish peroxidase as the 

secondary antibody.  Na+-K+-ATPase was used as a plasma membrane marker.   

4.2.13. Palmitate oxidation in isolated cardiomyocytes 

FA oxidation was performed as described previously(31).  Following attachment of 

cardiomyocytes from the different groups to laminin-coated 60-mm center-well organ culture 

dishes, cells were incubated in glucose-free DMEM containing 0.4 mM palmitic acid, 3% FA-

free BSA, and 0.5 µCi [1-14C]palmitic acid.  Incubation was carried out for 2 h at 37 °C with 

95% O2-5% CO2 gassing.  5% KOH was then injected into the center wells, and oxidation 

stopped by injecting 1 M H2SO4 into the incubation buffer.  The dishes were sealed, stored at 4 

°C overnight, and KOH assessed for 14CO2 by scintillation counting.  Oxidation was calculated 

by subtracting 14CO2 at zero time from trapped 14CO2 after 2 h of incubation.  Results are 

expressed as nmol CO2/h/mg of protein (BCA Protein Assay Kit).  It should be noted that 

measurement of palmitate oxidation in isolated quiescent cardiomyocytes may not truly reflect 

what happens in the working heart. 
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4.2.14. Separation of Golgi and measurement of vesicles 

Golgi membranes were isolated from heart tissues using a Golgi isolation kit (Sigma).  5 g of 

heart tissue was minced and resuspended in 0.25 M sucrose using a Dounce homogenizer.  The 

homogenate was centrifuged at 3,000 g for 15 min.  The supernatant was adjusted to 1.25 M by 

adding 2.3 M sucrose and then overlaid with 1.84 M and 1.1 M sucrose.  The density gradient 

solution was centrifuged at 120,000 g for 3 h.  The Golgi enriched fraction was collected at the 

1.1/0.25 M sucrose interphase and confirmed using Western blotting with TGN38 antibody 

(trans-Golgi specific marker).  Golgi-enriched membranes were diluted with buffer containing 25 

mM KCl, 2.5 mM MgSO4, 25 mM Hepes, 0.2 M sucrose, 1 mM dithiothreitol, and 30 M GTP-

γS.  GST-PKD (5 g), caspase-3 (5 units) or cytosol (0.2 mg of protein) from control and D-100 

hearts was then added to the membranes, and incubation continued for 15 min at 37 °C(32).  

After centrifugation (12000 g, 10 min, 4 °C), pellets were re-suspended in the previous buffer 

plus 0.25 M KCl, and centrifuged at 250,000 g for 1 h to obtain a pellet.  Pellets were re-

suspended in lysis buffer, and subjected to SDS/PAGE and Western blot for VAMP and LPL. 

4.2.15. Materials 

3Htriolein, [1-14C]palmitic acid, and the ECL® detection kit were purchased from Amersham 

Canada.  Heparin sodium injection (Hapalean; 1000 USP U/ml) was obtained from Organon 

Teknika.  PKD, phospho-PKD (Ser 916 or Ser 744/748), cleaved caspase-3 (Asp175), and 

caspase-3 antibodies were obtained from Cell Signaling (Danvers, MA).  14-3-3, VAMP and -

actin antibodies were obtained from Santa Cruz biotechnology, Inc. (Delaware Avenue, CA).  

Caspase-3 enzyme, GST (Glutathione S transferases)-PKD protein, and Z-DEVD-fmk were 

purchased from Biovision.  Bryostatin-1 and PAC-1 were from Calbiochem.  All other chemicals 

were obtained from Sigma Chemical.   
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4.2.16. Statistical analysis 

Values are means  SE.  Wherever appropriate, one-way ANOVA followed by the Bonferroni 

test was used to determine differences between group mean values.  The level of statistical 

significance was set at P<0.05.   
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4.3. Results 

4.3.1. Severity of diabetes determines the magnitude of LPL at the coronary lumen   

By exploiting two different doses of STZ, we induced moderate (55 mg/kg) and severe (100 

mg/kg) hypoinsulinemia.  Although both groups were equally hyperglycemic (Figure 4-1A, 

inset), D-100 rats showed a more profound loss of circulating insulin (Figure 4-1A).  During 

hypoinsulinemia, excessive lipolysis and loss of adipose tissue mass results in an increase in both 

plasma FA and TG(24).  Indeed, both plasma FA (Figure 4-1B) and TG (Figure 4-1B, inset) 

levels were elevated in D-100 animals.  Interestingly, measurement of these parameters in D-55 

showed no significant differences when compared to control (Figure 4-1B).  During 

hypoinsulinemia with its attendant loss of glucose utilization, LPL activity increases at the 

vascular lumen(13).  Compared to control hearts, there was substantial increase in heparin-

releasable LPL activity in D-55 animals (Figure 4-1C), with most of the enzyme located at the 

vascular lumen as shown using immunofluorescence (Figure 4-1E).  Contrary to the results 

obtained with D-55 rats, heparin-releasable LPL activity (Figure 4-1C) and LPL 

immunofluorescence (Figure 4-1E) in severely hypoinsulinemic D-100 animals were unchanged 

when compared to control.  Both hypoinsulinemic groups showed no significant change in 

cardiac LPL gene expression (Figure 4-1D).   

4.3.2. Caspase-3 produces proteolysis of cardiac PKD   

Recently, we have reported that phosphorylation of PKD is a key element to increase cardiac 

LPL after hyperglycemia (D-55) by regulating fission of vesicles from Golgi membranes(18).  In 

the present study, measurement of PKD revealed that only D-100 hearts showed a decrease in 

full length PKD (Figure 4-2A, inset), with a corresponding robust increase in the cleaved form 

(Figure 4-2A), that increases its activity(33) but limits its Golgi binding capability(34).  In U-937 
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leukemic monocyte lymphoma cells, caspase-3 has been suggested to control PKD by cleaving 

its cysteine rich domain(33), which is necessary for binding to trans-Golgi(34).  Measurement of 

caspase-3 in D-100 rat hearts demonstrated an increase in its activity (Figure 4-2B).  This 

increase was modest; PAC-1, a procaspase-3 activator, increased caspase-3 activity 2-fold higher 

than D-100.  TUNEL and DAPI nuclear staining were used to assess cell apoptosis.  Hearts from 

D-100 animals exhibited a higher number of apoptotic cells.  However, the overall percentage of 

these cells was very low (~0.01%) (data not shown).  Given the effect of caspase-3 to cleave 

PKD, purified GST-PKD was incubated with active caspase-3 enzyme.  As predicted, GST-PKD 

was rapidly cleaved by caspase-3 (Figure 4-2C).  Replicating this experiment using PKD isolated 

from control hearts also showed cleavage of PKD by caspase-3.  However, caspase-3’s 

proteolysis of GST-PKD was faster than its cleavage of isolated PKD from control hearts (Figure 

4-2D).  Interestingly, although D-55 hearts also showed an increase in caspase-3 activity (Figure 

4-2B), this was not associated with cleaved PKD (Figure 4-2A) suggesting that in D-55 hearts, 

some protein is preventing PKD cleavage.  14-3-3 proteins are binding proteins known to 

interact with a number of enzymes protecting them against proteolytic degradation(35), and 

diabetes is known to decrease the gene and protein expression of 14-3-3(36).  Measurement of 

14-3-3 showed a decrease in its mRNA (Figure 4-2E) and protein (Figure 4-2E, inset), only in 

D-100 hearts.  In addition, severe hypoinsulinemia also resulted in a decreased attachment of 

PKD to 14-3-3 (Figure 4-2F).  Silencing of 14-3-3 in cardiomyocytes had no influence on 

PKD expression (Figure 4-2G, inset).  Nevertheless, in these cells, exposure to caspase-3 

accelerated PKD cleavage (Figure 4-2G, boxed inset).  Our data suggest that both activation of 

caspase-3 together with loss of 14-3-3 is required for cleavage of PKD following severe 

hypoinsulinemia. 
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4.3.3. Manipulating PKD in isolated cardiomyocytes is sufficient to regulate heparin-releasable 

LPL   

In cardiomyocytes, phospho-mimetic (PKD-S744E/S748E) and kinase-dead (KD) mutants of 

PKD were over expressed by adenoviral vectors to establish the relationship between PKD and 

LPL.  We first validated successful transduction using Western blotting (Figure 4-3A).  Both 

PKD-S744E/S748E and KD mutants increased total PKD expression (Figure 4-3A, inset); only 

the phospho-mimetic mutant demonstrated higher Ser916 phosphorylation, which is related to its 

catalytic activity(37).  The S744/S748 phosphorylation site has been shown to have a critical role 

in recruiting PKD to the trans-Golgi(34).  Simply increasing the expression of the phospho-

mimetic and KD mutants augmented their association with the trans-Golgi (Appendix Fig B-1).  

However, PKD-S744E/S748E also increased the co-localization of LPL to the trans-Golgi 

(Figure 4-3C), with a striking increase in heparin releasable LPL activity (Figure 4-3B).   

Using a different strategy, cardiomyocytes were transfected with PKD-D378A, point mutated 

to prevent caspase-3 mediated proteolysis(33).  Successful transfection of PKD-WT and PKD-

D378A is demonstrated in Appendix Fig B-1B.  Although PKD-WT and PKD-D378A 

themselves elevated PKD phosphorylation at Ser 916, phosphorylation of Ser 744/748 

(Appendix Fig B-1B) and heparin-releasable LPL activity (Appendix Fig B-1C) remained 

unchanged compared to EGFP.  Bryostatin-1 is a potent activator of PKD(38).  Control 

cardiomyocytes treated with bryostatin-1 increased phosphorylation (both S744/S748 and Ser 

916) of PKD and heparin-releasable LPL activity (Figure 4-3D, inset).  In WT and D378A 

cardiomyocytes, bryostatin-1 was not only capable of further increasing Ser 916 phosphorylation 

but also Ser 744/748 phosphorylation (Appendix Fig B-1B).  In these myocytes, bryostatin-1 also 

elicited a robust increase in heparin-releasable LPL activity (Appendix Fig B-1C).  Pre-treating 
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EGFP and WT cells with PAC-1 followed by bryostatin-1 induced significant cleavage of PKD, 

an effect that was not apparent in PKD-D378A cardiomyocytes (Figure 4-3D).  More 

importantly, caspase-3 activation in D378A did not decrease LPL activity as seen in EGFP and 

WT (Figure 4-3E).  It should be noted that in this experiment using non-diabetic myocytes, 14-3-

3  was unable to protect PKD from cleavage by PAC-1, which elicited a more robust increase in 

caspase-3 compared to D-100.  Overall, these data suggest that LPL transport to the cell surface 

is dependent on PKD phosphorylation at S744/S748 rather than PKD’s intrinsic activity, and that 

cleavage of PKD by caspase-3 is sufficient to prevent PKD mediated increase in LPL activity.   

4.3.4. Silencing of caspase-3 prevents PKD proteolysis and increases cardiac LPL activity  

We used siRNA to silence caspase-3 in isolated cardiomyocytes.  We first validated successful 

caspase-3 inhibition using Western blotting (Figure 4-4A, inset).  In myocytes in which caspase-

3 was silenced, PAC-1 was unable to increase caspase-3 activity (Figure 4-4A) or to increase 

PKD cleavage (Figure 4-4B).  Furthermore, in myocytes in which caspase-3 was silenced, the 

PAC-1 induced decrease in LPL activity was prevented (Figure 4-4C).   

4.3.5. Caspase-3 restricts PKD-mediated LPL vesicle formation 

PKD, by associating with vesicle associated membrane protein (VAMP, one of v-SNAREs), is 

known to trigger vesicular movement(39).  To further elucidate the interactions between caspase-

3, PKD and LPL, purified Golgi were incubated in the presence or absence of GST-PKD and 

caspase-3, and vesicle formation determined using antibodies against VAMP.  As predicted, 

VAMP associated vesicle formation significantly increased on incubation with GST-PKD; the 

GST-PKD induced vesicles contained high levels of LPL (Figure 4-5A and B).  These effects of 

PKD on VAMP associated vesicle formation and LPL content were impeded by caspase-3 

(Figure 4-5A and B).  We applied a similar approach in vivo, using Z-DEVD to inhibit caspase-3 
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in D-100 hearts.  Interestingly, when the cytosolic fraction from Z-DEVD treated D-100 hearts 

was incubated with isolated Golgi, VAMP associated vesicular formation together with LPL 

vesicle content increased significantly (Figure 4-5C and D).   

4.3.6. Inhibiting caspase-3 in D-100 rats increases LPL at the vascular lumen 

Given the strong relationship between caspase-3 and LPL, D-100 rats were treated with the 

caspase-3 inhibitor, Z-DEVD and LPL activity determined.  Z-DEVD was very effective in 

preventing caspase-3 cleavage and its subsequent activation (Figure 4-6A).  More importantly, 

this caspase-3 inhibitor prevented the cleavage of PKD that is seen in D-100 hearts (Figure 4-

6B).  This effect on PKD in Z-DEVD treated D-100 hearts increased the appearance of LPL at 

the vascular lumen (Figure 4-6D), in addition to augmenting heparin-releasable LPL activity 

(Figure 4-6C) to levels observed in D-55 hearts.  Z-DEVD had no influence on total LPL 

expression, which remained approximately 20% lower than control (Figure 4-6E).  In addition, 

Z-DEVD had no further influence in increasing vascular LPL in D-55 hearts (data not shown).  

In summary, activation of caspase-3 in D-100 hearts restrains the transfer of LPL to the coronary 

lumen by affecting proteolysis of PKD.   

4.3.7. Caspase-3 inhibition in D-100 promotes excessive cardiac TG accumulation 

Interestingly, the augmented amount of LPL in Z-DEVD treated D-100 rats corresponded to an 

increased clearance of circulating TG (Figure 4-7A), without affecting plasma FA (Figure 4-7B).  

In these animals, unlike the drop in plasma TG, there was a striking accumulation of cardiac TG, 

which was almost 2-fold higher than that in the untreated D-100 animals (Figure 4-7C and D).  

Sucrose fractionation and subjection of the different fractions to Western blot for OXPAT or 

determination of TG revealed that in D-100, the fractions (top) that had highest amount of TG 

were associated with OXPAT (Appendix Fig B-2); caspase inhibition in D-100 induced a further 
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increase of OXPAT in these fractions (Appendix Fig B-2).  Hearts from D-100 animals 

demonstrated an approximately two-fold increase in CD36 protein (Figure 4-7E).  Treatment of 

these animals with Z-DEVD did not initiate a further increase in plasma membrane CD36 

(Figure 4-7E).  Cardiac palmitate oxidation in D-100 rats treated and untreated with Z-DEVD 

remained high (Figure 4-7F). 
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4.4. Discussion 

During diabetes, when cardiac glucose uptake, glycolysis and pyruvate oxidation are impaired, 

the heart rapidly adapts to using a greater amount of FA for ATP generation, allowing it to 

maintain its function(40).  This change occurs not only as a consequence of increased exogenous 

FA (due to release of FA from adipose tissue and hydrolysis of TG-rich lipoproteins by LPL) and 

endogenous FA (hormone sensitive lipase hydrolysis of intracellular stored TG) supply, but also 

through an intrinsic adaptation/maladaptation to elevated FA that includes an augmented FA 

oxidation and expression of genes that control utilization of this substrate(40).  To avoid over 

supply of this potentially lethal substrate, the heart can exquisitely regulate its LPL content at the 

vascular lumen.  Thus following moderate acute STZ diabetes (that resembles a poorly 

controlled T1D patient), when circulating FA and TG have yet to increase, significantly elevated 

luminal LPL protein and activity is observed(14).  Given that vascular endothelial LPL is 

acquired from the cardiomyocyte, we previously examined the mechanisms by which diabetes 

increases cardiomyocyte cell surface LPL, a reservoir that can rapidly augment coronary luminal 

LPL when the need for FA is intensified.  In the myocyte, we reported that recruitment of LPL to 

the cell surface was controlled by protein kinase D (which regulated LPL vesicle fission)(18), 

whereas stress kinases like AMPK and p38 MAPK allowed for actin cytoskeleton 

polymerization, providing the cardiomyocyte with an infrastructure to facilitate LPL 

movement(20).  In the present study, our data demonstrate that following severe hypoinsulinemia 

(with its attendant elevation of plasma FA and TG), caspase-3 activation, by cleaving PKD, 

restricts amplification of LPL, thereby limiting FA provision and overwhelming cardiac TG 

accumulation.   
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 The cytosolic serine-threonine kinase, PKC-µ, also known as PKD, regulates vesicular 

fission from the trans-Golgi network, allowing cargo proteins to be delivered to the plasma 

membrane(34).  Within PKD, a cysteine-rich domain has been shown to have critical role in 

recruiting and binding PKD to the trans-Golgi(34).  We have recently reported that PKD is a key 

modulator of LPL vesicular trafficking within cardiomyocytes, and is related, not only to binding 

of PKD to the Golgi(18), but also to phosphorylation of Ser 744/748 in its catalytic domain.  In 

D-55 animals, PKD phosphorylation was strongly correlated to an increase in LPL on the 

luminal surface of the capillary endothelium.  Given the observation that in hearts from D-100 

animals, LPL activity remained unchanged after 4 days, or decreases after one week(14,25), we 

hypothesized that a signal deficiency for LPL translocation exists within these hearts.  

Interestingly, measurement of PKD revealed that only D-100 hearts showed a decrease in full 

length PKD, with a corresponding robust increase in the cleaved form.  Our data suggest that 

following severe hypoinsulinemia, proteolysis of PKD may be an important event to limit an 

increase in LPL activity at the vascular lumen.  

In U-937 cells, caspase-3 has been suggested to control PKD by cleaving its cysteine rich 

domain(33).  Given the relationship between caspase-3 and PKD, we measured caspase-3 and 

determined that both D-55 and D-100 hearts demonstrated an increase in its activity, likely 

mediated by reactive oxygen species(41).  It should be noted that the observed increase of 

caspase-3 in these hearts did not reach the upper limit seen with PAC-1, the caspase-3 activator 

that induces apoptosis (programmed cell death).  Thus, although caspase-3 plays a key role in 

apoptosis(42), in the acute hypoinsulinemic heart, caspase-3 may also have a non-apoptotic 

function.  Other studies have also suggested that caspase-3 has a regulatory function in cell 

proliferation, differentiation and shaping(43).  This secondary function of caspase-3 in D-100 
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hearts included cleavage of PKD, an observation that was absent following moderate 

hypoinsulinemia, even though these hearts showed an increase in caspase-3 activity.  Given that 

a) measurement of 14-3-3 showed a decrease in its mRNA and protein, only in D-100 hearts, b) 

caspase-3’s proteolysis of cardiac-PKD was slower than its cleavage of GST-PKD, and c) 

silencing of 14-3-3 in cardiomyocyte accelerated PKD cleavage on exposure of these cells to 

caspase-3, our data suggest that this 14-3-3 binding protein protects PKD against proteolytic 

degradation by caspase-3 in D-55.  Using control myocytes, we confirmed the relationship 

between PKD, LPL, and caspase-3.  Thus, the phospho-mimetic PKD co-localized with LPL in 

the trans-Golgi, facilitating LPL secretion to cardiomyocyte cell surface.  In addition, PKD 

mutated to prevent its cleavage by caspase-3 or silencing of caspase-3 was able to increase LPL 

activity.  Overall, our data suggest that caspase-3, by cleaving PKD, limits LPL vesicle 

formation and eventual increase of LPL at the vascular lumen.   

Z-DEVD-fmk is a potent, irreversible and cell permeable inhibitor of caspase-3.  Using this 

compound in D-100 animals, we effectively lowered caspase-3 activity, prevented PKD cleavage 

and increased LPL vesicle formation and translocation to the vascular lumen.  This increase in 

LPL at the vascular lumen occurred even though the total LPL protein expression remained 

approximately 20% lower than control.  It should be noted that electron microscopy using 

immunogold-labeling established that, in the heart, 78% of total LPL is present in cardiac 

myocytes, 3-6% in the interstitial space, and 18% at the coronary endothelium(6).  Thus, LPL at 

the vascular lumen is likely more dependent on the signaling which promotes transfer of this 

enzyme from the cardiomyocyte to the coronary lumen rather than its absolute cardiomyocyte 

content. 
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 Cardiac LPL is a major determinant of plasma TG(44).  Thus, the increase in cardiac luminal 

LPL in Z-DEVD treated D-100 animals could explain the decline in circulating TG.  Whether 

other tissue LPL contributes towards this observed fall in plasma TG is unknown as heparin 

perfusion to release vascular bound LPL is difficult to accomplish in other tissues.  As no 

apparent change was noted in plasma FA levels in these animals, our data suggest that following 

LPL mediated TG hydrolysis, FA can be taken up rapidly and directly into tissues.  In support of 

this suggestion, cardiac and skeletal muscle specific overexpression of LPL decreased plasma 

TG, elevated TG storage in muscle tissue but was without effect when plasma FA was 

measured(45).  In the event of an increased availability of FA, its disposal can occur either via 

oxidation or its conversion into TG, which serves as the primary storage form of FA.  Caspase-3 

inhibition did not alter the high FA uptake and oxidation in D-100 rats.  However, measurement 

and visualization of cardiac TG revealed a striking accumulation in Z-DEVD treated D-100 

hearts, which was almost 2-fold higher than that in the untreated D-100 animals.  This TG was 

richly associated with the lipid-storage droplet protein, OXPAT(28).  Overall, these data suggest 

that in D-100 hearts treated with Z-DEVD, FA uptake and oxidation are likely operating at their 

maximum capacity.  The additional TG accumulation in this group is thus most likely a 

consequence of an increase in LPL and vascular lipolysis, with the released fatty acids rapidly 

taken up and stored as TG with the assistance of OXPAT.  Other studies have also reported 

excessive TG overload when LPL is specifically overexpressed in the heart(46).  It should be 

recognized that PKD has also been linked to GLUT4-mediated glucose uptake in contracting 

myocytes(47).  However, as STZ diabetes rapidly decreases the myocardial content of total 

membrane GLUT4 (t1/2 of 3.5 days)(48), the impact of PKD in regulating glucose uptake is 

likely minimal under conditions of hypoinsulinemia and hyperglycemia. 
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 In summary, severe hypoinsulinemia with its associated increase in circulating FA and TG, 

lowers 14-3-3 expression and activates caspase-3, which can cleave PKD, reduce LPL vesicle 

fission and restrict LPL translocation to the vascular lumen (Figure 4-7G).  When caspase-3 is 

inhibited, this compensatory response is lost, leading to accumulation of TG (Figure 4-7G).  It 

should be noted that in transgenic rabbits that have global overexpression of LPL, attenuation of 

hypertriglyceridemia was observed, an effect suggested to contribute toward amelioration of 

insulin resistance and obesity(49).  Contrary to systemic overexpression, tissue-specific 

overexpression of LPL in skeletal muscle and heart is associated with lipid oversupply, insulin 

resistance and severe myopathy, characterized by both muscle fiber degeneration, extensive 

proliferation of mitochondria and peroxisomes, excessive dilatation and impaired left ventricular 

systolic function(18,45,46,50,51).  Interestingly, drugs like pioglitazone that are known to 

decrease caspase-3(52), have been reported to reduce circulating TG(53,54) by increasing LPL in 

humans(55), and also to increase the myocardial content of lipids in rats fed a high fat diet(56).  

Whether this effect can explain the risk of heart failure when TZDs are used in patients with 

Type 2 diabetes has yet to be determined(57,58).  Thus, although caspase inhibition has been 

considered to have therapeutic effects in many human diseases, including heart attack, 

neurodegenerative diseases and autoimmune disorders, its use in diabetes to prevent cardiac cell 

death could be lead to significant cardiac TG accumulation, and warrants further investigation.   
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Fig. 4-1  Moderate and severe hypoinsulinemia have dissimilar effects on cardiac LPL.  Animals 
were treated with two different doses of STZ [55 (D-55) and 100 (D-100) mg/kg], and kept for 4 
days.  Fed blood samples were obtained from the tail vein and glucose (Glu) determined using a 
glucometer (A, inset).  Plasma was assayed for insulin (A), triglyceride (TG, B inset), and non-
esterified fatty acids (NEFA, B) using diagnostic kits.  Hearts were isolated and perfused in the 
non-recirculating retrograde mode.  The coronary luminal LPL released with heparin (5 units/ml) 
was collected, and LPL activity was assayed using radiolabeled triolein.  LPL activity was 
determined as nmol/h/ml.  The results are expressed as area under curve (AUC) of enzyme 
released over 5 min (C).  LPL mRNA was measured using real time PCR (D).  LPL was 
visualized by immunofluoresence (E).  Bar = 200 m.  AU = Arbitrary Units.  Results are the 
means  SE of 3-5 rats in each group.  *Significantly different from control; +significantly 
different from all other groups, P<0.05.   
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Fig. 4-2  PKD cleavage is increased following severe hypoinsulinemia.  Full length (FL) and 
cleaved (CL) PKD (A) and caspase-3 (B, inset) were measured using Western blot.  Caspase-3 
activity was measured using a fluorometric assay kit (B).  In a separate experiment, control rats 
injected with PAC-1 (10 mg/kg kept for 30 min) were used as a positive control (B).  In vitro, 
purified GST-PKD was incubated in the absence or presence of activated caspase-3, and PKD 
proteolysis determined using Western blot (C).  Comparison of the time dependent cleavage of 
GST-PKD and cardiac PKD (purified from control hearts) by capase-3 is described in D.  14-3-
3 protein (E, inset) and gene (E) expression were measured using Western blot and real time 
PCR respectively.  To examine the association between PKD and 14-3-3, PKD was 
immunoprecipitated using a PKD antibody and immunoblotted with anti-14-3-3 (F).  Plated 
myocytes were exposed to the 14-3-3 siRNA (or scrambled, Scr).  The inset (G) depicts 
transfection efficiency.  After transfection of 14-3-3 siRNA, cells were lysed and the cytosolic 
fraction incubated with or without caspase-3 (5 units for 30 min) and subjected to Western blot 
for evaluating FL-PKD (G and boxed inset).  Results are the means  SE of 3-5 rats in each 
group.  *Significantly different from control/GST-PKD; +significantly different from all other 
groups, P<0.05.  PAC-1, procaspase-3 activator; IP, immunoprecipitation; WB, Western blot; 
Casp3, Caspase-3. 
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Fig. 4-3  PKD phosphorylation at S744/S748 together with its resistance to proteolysis by 
caspase-3 increases cardiac LPL.  Control cardiomyocytes were infected with recombinant 
adenovirus vector carrying phospho-mimetic (S744E/748E) and kinase-dead (KD) mutants, or 
EGFP.  Infected cells were incubated for a further 36 h before protein extraction for 
measurement of total (A, inset) and phosphorylated (Ser 916) PKD (A).  In these cells, LPL 
activity was determined by adding heparin (8 U/ml for 1 min) to the incubation medium, and the 
release of surface-bound LPL activity into the medium determined (B).  Representative 
photograph showing co-localization of LPL and trans-Golgi (TGN) is shown in C (arrow).  
Cardiomyocytes were fixed, incubated with primary antibodies [LPL (Red) and TGN38 (Green)] 
followed by incubation with secondary antibodies [Cy3 (Red) and FITC (Green)].  Bar = 15 m.  
PKD phosphorylation (Ser 916, Ser 744/748) and increase in cardiomyocyte LPL activity with 
bryostatin-1 (Bry, 1 nM for 30 min) is indicated in D (inset).  Cardiomyocytes were also 
transfected with PKD wild-type (WT) and PKD D378A, or EGFP.  In these transfected cells 
exposed to bryostatin-1, cleaved PKD (D) and LPL activity (E) were determined in the absence 
or presence of PAC-1 (10 M for 30 min).  Results are the means  SE of 3-5 cardiomyocyte 
preparations from different animals.  *Significantly different from control; +significantly 
different from all other groups, #significantly different from heparin releasable, P<0.05.  HR, 
heparin-releasable; P, phosphorylated; T, total. 
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Fig. 4-4  Impeding PKD proteolysis by silencing caspase-3 substantially increases cardiac LPL 
activity.  Plated myocytes were exposed to the caspase-3 siRNA (or scrambled, Scr).  The inset 
(A) depicts transfection efficiency.  After transfection of caspase-3 siRNA, cells were treated 
with or without PAC-1 (10 µM for 30 min), lysed, and subjected to Western blot for evaluating 
full length (FL) and cleaved (CL) caspase-3 and PKD (A and B).  Caspase-3 activity was 
measured using a fluorometric assay kit (A).  In these cells, LPL activity was determined by 
adding heparin to the incubation medium, and the release of surface-bound LPL activity into the 
medium determined (C).  Bryostatin-1 (Bry, 1 nM for 30 min) was used to activate PKD.  
Results are the means  SE of 3-5 cardiomyocyte preparations from different animals.  
*Significantly different from control; +significantly different from all other groups, #significantly 
different from heparin releasable, P<0.05.    
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Fig. 4-5  Full length PKD is essential for LPL vesicle formation from Golgi.  Rat heart 
homogenate was overlaid on sucrose solutions, and the gradients centrifuged for 2 h.  A Golgi 
fraction was isolated from the sucrose interphase and mixed with GST-PKD (5 g) alone or 
together with caspase-3 (5 units) (A and B).  Isolated Golgi were also incubated with cardiac 
cytosol (0.2 mg) isolated from control and D-100 hearts, treated or not treated with Z-DEVD (C 
and D).  All samples were ultra centrifuged for isolation of vesicles, which were then subjected 
to Western blot for evaluating VAMP and LPL.  Results are the means  SE of 3-5 experiments 
in each group.  *Significantly different from control; +significantly different from all other 
groups, P<0.05.   
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Fig. 4-6  Activation of caspase-3 in D-100 limits vascular lumen increase in LPL.  Animals were 
treated with STZ (100 mg/kg, i.v.), and kept for 4 days.  After 1 day of STZ, some control and 
D-100 rats were treated twice daily with Z-DEVD (3.2 mg/kg, i.p.) for 3 days.  Cardiac caspase-
3 activity was measured using a fluorometric assay kit (A).  FL and CL-caspase-3 (A) and PKD 
(B) in the different groups were measured using Western blot.  Hearts were also isolated and 
perfused in the non-recirculating retrograde mode.  The coronary luminal LPL released with 
heparin (5 units/ml) was assayed using radiolabeled triolein.  The results are expressed as area 
under curve (AUC) of enzyme released over 5 min (C).  LPL was visualized by 
immunofluoresence (D).  Bar = 200 m.  The level of LPL protein was measured using Western 
blot (E).  Results are the means  SE of 3-5 rats in each group.  *Significantly different from 
control; +significantly different from all other groups, P<0.05.   
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Fig. 4-7  Inhibition of caspase-3 facilitates a striking increase in TG accumulation in D-100 
hearts.  Plasma collected at termination was evaluated for TG (A) and NEFA (B) using 
diagnostic kits.  Oil Red O staining of representative cardiac sections showing lipid accumulation 
is described in C (left panel).  Bar = 100 m.  Representative electron micrograph of hearts from 
different groups is depicted in C (right panel).  Bar = 500 nm.  Black arrow head, lipid-like 
vacuoles.  Cardiac TG was extracted with organic solvent, and determined using HPLC (D).  
Plasma membranes were isolated and used for identification of CD36 (E).  Palmitate oxidation in 
myocytes isolated from the different groups was assessed by measuring 14CO2 (F).  Results are 
the means  SE of 3-5 rats in each group.  *Significantly different from control; +significantly 
different from all other groups, #significantly different from untreated D-100, P<0.05.  A graphic 
representation of caspase-3 control of cardiac metabolism is described in G.  Following severe 
hypoinsulinemia, a decrease in full length PKD requires both activation of caspase-3 together 
with loss of the binding protein 14-3-3.  Proteolysis of PKD is unable to transfer cardiac LPL to 
the vascular lumen.  The caspase inhibitor, Z-DEVD, effectively lowers caspase-3 activity in D-
100 hearts, prevents PKD cleavage and increases LPL vesicle formation and translocation to the 
coronary lumen.  This increase in luminal LPL is associated with a decline in circulating 
triglyceride (TG), but a striking cardiac TG accumulation.  
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5. CONCLUSIONS AND FUTURE DIRECTION 

5.1. Conclusions 

Diabetes is a metabolic syndrome characterized by hyperglycemia caused by deficiency in 

insulin secretion (Type 1), insulin action (Type 2), or both.  Heart disease is a leading cause of 

death in diabetic patients, with coronary vessel disease and atherosclerosis being primary reasons 

for the increased incidence of cardiovascular dysfunction(1,2).  However, a predisposition to 

heart failure might also reflect the effects of underlying abnormalities in diastolic function that 

can be detected in asymptomatic patients with diabetes alone(3,4).  These observations suggest a 

specific impairment of heart muscle (termed diabetic cardiomyopathy)(5-10).   

 Several etiological factors have been put forward to explain the development of diabetic 

cardiomyopathy including increased stiffness of the left ventricular wall associated with 

accumulation of connective tissue and insoluble collagen, depressed autonomic function, 

impaired endothelium function and sensitivity to various ligands (e.g., -agonists), and 

abnormalities of various proteins that regulate ion flux, specifically intracellular calcium(11-14).  

More recently, the view that diabetic cardiomyopathy could also occur as a consequence of 

metabolic alterations has been put forward(15-17).  In T1D and T2D, glucose uptake, glycolysis, 

and pyruvate oxidation are impaired(18,19).  Under these conditions, the heart rapidly adapts to 

using FA exclusively for ATP generation(20).  Chronically, this maladaptation is believed to 

play a key role in the development of cardiomyopathy(20).  A number of studies have suggested 

that excessive FA overload induces lipotoxicity and contributes to the initiation and development 

of cardiomyopathy.  For example, with the use of transgenic mice, studies have shown that 

elevation of FA uptake or utilization induces lipotoxicity in the absence of any systemic 

metabolic disturbance.  Thus, cardiac-specific overexpression of LPL or fatty acid transport 
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protein 1 significantly increased FA delivery with ensuing lipid storage, lipotoxic 

cardiomyopathy, and contractile dysfunction(21,22).  Moreover, elevating FA utilization by 

cardiac-specific overexpression of PPAR-α or acyl CoA synthase also causes cardiomyopathy 

and cardiac dysfunction, similar to that seen during diabetes(23,24).  Conversely, reducing FA 

supply or utilization prevented the development of cardiomyopathy in obese or diabetic animals.  

In ZDF or transgenic mice with cardiac overexpression of LPL, a PPAR-γ agonist decreased 

plasma and cardiac intracellular lipids and ameliorated cardiomyopathy(25,26).  Additionally, 

increasing lipoprotein excretion by overexpressing human apoB also reduces cardiac lipids and 

improves cardiomyopathy(27).  Taken together, these studies provide convincing evidence that 

augmented FA supply during obesity or diabetes impairs cardiac lipid homeostasis and leads to 

lipotoxicity cardiomyopathy.   

 The mechanisms that mediate cardiac lipotoxicity are still not completely understood.  One 

potential target is over production of reactive oxygen species (ROS)(24).  High rate of FA 

oxidation increases mitochondrial action potential, leading to augmented ROS generation(24).  

Under normal physiological conditions, ROS is removed by cellular antioxidants.  In the event of 

excessive generation of ROS, as observed in STZ-induced diabetic rats, ZDF rats, and db/db 

mice, it causes cardiomyocyte cell damage and augmented apoptosis(26,28,29).  Another 

potential mechanism for lipotoxicity is accumulation of lipids, when FA uptake supercedes its 

oxidation.  Regarding accumulation of TG, the role of this neutral lipid in inducing contractile 

dysfunction is still unknown, although a strong association between TG storage and lipotoxicity 

has been established in both animal models and human studies(26,30,31).  Interestingly, a recent 

study suggested that TG formation actually provides protection against the deleterious effects of 

fatty acyl-CoA(32).  Besides TG, excessive FA also leads to ceramide generation, an 
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intracellular messenger known to trigger apoptosis(26).  Accumulation of ceramide has been 

found in ZDF rats (26) or in isolated cardiomyocytes incubated with high fat(33,34).  Ceramide 

up regulates inducible nitric oxide synthase through activation of NF-κB, leading to increased 

generation of nitric oxide and peroxynitrite(26,35).  As a highly reactive molecule, peroxynitrite 

causes opening of the mitochondrial permeability transition pore and release of cytochrome c.  

Additionally, ceramide directly interacts with cytochrome c, leading to its release from the 

mitochondria(36).  As a consequence, caspase is activated, which initiates the apoptotic pathway 

in cells.  High FA can also impair cardiolipin and lead to a ceramide-independent cell 

apoptosis(37).  To avoid oversupply of potentially lethal fatty acids, my objective was to 

determine the mechanisms by which cardiac LPL is augmented.  Previously, our lab suggested 

that AMPK influences LPL translocation to the cardiomyocyte cell surface, for eventual 

secretion to the vascular lumen.  My initial study determined the molecular mechanisms by 

which AMPK controls LPL.  Following AMPK activation, HR-LPL activity was appreciably 

enhanced, an effect that was reduced by preincubation with a p38 MAPK inhibitor (SB202190) 

or silencing of p38 MAPK using small interfering RNA (siRNA).  In the absence of AMPK 

activation, direct stimulation of p38 MAPK was able to augment LPL activity at the 

cardiomyocyte cell surface, an effect that was prevented by cytochalasin D (inhibitor of actin 

polymerization).  Following these stress kinase signals, Hsp25 is phosphorylated, releases actin 

monomers, and promotes actin polymerization.  Overall, these data suggest that in diabetic 

hearts, stress kinase signals, Hsp25, and the actin cytoskeleton act in unison to promote vascular 

LPL increase.   

In addition to stress signals, PKC has also been suggested to increase LPL activity by 

promoting its vesicular trafficking.  Following hyperglycemia induced by diazoxide or STZ, we 
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demonstrate that PKC dissociates from Hsp25, allowing this protein kinase to phosphorylate 

and activate PKD, an important kinase that regulates fission of vesicles from the Golgi 

membrane.  Rottlerin, a PKC inhibitor, prevented PKD phosphorylation and the subsequent 

increase in LPL.  In myocytes in which PKD was silenced or a mutant form of PKC was 

expressed, high glucose and FA (to mimic diabetic conditions) were incapable of increasing 

LPL.  Finally, silencing of cardiomyocyte Hsp25 elicited a significant phosphorylation of PKC, 

and activation of PKD.  Overall, following diabetes, when cardiac glucose utilization is 

impaired, the PKC-PKD pathway embraces LPL vesicle formation and its secretion to cell 

surface.  From here, LPL is transported onto similar HSPG-binding sites on the luminal surface 

of the capillary endothelium.  At this location, hydrolysis of circulating lipoprotein-TG occurs, 

providing FA to the underlying cardiomyocyte.   

During severe diabetes (D-100), there is an excess provision of circulating plasma FA from 

adipose tissue and increased hepatic VLDL-TG secretion.  In this specific situation, coronary 

HR-LPL activity was lower compared to control hearts.  It is suggested that LPL activity was 

reduced to limit overload of this potentially lethal substrate following severe diabetes.  D-100 

hearts showed cleavage of PKD, reducing its ability to interact with Golgi, and prevented LPL 

vesicle formation.  This PKD proteolysis required activation of caspase-3 together with loss of 

14-3-3, a binding protein that protects enzymes against degradation.  More importantly, during 

severe diabetes, inhibition of caspase-3 prevented PKD cleavage, augmented coronary LPL 

activity, and increased clearance of circulating TG.  The net result of caspase-3 inhibition in D-

100 rats was an increase in FA uptake into cardiac tissue, FA overload and striking accumulation 

in myocardial TG.  As excess myocardial TG can lead to cardiac dysfunction, our data suggest 
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that caspase-3 inhibition can be either beneficial or harmful, depends on the prevalent 

physiological or pathological conditions, and requires further investigation. 

5.2. Future direction 

Future studies could focus on the following issues: 

1. Insulin sensitizers (PPAR-γ activators) such as rosiglitazone and pioglitazone are used in 

the treatment of Type 2 diabetes.  However, recent reports have suggested that these insulin 

sensitizers are associated with a statistically significant increase in the risk for heart disease.  

Interestingly, these drugs are known to prevent caspase-3 activation.  Given that activation of 

caspase-3 can restrict LPL translocation to the vascular lumen, future studies should focus on 

identifying whether these drugs promote coronary LPL accumulation.   

2. My studies indicate that following diabetes, cardiac LPL activity is increased without any 

change in LPL gene expression.  Post translational transfer of LPL from the cardiomyocyte to the 

coronary lumen is a likely candidate for explaining this effect.  As LPL dimerization is required 

for this movement, future studies should focus on identifying mechanisms that promote LPL 

dimerization.  Interestingly, Angptl-4 in adipose tissue is known to convert LPL from a 

catalytically active dimer to the inactive monomer.  Although cardiac Angptl-4 mRNA 

expression level is low in the heart compared to adipose tissue, whether its cardiac levels 

increase following hyperglycemia needs further investigation.   

3. Since effective blood glucose control is always difficult in diabetic patients, it is possible that 

over time, these patients are predisposed to brief periods of hypoinsulinemia, increased luminal 

LPL, and abnormal FA supply and utilization by the heart leading to excessive FA and TG 

accumulation.  Whether this excess LPL-derived FA during diabetes could contribute to heart 

failure remains unclear, and needs to be determined.   



   

 159 

5.3. Bibliography 

1. Burchfiel CM, Reed DM, Marcus EB, Strong JP, Hayashi T: Association of diabetes mellitus 

with coronary atherosclerosis and myocardial lesions. An autopsy study from the Honolulu Heart 

Program. Am J Epidemiol 137:1328-1340, 1993 

2. Griffin E, Re A, Hamel N, Fu C, Bush H, McCaffrey T, Asch AS: A link between diabetes 

and atherosclerosis: Glucose regulates expression of CD36 at the level of translation. Nat Med 

7:840-846, 2001 

3. Boyer JK, Thanigaraj S, Schechtman KB, Perez JE: Prevalence of ventricular diastolic 

dysfunction in asymptomatic, normotensive patients with diabetes mellitus. Am J Cardiol 

93:870-875, 2004 

4. Annonu AK, Fattah AA, Mokhtar MS, Ghareeb S, Elhendy A: Left ventricular systolic and 

diastolic functional abnormalities in asymptomatic patients with non-insulin-dependent diabetes 

mellitus. J Am Soc Echocardiogr 14:885-891, 2001 

5. Schannwell CM, Schneppenheim M, Perings S, Plehn G, Strauer BE: Left ventricular diastolic 

dysfunction as an early manifestation of diabetic cardiomyopathy. Cardiology 98:33-39, 2002 

6. Bell DS: Diabetic cardiomyopathy. Diabetes Care 26:2949-2951, 2003 

7. Beljic T, Miric M: Improved metabolic control does not reverse left ventricular filling 

abnormalities in newly diagnosed non-insulin-dependent diabetes patients. Acta Diabetol 

31:147-150, 1994 

8. Nicolino A, Longobardi G, Furgi G, Rossi M, Zoccolillo N, Ferrara N, Rengo F: Left 

ventricular diastolic filling in diabetes mellitus with and without hypertension. Am J Hypertens 

8:382-389, 1995 



   

 160 

9. Poirier P, Bogaty P, Garneau C, Marois L, Dumesnil JG: Diastolic dysfunction in 

normotensive men with well-controlled type 2 diabetes: importance of maneuvers in 

echocardiographic screening for preclinical diabetic cardiomyopathy. Diabetes Care 24:5-10, 

2001 

10. Bertoni AG, Tsai A, Kasper EK, Brancati FL: Diabetes and idiopathic cardiomyopathy: a 

nationwide case-control study. Diabetes Care 26:2791-2795, 2003 

11. Farhangkhoee H, Khan ZA, Kaur H, Xin X, Chen S, Chakrabarti S: Vascular endothelial 

dysfunction in diabetic cardiomyopathy: pathogenesis and potential treatment targets. Pharmacol 

Ther 111:384-399, 2006 

12. Cesario DA, Brar R, Shivkumar K: Alterations in ion channel physiology in diabetic 

cardiomyopathy. Endocrinol Metab Clin North Am 35:601-610, ix-x, 2006 

13. Heyliger CE, Pierce GN, Singal PK, Beamish RE, Dhalla NS: Cardiac alpha- and beta-

adrenergic receptor alterations in diabetic cardiomyopathy. Basic Res Cardiol 77:610-618, 1982 

14. Candido R, Forbes JM, Thomas MC, Thallas V, Dean RG, Burns WC, Tikellis C, Ritchie 

RH, Twigg SM, Cooper ME, Burrell LM: A breaker of advanced glycation end products 

attenuates diabetes-induced myocardial structural changes. Circ Res 92:785-792, 2003 

15. Lopaschuk GD, Rebeyka IM, Allard MF: Metabolic modulation: a means to mend a broken 

heart. Circulation 105:140-142, 2002 

16. Rodrigues B, McNeill JH: The diabetic heart: metabolic causes for the development of a 

cardiomyopathy. Cardiovasc Res 26:913-922, 1992 

17. Abel ED: Myocardial insulin resistance and cardiac complications of diabetes. Curr Drug 

Targets Immune Endocr Metabol Disord 5:219-226, 2005 



   

 161 

18. Kelley DE, Mandarino LJ: Hyperglycemia normalizes insulin-stimulated skeletal muscle 

glucose oxidation and storage in noninsulin-dependent diabetes mellitus. J Clin Invest 86:1999-

2007, 1990 

19. Iozzo P, Hallsten K, Oikonen V, Virtanen KA, Kemppainen J, Solin O, Ferrannini E, Knuuti 

J, Nuutila P: Insulin-mediated hepatic glucose uptake is impaired in type 2 diabetes: evidence for 

a relationship with glycemic control. J Clin Endocrinol Metab 88:2055-2060, 2003 

20. An D, Rodrigues B: Role of changes in cardiac metabolism in development of diabetic 

cardiomyopathy. Am J Physiol Heart Circ Physiol 291:H1489-1506, 2006 

21. Yagyu H, Chen G, Yokoyama M, Hirata K, Augustus A, Kako Y, Seo T, Hu Y, Lutz EP, 

Merkel M, Bensadoun A, Homma S, Goldberg IJ: Lipoprotein lipase (LpL) on the surface of 

cardiomyocytes increases lipid uptake and produces a cardiomyopathy. J Clin Invest 111:419-

426, 2003 

22. Chiu HC, Kovacs A, Blanton RM, Han X, Courtois M, Weinheimer CJ, Yamada KA, Brunet 

S, Xu H, Nerbonne JM, Welch MJ, Fettig NM, Sharp TL, Sambandam N, Olson KM, Ory DS, 

Schaffer JE: Transgenic expression of fatty acid transport protein 1 in the heart causes lipotoxic 

cardiomyopathy. Circ Res 96:225-233, 2005 

23. Chiu HC, Kovacs A, Ford DA, Hsu FF, Garcia R, Herrero P, Saffitz JE, Schaffer JE: A novel 

mouse model of lipotoxic cardiomyopathy. J Clin Invest 107:813-822, 2001 

24. Finck BN, Lehman JJ, Leone TC, Welch MJ, Bennett MJ, Kovacs A, Han X, Gross RW, 

Kozak R, Lopaschuk GD, Kelly DP: The cardiac phenotype induced by PPARalpha 

overexpression mimics that caused by diabetes mellitus. J Clin Invest 109:121-130, 2002 



   

 162 

25. Vikramadithyan RK, Hirata K, Yagyu H, Hu Y, Augustus A, Homma S, Goldberg IJ: 

Peroxisome proliferator-activated receptor agonists modulate heart function in transgenic mice 

with lipotoxic cardiomyopathy. J Pharmacol Exp Ther 313:586-593, 2005 

26. Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, Baetens D, Orci L, Unger RH: 

Lipotoxic heart disease in obese rats: implications for human obesity. Proc Natl Acad Sci U S A 

97:1784-1789, 2000 

27. Yokoyama M, Yagyu H, Hu Y, Seo T, Hirata K, Homma S, Goldberg IJ: Apolipoprotein B 

production reduces lipotoxic cardiomyopathy: studies in heart-specific lipoprotein lipase 

transgenic mouse. J Biol Chem 279:4204-4211, 2004 

28. Barouch LA, Gao D, Chen L, Miller KL, Xu W, Phan AC, Kittleson MM, Minhas KM, 

Berkowitz DE, Wei C, Hare JM: Cardiac myocyte apoptosis is associated with increased DNA 

damage and decreased survival in murine models of obesity. Circ Res 98:119-124, 2006 

29. Cai L, Li W, Wang G, Guo L, Jiang Y, Kang YJ: Hyperglycemia-induced apoptosis in mouse 

myocardium: mitochondrial cytochrome C-mediated caspase-3 activation pathway. Diabetes 

51:1938-1948, 2002 

30. Sharma S, Adrogue JV, Golfman L, Uray I, Lemm J, Youker K, Noon GP, Frazier OH, 

Taegtmeyer H: Intramyocardial lipid accumulation in the failing human heart resembles the 

lipotoxic rat heart. Faseb J 18:1692-1700, 2004 

31. Christoffersen C, Bollano E, Lindegaard ML, Bartels ED, Goetze JP, Andersen CB, Nielsen 

LB: Cardiac lipid accumulation associated with diastolic dysfunction in obese mice. 

Endocrinology 144:3483-3490, 2003 



   

 163 

32. Listenberger LL, Han X, Lewis SE, Cases S, Farese RV, Jr., Ory DS, Schaffer JE: 

Triglyceride accumulation protects against fatty acid-induced lipotoxicity. Proc Natl Acad Sci U 

S A 100:3077-3082, 2003 

33. Dyntar D, Eppenberger-Eberhardt M, Maedler K, Pruschy M, Eppenberger HM, Spinas GA, 

Donath MY: Glucose and palmitic acid induce degeneration of myofibrils and modulate 

apoptosis in rat adult cardiomyocytes. Diabetes 50:2105-2113, 2001 

34. Hickson-Bick DL, Buja LM, McMillin JB: Palmitate-mediated alterations in the fatty acid 

metabolism of rat neonatal cardiac myocytes. J Mol Cell Cardiol 32:511-519, 2000 

35. Unger RH, Orci L: Lipoapoptosis: its mechanism and its diseases. Biochim Biophys Acta 

1585:202-212, 2002 

36. Ghafourifar P, Klein SD, Schucht O, Schenk U, Pruschy M, Rocha S, Richter C: Ceramide 

induces cytochrome c release from isolated mitochondria. Importance of mitochondrial redox 

state. J Biol Chem 274:6080-6084, 1999 

37. Ostrander DB, Sparagna GC, Amoscato AA, McMillin JB, Dowhan W: Decreased 

cardiolipin synthesis corresponds with cytochrome c release in palmitate-induced cardiomyocyte 

apoptosis. J Biol Chem 276:38061-38067, 2001 

 

 

 

 

 

 

 



   

 164 

APPENDICES  
Appendix A 
 
 
 
 
 
 
 
 
 
 
 

 

Appendix Fig. A-1  Diazoxide has no direct effect on isolated cardiomyocyte LPL.  

Cardiomyocytes were plated on laminin-coated culture plates.  Cells were maintained using 

Media-199, and incubated at 37°C under an atmosphere of 95% O2/5% CO2 for 16 hours.  

Subsequently, DZ (1 mg/ml; calculated concentration in vivo) was added to the culture medium 

for 4 h and myocyte basal LPL activity released into the medium was measured.  To release 

surface-bound LPL activity, heparin (8 U/mL; 1 min) was added to the culture plates, aliquots of 

cell medium removed, separated by centrifugation, and assayed for LPL activity.  Data are 

means ± SE; n=3 myocyte preparations from different animals.   
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Appendix Fig. A-2  Cardiomyocyte heparin releasable LPL activity only increases in the 

presence of high glucose and palmitic acid.  Laminin coated cardiomyocytes were treated with 

normal (NG, 5 mM) or high (HG, 20 mM) glucose and increasing concentrations of albumin 

bound palmitic acid (PA, 0-1.5 mM).  After 2h, basal and heparin releasable LPL in the medium 

was determined using radio labeled triolein.  Data are means ± SE; n=3 myocyte preparations 

from different animals. 
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Appendix Fig. A-3  Unlike palmitic acid, high glucose and oleic acid does not increase 

cardiomyocyte heparin releasable LPL.  Cardiomyocytes were treated with high glucose (20 

mM) and either palmitic (1.5 mM) or oleic (1.5 mM) acid.  After 2 h, basal and heparin 

releasable LPL in the medium was measured.  Data are means ± SE; n=3 myocyte preparations 

from different animals.  PA, palmitic acid; OA, oleic acid. 
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Appendix Fig. A-4  High glucose and palmitic acid alone have no effect on cardiomyocyte LPL 

trafficking.  Cardiomyocytes were treated with high glucose (20 mM) or palmitic acid (1.5 mM) 

alone.  At the indicated times, protein was extracted to determine both total and phosphorylated 

PKCδ (A, C) and PKD (B, D) using Western Blotting.  To release surface-bound LPL activity, 

heparin was added to the culture plates, aliquots of cell medium removed, separated by 

centrifugation, and assayed for LPL activity (E).  Data are means ± SE; n=3 myocyte 

preparations from different animals.  PA, palmitic acid. 
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Appendix B  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix Fig B-1  Phosphorylation at Ser 744/748 of PKD is key to increasing cardiomyocyte 
LPL  Control cardiomyocytes were infected with recombinant adenovirus vector carrying 
phospho-mimetic (S744E/748E) or kinase-dead (KD) mutants.  Infected cells were incubated for 
a further 36 h before co-localization of PKD and trans-Golgi (TGN) was determined using 
immunofluoresence (arrow).  Cardiomyocytes were fixed, incubated with primary antibodies 
[PKD (Green) and TGN38 (Red)] followed by incubation with secondary antibodies [FITC 
(Green) and TR (Red)] (A).  Cardiomyocytes were also transfected with PKD wild-type (WT) 
and PKD D378A, and EGFP.  Infected cells were incubated for a further 36 h before protein 
extraction for measurement of total and phosphorylated Ser 744/748 and Ser 916 PKD, in the 
absence or presence of Bryostatin-1 (B).  In these cells, LPL activity was determined by adding 
heparin (8 U/ml for 1 minute) to the incubation medium, and the release of surface-bound LPL 
activity into the medium determined (C).  Results are the means  SE of 3-5 cardiomyocyte 
preparations from different animals.  *Significantly different from control; #significantly different 
from heparin releasable, P<0.05.   
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Appendix Fig B-2  Cell fractionation and analysis of TG  Rat heart homogenates from control 
and D-100 hearts treated or untreated with Z-DEVD were overlaid on sucrose solutions, and the 
gradients centrifuged (2,700-172,000g).  Following fractionation of heart tissue using sucrose 
density gradients, the different fractions obtained at a particular force were subjected to Western 
blot for OXPAT (top panel).  The different fractions obtained at a particular force were then used 
for determination of TG (lower panel).  Results are the means  SE of 3-5 rats in each group.  
+Significantly different from all other groups, P<0.05.   
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