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Abstract 

Following diabetes, the heart increases its lipoprotein lipase (LPL) at the coronary lumen by 

transferring LPL from the cardiomyocyte to the endothelial lumen.  Heparanase is an 

endoglycosidase that specifically cleaves carbohydrate chains of heparan sulfate (HS).  We 

examined the mechanisms behind endothelial heparanase control of cardiac LPL 

translocation.  Using diazoxide (DZ) to decrease serum insulin, we observed that within 30 

min of DZ, interstitial heparanase increased, an effect that closely mirrored an augmentation 

in interstitial LPL.  In bovine coronary artery endothelial cells incubated with glucose or 

palmitic acid (PA), glucose dose-dependently increased heparanase secretion, a process that 

required ATP release, purinergic receptor activation, cortical actin disassembly and stress 

actin formation.  Phosphorylation of filamin likely contributed towards the cortical actin 

disassembly, whereas Ca2+/calmodulin-dependent protein kinase II and p38 mitogen 

activated protein kinase/heat shock protein 25 phosphorylation mediated stress actin 

formation.  The endothelial-secreted heparanase in response to HG demonstrated 

endoglycosidase activity, cleaved HS, and released attached proteins like lipoprotein lipase 

and basic fibroblast growth factor.  Unlike glucose, PA increased intracellular heparanase 

and induced rapid nuclear accumulation of heparanase that was dependent on Bax activation 

and lysosome permeabilization.  Heat shock protein 90 was an important mediator of PA-

induced shuttling of heparanase to the nucleus.  Nuclear heparanase promoted cleavage of 

HS, a potent inhibitor of histone acetyltransferase activity and gene transcription.  A TaqMan 

gene expression assay revealed an increase in genes related to glucose metabolism and 

inflammation.  In addition, glycolysis was uncoupled from glucose oxidation, resulting in 

accumulation of lactate.  Our data suggest that following hyperglycemia, translocation of 
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LPL from the cardiomyocyte cell surface to the apical side of endothelial cells is influenced 

by the ability of fatty acid to increase endothelial intracellular heparanase followed by rapid 

secretion of this enzyme by glucose.  Given that both LPL and heparanase have been 

implicated in the progression of diabetes, our data may serve to reduce the associated 

cardiovascular complications by limiting the utilization of fatty acid after diabetes. 
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Chapter  1: Introduction 

1.1 Diabetes mellitus 

Diabetes mellitus is a chronic disease, which is characterized by inappropriate elevation 

in blood glucose due to insulin deficiency or insulin resistance.  It is becoming a worldwide 

heath problem.  In the present, more than 220 million people were diagnosed with diabetes, 

and WHO projects that diabetes death will double between year of 2005 and 2030 

(http://www.who.int/mediacentre/factsheets/fs312/en/index.html).  There are two kinds of 

diabetes: Type 1 and Type 2 diabetes.  Type 1 diabetes (T1D) has an absolute deficiency of 

insulin production from pancreatic β-cells, which are destroyed by autoreactive T cells.1  

People are usually diagnosed as T1D before the age of 30, and mostly during childhood.  

Type 2 diabetes (T2D) mainly results from peripheral insulin resistance and relative insulin 

deficiency.  The hallmark of T2D is the hyperglycemia-induced overstimulation of β-cell 

secretion of insulin, which results primarily in hyperinsulinemia and over time, 

hypoinsulinemia due to failure of β-cell function.  T2D is the most common form of diabetes, 

accounting for 90 to 95% of patients with diabetes in North America.2  Compared to T1D, 

T2D are often diagnosed in adults over the age 40.  Patients can be unnoticed for many years 

and some serious complications can result from improper control of this disease.  

Cardiovascular complications, such as coronary artery disease and hypertension are 

responsible for about 80% of the mortality observed in patients with diabetes.3  In addition to 

vascular defects, increasing evidence from clinical and experimental studies have established 

the existence of metabolic, functional and structural alterations specifically in the heart 

muscle of diabetic patients, which can occur in the absence of coronary vessel disease.4, 5  

For example, in the heart, increased stiffness of the left ventricular wall and deposition of 
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connective tissue together with insoluble collagen have been observed.6, 7  Diabetic 

cardiomyopathy has been used to describe this specific cardiac injury, characterized by 

decreased diastolic function (with or without systolic function) of the left ventricle.  

Although the underlying mechanisms that predispose the diabetic heart to these abnormalities 

remains unclear, accumulating lines of evidence suggest that early metabolic alterations play 

a crucial role in the development of diabetic cardiomyopathy.8, 5, 9  

1.2 Heart metabolism 

1.2.1 Cardiomyocytes 

As uninterrupted contraction is a unique feature of the heart, cardiac muscle has a high 

demand for provision of energy.10  Under normal physiological conditions, hearts can utilize 

multiple substrates, including fatty acid (FA), carbohydrates, amino acids and ketone bodies.  

Among these substrates, carbohydrate and FAs are the dominant substrates from which the 

heart derives most of its energy.  About 70% of ATP is generated through FA β-oxidation, 

whereas glucose and lactate provide 30% of energy to the cardiac muscle.11  Cardiac FAs 

originate from different resources: i) release from adipose tissue and transport to the heart 

after complexing with albumin,12 ii) provision through the breakdown of endogenous cardiac 

triglyceride stores,13 iii) internalization of whole lipoproteins,14 and iv) hydrolysis of 

circulating TG-rich lipoproteins (very low density lipoproteins and chylomicrons) to FA by 

lipoprotein lipase (LPL) positioned at the endothelial surface of the coronary lumen.15  It 

should be noted that this LPL-mediated hydrolysis of TG-rich lipoproteins to FA is suggested 

to be the major supply of free FA for cardiac utilization, as the molar concentration of FA in 

TG-rich lipoproteins is 10 times higher than albumin-bound FA (the small amount of non-

esterified plasma FA are incapable of competing with the substantial amounts of FA 
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generated through lipoprotein-TG breakdown).16  FA delivery and utilization by the 

cardiomyocytes involves transport through endothelial cells, diffusion across the interstitial 

space with albumin, and uptake by cardiomyocytes.  Once inside the myocytes, FAs are 

transported across the mitochondrial membranes by carnitine palmitoyl transferase I and II, 

and undergo β-oxidation.   

During diabetes, with insulin deficiency or resistance, glucose utilization is prevented in 

cardiomyocytes because of impaired glucose uptake, glycolysis and glucose oxidation.  In 

addition, insulin dysfunction increases lipolysis in adipose tissue and results in elevated 

plasma FA.  In this condition, the heart rapidly switches to use FA exclusively for ATP 

generation.17, 18  Although this change in substrate choice is critical to guarantee continuous 

energy supply to maintain cardiac function, elevated FA utilization is associated with a 

number of deleterious consequences.  For example, augmented FA metabolism inhibits 

glycolysis and glucose oxidation, which occurred even before the onset of impaired insulin 

signaling in the heart of ob/ob and db/db mice.19  High rate of FA oxidation also decreases 

efficiency of cardiac oxygen consumption and increases reactive oxygen species production, 

leading to lipotoxicity and mitochondrial dysfunction.20, 21  These effects eventually 

contribute towards the development of diabetic cardiomyopathy. 

1.2.2 Endothelial cells 

Endothelial cells (ECs) are a thin layer of flat nucleated cells that cover the innermost 

portion of blood vessels.  They not only function as a selective barrier for oxygen and 

nutrient exchange, but also provide paracrine signaling to regulate inflammation, coagulation 

and vascular tone.22  In the heart, coronary artery ECs are placed at a strategic position 

between blood and cardiomyocytes, which make them the first line to confront pathologic 
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conditions such as hyperglycemia and dyslipidemia.  ECs have traditionally been considered 

as quiescent with low energy demand and different metabolic properties compared to 

cardiomyocytes.  As ECs have a small number of mitochondria compared to metabolically 

active cells,23 the oxidative metabolism of different fuel substrates, such as glucose and FA, 

seems less important for them than for cardiomyocytes.  Krutzfeldt et al examined the 

metabolism of coronary ECs and reported that glucose instead of FA is the preferential fuel 

source to generate ATP for normal EC function.24  They reported that 99% of glucose is 

metabolized to lactate by aerobic glycolysis, with only 0.04% oxidized in the Krebs cycle at 

5 mM glucose.  However, glucose oxidation was elevated at a lower glucose concentration (1 

mM).24  Thus, oxidative metabolism in mitochondria is suppressed at physiologic 

concentrations of glucose in these cells, a phenomenon called the Crabtree effect.24, 25  In the 

heart, glucose uptake by ECs is mainly regulated by glucose transporter 1, which facilitates 

constant glucose uptake at physiologic concentrations, and is not responsive to insulin.26 

Glucose transporter 1 expression is down-regulated in bovine aortic EC exposed to 

hyperglycemia for 48 hr,27 an adaptive response that may protect EC against glucose toxicity.   

 There is limited knowledge describing FA metabolism in ECs.  Earlier studies on long-

chain FA transport through non-fenestrated endothelium suggested that interaction of 

albumin-bound FA complex with albumin-binding proteins facilitate the dissociation of FA 

from albumin.28  Fatty acid translocase (CD36), fatty acid transport protein and fatty acid 

binding proteins subsequently assist the free FA transport from the apical to the basolateral 

side of ECs.29  Compared with cardiomyocytes, a very low β-oxidation rate of palmitate was 

reported in ECs from rat heart, which was inhibited by more than 80% in the presence of 5 

mM glucose.30  However, other studies have suggested that ECs have the potential to use FA 
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as an energy source.  ECs demonstrate high carnitine acyl-CoA transferase activity, which 

indicate a high capacity for β-oxidation.31  In human umbilical vein endothelial cells, FA 

oxidation contributes ~25% of total ATP generated in cells incubated in 5 mM glucose.  In 

the presence of 2 mM 5-aminoimidazole-4-carboxamide riboside, a stimulator of AMP-

activated protein kinase, increased palmitate oxidation elevated total ATP by ~35%, with a 

decrease in glucose uptake and glycolysis.32   

1.3 Lipoprotein lipase 

LPL, which is largely expressed in adipose tissue, heart and skeletal muscle, is a major 

enzyme which hydrolyzes circulating TG-rich lipoproteins to release free FA.33  This 

hydrolysis occurs at the vascular endothelium, where LPL is present bound to heparan sulfate 

proteoglycans (HSPGs).34  Although LPL function at the capillary endothelium surface, ECs 

do not express LPL mRNA.35  In the heart, this enzyme is synthesized by cardiomyocytes 

and subsequently secreted onto HSPG binding sites on the myocyte cell surface.36  From 

here, LPL is transferred to the luminal surface of EC where it actively metabolizes the TG 

core of lipoproteins to FA;37 these released FA are then transported into the heart for 

numerous metabolic and structural functions (Figure 1).  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.15, 37  Even 

though the majority of enzyme is located in myocytes, vascular endothelial-bound LPL likely 

determines the rate of plasma lipoprotein-clearance, and hence is termed “functional” LPL.38  

In addition to its lipolytic role, 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.39, 40 
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 LPL synthesis and activity is altered in a tissue specific manner by various physiological 

conditions such as cold exposure,41 lactation,42 or feeding and fasting.43, 44  During fasting, 

with ensuing hypoinsulinemia, LPL activity decreases in adipose tissue but increases in the 

heart;45 as a result, FA from circulating TG are diverted away from storage to meet the 

metabolic demands of the heart.  Hence, LPL fulfills a "gate-keeping" function by regulating 

the supply of FA to meet the metabolic demands of different tissues.  Through such a role, 

LPL activity directly affects the level of circulating lipoprotein-TG.  For example, in 

transgenic rabbits that have global overexpression of LPL, attenuation of 

hypertriglyceridemia was observed.46  Contrary to systemic overexpression, cardiac-specific 

deletion or overexpression of LPL is associated with heart dysfunction.47, 48  Accordingly, 

although loss of cardiomyocyte LPL in adult mice increased glucose metabolism, this effect, 

nor albumin bound FA could replace the action of LPL, and cardiac ejection fraction 

decreased.49  Cardiac-specific overexpression of LPL causes a severe myopathy, 

characterized by both muscle fiber degeneration and extensive proliferation of mitochondria 

and peroxisomes.47, 48  In genetically engineered mice that specifically overexpressed an 

anchored form of cardiomyocyte surface-bound LPL, lipid oversupply and deposition was 

observed, together with excessive dilatation and impaired left ventricular systolic function.50  

The latter experiments demonstrate that in the absence of any vascular defects, selective 

overexpression of LPL in the heart is sufficient to cause cardiac failure.   

 Regulation of cardiac LPL is intricate and several control mechanisms have been 

recognized, both within the cardiomyocyte (e.g., trans-Golgi processing, lysosomal 

degradation, secretory vesicular transport) and at the vascular lumen (e.g., competitive 

inhibition or displacement of by lipolytic end products, endothelial recycling).51, 52  Less well 
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studied is the arrangement by which LPL is translocated from the cardiomyocyte surface 

HSPG, across the interstitial space, onto comparable HSPG binding sites on the apical side of 

vascular endothelial cells.  For this to occur, detachment of LPL from the myocyte cell 

surface is a prerequisite, and is likely mediated by enzymatic cleavage of cardiomyocyte 

HSPG.  At present, the mechanisms that regulate LPL translocation from the parenchyma 

cells to ECs, particularly from myocytes to endothelial lumen is not completed understood. 

1.4 Heparan sulfate proteoglycans 

1.4.1 Synthesis and structure 

HSPG are ubiquitous macromolecules presented on cell surface, extracellular matrix 

(ECM) and basement membrane.  The basic structure consists of a core protein to which 

several linear HS side chains are covalently linked.53, 54  In the Golgi, HS chains are 

synthesized as an unbranched polysaccharide of repeating glucosamine and uronic 

(glucuronic or iduroic) acid disaccharide units, which are extensively modified by various 

degrees of N-sulfation/N-acetylation on glucosamine residues, C-5 epimerization on 

glucuronic acid and O-sulfation at various sites.53, 55  Due to the great variation in the degree 

and sequence of these reactions, HS chains present extensive structural heterogeneity, which 

provide specific sites for protein binding and HS cleavage.  For example, HS association with 

antithrombin III is restricted to the relatively rare modified pentasaccharide units, which 

contain a central 3-O-sulfated glucosamine residue.56  Its interaction with basic fibroblast 

growth factor (bFGF) depends on the arrangement of disaccharides in a sequence-specific 

manner, in which short N-sulfation domains are intersected by N-acetylated disaccharide.57, 58  

As a result, HS serve not only as structural proteins, but also as receptors; HS can bind a 

wide variety of bioactive molecules (growth factors, chemokines, cytokines, coagulation 
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factors, and enzymes like LPL).59, 60  This binding function protects molecules from 

proteolytic degradation and inactivation, and provides the cell with a rapidly accessible 

reservoir, precluding the need for de novo synthesis when the requirement for a protein is 

increased.  Thereby, HSPG play a critical role in both physiological and pathological 

processes ranging from morphogenesis, tissue repair and inflammation to cancer metastasis.   

 HSPG are divided into several groups based on the core proteins, which include the 

membrane-spanning syndecan, glycocylphosphatidylinositol-anchored glypican53 and 

perlecan.61  Syndecan and glypican are the main types of cell surface HSPG53 and could 

interact with other ECM component such as fibronectin,62 or function as a coreceptor with 

other molecules such as integrin,63 which facilitate transduction of extracellular signals and 

control cell adhesion, migration and proliferation.  Perlecan is the major HSPG presented in 

subendothelial matrix,64 and is critical for maintaining vascular structure.  In addition, it can 

function as a sequestration store for growth factors, and is also a key target for regulation of 

atherogenic lipoproteins.61  

1.4.2 Functions 

As a key component of ECM and basement membrane, HSPG have diverse effects in 

regulation of basement membrane permeability, controlling of growth factor activity and 

mediation of cellular adhesion.61, 65  Uncontrolled HSPG degradation is therefore expected to 

profoundly affect various cell and tissue functions.  For example, decreased vascular HSPG 

have been detected in conditions of atherosclerosis and diabetes and tumor metastasis.66-68  

HSPG presented on vascular endothelium interact with a number of cytokines and 

chemokines, such as IL-8, interferon-γ and antithrombin.65, 69  Degradation of HSPG 

liberated these molecules, which then triggered the process of inflammation and thrombosis.  
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Moreover, HSPG in the subendothelial matrix form a physical barrier to prevent the entrance 

of cells and large molecules into tissues.70  Additionally, they provide a storage depot for a 

number of bioactive proteins as mentioned above.  Previous data indicated that endothelial 

cell-derived HSPG are potent inhibitor of vascular smooth muscle cell proliferation and 

mitogenesis.71  Atherogenic lipoproteins, such as low density lipoprotein and oxidized-low 

density lipoprotein reduced HSPG content in the vascular ECM by inhibition of the core 

protein synthesis as well as stimulation of HS degradation.70, 72  Therefore, HSPG 

participated in a series of events related to atherogenesis, from monocyte recruitment and 

smooth muscle cell proliferation to thrombosis.  In the kidney, anionic polysaccharide HS 

covalently attached to proteoglycans in glomerular basement membrane (GBM), which were 

considered as the major determinants for the charge-dependent filtration.73, 74  Spiro and 

colleagues first reported decreased HSPG level in the GBM of patients with diabetic 

nephropathy,75 and an inverse correlation between HS presented in GBM and proteinuria has 

been consistently reported in different types of glomerular diseases.76  Another major effect 

of HSPG is its contribution to the progress of tumor metastasis and angiogenesis.77  Loss of 

HSPG is the essential process by which malignant cells invade through BM and ECM during 

tumor metastasis.  In blood vessel wall, degradation of HSPG by proliferating ECs is 

presumed to assist the invasion and migration of ECs toward the angiogenic stimulus, which 

is the important early event in vascular sprouting and angiogenesis.78    

1.5 Heparanase 

1.5.1 Synthesis and processing 

Heparanase is an endoglycosidase that specifically cleaves carbohydrate chains of HS 

into oligosaccharides.79  It is highly expressed in placental trophoblasts, hematopoietic cells 
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such as platelets, neutrophils and tumor cells.80  Human heparanase gene, which was first 

cloned in 1999, is located on chromosome 4q21.3 and encodes a polypeptide of 543 amino 

acids.81  It is first synthesized as a 68 kDa pre-proheparanase that contains a N-terminal 

signal peptide (Met1-Ala35), a C-terminal hydrophobic peptide, five cysteine redidues and six 

N-glycosylation sites.76, 82  The pre-proheparanase is directed into endoplasmic reticulum 

where it is glycosylated, and the signal peptide is cleaved to form 65 kDa inactive 

proheparanase (Figure 2).  Following transport into Golgi and packaging into vesicles, the 65 

kDa inactive proheparanase is secreted from the cell.76  This is followed by reuptake into 

cells, a process which is suggested to be mediated by HSPG, low density lipoprotein 

receptor-related protein or mannose 6-phosphate receptors.83  After transport into late 

endososmes and lysosomes, it undergoes proteolytic cleavage (removal of a 6 kDa linker 

peptide Ser110-Gln157) by cathepsin L in lysosomes.84  Interestingly, the function of this 6 kDa 

peptide is suggested to impede HS chain binding or obstruction to the active site of 

heparanase.85  Removal of this peptide produces an active heterodimer, consisting of a 8 kDa 

(Gln36-Glu109) peptide non-covalently associated with a 50 kDa (Lys158-Ile543) peptide, which 

is ~100-fold more active than the 65 kDa inactive proheparanase.86, 87  Within the acidic 

compartment of the late endosome or lysosome, active heparanase is stored in a stable form 

(half-life ~30 h).88  Mobilization by demand can occur, where the enzyme is either 

translocated to the nucleus to affect gene transcription, or secreted to degrade cell surface HS 

chains (Figure 3).89   

1.5.2 Mechanism of catalysis  

Heparanase catalyzes the hydrolysis of glycosidic bonds within the polysaccharide HS 

chains, using a general acid catalysis mechanism similar to clan A glycosyl hydrolase 
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enzymes.82  Apparently, it is separated from bacterial heparitinase which cleaves HS 

extensively through a β–eliminase mechanism.90  First, the critical active-site catalytic proton 

donor and nucleophile residues are likely conserved at Glu225 and Glu343 within the 50 kDa 

active form of human heparanase (Figure 2).91  Depending on the spatial position of the 

catalytic residues, hydrolysis of glycosidic bonds occurs by inversion or retention of the 

anomeric configuration.92  Site-direct mutation on these two residues on heparanase resulted 

in abolishment of this HS-cleaving capacity.91  In addition, secondary structural studies 

revealed that heparanase is likely to contain an (α/β)8 TIM-barrel fold, which is also 

homologous to family 10, 39 and 51 of clan A glycosyl hydrolase.91  Interestingly, the α/β 

units 1 and 2 of many other glycosyl hydrolases are known to participate in substrate binding.  

On the basis of sequence alignments, the region Lys158-Asp171 (in α-helix 2) on heparanase 

has been proved to be the interaction site with HS.  Using a KKDC peptide corresponding to 

this region, and antibody generated against this peptide dose-dependently inhibits HS-

cleaving activity of heparanase.93  Heparanase cleaves HS chains at specific sites, which 

generates HS fragments that are 5-7 kDa in size (10-20 sugar units).82 

1.5.3 Regulation of gene transcription  

Increased heparanase gene expression has been reported in many different types of cancer 

cells, and is closely correlated to the metastasis potential and worsening of prognosis.  A 

clinical study revealed that 86% of the patients with myeloma exhibited elevated gene 

expression of heparanase.94  Heparanase promoter is a 0.3 kb region located upstream of the 

ATG initiation site, containing two GC box but no TATA or CCAAT boxes.95  It can be 

positively or negatively regulated by a variety of transcription factors.  Truncation and 

mutational analysis revealed that Sp1 and Ets are capable of binding with the heparanase 
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promoter and are responsible for basal heparanase promoter activity.96  Compared to Sp1 and 

Ets, the early growth response 1 appears to be a key regulator of the inducible heparanase 

transcription in cells exposed to growth factors, cytokines, vascular injury and hypoxia.97, 98  

In phorbol 12-myristate 13-acetate activated T cells, early growth response 1 expression was 

rapidly induced, followed by increased heparanase transcription, a process that was 

dependent on the mitogen-activated protein kinase (MAPK) pathway.99  Apart from 

malignant cells, transcription factor also participates in the regulation of heparanase 

transcription in normal cells, such as ECs.  It has been reported that both high glucose and 

FA have the ability to induce heparanase gene expression in ECs.100, 101  Sp1 has been 

identified as the mediator for FA,101 whereas the regulatory target of glucose is still 

controversial.  In delayed-type hypersensitivity mouse model, tumor necrosis factor α 

(TNFα) and interferon-γ increased heparanase gene expression and enzymatic activity in 

ECs.  Analysis on the promoter region demonstrated the presence of two interferon-

stimulated response elements, which binds to transcription factors activated by interferon-

γ.102  Recently, it has been shown that heparanase promoter is also under transcriptional 

repression in normal conditions.  p53, a wild-type tumor suppressor, directly binds to 

heparanase promoter and inhibits transcription.103  Mutated p53 lost the ability to bind 

heparanase promoter and thus enhanced gene transcription.  In addition to transcription 

factors, the methylation status of the promoter region is also an important contributor to 

heparanase transcriptional regulation.  Several lines of evidence have revealed that the 

methylation prevalence of promoter is inversely correlated with heparanase expression.97, 98, 

104  In normal bladder and bladder cancer samples, heparanase expression was lowest in 

methylation-positive samples and highest in methylation-negative samples.  Treating with 
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demethylating agent 5-azacytidine restored heparanase activity in C6 glioma cells that 

exhibit no heparanase activity.104    

1.5.4 Pathological functions  

 Heparanase is uniquely capable of cleaving HS chains and participates in degradation and 

remodelling of ECM and BM.  In physiological condition, it is implicated in the regulation of 

embryonic morphogenesis, wound healing and inflammation.80, 82  However, this function 

has been effectively hijacked or aggravated in several conditions, and its contribution 

towards pathological diseases is also well documented. 

1.5.4.1 Tumor metastasis 

Heparanase has been traditionally correlated with cell invasion, angiogenesis and tumor 

metastasis for many years.  Increased expression and activity of heparanase has been detected 

in an increasing number of primary solid and haematological cancers, and implicated with 

worsening prognosis of pancreatic, bladder, multiple myeloma and acute myeloid 

leukemia.94, 104-106  Its contribution towards tumor metastasis has been explained in detail by 

several mechanisms.  The endoglycosidase nature of heparanase facilitates degradation of 

ECM and BM and clearance of the physical barrier for cell invasion, which is a critical step 

required for tumor metastasis and angiogenesis.77  It was shown that non-metastatic T-

lymphoma and melanoma were converted into highly metastatic cells following heparanase 

transfection.87  Similarly, enhanced metastasis was reported in pancreatic cancer, myeloma 

and breast carcinoma cells after overexpression with heparanase.105, 107, 108  In fact, 

augmented heparanase activity was detected from bone marrow plasma in 86% of the 

patients with myeloma.94  Such effects may not only be utilized by tumor cells.  Increased 

heparanase is intimately involved in enhanced microvessel density in tumor tissue, an 
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angiogenic feature that provides tumor cells with sufficient nutrition and the potential for 

distant metastasis.94  A high heparanase expression was detected in ECs of sprouting 

capillaries in colon and pancreatic carcinoma tissue, but not in mature, quiescent vessels.78  

Microvessel density was effectively decreased in tumor developing from cells transfected by 

anti-heparanase ribozyme.109  Moreover, PI-88, a heparanase inhibitor in phase II clinical 

trial, effectively suppressed tumor growth by 50% and neovascularization by 30%.110   

Another proposed mechanism is the suggestion that degradation of HS by heparanase 

liberates HS-bound angiogenic growth factors (VEGF and bFGF) and cytokines, thus 

enhancing tumor development through their effects on angiogenesis and tumor growth.78, 111  

Vascular endothelial growth factor (VEGF) and bFGF signaling network plays a ubiquitous 

role in tumor cell growth, proliferation and angiogenesis.  In cell-culture dishes coated with 

ECM from human umbilical vein endothelial cells, 100 ng/ml of recombinant heparanase 

spontaneously released bFGF into culture media, which significantly enhanced proliferation 

and migration of ECs and microvessel outgrowth.  These effects were dose-dependently 

inhibited by the heparanase inhibitor, JG3.112   

Finally, heparanase triggers intracellular signalling cascades, and stimulates protein 

kinase phosphorylation and gene transcription that are involved in tumor metastasis.90  

Interestingly, this mechanism appears to be independent of its catalytic activity, and is 

induced by the inactive form of heparanase.  In several tumor-derived cells, heparanase 

stimulated tumor cell adhesion and spreading in the presence of its enzymatic inhibitory 

peptide KKDC.113, 114  It is possible that inactive heparanase binding to HS forms a bridge 

between cells and the adhesion surface.  However, more convincing evidence suggested that 

binding of KKDC with HS induced clustering of cell surface syndecans and activated 
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intracellular signalling including protein kinase C, Src and Rac, which were known to 

regulate cell adhesion.115  Similarly, inactive heparanase has also been shown to activate ECs 

and elicit angiogenic response.116  For example, addition of exogenous inactive heparanase to 

ECs resulted in phosphorylation of Akt/PI3K signalling and stimulated in vitro ECs 

migration and invasion.116  Consistently, a significant elevation of angiogenesis-promoting 

factor VEGF expression was reported as an Src-dependent, but heparanase enzymatic-

independent manner in ECs.117, 118  Moreover, inactive heparanase stimulated expression of 

endothelial tissue factor through p38 MAPK pathway,119 which could explain activation of 

the coagulation system commonly seen in cancer patients.  Cell surface receptor binding of 

inactive heparanase has also been implicated in initiating signal cascades and gene 

transcription.120  However, existence of these receptor(s) has yet to be elucidated.  

1.5.4.2 Diabetes 

 In addition to its well-known function in tumor metastasis, heparanase also plays pivotal 

role in diabetes-associated complications, such as diabetic nephropathy and 

atherosclerosis.100, 101  As mentioned above, HSPG were considered as the major 

determinants for the charge-dependent permeability of GBM.  Diabetic nephropathy is 

characterized by loss of HSPG content in the GBM and proteinuria at a later stage.76  

Although the exact molecular mechanism for the HSPG decrease remains controversial, 

clinical and experimental studies have pointed out the critical role of heparanase in the 

pathogenesis of proteinuria.  Elevated heparanase activity has been detected from urinary 

sample, and heparanase expression was upregulated in the renal epithelial cells in patients 

with diabetic nephropathy.100  Immunohistochemical images showed an increased heparanase 

staining in tubular epithelial cells in the kidney of these patients.100  In vitro mechanistic 
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studies revealed that heparanase mRNA and protein were increased in glomerular epithelial 

cells exposed to 25 mM glucose, together with the induction of HS degradation and 

augmented membrane permeability to albumin.  In another study, the above phenomenon 

was effectively reversed by heparanase inhibitor PI-88 and heparin.121  These observations 

provide strong evidence that heparanase dysregulation is at least partly responsible for the 

reduction of HS content in GBM under diabetic conditions.  It is possible that elevated 

enzymatic heparanase-induced HS degradation disrupted the integrity and increased the 

permeability of GBM, leading to elevated albumin excretion and proteinuria seen in diabetic 

nephropathy.  In addition, HS cleavage may release HS-bound bioactive molecules, which 

could modulate cellular processes and enhance glomerular damage.76  In addition to the 

above, inactive heparanase has also been postulated to be involved in the initiation of 

proteinuria through undefined mechanisms; inactive heparanase appeared at day 5 of acute 

peuomycin aminonucleoside nephrosis, whereas active heparanase was detected at day 14.122   

 Such effects may not be restricted to diabetic nephropathy.  Emerging evidence indicates 

that heparanase also participated in the pathogenesis of atherosclerosis, which increases 

morbidity and mortality in diabetic patients.  Recently, it has been reported that heparanase 

was prominently expressed in ECs of the atherosclerosis-prone regions of aortic root from 

apoE-null mice, but not in nonatherosclerotic mice.101  It was also detected in macrophages 

of neointima, but only at a later stage.  In normal conditions, heparanase expression was 

undetectable in vascular endothelium.59, 70  When ECs are exposed to high fatty acids or 

oxidized-low density lipoprotein, heparanase expression was stimulated in a time- and dose-

dependent manner.59, 100  In bovine aortic ECs, 0.6 mM oleic acid notably induced heparanase 

expression as early as 6 hr.  In human microvascular ECs, advanced glycation end-products 
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induced heparanase expression through activation of FOXO4.123  Furthermore, the early 

atherogenesis is characterized by leukocyte recruitment and expression of pro-inflammatory 

cytokines, such as TNF-α and IL-1β, which can also stimulate heparanase expression and 

secretion from ECs and blood-born cells.101  At the same time, HSPG cleavage coincided 

with increased endothelium heparanase, and a negative correlation between HSPG and 

atherosclerosis was also reported.66  The proposed mechanism is that heparanase promotes 

degradation of the vascular ECM and basement membrane, thereby permitting penetration of 

monocytes and low density lipoprotein particles into vascular wall.  Additionally, the 

inhibitory effect of HS towards smooth muscle cell migration and proliferation was also lost 

after HSPG cleavage by heparanase.71  This notion was supported by recent studies 

indicating that the inhibitory effect of ECs on smooth muscle cell proliferation was markedly 

enhanced with reduced endothelial heparanase, and lost with overexpression of 

heparanase.124  Interestingly, Goldberg’s study reported that endothelial-secreted heparanase 

promoted LPL transfer from adipocytes to the luminal endothelial surface in a coculture 

system.59  As LPL is the rate-limiting enzyme in hydrolysis of circulating TG-rich 

lipoproteins to release free FA, another mechanism of how heparanase affect atherosclerosis 

may be related to its regulation of lipoprotein metabolism through LPL.   

1.6 Hypothesis and research objectives 

 In the heart, the mechanisms that regulate LPL translocation from the cardiomyocyte 

surface to the endothelial lumen are poorly understood.  My hypothesis is that endothelial 

heparanase is a central modulator of the amount of LPL located at the coronary vascular 

lumen.  This distinctive function of heparanase could be an important means by which the 
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heart increases its utilization of FA in response to diabetes, and could be potentially relevant 

in the attempt to lower heart disease during this condition.   

The objectives of my research proposal were to: 

1. Determine changes in cardiac heparanase during diabetes, and its relation to LPL.  

2. Examine the mechanisms by which hyperglycemia induce endothelial heparanase 

secretion. 

3. Investigate the impact of high FA on endothelial heparanase, especially related to 

substrate utilization. 
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Figure 1 LPL synthesis and translocation in the heart.  Following synthesis in the cardiomyocyte, LPL is 

exported to the myocyte cell surface HSPG, and from here to the luminal side of the endothelial cell.  At this 

location, the enzyme facilitates TG-rich lipoprotein hydrolysis and release FA. 
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Figure 2 A schematic representation of heparanase structure and processing.  Heparanase is first 

synthesized as a 68 kDa Pre-pro form that contains a N-terminal signal peptide (SP, Met1-Ala35) and a C-

terminal hydrophobic peptide (HP).  In the ER, SP is removed and produces a 65 kDa inactive Pro heparanase, 

which can undergo lysosomal translocation.  Inside lysosomes, a 6 kDa linker peptide (LP, Ser110-Gln157) is 

cleaved and forms a 50 kDa active heparanase, which contains two non-covalently bound polypeptides (Gln36-

Glu109 and Lys158-Ile543).  Two active-site catalytic proton donor (Glu225) and nucleophile (Glu343) residues are 

marked as red stars. 
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Figure 3 Proposed cellular trafficking model of heparanase.  In the Golgi apparatus, inactive heparanase is 

packaged into vesicles and secreted from the cell.  This is followed by reuptake into cells through HSPG, and 

relocation into endosome and lysosomes.  In the lysosomes, active heparanase is formed and stored in a stable 

form, which can be either translocated to the nucleus or secreted out in response to different stimulus. 
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Chapter  2: Methods 

2.1 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.  

Heparanase mAb 130, which can recognize both the 50 and 65 kDa forms, was obtained 

from InSight Ltd (Rehovot, Israel).  The monoclonal anti-bovine LPL (5D2) was kindly 

supplied by Dr. JD Brunzell (University of Washington).  Anti-phospho Hsp25 (Ser86) 

antibody was from GeneTex, Inc.  Anti-heparan sulfate 10E4 and 3G10 antibody was from 

Seikagaku Corporation (Tokyo, Japan).  Hsp90 and caspase 3 antibody were from Cell 

signaling.  Prohibitin antibody was from Abcam Cambridge, MA.  Phospho-pyruvate 

dehydrogenase E1α (PDHE1α) antibody was from Novus Biologicals.  All other antibodies 

were from Santa Cruz.  The F-actin/G-actin in vivo assay kit was obtained from Cytoskeleton 

Inc. (Denver, CO).  Heparanase assay kit was obtained from Cisbio, USA.  A diagnostic kit 

was used to measure non-esterified fatty acid (NEFA, Wako).  FGF basic ELISA kit was 

from R&D systems, Inc.  LysoTracker DND-26, Alex633 or Alex488-conjugated goat anti-

mouse or anti-rabbit antibodies were from Invitrogen.  MeSATP, suramin, anti-Bax mAb 

6A7 and Bax channel blocker CN196810 were from Calbiochem.  Jasplakinolide was from 

Alexis Biochemicals.  Histone acetyltransferase (HAT) and lactate kits were obtained from 

BioVision.  Lysosome isolation kit and all other chemicals were obtained from Sigma.   

2.2 Animal model   

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, 

and was approved by the Animal Care and Use Committee (Certificate No. A08-0627).  
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Adult male Wistar rats (260-300 g) were obtained from the UBC Animal Care Unit.  

Previously, we have reported that an acute reduction in insulin is associated with an increase 

in LPL at the coronary lumen.125  To examine LPL under conditions where insulin levels are 

rapidly manipulated, we used diazoxide (DZ), a selective K+
ATP channel opener.  In the 

pancreas, opening of the K+
ATP channel hyperpolarizes the β-cell membrane, decreases 

intracellular calcium, and insulin secretion is rapidly inhibited (within 1 hr).  After an 

intraperitoneal injection of DZ, stable hyperglycemia develops within 1 hr, persists for 4 hr 

and blood glucose remains 2-3 times higher than normal.  Changes in plasma parameters 

with DZ also included significant and rapid increases in FA and TG, alterations that are 

reversed by treatment with insulin.126, 127  Overall, we have repeatedly demonstrated that DZ 

is a useful model for the inadequately controlled T1D patient.128, 129  DZ (100 mg/kg) was 

administered i.p., animals euthanized after 1-4 hr, and their hearts removed for measurement 

of LPL activity and Western blotting.   

2.3 Plasma measurements   

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 hr, and blood glucose determined using a 

glucometer (AccuSoft).  At varying intervals, blood was also acquired in heparinized glass 

capillary tubes.  Blood samples were immediately centrifuged and plasma was collected and 

assayed for fatty acid (FA) using a diagnostic kit (NEFA, Wako).   

2.4 Isolated heart perfusions 

A) Langendorff perfusion:  Rats were anesthetized with 65 mg/kg sodium pentobarbital 

i.p., the thoracic cavity opened, and the heart carefully excised.  After the aorta was 

cannulated and tied below the innominate artery, hearts were perfused retrogradely by the 
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nonrecirculating Langendorff technique with Krebs-Ringer HEPES buffer as described 

previously.130  To measure endothelium-bound LPL, perfusion solution was changed to 

buffer containing 1% fatty acid free bovine serum albumin and heparin (5 U/ml).  The 

coronary effluent was collected in timed fractions over 10 min and assayed for LPL activity 

by measuring the hydrolysis of [3H] triolein.  B) Modified Langendorff perfusion:  To 

separate the coronary from the interstitial effluent, a modified Langendorff retrograde 

perfusion technique was used.125, 131, 132  Rats were anesthetized, the thoracic cavity opened, 

and the left anterior vena cava ligated below the azygous vein followed by ligation of the 

right anterior vena cava.  The hearts were then carefully excised with the aorta, inferior vena 

cava, and lungs still attached.   After the aorta was cannulated and tied below the innominate 

artery, the hearts were perfused retrogradely by the noncirculating Langendorff technique.  

The right and left branches of the pulmonary artery were cut before they entered the lungs, 

and the two branches were then trimmed off at their junction.  Subsequently, the inferior vena 

cava and branches of the right and left pulmonary veins were ligated, the lungs were 

removed, and the pulmonary artery was cannulated and tied.  At this time, most of the 

perfusate (∼98% to 99%) starts flowing through the pulmonary cannula (coronary perfusate), 

whereas a small amount of fluid (∼1% to 2%) drips down to the apex of the heart (interstitial 

transudate).  The coronary and interstitial effluents were collected separately in timed 

fractions and frozen until assayed for heparanase and LPL using Western blot. 

2.5 Immunohistochemistry  

Immediately on excision, control and DZ rat hearts were stored in 10% formalin for 48 

hr, and processed for immunolocalization of heparanase as described previously.133  Briefly, 

sections were incubated with the heparanase mAb130 (1:30 dilution) overnight at room 
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temperature in a humid chamber, and further incubated for 1 hr with the secondary HRP-

conjugated goat anti-mouse antibody (1:200 dilution).  Color was developed by an AEC kit, 

followed by counter staining with Mayer’s hematoxylin.  Slides were mounted and visualized 

using a Leica fluorescent microscope (Wetzlar, Postfach, Germany).  Absence of staining 

was observed when the primary antibody was omitted and replaced by 1% goat serum.  

2.6 Cell culture   

Bovine coronary artery endothelial cells (bCAEC, Clonetics) were cultured in endothelial 

growth medium supplemented with BulletKit (Lonza) at 37oC in a 5% CO2 humidified 

incubator.  Cells from 5-8th passage were used for the experiment.  0.5×106 cells were placed 

in 6-well plates and grown to confluence.  For co-culturing of endothelial cells with 

cardiomyocytes, cell culture insert with polyethylene terephthalate track-etched membrane 

was used for this purpose.  The upper insert is separated from the lower compartment by the 

transwell membrane.  bCAECs were cultured on the inserts and then placed in the laminin 

coated wells containing cardiomyocytes isolated by a previously described method.  These 

cardiomyocytes had been suspended at a final cell density of 125,000 cells/ml and incubated 

at 37°C.   

2.7 Treatments 

bCAECs were incubated with albumin bound palmitic (PA, 0.25-1 mM) or oleic (1 mM) 

acid (molar ratio 1:6), or glucose (15-25 mM) was added for the indicated times.  Bovine 

serum albumin-FA solutions were prepared by first dissolving the FA in ethanol (500 µl) and 

then adding appropriate amounts to media to obtain the required molar ratio of albumin to 

FA.  Mannitol [Mnt (20 mM) in 5 mM glucose] or 5 ng/ml TNF-α were also added to the 

culture medium, and served as osmolarity or positive controls respectively.  To simulate 
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hyperglycemia induced by DZ, bCAECs were also incubated for 30 min with 1 mM PA prior 

to exposure to 25 mM glucose (HG) for another 30 min.  Following separation of medium 

from the cells, heparanase was determined in both cell lysates (using Western blot) and 

medium (using an activity assay kit).  Cells were also used for immunofluorescent detection 

of heparanase.  Finally, intracellular heparanase was measured after pre-incubations with 

cytochalasin D (an actin polymerization inhibitor) or nocodazole (a microtubule disrupting 

agent) for 10 min followed by 1 mM PA or HG for 30 min.  In some experiments, various 

antagonists like suramin (100 µM, P2 receptor antagonist), jasplakinolide (1 µM, stabilizes 

actin filaments), cytochalasin D (0.5 µM, actin-depolymerizing agent), KN93 (10 µM, 

CaMKII inhibitor), and SB202190 (20 µM, p38 MAPK inhibitor) were used where indicated.  

2-Methylthio ATP (MeSATP) was used as an ATP analog that acts as a P2Y receptor 

agonist.  A non-metabolizable albumin bound palmitate analog, 2-bromohexadecanoic acid 

(BPA, 1 mM), 20 µM CN (Bax inhibitor) and 2 µM geldanamycin (GA, Hsp90 inhibitor) 

were used where indicated. 

2.8 Isolation of membrane, cytosolic, nuclear, lysosome and mitochondrial fractions  

Membrane and cytosolic, nuclear, lysosome and mitochondrial fractions were prepared 

as previously described.134  Briefly, cells were lysed in ice-cold buffer A (containing 20 mM 

Tris-HCl, 2 mM EDTA, 5 mM EGTA, 50 mM 2-mercaptoethanol, 25 µg leupeptin, and 4 µg 

aprotinin, pH 7.5), and centrifuged for 1h at 35,000 rpm; the supernatant was used as the 

cytosolic fraction.   The pellet was resuspended in buffer B (containing 1% NP-40, 0.1% 

SDS, 0.5% deoxycholic acid and 5 mM EGTA, pH 7.5), sonicated for 30 s, and centrifuged 

at 35,000 rpm for 1h; the supernatant was used as the membrane fraction. 
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In isolation of nuclear fractions, cells were washed twice with ice-cold PBS, and 

subsequently lysed in ice-cold buffer A [10 mM HEPES (pH 7.9), 10 mM KCl, 1.5 mM 

MgCl2, 0.5 mM DTT, 0.5 mM PMSF and 0.05 % NP40] for 10 min.  After centrifugation 

(1,500 g, 10 min, 4°C), the supernatant (cytosolic fraction) was separated, and the pellet was 

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

1 mM PMSF and 10% glycerol] for 5 s.  Following centrifugation (15,000 g, 5 min, 4°C), the 

supernatant (nuclear fraction) was quantified using a Bradford protein assay, and used for 

Western blot to determine the nuclear content of heparanase.  Using an antibody against 

histone 3 as a nuclear marker, and β-actin as a cytoplasmic marker, we confirmed the purity 

of nuclear fractions.  In addition, antibodies against LAMP-1 and prohibitin excluded the 

contamination of nuclear fractions by lysosomes and mitochondria. 

 Lysosomal fractions were isolated by differential centrifugation followed by density 

gradient centrifugation.  Briefly, cells were trypsinized and collected by centrifugation (600 

g, 5 min, 4°C).  After washing twice with ice cold phosphate buffered saline (PBS), cells 

were sonicated in extraction buffer for 10 sec.  Following centrifugation (1,000 g, 10 min, 

4°C), the supernatant was collected and further centrifuged at 20,000 g for 20 min.  The 

pellet was resuspended in extraction buffer and loaded on the sucrose gradient.  Subsequent 

to centrifugation (150,000 g, 4 hr, 4°C), 500 µl fractions were collected, starting from the top 

of the gradient and further purified using 250 mM CaCl2.  The purification of lysosomes was 

confirmed using lysosome-associated membrane protein 1 (LAMP1) antibody.  To exclude 

mitochondrial contamination, cytochrome c oxidase was measured.   

 For mitochondrial isolation, bCAECs were scraped and suspended in a homogenization 

buffer [10 mM Tris-HCl (pH 7.5), 10 mM KCl, 0.15 mM MgCl2, 0.5 mM EDTA, 1 mM 
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phenylmethylsulfonyl fluoride (PMSF), 1 mM dithiothreitol (DTT), and a 1% mixture of 

protease and phosphatase inhibitors], centrifuged at 4000 g for 15 min, and subjected to 

further lysis and sucrose gradient [10 mM Tris-HCl (pH 7.5), 0.15 mM MgCl2, 250 mM 

sucrose, 0.5 mM EDTA, 1 mM PMSF, and 1 mM DTT] separation at high speed (20,000 g) 

for 15 min.  The isolated pellet was resuspended using a lysis buffer [10 mM Tris-HCl (pH 

7.5), 5 mM MgCl2, 0.5 mM EDTA, 10% glycerol, 0.2 mM PMSF, 1%Triton X-100, and a 

1% mixture of protease and phosphatase inhibitors] as described previously.  Prohibitin 

antibody, a mitochondrial marker was used to confirm the purity of mitochondrial fractions.  

2.9 Western blotting and immunoprecipitation  

Western blot was carried out as described previously.129  Briefly, ventricles or bCAECs 

were homogenized in ice-cold lysis buffer (20 mM Tris-HCl, 50 mM 2-mercaptoethanol, 2 

mM EDTA, 5 mM EGTA, 25 µg leupeptin, 4 µg aprotinin, 0.1% NP40, pH 7.5) and kept for 

30 min on ice.  Samples were quantified, boiled with sample loading dye, and 50 µg used in 

SDS-polyacrylamide gel electrophoresis.  Membranes were blocked in 5% skim milk in Tris-

buffered saline containing 0.1% Tween-20 and incubated with respective antibodies, 

including anti-heparanase mAb130 (that recognizes both 50 and 65 kDa heparanase forms; 

only the active 50 kDa heparanase data is presented) or anti-LPL antibodies, anti-phospho 

CaMKII (Thr286), anti-phospho p38 MAPK (Thr180/Tyr182), anti-phospho Hsp25 (Ser86), anti-

phospho filamin 1 (Ser2151) and anti-filamin 1 antibodies, anti-Bax, anti-Bax mAb 6A7 

(conformation dependent; only recognizes activated Bax), anti-cathepsin B (Ctsb), anti- 

LAMP-1, anti-histone 3, anti-Hsp90, anti-HS 3G10 epitope (recognizes digested heparan 

sulfate), anti-Ac-histone 3, anti-pyruvate dehydrogenase kinase 2 (PDK2), anti-PPARα, anti-

phospho PDH and anti-prohibitin antibodies, and subsequently treated with secondary 
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antibodies.  Endothelial cells were fractionated and immunoprecipitated using anti-P2Y2 

antibody or anti-Hsp90 for 3 hr at 4oC.  The immunocomplex was pulled down with protein 

A/G-sepharose overnight, and then heated for 5 min with sample loading dye at 95oC.  The 

immunocomplex was immunoblotted for filamin or heparanase and reaction products were 

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

2.10 Immunofluorescence   

Following various treatments, cells were fixed for 10 min with 4% paraformaldehyde in 

PBS, permeabilized with 0.1% Triton X-100 in phosphate buffered saline (PBS) for 3 min, 

treated with PBS containing 1% goat serum for 1 hr, and finally rinsed with PBS.  Cells were 

incubated with indicated antibodies, including anti-heparanase mAb130, rabbit polyclonal 

P2Y2, mouse monoclonal filamin 1, anti-Bax mAb 6A7, mouse monoclonal Ctsb and anti-

heparan sulphate 10E4 and 3G10 epitopes.  Following washes with PBS (3x), cells were 

incubated with secondary Texas Red-conjugated donkey anti-mouse, Alex633 (red) 

conjugated goat anti-mouse and Alex488 (green) goat anti-rabbit antibodies.  4',6-Diamidino-

2-phenylindole (DAPI)  was used to stain nuclei.  Where indicated, Rhodamine488 

Phalloidin was used to stain actin filaments, and LysoTracker to identify lysosomes.  Slides 

were visualized using a fluorescent microscope, or Zeiss Pascal confocal microscope.  

2.11 Filamentous (F) and globular (G) actin  

F-actin/G-actin ratio was determined using an assay kit.  Briefly, bCAECs were lysed, 

homogenized and centrifuged at 2,000 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 the same volume as the G-actin fraction 
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using ice-cold Milli-Q water plus 10 µM cytochalasin D, and left on ice for 1 hr to dissociate 

F-actin.  The ratio of F-actin/G-actin was determined using Western blot and densitometry.   

2.12 Heparanase activity   

To determine heparanase activity, 20 µl of sample medium was added to microtubes, 

followed by addition of 10 µl of 0.7 µg/ml Biot-HS-K.  Incubation was carried out for 30 

min at 37 oC.  To stop the reaction, 25 µl of 1.0 µg/ml SA-XLent was added, and the 

incubation continued for an additional 15 min at room temperature.  The signal was 

measured by a Victor microplate reader at excitation 337 nm and emissions 620 and 665 nm.  

2.13 Extracellular ATP determination   

ATP released into the extracellular medium was measured using a bioluminescent assay 

kit (Sigma).  Briefly, cells in 100-mm cell culture dishes were incubated in 5 or 25 mM 

glucose over a period of 10 min.  500 µl medium was collected at the indicated times and 

centrifuged at 12,000 rpm for 10 min to remove cell debris.  100 µl samples were taken to 

detect ATP concentration using an illuminometer.   

2.14 Determination of heparan sulfate-bound proteins 

Lipoprotein lipase (LPL) activity was assayed by measuring the hydrolysis of a [3H] 

triolein substrate emulsion.  An ELISA kit was used to determine basic fibroblast growth 

factor (bFGF). 

2.15 Estimation of endothelial intracellular free Ca2+   

For the measurement of [Ca2+]i, endothelial cells grown on glass coverslips were loaded 

with 1 µM of the acetoxymethylester form of the Ca2+ fluorescent dye Fura-2 in culture 

medium for 25 min.  The coverslips were then mounted in a chamber and put on a 

temperature-controlled (37oC) stage of the Zeiss Axiovert 200 M inverted microscope (Carl 
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Zeiss, Thornwood, NY).  Fura-2 was excited at 340 and 380 nm, and results were expressed 

as the ratio of the fluorescence emission intensity (F340/F380). 

2.16 Small interfering RNA (siRNA) transfection  

100 nM siRNAs were mixed with LipofectamineTM in Opti-MEM medium for 15 min.  

bCAECs were cultured with antibiotic-free endothelial growth medium, which contained 

heparanase siRNA (or scrambled, scr) solution for 48 hr at 37°C in a CO2 incubator.  

Following this, cells were treated with 1 mM PA, and nuclear heparanase, cleaved HS, and 

PDK2 protein or mRNA were determined. 

2.17 Lactate assay   

500 µl medium was collected from 6-well culture plate at the indicated times and 

centrifuged at 12,000 rpm for 10 min to remove cell debris.  Subsequently, 50 µl (10 times 

diluted) samples were taken to detect lactate concentration at 570 nm in a colorimetric 

microplate reader.  

2.18 Reverse transcription-quantitative polymerase chain reaction 

Total RNA was extracted using TRIzol (Invitrogen).  After spectrophotometric 

quantitification, reverse transcription was carried out using oligo (dT) primer and superscript 

II RT (Invitrogen).  Quantification was performed using the TaqMan gene expression assay 

on a StepOnePlus system (Applied Biosystems) according to manufacturer’s instructions.  

The result of PDK2 gene expression assay was also validated on a Roche Applied Science 

LightCycler with a commercial SYBR Green kit (Qiagen).  The primer of PDK2: 5’-

CTGGACCGCTTCTACCTCAG-3’ (left) and 5’-GATGCGTTGATCTCCTGGAT-3’ 

(right).  The amplification program included initial activation at 95°C for 5 min, and 40 
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cycles of steps (95°C for 5 sec, 75°C for 10 sec, and 62°C for 10 sec).  The values were 

normalized with β-actin as the internal standard.  

2.19 Statistical analysis   

Values are means ± SEM.  Wherever appropriate, one-way ANOVA followed by the 

Tukey test was used to determine differences between groups mean values.  The level of 

statistical significance was set at P < 0.05. 
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Chapter  3: Results 

3.1 Endothelial heparanase secretion in diabetes is regulated by glucose and FA 

3.1.1 Coronary lumen LPL increases after acute diazoxide injection   

We have previously reported that 100 mg/kg DZ caused a rapid decline in serum insulin 

within 1 hr.127  In this study, blood glucose levels increased within 30 min, and reached a 

maximum after 2 hr of DZ administration (Figure 4A).  Therefore, all subsequent 

experiments were carried out using DZ administered for up to 2 hr.  Changes in plasma 

parameters with DZ also included significant and rapid increase in FA (Figure 4B).  Notably, 

the near maximum level of FA was reached earlier than the peak for glucose.  In a 

preliminary experiment, to determine the kinetics of LPL upregulation at the vascular lumen, 

some DZ treated hearts were isolated at 30-120 min, and LPL activity was measured.  The 

increase in LPL activity at the vascular lumen (as measured by retrograde perfusion of hearts 

with heparin) became apparent as early as 30 min subsequent to injection of DZ, peaked at 

60 min, and was maintained for an additional 120 min (Figure 4C and inset).   

3.1.2 Rapid release of heparanase is associated with changes in interstitial LPL   

We used the modified Langendorff perfused heart to separate the coronary perfusate from 

interstitial fluid, and measured coronary and interstitial heparanase (the 50 kDa active form) 

and LPL.  Within 30 min of DZ, interstitial heparanase increased approximately 2-fold 

(Figure 5A).  Unlike the changes observed in interstitial heparanase, we were unable to detect 

heparanase in the coronary outflow of either control or DZ treated hearts (data not shown).  

Extending the duration of DZ for 2 hr lowered interstitial heparanase to below control values 

(Figure 5A).  As measurement of whole heart heparanase using Western blot and 

immunohistochemical evaluation indicated a time-dependent loss of heparanase protein 



 34

(Figure 5B) over the duration of DZ for 2 hr [more specifically from within the endothelial 

cells (Figure 5C)], our data suggests that acute hyperglycemia has a robust influence on 

secretion (into the interstitial space) and subsequent attenuation of stored heparanase.  

Previously, endothelial heparanase has been shown to have a significant effect on releasing 

subendothelial LPL.  Interestingly, these effects on interstitial heparanase secretion following 

hyperglycemia closely mirrored changes in interstitial LPL at 30 min after DZ (Figure 5D).  

3.1.3 Fatty acids facilitate endothelial intracellular heparanase accumulation   

 To examine the mechanism by which DZ increases heparanase secretion, we incubated 

endothelial cells with increasing concentrations of PA, up to the peak circulating FA 

concentrations seen with DZ.  Unexpectedly, concentrations that varied from 0.75-1 mM 

increased intracellular heparanase (Figure 6A).  This effect was not exclusive to PA as 1 mM 

oleic acid also had a similar outcome (Figure 6A, lower inset).  Immunofluorescent detection 

of intracellular heparanase revealed a novel observation.  In control conditions, intracellular 

heparanase was located predominately around the nucleus (Figure 6B, top panel).  However, 

high concentrations of PA (that resembled the peak circulating concentrations seen with DZ) 

increased the nuclear staining of heparanase (Figure 6B, lower panel).  Quantification using 

Western blot validated the increased nuclear content of heparanase following PA (Figure 6B, 

inset).  Conversely, measurement of heparanase activity in the incubation medium 

demonstrated that PA had no effect in secretion of this enzyme from endothelial cells (Figure 

6A, top inset).   

3.1.4 Dose-dependent secretion of endothelial heparanase by glucose   

Unlike FAs, glucose dose-dependently lowered endothelial intracellular heparanase, with 

significant changes observed after 20 mM glucose (Figure 7A).  This decrease in intracellular 
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heparanase was strongly associated to increased heparanase activity in the incubation 

medium as the concentration of glucose was raised (Figure 7B).  Confirmation of the effects 

of high glucose (25 mM) on heparanase secretion was done using immunofluroscence.  

Compared to control, high glucose caused the intracellular heparanase located predominately 

around the nucleus (Figure 7C, top panel) to disperse towards the plasma membrane (Figure 

7C, middle panel).  The osmolarity control mannitol had no effect on intracellular (Figure 

7A, inset) or medium (Figure 7B, inset) heparanase, whereas the positive control, TNF-α, 

had effects similar to high glucose; it lowered intracellular heparanase (Figure 7A, inset), 

increased medium heparanase activity (Figure 7B, inset) and dispersed heparanase located 

around the nucleus towards the plasma membrane (Figure 7C, lower panel).   

3.1.5 Simulating DZ-induced increase in substrates in vitro augments endothelial 

heparanase secretion   

 Given the opposite effects of FA and high glucose on endothelial heparanase, we 

incubated bCAECs with FA or high glucose independently, and compared the results to 

endothelial cells first exposed to PA and then high glucose (PA+HG).  The latter group was 

expected to simulate the temporal changes seen with DZ; earlier peak in FA followed by a 

delayed maximum glucose concentration.  Interestingly, in the presence of high glucose, PA 

failed to increase endothelial intracellular heparanase (Figure 8A).  More importantly, this 

pattern of incubation produced an even greater increase in medium heparanase activity when 

compared to high glucose alone (Figure 8B).  Reversing the order of treatment (high glucose 

followed by fatty acid) produced a similar heparanase release to that seen with glucose alone 

(data not shown). 
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3.1.6 Endothelial cytoskeleton mediates both FA and high glucose induced changes in 

heparanase  

 The actin cytoskeleton has been implicated in managing heparanase processing.135  To 

determine whether PA or high glucose elicits F-actin polymerization, we quantitated F-actin 

and G-actin cellular fractions using Western blot.  An increase in F-to-G actin ratio indicates 

actin polymerization.  Both PA and high glucose (and TNF-α) increased the F/G actin ratio, 

an effect that was absent when using mannitol (Figure 9A and inset).  Pre-incubation of 

bCAECs for 10 min with cytochalasin D prevented the PA-induced accumulation and the 

HG-induced depletion of intracellular heparanase (Figure 9B).  Using nocodazole to disrupt 

microtubules, the effects of PA and HG on intracellular heparanase were dissimilar.  

Although pre-treatment with nocodazole prevented the HG-induced depletion of heparanase, 

it had no influence in effecting the PA-induced accumulation of heparanase (Figure 9C).   

3.2 Glucose-induced endothelial heparanase secretion requires cortical and stress 

actin reorganization 

3.2.1 High glucose induces endothelial lysosomal heparanase secretion 

To simulate diabetes induced hyperglycemia, endothelial cells were incubated with 25 

mM glucose.  Heparanase mRNA was not affected by HG, up to 2 hr of treatment (data not 

shown).  Glucose time-dependently lowered endothelial intracellular heparanase, with 

approximately 60% of the cellular enzyme released after 30 min of incubation (Figure 10A).  

This time-dependent decrease in intracellular heparanase was strongly associated to increased 

appearance of heparanase activity and protein in the incubation medium (Figure 10B).  The 

osmolarity control mannitol had no effect on either intracellular (Figure 10A, inset) or 

medium (Figure 10B, inset) heparanase, whereas the positive control, TNF-α, had effects 
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similar to HG; it lowered intracellular heparanase (Figure 10A, inset), and increased medium 

heparanase activity (Figure 10B, inset).  Confirmation of the effect of HG and TNF-α on 

heparanase secretion was done using immunofluroscence in single (Figure 10C) and multiple 

cells (Figure 11).  In endothelial cells, heparanase colocalized with lysosomes.  Interestingly, 

both HG and TNF-α caused the intracellular heparanase located predominately around the 

nucleus to disperse towards the plasma membrane.   

3.2.2 Extracellular ATP mediates the effect of high glucose to induce heparanase secretion 

 In various cell types, intracellular ATP can be released into the extracellular space.136  

bCAECs exposed to glucose (5-25 mM) released ATP into the medium, an effect that was 

concentration-dependent (Figure 12A, inset).  Comparing 5 to 25 mM glucose, the release 

with both concentrations was rapid, with a maximum effect observed within 2 min.  

However, at this time, 25 mM glucose induced a more robust release of ATP compared to 5 

mM glucose (Figure 12A).  With prolongation of the incubation time, medium ATP 

decreased, and the difference in medium ATP observed with 5 and 25 mM glucose was lost.  

In HEK293 cells, extracellular nucleotides have been implicated in inducing heparanase 

secretion through purinergic receptors (P2Y receptor).137  Interestingly, the HG-induced 

endothelial heparanase secretion was inhibited by suramin (a nonspecific P2 receptor 

antagonist) (Figure 12B and inset).  Another strategy used MeSATP, an ATP analog that can 

act as a P2Y receptor agonist.  As shown in Figure 13, MeSATP stimulated endothelial 

heparanase secretion in a concentration-dependent manner, with the maximum effect seen at 

100 µM.  Using this concentration of MeSATP in a different experiment, a time-dependent 

lowering of endothelial heparanase (Figure 12C) and an augmentation of medium heparanase 

activity (Figure 12C, inset) was observed.   
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3.2.3 Glucose-induced endothelial heparanase secretion is dependent on cytoskeleton 

reorganization 

 We have previously shown that endothelial actin cytoskeleton plays an important role in 

glucose-induced heparanase secretion.138  In this study, we more closely examined the time-

dependent changes in endothelial actin cytoskeleton in response to HG using 

immunofluroscence in single (Figure 14A) and multiple cells (Figure 15).  In untreated cells, 

actin filaments presented as continuous fluorescent rings, predominantly in the outer portion 

of the cells (cortical actin).  Interestingly, exposure of cells to 25 mM glucose caused 

discontinuation of this cortical actin ring within 5 min, and after 30 min in HG, no evidence 

of continuous cortical actin remained.  Instead, cells now demonstrated a robust increase in 

actin formation stretching across the cell body (stress actin).  Using cytochalasin D (actin-

depolymerizing agent, Figure 14B) or jasplakinolide (that stabilizes actin filaments, Figure 

14C), we were able to prevent the glucose-induced endothelial heparanase secretion.   

3.2.4 Ca2+/calmodulin-dependent protein kinase II (CaMKII) and p38 MAPK/Hsp25 

phosphorylation are augmented in endothelial cells exposed to high glucose 

 CaMKII-mediated activation of p38 MAPK/Hsp has been suggested to play an important 

role in H2O2-induced stress actin formation in bovine aortic endothelial cells.139  

Measurement of intracellular calcium revealed that HG was able to provoke a rapid elevation 

of [Ca2+]i within 5 min; this effect was transient with [Ca2+]i rapidly returning to baseline 

values (Figure 16A).  Pretreatment of endothelial cells with the P2 receptor antagonist 

suramin for 30 min did not affect [Ca2+]i (data not shown).  However, in response to 

subsequent exposure to 25 mM glucose, suramin completely abolished the calcium response 

seen with HG (Figure 16A).  MeSATP also caused a rapid but transient increase in [Ca2+]i.  
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However, compared to HG, peak [Ca2+]i after administration of MeSATP was almost 3-fold 

higher, and demonstrated a small but sustained rise in [Ca2+]i after the transient spike (Figure 

16A, inset).  Associated with the increase in [Ca2+]i, measurement of CaMKII demonstrated 

an increase in Thr286 phosphorylation at 20 min following glucose incubation, with a 

subsequent return to baseline at 30 min (Figure 16B).  Unlike CaMKII phosphorylation, 

phosphorylation of p38 MAPK (Figure 16C) and Hsp25 (Figure 16D) were elevated by 20 

min of glucose incubation, and remained high for the duration of the exposure to HG.  

3.2.5 Inhibiting CaMKII or p38 MAPK regulated stress actin formation prevents glucose-

induced endothelial heparanase secretion 

 To examine the relationship between CaMKII and p38 MAPK activation and stress actin 

formation, we used the specific inhibitors KN93 and SB202190.  As depicted in Figure 17A, 

HG induced cortical actin disassembly and stress actin formation.  Inhibiting CaMKII with 

KN93 reduced phosphorylation of p38 MAPK/Hsp25 (Figure 17B) and prevented the effect 

of HG on stress actin formation (Figure 17A).  With inhibition of p38 MAPK 

phosphorylation using SB202190, Hsp25 phosphorylation was reduced (Figure 17B), and the 

stress actin formation observed with HG appeared discontinuous (Figure 17A).  More 

importantly, the glucose-induced endothelial heparanase secretion was abolished by both 

KN93 and SB202190 (Figure 17C and inset).  Our data suggest that in response to HG, stress 

actin is an important mediator of endothelial heparanase secretion.   

3.2.6 Colocalization of filamin with the P2Y2 receptor is disrupted by high glucose 

bringing about filamin redistribution 

 Filamin attaches actin filaments to the plasma membrane through its binding to a number 

of plasma membrane proteins (including the P2Y2 receptor), and its phosphorylation disrupts 
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cortical actin.140, 141  Using immunofluorescence, we confirmed the plasma membrane 

colocalization of P2Y2 receptor (green) and filamin (red) in untreated endothelial cells 

(Figure 18A, merge).  In the presence of HG, dissociation between the two proteins was 

observed at 30 min (Figure 18A).  Interestingly, at this time, filamin located at the plasma 

membrane decreased, and much of the protein was observed in the cytosol (Figure 18A).  

Using immunoprecipitation, we confirmed a decreased association between filamin and the 

P2Y2 receptor after 30 min of HG (Figure 18B).  In addition, the membrane to cytosolic 

transfer of filamin in HG was verified using cell fractionation and Western blot (Figure 18C, 

inset).  Coupled to this translocation, HG also time-dependently increased the 

phosphorylation of filamin (Figure 18C).  

3.2.7 Endothelial secreted heparanase cleaves cardiomyocyte heparan sulfate to release 

attached proteins 

 The cardiomyocyte cell surface is rich in heparan sulfate side chains that contain many 

attached proteins like LPL and bFGF.36, 142  To test the endoglucuronidase activity of 

endothelial heparanase to specifically cleave the carbohydrate chains of heparan sulfate, 

endothelial cells were co-cultured with cardiomyocytes.  Initially, we determined that HG 

time-dependently lowered endothelial intracellular heparanase in the insert, with maximum 

release observed after 60 min of incubation (Figure 19A).  As heparanase secretion is 

polarized, with preferential secretion towards the basolateral rather than the apical side of 

endothelial cells,59 we also measured heparanase activity in the medium from the lower 

chamber.  Medium heparanase activity increased at 30 min, and reached a maximum at 60 

min of HG incubation (Figure 19A, inset).  To allow for maximum ability of heparanase to 

cleave heparan sulfate, cardiac cells were co-cultured with or without endothelial cells in HG 
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for 4 hr, and cardiomyocytes then imaged for heparan sulfate staining.  The increase in 

heparanase activity in the lower chamber (in the cardiomyocyte+EC group) was associated 

with a robust decrease in immunofluorescent staining for heparan sulfate (Figure 19B).  

Given the ability of heparan sulfate to bind proteins, we predicted that loss of cardiomyocyte 

heparan sulfate would increase the appearance of heparan sulfate-bound proteins like LPL 

and bFGF in the culture medium.  Indeed, co-culture of endothelial cells with 

cardiomyocytes in HG increased medium LPL activity (Figure 19C) and bFGF protein in the 

lower chamber (Figure 19D).   

3.3 Fatty acid-induced nuclear translocation of heparanase uncouples glucose 

metabolism in endothelial cells 

3.3.1 Fatty acid stimulates rapid nuclear accumulation of heparanase  

 In endothelial cells, heparanase is located predominantly in the cytoplasm, with a minor 

amount (~4%) present in the nucleus (Figure 20, lower inset).  To simulate hyperlipidemia, 

bCAECs were incubated with increasing concentrations of PA.  PA concentration-

dependently increased endothelial nuclear heparanase (Figure 21A, upper inset).  Using the 1 

mM concentration, cells were next treated for up to 30 min.  PA time-dependently increased 

nuclear heparanase, with an approximately 2-fold augmentation of enzyme observed after 30 

min (Figure 21A).  This nuclear increase was not reflected by a significant reduction in the 

cytoplasmic content of heparanase (Figure 20, lower inset).  In addition, this effect was not 

related to metabolism of PA, as 1 mM 2-bromohexadecanoic acid (BPA, a non-metabolizable 

palmitate analog) also had a similar effect (Figure 21B).  Confirmation of the effect of PA on 

nuclear accumulation of heparanase was done using immunofluorescence.  In endothelial 

cells, heparanase colocalized with lysosomes that had a predominant perinuclear distribution 
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(Figure 21C).  PA caused lysosomal heparanase escape and relocation into the nucleus 

(Figure 21C, bottom panel).  Overall, these experiments demonstrate that fatty acids possess 

an intrinsic ability to facilitate nuclear translocation of heparanase.  

3.3.2 Nuclear translocation of heparanase is dependent on Bax-induced lysosome 

permeabilization 

 A prerequisite for nuclear entry of heparanase is likely lysosomal disruption with 

heparanase released into the cytoplasm.  Bax activation has been suggested to induce 

lysosome permeabilization.143  Incubation with PA or BPA significantly increased Bax 

activation, without changes in total Bax (Figure 22A).  Immunofluorescence images 

confirmed this observation, in addition to demonstrating colocalization of activated Bax with 

lysosomes (Figure 22B).  Interestingly, the isolated lysosomal fraction from PA-treated cells 

exhibited lower heparanase and a higher content of activated Bax (Figure 22C).  Cathepsin B 

(Ctsb), a lysosomal resident protease used as an indicator for lysosome integrity, was also 

decreased following PA in both isolated lysosomes (Figure 22C) and immunofluorescent 

images (Figure 22D).  The PA induced decrease in lysosomal Ctsb coincided with 

appearance of this lysosomal protease in the cytoplasm (Figure 22D).  To further examine the 

effect of Bax activation on lysosome permeabilization, we used a Bax channel blocker 

CN196810.  CN attenuated lysosomal loss of Ctsb (Figure 22D, bottom panel).  More 

importantly, CN prevented the nuclear translocation of heparanase in response to PA (Figure 

22E).  It should be noted that PA had no effect on caspase 3 activation (Figure 23), 

suggesting that the increase in lysosomal permeability is not sufficient to trigger apoptosis up 

to 24 hr.  Collectively, these data suggest that PA-induced nuclear translocation of 

heparanase is dependent on Bax activation and lysosome permeabilization.   
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3.3.3 Hsp90 accompanies the nuclear translocation of heparanase   

 In HL-60 leukemic cells, Hsp90 has been suggested to function as a chaperone for 

nuclear shuttling of heparanase.144  Immunoprecipitation of cytosolic Hsp90 revealed a 

robust association between this chaperone and heparanase 15 min following PA, an 

association which tended to decrease with time (Figure 24A).  Interestingly, the nuclear 

presence of Hsp90 bound heparanase following PA also increased after 15 min, with further 

amplification at 30 min (Figure 24B).  As geldanamycin (GA), a specific Hsp90 inhibitor, 

effectively blocked the nuclear entry of heparanase (Figure 24C), our data indicate that 

Hsp90 is an important mediator of PA-induced shuttling of heparanase to the nucleus.  

3.3.4 Nuclear heparanase is associated with cleavage of heparan sulfate (HS)  

 Heparanase is an endoglycosidase that can degrade HS into small oligosaccharides.82  

Using immunostaining with anti-HS mAb 10E4 which targets intact HS chains, and anti-HS 

mAb 3G10 which detects cleaved HS chains, we examined the effect of PA on nuclear HS.  

With 10E4 staining, intact HS presented a cellular distribution that included both the 

cytoplasm and nucleus.  Treatment with PA eliminated the presence of intact HS mainly in 

the nucleus (Figure 25A), an effect that was accompanied by the appearance of cleaved 

nuclear HS (Figure 25B).  Quantification of this effect using Western blot demonstrated that 

the increase in cleaved nuclear HS was apparent at 30 min after PA, increased further with 

time, and remained high up to 4 hr (Figure 25C).  Blocking the nuclear entry of heparanase 

with GA, reduced the amount of cleaved nuclear HS observed following PA (Figure 25D).  

These data suggest that nuclear HS can undergo cleavage following translocation of 

heparanase into the nucleus.  
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3.3.5 Heparanase regulates HAT activity and genes related to glycolysis 

 Heparan sulfate is a potent inhibitor of HAT activity.145  To determine if HAT activity 

changes following nuclear translocation of heparanase and HS cleavage, HAT activity in 

addition to acetylation of histone were evaluated.  Using Western blot, we observed 

increased HAT activity and augmented histone acetylation after 60 min of PA (Figure 26A).  

These effects were attenuated by the Hsp90 inhibitor GA (Figure 26B).  An expression assay 

for genes related to glycolysis revealed an increase in SLC2A1, PDK2 and LDHA in 

endothelial cell treated with PA (Figure 26C).  It should be noted that in addition to genes 

controlling glucose metabolism, nuclear entry of heparanase was also associated with an 

increase in genes related to inflammation, like IL-8, VCAM1 and VEGFA (Figure 27).  

3.3.6 PDK2 expression and extracellular lactate accumulation are regulated by nuclear 

heparanase  

 PDK can reduce the oxidative breakdown of glucose through its inactivation of PDH.  In 

response to 1 mM PA, both PDK2 gene and protein increased as early as 6 hr, and remained 

high until 12 hr (Figure 28A).  This effect occurred in the absence of activation Peroxisome 

proliferator-activated receptor (PPARα) (Figure 29).  This increase in PDK2 was associated 

with augmented PDH phosphorylation (p-PDH) (Figure 28A, inset).  Using siRNA, we were 

successful in reducing total endothelial heparanase (Figure 28B, left panel).  In these cells, 

PA-induced nuclear entry of heparanase and HS cleavage was reduced (Figure 28B, right 

panel).  More importantly, depletion of heparanase completely prevented the PA-induced 

increases in PDK2 gene and protein, as well as p-PDH (Figure 28C).  Phosphorylation and 

inactivation of PDH uncouples glycolysis from glucose oxidation, resulting in accumulation 

of lactate.  Measurement of lactate revealed a robust increase in the incubation medium 
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following PA (Figure 28D, inset), an effect that was effectively prevented by GA or 

heparanase siRNA (Figure 28D).  Our data clearly demonstrate an important role of nuclear 

heparanase on glucose metabolism through its effect on PDK2. 
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Figure 4 Effect of diazoxide on blood glucose and fatty acids and coronary lumen LPL activity.  Animals 

were treated with DZ (100 mg/kg, i.p.), and blood samples from the tail vein collected over 240 min for 

determination of glucose (A) and fatty acids (B).  Results are the mean±SEM of six rats in each group.  (C) 

Hearts were isolated and perfused in the nonrecirculating retrograde mode, and coronary luminal LPL was 

released with heparin (5 U/ml).  The inset indicates a single experiment measuring peak heparin-releasable LPL 

activity released after varying durations of DZ (30-120 min).  Following determination of the optimal time 

required for DZ to augment cardiac LPL, six animals were treated with DZ and LPL activity was measured at 

120 min.  LPL activity was assayed using radiolabeled triolein.  *Significantly different from control, P<0.05. 

(Reprinted with permission of The Am Physiol Soc.) 
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Figure 5 Acute changes in cardiac heparanase and LPL following diazoxide.  Hearts were perfused using a 

modified Langendorff retrograde perfusion technique that separates the coronary perfusate from interstitial 

fluid.  Interstitial heparanase (A) and LPL (D) were assayed using Western blot.  Following DZ for different 

intervals, heparanase was also determined immediately upon removal of the heart using Western blotting (B).  

Results are mean±SEM for 6 rats in each group and are expressed as ratio to control.  Low-magnification image 

(x400) showing immunohistochemical localization of heparanase after DZ is depicted in C.  Cross sections of 

control (a, negative control; b, control) and DZ (c, after 30 min; d, after 120 min) ventricles were fixed and then 

immunolabeled using an antibody specific for heparanase.  Bar = 25 µm.  *Significantly different from control, 

#Significantly different from DZ 30 min, P<0.05. (Reprinted with permission of The Am Physiol Soc.) 
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Figure 6 Dose-dependent effect of palmitic acid on endothelial heparanase.  bCAECs were incubated, either 

in the absence or presence of 0.25-1.0 mM albumin bound palmitic acid (PA) (1:6) for 30 min.  Following 

separation of medium from the cells, heparanase was determined in cell lysates (A) and incubation medium 

(upper inset).  The lower inset (A) demonstrates the influence of oleic acid (OA, 1 mM for 30 min) on 

heparanase in cell lysates.  Results are mean±SEM for 6 rats in each group and are expressed as ratio to control.  

Control and PA-treated bCAECs were fixed, permeabilized, and double stained with anti-heparanase mAb 130 

(red) and DAPI (blue) (B).  The merged image of heparanase and nucleus is described in the third panel.  Bar = 

25 µm.  Data is from a representative experiment done twice.  The inset in B illustrates nuclear heparanase after 

bCAECs were treated with 1 mM PA for 30 min.  *Significantly different from control, P<0.05. (Reprinted with 

permission of The Am Physiol Soc.) 
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Figure 7 Dose-dependent effect of glucose on endothelial heparanase.  bCAECs were incubated, either in 

the absence or presence of glucose (15-25 mM) for 30 min.  Following separation of medium from the cells, 

heparanase was determined in both cell lysates (A) and medium (B).  The insets depict the influence of 

mannitol (Mnt, 20 mM) and TNF-α (5 ng/ml) on heparanase in cell lysates (A) and medium (B).  Results are 

mean±SEM of three separate experiments, and are expressed as ratio to control.  bCAECs were fixed, 

permeabilized, and double stained with anti-heparanase mAb 130 (red) and DAPI (blue).  The merged image of 

heparanase and nucleus is described in the third panel (C).  Bar = 25 µm.  Data is from a representative 

experiment done twice.  *Significantly different from control, P<0.05.  HG, high glucose (25 mM). (Reprinted 

with permission of The Am Physiol Soc.) 
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Figure 8 Dual effect of palmitic acid and glucose on endothelial heparanase.  bCAECs were incubated, 

either in the absence or presence of palmitic acid (PA, 1 mM) or glucose (HG, 25 mM) for 30 min.  To simulate 

the substrate change induced by DZ, bCAECs were also incubated for 30 min with palmitic acid prior to 

exposure to 25 mM glucose for another 30 min (PA+HG).  Following separation of medium from the cells, 

heparanase was determined in both cell lysates (A) and medium (B).  Results are mean±SEM of three separate 

experiments, and are expressed as ratio to control.  *Significantly different from control, #Significantly different 

from PA, +Significantly different from HG, P<0.05.  (Reprinted with permission of The Am Physiol Soc.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 56

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 57

Figure 9 Endothelial cytoskeleton regulates the effects of palmitic acid and glucose on endothelial 

heparanase.  Endothelial actin rearrangement following palmitic acid (PA, 1 mM) or glucose (HG, 25 mM) 

was determined using an F-actin/G-actin in vivo assay kit (A).  The inset depicts the influence of mannitol 

(Mnt, 20 mM) and TNF-α (5 ng/ml) on the F-actin/G-actin ratio in cell lysates.  Intracellular heparanase was 

also measured after pre-incubations with cytochalasin D (CD, for 10 min) (B) or nocodazole (ND, for 10 min) 

(C) followed by PA (1 mM, for 30 min) or HG (25 mM, for 30 min).  Data is mean±SEM of 3 different separate 

experiments, and are expressed as ratio to control.  *Significantly different from control, #Significantly different 

from PA, +Significantly different from HG, P<0.05.  (Reprinted with permission of The Am Physiol Soc.) 
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Figure 10 High glucose induces endothelial lysosomal heparanase secretion.  bCAECs (0.5×106 cells) were 

grown to 80-90% confluence and incubated with high glucose (HG, 25 mM) over a period of 30 min.  

Following separation of medium from the cells, heparanase was determined in both cell lysates (A) and medium 

(B) at the indicated times.  The insets depict the influence of mannitol [Mnt (20 mM) in 5 mM glucose] and 

TNF-α (5 ng/ml) on heparanase in cell lysates (A) and medium (B) after a 30 min incubation.  Results are 

means ± SEM of three separate experiments, and are expressed as a ratio to 0 min or to control (CON, 5 mM 

glucose).  In a different set of bCAECs, lysosomes were first labeled with LysoTracker (green) for 3 hr, before 

being treated with glucose (25 mM) or TNF-α (5 ng/ml) for 30 min.  Cells were then fixed, permeabilized, and 

incubated with anti-heparanase mAb 130 (red) and DAPI (blue), and examined under a confocal microscope 

(C).  The merged image of heparanase, lysosomes and nucleus is described in the fourth panel from left (C).  

Bar = 20 µm.  Data is from a representative experiment done twice.  *Significantly different from 0 min or 

control; #Significantly different from all other groups, P<0.05.    
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Figure 11 High glucose and TNF-α induces endothelial heparanase secretion shown in multiple cells.  

Using bCAECs, lysosomes were first labeled with LysoTracker (green) for 3h, before being treated with 

glucose (25 mM) or TNF-α (5 ng/ml) for 30 min.  Cells were then fixed, permeabilized, and incubated with 

anti-heparanase mAb 130 (red) and DAPI (blue), and examined under a confocal microscope.  The figures 

represent a merged image of heparanase, lysosomes and nucleus.  Bar = 20 µm. 
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Figure 12 Extracellular ATP mediates the effect of high glucose to induce heparanase secretion.  

Endothelial cells were incubated in 5-25 mM glucose for 2 min (A, inset), or 5 and 25 mM glucose over a 

period of 10 min (A).  Following separation of medium from cells, ATP concentration in the media was 

measured.  Cells were also pretreated in the absence or presence of Suramin (100 µM, P2 receptor antagonist) 

for 30 min, followed by incubation with glucose (25 mM) for another 30 min.  Heparanase protein remaining in 

the cells (B) or secreted into the incubation medium (B, inset) was then examined.  The effects of MeSATP 

(100 µM, an ATP analog that acts as a P2Y receptor agonist) on endothelial intracellular (C) and medium 

heparanase (C, inset) was determined over a period of 30 min.  Results are means ± SEM of three separate 

experiments, and are expressed as ratio to 0 min or control.  *Significantly different from 0 min; +Significantly 

different from 5 mM glucose; #Significantly different from all other groups, P<0.05.  
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Figure 13 MeSATP duplicates the effect of high glucose to induce endothelial heparanase secretion.  

Endothelial cells were incubated with various concentrations of MeSATP (0-100 µM) over a period of 30 min.  

Heparanase protein remaining in the cells or activity appearing in the medium was then examined.   
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Figure 14 Glucose-induced endothelial heparanase secretion is dependent on cytoskeleton reorganization.  

Following treatment of bCAECs with glucose (25 mM) over a period of 30 min, cells were fixed, permeabilized 

and double stained with Rhodamine488 Phalloidin for filamentous actin (green) and DAPI for nucleus (blue) at 

the indicated times (A).  In another experiment, after pretreatment with either cytochalasin D (CD; 0.5 µM for 

10 min-left panel) (B) or jasplakinolide (Jas; 1 µM for 30 min-right panel) (C), cells were then treated with high 

glucose (HG, 25 mM) for a period of 30 min.  Medium collected at this time was used to determine heparanase 

activity.  Bar = 20 µm.  The image is from a representative experiment done three times.  Results are means ± 

SEM from three separate experiments.  #Significantly different from all groups; P<0.05. 
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Figure 15 Glucose-induced endothelial heparanase secretion is dependent on cytoskeleton reorganization.  

Following treatment of bCAECs with glucose (25 mM) over a period of 30 min, cells were fixed, permeabilized 

and double stained with Rhodamine488 Phalloidin for filamentous actin (green) and DAPI for nucleus (blue) at 

the indicated times.  Bar = 20 µm.   
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Figure 16 High glucose stimulates Ca2+/calmodulin-dependent protein kinase II (CaMKII) and p38 

MAPK/Hsp25 phosphorylation.  bCAECs were pretreated in the absence or presence of suramin (100 µM) for 

30 min, followed by stimulation with 25 mM glucose.  The cytosolic Ca2+ changes over time were measured as 

the F340/F380 ratio using Fura-2 (A).  The inset depicts cytosolic Ca2+ changes in response to MeSATP (100 µM; 

A).  Results are expressed as an average response of 15-25 endothelial cells from 4 different endothelial cell 

preparations.  In a separate experiment, bCAECs were exposed to 25 mM glucose for a period of 30 min.  At 

the indicated times, protein was extracted to determine phosphorylation of CaMKII (B), p38 MAPK (C) and 

Hsp25 (D) using Western blot.  Results are means ± SEM of three separate experiments, and are expressed as 

ratio to 0 min.  *Significantly different from 0 min; P<0.05.  
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Figure 17 Inhibiting CaMKII or p38 MAPK regulated stress actin formation prevents glucose-induced 

endothelial heparanase secretion.  Following a 1 hr pretreatment of bCAECs with KN93 (KN;10 µM) or 

SB202190 (SB; 20 µM), specific inhibitors of CaMKII or p38 MAPK respectively, cells were treated with 

glucose (25 mM) for 30 min.  A control and a high glucose group were also included.  Cells were fixed, 

permeabilized and double stained with Rhodamine488 Phalloidin and DAPI (blue) (A).  Bar = 20 µm.  The 

image is from a representative experiment done twice.  Cellular proteins were extracted to determine 

phosphorylation of CaMKII, p38 MAPK and Hsp25 (B) using Western blot.  Intracellular heparanase protein 

(C) and medium heparanase activity (C, inset) were also determined.  The representative Western blot and 

densitometric results illustrated are means ± SEM from three separate experiments.  #Significantly different 

from all groups; +Significantly different from HG group; P<0.05.  
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Figure 18 Colocalization of filamin with the P2Y2 receptor is disrupted by high glucose bringing about 

filamin redistribution.  bCAECs treated with 25 mM glucose (for 0 and 30 min) were fixed, permeabilized, 

and stained for P2Y2 receptor (green), filamin (red) and nucleus (blue), and examined under a confocal 

microscope (A).  The merged image of P2Y2 receptor, filamin and nucleus is described in the fourth panel from 

left (A).  Bar = 20 µm.  The image is from a representative experiment done three times.  Using a similar 

protocol in a different set of bCAECs, cells were lysed, and subjected to immunoprecipitation (IP) using anti-

P2Y2 receptor antibody, and immunoblotted with anti-filamin and anti-P2Y2 receptor antibodies (B).  To 

determine filamin redistribution, endothelial cells were exposed to glucose (25 mM) over a period of 30 min.  

At the indicated times, total protein was extracted to determine phosphorylation of filamin (C).  Membrane and 

cytosolic fractions were also isolated to examine filamin distribution using Western blot (C, inset).  The 

representative Western blot and densitometric results illustrated are the means ± SEM from three separate 

experiments.  *Significantly different from 0 min; P<0.05.   
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Figure 19 Endothelial secreted heparanase cleaves cardiomyocyte heparan sulfate to release attached 

proteins.  Primary rat cardiomyocytes were plated in a 6-well plate as described.  A cell culture insert (Falcon, 

diameter 23.1 mm) grown with or without confluent endothelial cells was placed above the cardiomyocytes.  

Cells were incubated in 25 mM glucose over a period of 0-2 hr.  At the times indicated, endothelial cells on the 

insert were lysed and heparanase protein (A) and medium heparanase activity (A, inset) detected.  To test the 

endoglucuronidase activity of endothelial heparanase to specifically cleave the carbohydrate chains of 

cardiomyocyte heparan sulfate, co-culture (with or without EC) was maintained for 4 hr.  Cardiomyocytes were 

then fixed, and stained for heparan sulfate (red) (B).  Bar = 20 µm.  Data is from a representative experiment 

done twice.  Medium was also collected from the lower chambers to measure LPL activity (C) and bFGF (D).  

Results are means ± SEM of three separate experiments.  *Significantly different from 0 min; #Significantly 

different from all groups; P<0.05. 
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Figure 20 Cellular distribution of endothelial heparanase.  bCAECs were incubated in the absence or 

presence of 1 mM palmitic acid (PA) for a period of 30 min, and heparanase in the nuclear and cytosolic 

fractions determined.  Histone was used as a nuclear marker.  The purity of the nuclear fraction was verified by 

determining its contamination with cytoplasmic proteins like β-actin, LAMP-1 or prohibitin.  The immunoblot 

is a representative figure of three separate experiments.   

 

 

 

 

 



 75

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 76

Figure 21 Fatty acid induces a rapid nuclear accumulation of heparanase in endothelial cells.  bCAECs 

were incubated with 0-1 mM albumin bound PA (molar ratio 1:6) for 30 min (A, inset), or 1 mM PA over a 

period of 30 min (A), and heparanase in the nuclear fractions determined.  The influence of BPA (1 mM for 30 

min) on nuclear heparanase was compared to PA in B.  Results are mean±SEM for three experiments expressed 

as ratio changes.  *Significantly different from 0 min/control, #Significantly different from all groups; P<0.05.  

Cells were stained with LysoTracker (green), anti-heparanase mAb 130 (red) and DAPI (blue).  The merged 

image is described in the fourth panel (C).  Bar = 20 µm.  Data is from a representative experiment done three 

times. 
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Figure 22 Nuclear translocation of heparanase following PA is dependent on Bax-induced 

permeabilization of lysosomes.  bCAECs were treated with 1 mM albumin bound PA for 30 min, and 

activated (Bax 6A7) and total Bax determined in whole cell lysates (A).  Cells were also stained with 

LysoTracker (green), anti-Bax mAb 6A7 (red) and anti-Ctsb (red) following 30 min incubation with PA (B and 

D).  Bar = 20 µm.  Data is from a representative experiment done three times.  Following isolation of 

lysosomes, heparanase, activated Bax and Ctsb were also measured (C).  LAMP-1 was used as a protein loading 

control.  Following pre-treatment of bCAECs with CN (20 µM), cells were treated with 1 mM PA for 30 min.  

Ctsb staining (D), nuclear heparanase (E) and activated Bax (E, inset) were determined.  The representative 

Western blot and densitometric results illustrated are mean±SEM for three experiments and are expressed as 

ratio to control.  *Significantly different from control, #Significantly different from PA; P<0.05.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 79

 

 

 

 

 

 

 

 

Figure 23 PA for up to 24 hr is unable to induce caspase 3 cleavage.  bCAECs were incubated with 1 mM 

PA over a period of 24 hr.  At the indicated times, full-length (FL) and cleaved (CL) caspase (Casp) 3 was 

determined using Western blot.  PAC-1 (PAC, 50 µM for 2 hr), a procaspase 3 activator was used as a positive 

control.  The immunoblot is a representative figure of three separate experiments.   
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Figure 24 Hsp90 directs the nuclear translocation of heparanase.  bCAECs were incubated with 1 mM PA 

up to 30 min.  At the indicated times, cytosolic (A) and nuclear (B) fractions were isolated and 

immunoprecipitated using anti-Hsp90, and immunoblotted with heparanase mAb 130 and anti-Hsp90 antibody.  

Cells were also pre-treated with GA (2 µM for 60 min) and then exposed to 1 mM PA for 30 min.   Nuclear 

heparanase was measured by Western blot (C).  Results are mean±SEM for three experiments and expressed as 

ratio changes.  *Significantly different from 0 min/control, #Significantly different from PA; P<0.05. 
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Figure 25 Heparanase cleaves nuclear heparan sulfate (HS).  bCAECs treated with 1 mM PA (for 30 min) 

were immunostained with anti-HS 10E4 (A) and 3G10 (B) antibodies, respectively.  A magnified image of 

nuclear 10E4 staining is depicted in the inset (A).  Bar = 20 µm.  Data is from a representative experiment done 

three times.  Western blot and 3G10 antibody was also used to detect cleaved HS in nucleus following exposure 

to 1 mM PA, in the absence (C, 0-240 min PA) or presence of 60 min pre-treatment with GA (D, 30 min PA).  

The representative Western blot and densitometric results illustrated are mean±SEM for three experiments.  

*Significantly different from 0 min/control, #Significantly different from PA; P<0.05. 
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Figure 26 Nuclear heparanase regulates HAT activity and genes involved with glucose metabolism.  

bCAECs were treated with 1 mM PA up to 4 hr, and nuclear fractions isolated at the indicated times to measure 

HAT activity and histone acetylation (A).  This experiment was repeated in cells pretreated with 2 µM GA for 

60 min, followed by incubation with 1 mM PA for 60 min (B).  bCAECs were also incubated with 1 mM PA up 

to 24 hr in the absence or presence of GA.  RNA was isolated to analyze genes involved predominantly with 

glycolysis using a TaqMan gene expression assay (C).  Data shown represents fold change relative to control.  

The representative Western blot and densitometric results illustrated are mean±SEM for three separate 

experiments.  *Significantly different from control, #Significantly different from PA group; P<0.05.   
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Figure 27 Genes related to inflammation are influenced by PA induced nuclear entry of heparanase.  

bCAECs were incubated with 1 mM PA up to 24 hr in the absence or presence of 2 µM geldanamycin (GA).  

RNA was isolated to analyze genes predominantly involved with inflammation using a TaqMan gene 

expression assay.  IL-8, interleukin-8; VCAM1, vascular cell adhesion molecule 1; SERPINE1, plasminogen 

activator inhibitor type 1; VEGFA, vascular endothelial growth factor A.  Data represents fold change relative 

to control and is illustrated as mean±SEM for three separate experiments.  *Significantly different from CON, 

#Significantly different from PA; P<0.05. 
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Figure 28 Nuclear heparanase increases PDK2 expression and extracellular lactate accumulation.  Cells 

were treated with 1 mM PA up to 12 hr.  At the indicated times, mitochondrial fractions were isolated to detect 

PDK2 protein and phosphorylation of PDH (p-PDH) (A, inset).  RNA was also isolated to identify PDK2 gene 

expression (A).  bCAECs were transfected with heparanase siRNA (B, left).  These cells were exposed to 1 mM 

PA for 30 min and nuclear heparanase and cleaved HS were detected (B, right).  The effect of heparanase 

siRNA on PA-induced PDK2 expression and p-PDH is illustrated in C.  In a separate experiment, cells were 

treated with 1 mM PA in the presence or absence of GA or heparanase siRNA for 24 hr, and medium collected 

to measure lactate (D and inset).  Results are mean±SEM for three separate experiments.  *Significantly 

different from control, #Significantly different from PA group; P<0.05.   
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Figure 29 PA has no influence on the expression of endothelial PPARα.  bCAECs were incubated with 1 

mM PA over a period of 24 hr.  At the indicated times, PPARα protein was measured using Western blot.  

Fenofibrate (50 µM for 24 hr), a PPARα agonist, was used as a positive control.  The immunoblot is a 

representative figure of three separate experiments.   
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Chapter  4: Discussion 

 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 predominantly using fatty 

acids (FA) for energy supply.18  One means by which this is achieved is through rapid 

augmentation of lipoprotein lipase activity (LPL-a key enzyme, which hydrolyzes 

lipoproteins to release FA) at the coronary lumen.126, 127, 130  Given that vascular endothelial 

LPL is acquired from the cardiomyocyte, previous studies from our lab have examined the 

mechanisms by which DZ-induced hypoinsulinemia increases cardiomyocyte cell surface 

LPL, a reservoir that can rapidly augment coronary luminal LPL when the need for FA is 

intensified.  In the myocyte, the recruitment of LPL to the cell surface was controlled by 

protein kinase D (which regulated LPL vesicle fission),129 whereas stress kinases like AMP-

activated protein kinase (AMPK) and p38 MAPK allowed for actin cytoskeleton 

polymerization, providing the cardiomyocyte with an infrastructure to facilitate LPL 

movement.128  My studies reveal that high glucose is a potent stimulator of endothelial 

heparanase secretion, which helps in the transfer of lipoprotein lipase from the 

cardiomyocyte to the vascular lumen, permitting augmented fatty acid provision to 

cardiomyocytes.  Unlike high glucose, augmented concentrations of FA, by inducing 

lysosome permeabilization, initiates endothelial heparanase nuclear translocation, and 

induction of gene transcription that affects glucose metabolism and inflammation. 

4.1 Endothelial heparanase secretion in diabetes is regulated by glucose and FA 

 In co-culture experiments using bovine endothelial cells and adipocytes, endothelial cells 

secreted compounds with heparanase-like activity that released adipocyte LPL, promoting its 

transfer to the luminal endothelial surface.59  Interestingly, this heparanase secretion 
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following lysophosphatidylcholine was polarized, with preferential secretion towards the 

basolateral rather than the apical side of endothelial cells.59  If this mechanism was also to 

occur in the heart, we hypothesized that hyperglycemia would increase the amount of 

heparanase in the interstitial space.  Using a modified Langendorff heart perfusion that 

separates coronary from interstitial fluid, we established for the first time that following DZ, 

heparanase indeed increased rapidly (within 30 min of DZ) in the interstitial compartment, an 

effect that was lost by 2 hr (Figure 5A).  This secretion of active heparanase into the 

interstitial space paralleled the observations that with increased duration of hyperglycemia (2 

hr), the residual content of heparanase in the whole heart, endothelial cells, and interstitial 

fluid decreased (Figure 5B and C).  In HEK-293 cells, the time required for the conversion of 

latent to active heparanase requires at least 4 hr.88  Hence, following secretion, 2 hr of 

hyperglycemia may be insufficient for either latent heparanase to be synthesized or active 

heparanase to be regenerated, and could explain this reduction in activity over time.  

Interestingly, the peak increase in interstitial heparanase closely mirrored the amplification in 

interstitial LPL (Figure 5D), suggesting that following DZ, it is possible that this rapid 

secretion of endothelial heparanase initiates the release of subendothelial myocyte cell 

surface LPL.  Once released, this bolus amount of interstitial LPL has to traverse the 

endothelial cell to reach HSPG binding sites at the coronary lumen.  As this process is 

unlikely to occur rapidly, it could explain the discrepancy between interstitial heparanase and 

LPL after 2 hr of DZ.  Our results imply that following hyperglycemia, secretion of 

endothelial heparanase is an important element in facilitating LPL translocation from its site 

of synthesis (cardiomyocyte) to its site of action (endothelial lumen).  It should be noted that 

other methods have also been proposed to explain the transfer of LPL from the 
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cardiomyocyte to the endothelial cell and include vectorial movement of enzyme along a 

continuous network of HSPG that extends from myocyte to endothelial cells.146  

 As immunohistochemical localization of heparanase in the heart revealed a predominant 

expression in endothelial cells and depletion with progression of hyperglycemia, we 

attempted to examine the mechanism of endothelial heparanase secretion.  bCAECs were 

incubated with concentrations of palmitic acid (PA) or glucose that duplicated the plasma 

concentrations of these substrates observed after DZ.  Unexpectedly, with increasing 

concentrations of PA, intracellular heparanase increased within 30 min, with no release into 

the medium observed even at the highest concentration of PA used (1 mM).  This effect was 

not exclusive to PA as the unsaturated oleic acid also had a similar outcome (Figure 6A).  

Visualization of the enzyme after treatment with 1 mM PA illustrated a predominant 

perinuclear and nuclear localization, an observation confirmed by nuclear isolation followed 

by Western blot (Figure 6B).  This acute effect of FA is likely through an increased reuptake 

of the latent 65 kDa enzyme followed by lysosomal activation and nuclear translocation;88 

heparanase has been reported to have two potential nuclear localization sequences.147  At 

present, the motive behind this FA-induced nuclear compartmentalization of heparanase is 

unclear.  In hepatocytes, approximately 12% of the total heparan sulfate pool is located 

within the nucleus.148  It is possible that within the endothelial nucleus, heparanase can 

facilitate heparan sulfate degradation, a feedback safety mechanism to limit expression of 

endothelial HSPG and eventually LPL-derived FA.  Alternatively, the nucleus can serve as a 

storage reservoir for heparanase.  Overall, our data suggests that high FA, by increasing 

perinuclear and nuclear heparanase, may limit the hydrolysis of circulating TG by LPL to 

avoid excess FA delivery to cardiomyocytes.   
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 In human microvascular endothelial cells, the inflammatory cytokine TNF-α has been 

shown to facilitate heparanase secretion.101  In the absence of an effect of FA on endothelial 

heparanase secretion, we tested the influence of glucose in mediating heparanase release.  

Both TNF-α and glucose lowered endothelial intracellular heparanase (there was a robust 

dispersion of perinuclear heparanase towards the plasma membrane), with a related increase 

in heparanase activity in the incubation medium (Figure 7).  At present, it is unclear whether 

this glucose-induced secretion of heparanase is through the apical or basolateral (or both) 

side of endothelial cells.  To more closely mimic the temporal changes in substrates observed 

with DZ, bCAECs were first incubated with PA prior to addition of high glucose.  Addition 

of high glucose to cells pretreated with PA prevented intracellular accumulation of 

heparanase (Figure 8).  More importantly, under these conditions, the amount of heparanase 

released into medium was higher than that observed with glucose alone, suggesting that FA 

can increase the amount of intracellular heparanase available for subsequent release by 

glucose.  Taken together with the observation that DZ increases heparanase release into the 

cardiac interstitial space, our data suggests that high glucose is likely the predominant reason 

for endothelial heparanase secretion.  At present, the mechanism by which high glucose 

initiates heparanase release is unclear.  At least in HEK 293 cells, nucleotides mediate 

heparanase secretion by stimulation of P2Y receptors and activation of protein kinase C 

signaling, mechanisms that are currently being tested in our system.  Irrespective of the 

mechanism, high glucose-dependent secretion of heparanase could facilitate a) 

cardiomyocyte HSPG cleavage and LPL release, b) translocation of LPL to the vascular 

lumen, and c) increased provision of TG-derived FA when cardiac utilization of glucose is 

compromised.   
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 Cellular heparanase is present predominantly in lysosomes,133 whose exocytosis is highly 

regulated and dependent on both microtubules and the actin cytoskeleton.149  In 

cardiomyocytes, the G-actin to F-actin ratio is approximately 10:90, whereas non-activated 

platelets may have an 80:20 G-actin to F-actin ratio.  We have previously reported that 

following acute hyperglycemia, the increase in the F/G actin ratio is a function of a reduction 

in G-actin;128 we could not detect any increase in F-actin as this was the overwhelming form 

of actin in the cardiomyocytes.  bCAECs treated with high glucose demonstrated an increase 

in the F-to-G actin ratio, indicating actin polymerization (Figure 9A).  Interestingly, HG had 

little influence on G-actin with F-actin being the key element in cytoskeleton rearrangement.  

Other studies also reported that postconfluency has little influence on G-actin in bovine 

aortic endothelial cells.150  As the actin polymerization inhibitor, cytochalasin D, prevented 

the high glucose-induced depletion of intracellular heparanase, an effect similar to that 

observed using nocodazole to disrupt microtubules, our data suggests that both microtubules 

and actin cytoskeleton are important means by which high glucose enables heparanase 

secretion (Figure 9B and C).  It should be noted that the actin cytoskeleton also plays a key 

role in promoting insulin-induced glucose transporter 4 translocation151 and in managing 

myocyte LPL secretion.128, 129  PA also increased actin polymerization, which has previously 

been shown to facilitate the uptake of latent heparanase that is processed into an active form 

and stored in the lysosomal compartment.135  As pretreatment with cytochalasin D prevented 

the intracellular accumulation of heparanase, whereas nocodazole had no influence on this 

PA-induced buildup of heparanase (Figure 9B and C), our data suggests that the actin 

cytoskeleton, but not the microtubules, is responsible for this effect of PA on intracellular 

heparanase.   
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 In summary, our data demonstrates that following DZ induced hypoinsulinemia, 

hyperglycemia is likely the major instigator for releasing heparanase into the interstitial 

compartment and cleaving cardiomyocyte surface LPL.  This process is dependent on the 

ability of FA to increase endothelial intracellular heparanase followed by the rapid secretion 

of this endothelial enzyme by glucose (Figure 30). 

4.2 Glucose-induced endothelial heparanase secretion requires cortical and stress 

actin reorganization 

 Cellular heparanase is stored in lysosomes with predominant perinuclear localization.  

Exposure of bCAECs to HG time-dependently (within 30 min) released heparanase.137  Thus, 

for heparanase to undergo secretion, movement of lysosomes to the cell surface would be a 

prerequisite.  Indeed, immunofluorescent images of endothelial cells revealed that heparanase 

colocalized with lysosomes, in close proximity to the nucleus (Figure 10C).  More 

importantly, for the first time, we demonstrate that in response to HG, there is a repositioning 

of lysosomal heparanase away from the nucleus and loss of total staining for endothelial 

heparanase and lysosomes.  It should be noted that although heparanase gene expression is 

augmented in HEK 293 cells exposed to HG for 24 hr,100 we were unable to detect any 

change in gene expression up to 2 hr with HG.  Overall, our data suggests that in response to 

stimulation by HG, mechanisms that regulate lysosomal exocytosis are also likely to control 

endothelial heparanase secretion.   

In various cell types including endothelial cells, cytoplasmic ATP can be released by 

shear stress, hypoxia or agents like thrombin.152-154  When released, ATP is an important 

mediator of vascular tone and blood coagulation by regulating endothelial nitric oxide and 

von Willebrand factor secretion respectively.155, 156  We observed that bCAECs exposed to 5 



 95

or 25 mM glucose rapidly released ATP into the medium, with 25 mM glucose having a 

more robust effect (Figure 12A).  Extracellular ATP, through a P2Y G-protein coupled 

receptor signal cascade, is known to initiate intracellular heparanase secretion.137  P2Y is the 

predominant purinergic receptor subtype in endothelial cells.157, 158  Using the P2 receptor 

antagonist suramin, we prevented the effect of HG to bring about heparanase secretion 

(Figure 12B).  As MeSATP, a more potent P2Y agonist than ATP, also had a profound effect 

in releasing endothelial heparanase (Figure 12C), our data provide strong evidence that ATP 

release and subsequent purinergic receptor activation are essential for mediating HG effect 

on endothelial heparanase release.   

Actin cytoskeleton is a dynamic network, and its reorganization from a distribution 

predominantly in the outer portion of the cells (cortical actin) into fibers that stretch across 

the cell body (stress actin), is a characteristic change of endothelial cells in response to 

inflammatory agents.159, 160  For example, a 30 min exposure to thrombin significantly 

increases calf pulmonary artery endothelial cell permeability to albumin, which was 

associated with loss of cortical and increases in stress actin.159  Recent studies have also 

specified a dual role of actin cytoskeleton in controlling vesicle transport and exocytosis.160  

It was suggested that cortical actin serves as a barrier, and its transient depolymerization is 

necessary for vesicle secretion.161  Related to stress actin, its formation as a track for vesicle 

translocation towards the plasma membrane would also be essential for vesicular secretion.  

In this study, immunofluorescent images of endothelial cells demonstrated cortical actin 

disassembly on exposure to HG, with subsequent stress actin formation (Figure 14A).  As 

agents that disrupted actin dynamics prevented the HG-induced depletion of intracellular 
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heparanase (Figure 14B and C), our data suggest that both cortical actin disassembly and 

stress actin formation are indispensable for HG-induced heparanase secretion.   

In pancreatic beta cells, CaMKII contributes towards calcium-regulated exocytosis of 

insulin secretory granules.162  In our study, albeit with different kinetics, HG and MeSATP 

provoked an increase in [Ca2+]i.  As suramin impeded this effect of HG on [Ca2+]i, our data 

suggests that ATP is a key element that facilitates HG-induced increases in endothelial 

[Ca2+]I (Figure 16A).  Related to this increase in [Ca2+]i, there was an associated 

augmentation in phosphorylation of CaMKII, that was not sustainable and declined to control 

levels at 30 min even though heparanase was continuously being secreted (Figure 16B).  We 

considered the possibility that the early activation of CaMKII may have turned on other 

downstream signals.  Downstream targets of CaMKII include p38 MAPK/Hsp25, and there 

was coincident activation of this pathway following HG (Figure 16C and D).  Hsp25 is 

known to inhibit actin polymerization, and its phosphorylation results in a decline of this 

inhibitory function.163  In this setting, actin monomers are released from the phosphorylated 

Hsp25 to self-associate to form actin filaments.  Interestingly, CaMKII inhibition with KN93 

or blocking of p38 MAPK with SB202190 prevented stress actin formation, and abolished 

HG-induced endothelial heparanase secretion (Figure 17).  These data suggest that in 

response to HG, CaMKII and p38 MAPK, through their control of Hsp25 and stress actin, act 

in unison to facilitate heparanase secretion from endothelial cells. 

Filamin is a 280 kDa protein that contains an N-terminal actin-binding domain (that 

assists in actin filament cross linking), and a C-terminal protein binding end (that connects 

the actin network to plasma membrane bound proteins like the insulin and P2Y2 

receptors).141, 164-166  In this way, filamin plays a critical role in cortical actin organization.  
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We established a strong association between filamin and P2Y2 receptors in endothelial cells.  

More importantly, incubation with HG reduced this association, facilitating filamin 

translocation to the cytosol (Figure 18).  In endothelial cells exposed to thrombin, filamin 

phosphorylation is required for its translocation from the cell periphery to cytosol.165  Our 

data also indicates that HG induces a robust phosphorylation of filamin with subsequent 

membrane to cytosol relocation, and is associated with disassembly of the endothelial 

cortical actin network and endothelial heparanase secretion. 

Co-culturing of endothelial cells and cardiomyocytes is an appropriate means by which 

the endoglucuronidase activity of endothelial heparanase can be tested.  This is because in 

endothelial cells, heparanase exocytosis is polarized, with preferential secretion towards the 

basolateral rather than the apical side.59, 164  Using this co-culture preparation, we were 

successful in depleting endothelial intracellular heparanase (Figure 19A).  More importantly, 

we observed that in response to HG and heparanase secretion, cardiomyocyte surface 

heparan sulfate was cleaved, with an associated increase in LPL activity and bFGF protein in 

the lower chamber (Figure 19).   

 In summary, our results suggest that HG stimulates ATP release and purinergic receptor 

activation.  One downstream cascade of this event is increase in [Ca2+]i, stimulation of 

CaMKII, phosphorylation of p38 MAPK/Hsp25, and eventual formation of stress actin.  

Another outcome is detachment of filamin from the P2Y receptor, resulting in cortical actin 

disassembly.  Together, these processes might contribute towards robust stimulation of 

endothelial heparanase secretion (Figure 31).   
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4.3 Fatty acid-induced nuclear translocation of heparanase uncouples glucose 

metabolism in endothelial cells 

 In endothelial cells exposed to PA, a rapid nuclear accumulation of heparanase was 

observed (Figure 21A).  This nuclear presence of heparanase is not uncommon, and several 

groups have detected this enzyme in the nucleus of MDA-435 human breast carcinoma cells 

and U87 glioma cells that were stable transfected with heparanase.147  As the non-

metabolizable palmitate analog BPA had similar effects in mediating nuclear translocation of 

heparanase (Figure 21B), it is unlikely that this nuclear shuttling requires prior oxidation of 

fatty acids.  Given the immediate effect of fatty acids in translocating heparanase, we 

determined the cellular location of heparanase.  Immunofluorescent images showed that 

heparanase was colocalized within lysosomes, in close proximity to the nucleus (Figure 

21C).  This perinuclear position of heparanase precludes protracted transit time, and could 

explain the quick nuclear entry of heparanase in response to fatty acids.   

 Given the predominant lysosome localization of heparanase, its prior release from 

lysosomes would be anticipated before its nuclear entry.  In HepG2 cells, high fatty acid-

induced lysosome permeabilization is preceded by activation of the pro-apoptotic protein 

Bax.167  A Bax-dependent lysosome disruption is also involved in the alpha-lactalbumin and 

oleic acid-induced early leakage of lysosomes in tumor cells.168  Results from this study also 

implicate Bax in the PA-induced nuclear entry of heparanase in endothelial cells.  Thus, fatty 

acids induced Bax activation, which colocalized with lysosomes and was associated with 

release of lysosome contents including heparanase and Ctsb (Figure 22).  At present, the 

mechanism by which fatty acid induces lysosomal permeabilization through Bax is unclear.  

In mitochondria from human cancer cells, activated Bax undergoes a conformational change, 
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binds to the mitochondrial outer membrane to form complex oligomer pores, and induces 

membrane potential loss and permeabilization.169  Interestingly, overexpression of Bcl-XL, 

which antagonizes Bax pore formation activity, prevented PA-induced lysosomal 

permeabilization in HepG2 cells.170  As the Bax channel blocker CN also inhibited lysosomal 

leakiness in this study, our data provide strong evidence that PA-induced lysosomal 

permeabilization and release of heparanase is related to Bax induced pore formation.   

Although different pathways exist for nuclear import of proteins, common shared features 

include a nuclear localization sequence, carrier molecules and translocation through nuclear 

pore complexes.171  Human heparanase contains two potential nuclear localization sequences 

(residues 271-277 and 427-430).147  Regarding carriers, at least with the glucocorticoid 

receptor, a ubiquitous chaperone protein Hsp90, binds with the GR and together with the 

immunophilin assembly system, forms a transportosome to help GR shift from cytoplasm to 

nucleus.172  Recently, a role for Hsp90 as a chaperone for nuclear translocation of heparanase 

has also been reported in HL-60 cells.144  Consistent with this report, our 

immunoprecipitation experiments revealed a robust cytoplasmic association between Hsp90 

and heparanase, and their time-dependent shuttling into the nucleus (Figure 24A and B).  As 

the Hsp90 inhibitor GA effectively abolished the nuclear presence of heparanase in response 

to PA (Figure 24C), our study suggests that Hsp90 is the likely carrier in nuclear shuttling of 

heparanase in endothelial cells.   

HS are linear polysaccharide chains that require vesicle transport to be transferred onto 

the cell surface.53  However, the presence of HS in the nucleus has been reported in various 

cell types.148, 173  For example, in primary hepatocytes, 18% of the total intracellular HS pool 

is located in the nucleus.148  Our immunofluorescent images also demonstrated staining for 
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intact HS in the nucleus of endothelial cells.  With PA, staining for intact nuclear HS was 

lost, and this coincided with appearance of cleaved HS in the nucleus (Figure 25A and B).  It 

should be noted that although intact HS displayed whole cell distribution, cleaved HS 

following PA was only evident in the nucleus.  One explanation for this observation is the 

possibility that released heparanase from lysosomes has limited access to intact HS that are 

transported in vesicles.  As GA, which prevented the nuclear entry of heparanase, effectively 

attenuated the cleavage of nuclear HS (Figure 25D), our data suggest that it is the PA-

induced nuclear entry of heparanase that facilitates HS cleavage.  The unique location of 

cleaved HS stimulated us to examine nuclear functions of HS.  Recently, HS has been 

reported to be a potent repressor of gene transcription through its inhibitory effect on HAT, 

the enzyme that acetylates the lysine side chain of histone, allowing access of transcription 

factors to bind DNA and initiate transcription.145, 174  Indeed, augmented HAT activity and 

histone acetylation were observed when nuclear HS was cleaved, effects that were prevented 

by GA (Figure 26 A and B).  A broad range of genes are regulated by HAT, including genes 

related to cell metabolism, inflammation and proliferation.175  As our special interest was 

glucose metabolism that is a major provider of ATP to endothelial cells, we carried out a 

gene expression assay for key enzymes in this pathway.  Interestingly, activation of gene 

expression was limited to genes encoding glucose transport (SLC2A1), glucose oxidation 

(PDK2), and lactate formation (LDHA) (Figure 26C).  As these effects were attenuated by 

GA, our data suggest that PA could possibly influence gene transcription through nuclear 

entry of heparanase.   

Phosphorylation of the PDH complex at its E1 site by PDK has been recognized to 

inactivate PDH and lower glucose oxidation.176  In response to starvation and diabetes, PDK 
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expression is adjusted in a tissue-dependent manner; PDK expression increases in heart and 

skeletal muscle, but not in brain.177-179  Of the different isoforms of PDK, PDK2 is a 

ubiquitously and abundantly present isoenzyme.180  As PDK2 responds rapidly to control the 

PDH complex,180 we examined its endothelial expression following PA treatment.  PA for 6 

hr was sufficient to induce PDK2 mRNA and protein, with a corresponding increase in the 

phosphorylation of PDH (Figure 30A).  In skeletal muscle and heart, fatty acid is a well-

known stimulator of PDK through activation of PPARα.181  As PPARα was unaffected by PA 

up to 24 hr (Figure 29), and as silencing of heparanase prevented these effects of PA on 

PDK2 and PDH (Figure 30C), our study provides evidence for another potential regulator of 

PDK in endothelial cells.  Inactivation of PDH uncouples glucose oxidation from glycolysis, 

resulting in increased pyruvate conversion to lactate, as observed in this study (Figure 30D).  

As this lactate accumulation was prevented by GA or heparanase siRNA, our present data 

also suggest an important role for nuclear heparanase in regulation of endothelial glucose 

metabolism. 

Overall, the results presented in this study demonstrate that fatty acid can provoke 

lysosomal release of heparanase, its nuclear translocation, and activation of genes controlling 

glucose metabolism and inflammation (Figure 32).  The ensuing uncoupling between glucose 

oxidation and glycolysis leads to accumulation of lactate.  Given that lactate and its lowering 

of pH has been implicated in the progression of atherosclerosis through its promotion of 

lipoprotein binding to proteoglycans,182 angiogenesis and plaque rupture,23, 183 and the critical 

role of IL-8, VCAM and VEGF in the development of atherosclerosis,184-186 these data 

detailing the novel mechanism by which FA shuttles endothelial heparanase into the nucleus 

may serve to reduce the associated cardiovascular complications seen during diabetes. 
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Figure 30 A summary diagram describe the mechanism of endothelial heparanase regulation of cardiac 

LPL.  Following diabetes and the development of hyperglycemia and hyperlipidemia, there is increased 

translocation of LPL from the cardiomyocyte cell surface to the apical side of endothelial cells.  This process is 

dependent on the ability of FA to increase endothelial intracellular heparanase, followed by the rapid secretion 

of this endothelial enzyme by high glucose. 
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Figure 31 Schematic mechanism of how high glucose stimulates endothelial heparanase secretion.  HG 

stimulates ATP release and purinergic receptor (P2Y) activation.  One downstream cascade of this event is 

increase in [Ca2+]i, stimulation of CaMKII, phosphorylation of p38 MAPK/Hsp25, and eventual formation of 

stress actin.  Another outcome is detachment of filamin from the P2Y receptor, resulting in cortical actin 

disassembly.  Together, these processes contribute towards robust stimulation of endothelial heparanase 

secretion. 
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Figure 32 Scheme of probable mechanisms of how high FA stimulates nuclear translocation of 

endothelial heparanase.  In response to high FA, endothelial Bax is activated which can provoke lysosome 

permeabilization and release of heparanase.  Using Hsp90 as a chaperone, this endoglycosidase undergo nuclear 

translocation and cleaves nuclear HS, which increases histone acetylation and activation of genes controlling 

glucose metabolism and inflammation. 
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Chapter  5: Conclusions and Future Directions 

5.1 Conclusions 

 Following acute hypoinsulinemia, in the presence of lower glucose utilization in 

cardiomyocytes, the heart switches to predominantly using FA for energy supply.18  As 

lipoprotein lipase (LPL) is the key enzyme that hydrolyzes circulating TG-rich lipoproteins 

to release free FA, multiple mechanisms are turned on in the heart to increase vascular lumen 

LPL, thereby providing sufficient fatty acid (FA) to meet the high energy consumption of the 

diabetic heart.  These include an increased transfer of LPL to the cardiomyocyte cell surface 

and subsequent translocation to the apical side of ECs.126, 127, 130  Previous investigations from 

our lab indicated that within the cardiomyocyte, recruitment of LPL to the cardiomyocyte 

cell surface was controlled by stress kinases like AMPK and p38 MAPK that allowed for 

actin cytoskeleton polymerization,128 whereas LPL vesicle formation and movement was 

controlled by activation of protein kinase D.129  Together, they provided the cell with an 

infrastructure to facilitate the movement of LPL to the cardiomyocyte cell surface, followed 

by its sequestration to cell surface HSPG.  Studies from my projects revealed that 

translocation of LPL from cardiomyocyte cell surface to the apical side of ECs is dependent 

on the secretion of endothelial heparanase into the interstitial compartment, where the 

enzyme is capable of degrading HSPG and instigating LPL detachement from cardiomyocyte 

cell surface.  This mechanism could be a lead up to the eventual transfer of LPL to the 

vascular endothelial lumen.   

 Heparanase secretion is a tightly regulated process.  We observed opposing effects of 

high glucose and FA on the processing and secretion of endothelial heparanase during 

diabetes.  HG was a potent stimulator of endothelial heparanase secretion.  Unlike HG, FA 
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had no effect on secretion of endothelial heparanase.  However, it had a novel function in 

increasing intracellular heparanase content, and more specifically, inducing the nuclear 

translocation of heparanase to affect endothelial gene transcription.  We also studied the 

mechanisms behind the regulation of endothelial heparanase by HG and FA respectively.  

bCAECs exposed to 25 mM glucose induced a rapid ATP release into the extracellular space, 

with a maximum effect observed at 2 min.  Extracellular ATP interacted and activated 

endothelial purinergic receptors (such as P2Y receptor) and triggered cortical actin 

disassembly and stress actin formation within 30 min.  Since cortical actin was suggested to 

serve as a barrier, and stress actin to provide a track for vesicle secretion,160, 161 

depolymerization of cortical actin and formation of stress actin is likely involved in 

endothelial heparanase secretion.  Phosphorylation of filamin following P2Y receptor 

activation contributed towards the cortical actin disassembly, as filamin is the actin binding 

protein that attaches actin filaments to the P2Y receptor on plasma membrane.140, 141  

Increased extracellular ATP also provoked a rapid elevation of endothelial [Ca2+]i, which 

stimulated CaMK II and p38 MAPK/Hsp25 phosphorylation-mediated stress actin formation.  

Through these mechanisms, HG turns out to be a potent stimulator of endothelial heparanase 

secretion.  The endothelial-secreted heparanase in response to HG demonstrated 

endoglycosidase activity, cleaved HSPG on the surface of cardiomyocytes, and released 

attached proteins like LPL and bFGF.   

 Compared to HG, ECs incubated with 1 mM FA significantly increased Bax activation, 

which exhibited a colocalization with lysosomes and provoked lysosome permeabilization.  

As cellular heparanase is stored in lysosomes with predominant perinuclear localization,133, 

137 it can leak out when the integrity of lysosome is disrupted.  The released heparanase, 
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using Hsp90 as a chaperone, underwent nuclear translocation, cleaved nuclear HS, and 

increased histone acetylation and activation of genes controlling glucose metabolism 

(SLC2A1, PDK2 and LDHA) and inflammation (IL-8, VCAM1 and VEGFA).  In addition, 

endothelial glycolysis was uncoupled from glucose oxidation, resulting in accumulation of 

lactate.   

 These data are especially important given the pivotal role of heparanase in diabetes-

associated complications.  For example, heparanase increases the permeability of the 

glomerular basement membrane through loss of negatively charged heparan sulfate, leading 

to urinary protein excretion.100  In vascular tissue, endothelial heparanase has been implicated 

in regulating arterial structure, mechanics, and repair,124 which could explain the increased 

incidence of atherosclerosis in diabetes.  In addition, FA-induced nuclear translocation of 

heparanase activated genes controlling endothelial glucose metabolism and inflammation, 

which also contribute to the development of atherosclerosis.  More importantly, following 

diabetes, heparanase has been implicated in transferring LPL from the cardiomyocyte cell 

surface to the apical side of endothelial cells, leading to augmented fatty acid uptake and 

eventually diabetic cardiomyopathy.  By gaining more insight into regulation of endothelial 

heparanase, we can attempt to piece together a part of the cascade of events leading to 

complications associated with diabetes. 

5.2 Future directions 

 To further investigate the contribution of endothelial heparanase towards cardiovascular 

diseases seen during diabetes, future studies should focus on the following areas: 

1. We demonstrated that following reduced insulin level, high glucose induces endothelial 

heparanase secretion into the interstitial space and cleaving of cardiomyocyte surface HS 
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to release LPL.  This mechanism could be a lead up to eventual transfer of LPL to the 

vascular endothelial lumen.  However, we haven’t proved directly that this released 

interstitial heparanase actually caused the observed translocation of LPL from 

cardiomyocyte surface to vascular lumen.  Therefore, future experimentation using 

coculture of endothelial cells and cardiomyocytes will need to determine this heparanase 

release, HS cleavage and LPL translocation to the endothelium lumen. 

2. In my thesis, we used diazoxide (DZ), a selective K+
ATP channel opener, to examine 

cardiac metabolism under conditions where insulin secretion are rapidly decreased from 

pancreatic β-cells.  Besides its significant and rapid increase in plasma parameters of 

glucose, FA and TG, another advantage of using DZ is achievement of reversible 

hyperglycemia in the absence of any pancreatic β-cell death.  However, this model is not 

representative for other scenarios observed in diabetes, such as insulin resistance in T2D.  

The regulation of endothelial heparanase towards cardiac LPL during diabetes should be 

also investigated in some other diabetes models. 

3. In our study, we focused on the acute changes during hypoinsulinemia.  Both high 

glucose-stimulated endothelial heparanase secretion, and fatty acid–induced nuclear 

translocation of heparanase were observed within 30 min in bCAECs.  However, diabetes 

is a chronic disease.  It will be interesting to study the long-term regulation of endothelial 

heparanase by high glucose or fatty acid, and more importantly, how it affects the 

pathogenesis of diabetes.  

4. Since fatty acid-induced nuclear translocation of heparanase activated genes related to 

inflammation, such as IL-8, VCAM1 and VEGFA, experiments should be carried to 
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investigate how heparanase correlates to pathological processes regulated by these 

bioactive molecules. 
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