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Heparan sulfate proteoglycans on the endothelial cell surface

and extracellular matrix play an important role in vascular

homeostasis. Previous studies have shown that the quantity of

heparan sulfate is reduced in kidney and other organs in

diabetes. The objectives of this study were to determine if

heparanase is induced by high glucose in endothelial cells and if

heparin and/or insulin or basic fibroblast growth factor (bFGF)

affect this upregulation. Cultured porcine aortic endothelial cells

in M199 medium were treated with high glucose (30 mM) and/or

bFGF (1 or 10 ng/ml) or high glucose plus insulin (1 U/ml) and/or

heparin (0.5 lg/ml) for 7 days. To help define the mechanism of

endothelial damage, cells were also exposed to H2O2 (0.1 mM)

for 1 day or mannitol (30 mM) for 7 days. Heparanase mRNA was

detected by reverse transcription polymerase chain reaction.

Heparanase activity was measured by incubating cell lysates

with [35S]labeled extracellular matrix of bovine corneal endo-

thelial cells and analyzing released radioactive products by gel

filtration and b-scintillation. Heparanase mRNA was found in

high-glucose– and H2O2-treated cells; however, it was not found

in control cells, mannitol- or high glucose plus insulin– and/or

heparin-treated cells, or fresh porcine tissue. Heparanase

activity was only found in high-glucose– and H2O2-treated cells.

As well, bFGF did not prevent heparanase mRNA upregulation

by high glucose. From these observations, we concluded that

heparanase upregulation by high glucose is prevented by

insulin and/or heparin but not bFGF. Reactive oxygen species,

but not changes in osmolarity, may be involved in the

upregulation of heparanase. Exp Biol Med 232:927–934, 2007
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Introduction

Angiopathy, a complication of diabetes mellitus, is

characterized by microvascular pathology in the retina and

renal glomerulus as well as changes typical of arterial

disease in the macrovasculature (1–3). The endothelial

cells (ECs) lining all vessels appear to be the initial target

in vascular damage by hyperglycemia. EC injury is

characterized by loss of antithrombotic and profibrinolytic

activity (4), due to increased levels of plasminogen

activator inhibitor-1 and other factors (5), and by a

decrease in vasodilatory properties due to a decrease in

nitric oxide (6) and prostacyclin production and an

increase in endothelin activity (7). In addition, diabetes,

especially type 2 diabetes, is considered an inflammatory

condition characterized by upregulation of proinflamma-

tory cytokines such as interleukin-6, tumor necrosis factor

a, and C-reactive protein (8, 9). These changes may cause

thrombus formation and vascular monocyte/macrophage

accumulation leading to atherosclerosis. Furthermore,

these changes can cause exaggerated proliferation of ECs

and smooth muscle cells, as well as thickening of the

extracellular matrix (ECM), including the basement

membrane, leading to vascular remodeling (10). These

abnormalities result in vasoconstriction, hypertension,

tissue ischemia and eventually infarction, and an increase

in vascular permeability (11).

Mechanisms leading to hyperglycemia-induced EC

injury are multifaceted and still unclear. A complex array

of mechanisms considered include binding of advanced

glycosylation end products to crucial enzymes and structural

proteins (8); deregulation of chemical pathways; accumu-

lation of sorbitol (12); production of reactive oxygen species

(ROS) and deficiencies in antioxidant mechanisms (12); and
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modification of heparan sulfate (HS), although this has not

been extensively studied.

HS is a glycosaminoglycan (GAG) associated with the

cell membrane, basement membrane, and ECM (13).

Depletion of HS and/or alteration in GAG metabolism

may be a major mechanism of EC injury (14, 15). In

previous studies, autopsies of patients with diabetic

nephropathy showed decreased GAGs and HS proteogly-

cans (HSPGs) in the glomerulus (16, 17). Other studies have

shown decreased serum HS and increased urine GAGs in

patients with overt diabetic nephropathy (16). The highly

negatively charged HS, due to sulfate and carboxylate

residues, controls vascular permeability by acting as a

‘‘charge barrier’’ to the largely anionic plasma proteins (18).

Although HS loss is a major cause of endothelial injury in

angiopathy induced by hyperglycemia, the cause of HS

degradation is still unknown.

Heparanase, an endoglucuronidase, breaks down HS. It

is involved in fundamental biological and pathological

processes such as inflammation, angiogenesis, autoimmun-

ity, and cancer metastasis (19). It is normally found in

cytotrophoblasts, platelets, mast cells, neutrophils, macro-

phages, and T and B lymphocytes (20). Heparanase activity

has been found in urine, and heparanase protein is expressed

in the renal glomerular cells of some diabetic patients (21).

It is suggested that heparanase may be induced by

hyperglycemia (22) and may contribute to EC dysfunction

by degradation of HS. Indeed, our recent studies indicated

that addition of heparinase I to medium results in injury to

cultured endothelial cells. Although chemically distinct

from mammalian heparanase, heparinase I is a bacterial

lyase that breaks down HS (23). We have also previously

observed that H2O2 causes endothelial injury (24); thus, our

plan was to determine if H2O2 upregulates heparanase.

Previous studies have shown that insulin and/or

heparin, by an unknown mechanism, prevents formation

of intercellular gaps in ECs cultured in high glucose (25).

These compounds may protect ECs from high-glucose

injury by preventing heparanase upregulation. Basic fibro-

blast growth factor (bFGF) increases proliferation of

capillary ECs in vitro, has high affinity for heparin or

HSPG (26), and may inhibit HSPG degradation and protect

cells from injury. Furthermore, our previous results showed

that high-glucose– or heparinase I–induced EC injury is

prevented by insulin and/or heparin and/or bFGF (23). Thus,

our objectives were to determine if heparanase is upregu-

lated in ECs exposed to high glucose and if heparin and/or

insulin and/or bFGF suppresses heparanase expression.

Materials and Methods

EC Cultures. Primary porcine aortic ECs (PAECs)

were cultured by the method of Gotlieb and Spector (27).

Cells were obtained from 15 different porcine aortic

segments. For the culture process, aortic segments were

trimmed and washed three times in Ca2þ- and Mg2þ-free

Dulbecco’s phosphate-buffered saline (CMF-DPBS). After

the aorta was clamped with a hemostat, the lumen was

rinsed three times with CMF-DPBS and then filled with

collagenase (type IV; 1 mg/ml in CMF-DPBS; Sigma-

Aldrich, St. Louis, MO) for 6 mins. After the collagenase

was removed, the lumen was gently rinsed with medium

(M199 containing 5.5 mM D-glucose but no heparin or

insulin; Invitrogen Corp., Carlsbad, CA) supplemented with

5% fetal bovine serum (FBS; Invitrogen), 50 lg/ml

penicillin (Sigma-Aldrich), and 10 lg/ml streptomycin

(Sigma-Aldrich). The medium was plated onto 60-mm

culture dishes that were incubated at 378C with 5% CO2/

95% air in a humidified environment. PAECs were

identified by their morphologic appearance of cobblestone-

like flattened cells and the presence of von Willebrand factor

in initial cultures. Before the first passage, nonendothelial-

like cells, such as smooth muscle cells and fibroblasts, were

destroyed cell by cell using a Pasteur pipette and mechanical

suction. To pass cells, confluent cultures were washed twice

with CMF-DPBS and cells were detached by trypsin

(0.025% with EDTA in CMF-DPBS) for 2 or 3 mins at

room temperature. The cells were resuspended in medium

and transferred to 60-mm dishes for further passage. For

experiments, the cells were grown in 35-mm dishes and

used at confluence at passage four except when control

initial confluent and nonconfluent PAECs were studied.

Reagents. Glucose (D-glucose; BDH Inc., Toronto,

Canada), heparin (bovine lung; 151 USP U/mg; Upjohn

Pharmaceuticals, Kalamazoo, MI), insulin (Humulin N),

H2O2 (Sigma-Aldrich), and mannitol (Sigma-Aldrich) were

prepared as stock solutions in CMF-DPBS. Stock solution

concentrations were 3 M for glucose, 0.1 mg/ml for heparin,

100 U/ml for insulin, 10 mM for H2O2, and 600 mM for

mannitol. Stock solutions of bFGF (Sigma-Aldrich) were

prepared in M199 without serum at 1 and 0.1 ng/ll.

Treatment of Cultured Cells. Cultured PAECs in

35-mm dishes with 1 ml of medium were treated with

glucose, glucose plus heparin, glucose plus insulin, glucose

plus heparin plus insulin, or glucose plus bFGF for 7 days.

Final concentrations in medium were 30 mM for glucose,

0.5 lg/ml for heparin, 1 U/ml for insulin, and 1 or 10 ng/ml

for bFGF. Medium was changed and reagents were added

fresh every other day for 7 days. In some experiments,

mannitol was added for 7 days at a final concentration of 30

mM. As well, H2O2 at a final concentration of 0.1 mM was

added for 24 hrs.

Control Porcine Tissue. Samples of liver, aortic

smooth muscle, and kidney were collected from newly

slaughtered healthy, untreated pigs. The 50-mg samples

were stored in RNA stabilization reagent (RN Later;

QIAGEN, Mississauga, Canada) for 3 or 4 days at room

temperature.

Detection of Heparanase mRNA. To isolate RNA,

porcine tissue stored in RN Later and fresh cultures were

washed three times in ice-cold CMF-DPBS. Then total RNA

was isolated according to the manufacturer’s procedures
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using an RNeasy Mini Kit (QIAGEN). The RNA concen-

trations were determined by ultraviolet absorption using a

spectrophotometer (Cary 100 Bio UV-Visible; Varian

Canada, Inc., Mississauga, Canada). A spectrophotometric

ratio of absorbance between 1.7 and 2.0 at wavelengths 260/

280 nm indicates pure RNA isolates. The RNA was

visualized on a 1% formaldehyde agarose gel. Then 1 lg

of total RNA was used to perform reverse transcription

polymerase chain reaction (RT-PCR) using a SuperScript

One-Step RT-PCR Kit with Platinum Taq (Invitrogen) and

primers specific for the rat heparanase gene. Specific

primers, Hep 458 59-CAAGAACAGCACCTACTCA-39

and Hep 1055 59-CACATAAAGCCAGCTGCA-39, were

designed using Gene Fisher software to amplify a 597-bp

DNA fragment. The primers were designed to span intron

regions to prevent amplification of contaminating genomic

DNA. As well, the internal standard house keeping gene b-

actin, amplified with sense primer 59-GGACTTCGAG-

ACGGAGATGG-39 and antisense primer 59-GCACC-

GTGTTGGCGTAGAGG-39 for each RNA sample, was

expressed as a 233-bp cDNA. The RT-PCR profile initially

consisted of a cDNA synthesis step of 30 mins at 508C

followed by 5 mins at 948C to inactivate the reverse

transcriptase and activate the Taq polymerase. The RT-PCR

conditions were: initial denaturation at 948C for 2 mins and

30 cycles of denaturation at 948C for 1 min, annealing at

508C for 1 min, and extension at 728C for 2 mins. The RT-

PCR products (10 ll) were electrophoresed on a 1.5%

agarose gel containing 0.5–1 lg/ml ethidium bromide

(Sigma-Aldrich) to distinguish the 597-bp cDNA fragment

of the heparanase gene and 233-bp cDNA for b-actin.

Detection of Heparanase Activity. Heparanase

activity was determined by a previously published method

(28) based on the ability of heparanase to break down HS in

the ECM of bovine corneal endothelial cells (BCECs).

[35S]labeled BCEC ECM was incubated with PAEC lysates

for 24 hrs at 378C. Supernatants from the incubation were

analyzed for degradation of [35S]labeled HS.

To prepare ECM from primary BCECs, fresh cow eyes

were sterilized by soaking in 75% ethanol. The cornea was

separated using small scissors inserted into a small hole first

made by puncturing the cornea with a sterilized needle. The

corneal pieces were washed thoroughly with CMF-DPBS

and placed in a culture dish with the endothelial side up. The

BCECs were gently scraped from the cornea using a metal

spatula and then transferred to a 60-mm culture dish

containing 5 ml of BCEC medium (Dulbecco’s modified

Eagle’s medium supplemented with 10% FBS, 5% calf

serum [Invitrogen], 50 lg/ml gentamicin [Invitrogen], and

0.25 lg/ml fungizone [Invitrogen]). Cultures were incubated

at 378C in a humidified incubator with 5% CO2/95% air for

5 days, the media was changed, and bFGF (1 ng/ml) was

added every other day. At Day 10 cells were passed using

0.025% trypsin into 60-mm gelatinized dishes; after 24 hrs

medium was changed and bFGF (1 ng/ml) was added every

other day. For gelatinizing dishes, 0.2% w/v gelatin (type B;

bovine skin; Sigma-Aldrich) in CMF-DPBS was autoclaved

and filtered at 0.22 lm after cooling. The gelatin solution (3

ml) was added to culture dishes stored at 48C for at least 3

hrs and was removed prior to addition of the cell

suspension.

To prepare [35S]labeled ECM, BCECs (passage two

to four) were seeded on 35-mm culture dishes (2 3 105

cells/dish) with BCEC medium supplemented with 5%

dextran (Sigma-Aldrich). Then 40 lCi Na2
35SO4 (540 to

590 mCi/mmol; Amersham Biosciences, Baie d’Urfé,

Québec, Canada) was added to cultures on Days 2 and 5

without media change, although fresh media was added on

Day 5 (0.5 ml/dish). At confluence 10 to 12 days after

seeding, medium was removed, cells were washed three

times with CMF-DPBS, and then exposed to the lysis

solution (0.5% Triton X-100 and 0.025 N NH4OH in

CMF-DPBS) for 3–4 mins with gentle shaking at room

temperature followed by washing three times with CMF-

DPBS. The dishes were examined under an inverted-phase

microscope for ECM.

Heparanase activity was measured in PAEC lysates. To

prepare lysates, cells were washed twice with 0.5 ml of

CMF-DPBS to remove medium. Cells were removed from

the culture dish by addition of 0.025% trypsin in 0.01%

EDTA for 3 mins, followed by addition of 0.5 ml of

medium. Cells were flushed from the dish using a pipette,

and the cells were added to a test tube. The final volume in

the test tube was adjusted to 1.5 ml with medium. Dishes

were checked under the microscope to ensure that all cells

were removed. Cells were then counted using a hemocy-

tometer. The cell suspension was centrifuged, and the cell

pellet resuspended in phosphate buffer (pH 6.5) with 1 mM
Mg2þ at 5–7 3 105 cells/ml. Cells were lysed by three cycles

of freezing (�808C) and thawing (378C). Then 1 ml of the

cell suspension was added to the newly made [35S]labeled

ECMs for 24 hrs at 378C.

To evaluate HS degradation, a 0.8-ml aliquot of the

supernatant was filtered through Sepharose 6B columns (0.9

3 8 cm; Amersham Biosciences). Fractions of 200 ll were

eluted with CMF-DPBS at a flow rate of 6 ml/hr and

counted for radioactivity by a b-scintillation counter

(LS6000IC; Beckman Coulter Canada, Inc., Mississauga,

Canada). In previous studies, high-Mr [35S]labeled material

or intact HS was eluted at peak I after V0 (Kav , 0.2),

fraction 5–10; the low-Mr [35S]labeled products or degraded

HS were eluted at peak II (0.5 , Kav , 0.8), fraction 5–10

(28).

Results

Heparanase mRNA Expression. To determine if

high glucose induced heparanase mRNA, total RNA was

isolated from PAECs, in initial or passage 4 cultures, in

which 30 mM glucose was added to medium for 7 days. RT-

PCR products run on agarose gel electrophoresis showed a

positive band at 597 bp (Fig. 1A, Lanes ICG and G; Fig. 1B
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and C, Lane G). Heparanase mRNA was not detected in

control untreated PAEC cultures, whether RNA was isolated

from confluent or nonconfluent PAECs following initial

plating (Fig. 1A, Lanes INC and IC). Further, to determine

if other porcine cells produced heparanase mRNA, total

RNA was isolated from untreated porcine liver, kidney, and

aortic smooth muscle. RT-PCR products run on agarose gel

electrophoresis were negative for heparanase mRNA, as no

bands appeared at 597 bp (Fig. 1B, Lanes Liver, Kidney,

and SM). To determine if ROS or changes in osmolarity

also induced heparanase mRNA, total RNA was isolated

from PAECs treated with H2O2 (0.1 mM) for 24 hrs or

mannitol (30 mM) for 7 days. RT-PCR products run on

agarose gel electrophoresis showed a positive band at 597

bp for H2O2 (Fig. 1C, Lane H2O2) but not mannitol (Fig.

1C, Lane Mannitol).

To determine if insulin (1 U/ml) and/or heparin (0.5 lg/

ml) or bFGF (1 or 10 ng/ml) inhibit heparanase production

induced by high glucose (30 mM), total RNA was isolated

from passage 4 control PAECs and PAECs treated with high

glucose and/or insulin and/or heparin or bFGF for 7 days.

RT-PCR products showed a positive band at 597 bp in high-

glucose–treated PAECs (Fig. 2A, Lane G) and in high

glucose plus bFGF (1 and 10 ng/ml)–treated PAECs (Fig.

2B, Lanes G þ bFGF [ng/ml], 1, and 10), which was not

detected in the control (Fig. 2A and B, Lane C) or high

glucose plus heparin– and/or insulin-treated cells (Fig. 2A,

Lanes GþH, GþI, and GþHþI).

Heparanase Activity Assay. In addition to meas-

uring heparanase mRNA, heparanase activity was meas-

ured in PAECs following various treatments to ensure that

an active form of heparanase was present. Degraded HS

indicates heparanase activity following incubation of

[35S]labeled ECM with PAEC lysates. Incubation with

high-glucose– or H2O2-treated PAECs resulted in release

of low-Mr [35S]labeled degradation products into the

incubation medium shown at peak II (0.5 , Kav , 0.8,

fraction 15–25) (Fig. 3A and B). Results were similar when

the ECM was incubated with 0.1 U/ml heparinase I in

phosphate buffer (positive control) (Fig. 3A). Addition of

lysates from control cells and cells treated with high

glucose plus insulin and/or heparin or mannitol showed

Figure 1. Heparanase mRNA in treated and untreated primary
cultured PAECs and porcine tissue. Total RNA from porcine tissues
and PAEC cultures was extracted, transcribed to cDNA, and
subjected to PCR for heparanase. Agarose gel electrophoresis
slides of RT-PCR products are shown. (A) Lane L, 100-bp DNA
ladder. Lane INC, control initial nonconfluent PAECs. Lane ING,
initial confluent PAECs treated with glucose (30 mM) for 7 days. Lane
IC, control initial confluent PAECs. Lane G, PAECs treated with
glucose (30 mM) for 7 days, passage 4. (B) Lane L, 100-bp DNA
ladder. Lanes Liver and Kidney, both from untreated pigs. Lane G,
PAECs treated with glucose (30 mM) for 7 days. Lane SM, aortic
smooth muscle from untreated pigs. (C) Lane L, 100-bp DNA ladder;
Lane Mannitol, PAECs treated with mannitol (30 mM) for 7 days.
Lane H2O2, PAECs treated with H2O2 (0.1 mM) for 24 hrs. Lane G,
PAECs treated with glucose (30 mM) for 7 days. b-actin cDNA was
an internal control. These experiments were done on two or three
separate occasions with similar results.

Figure 2. High-glucose–induced heparanase mRNA in PAECs is
inhibited by insulin and/or heparin but not bFGF. Total RNA from
passage 4 PAECs treated with glucose (30 mM), glucose plus
heparin (0.5 lg/ml), glucose plus insulin (1 U/ml), glucose plus
heparin plus insulin, and glucose plus bFGF (1 and 10 ng/ml) for 7
days was extracted, transcribed to cDNA, and subjected to PCR for
heparanase. Agarose gel electrophoresis slides of RT-PCR products
are shown. (A) Lanes L, 100-bp DNA ladder. Lane C, PAECs
exposed to control medium. Lane G, PAECs treated with glucose (30
mM). Lane GþH, glucose plus heparin. Lane GþI, glucose plus
insulin. Lane GþHþI, glucose plus heparin plus insulin. (B) Lane L,
100-bp DNA ladder. Lane C, PAECs exposed to control medium.
Lane 1, glucose plus bFGF (1 ng/ml). Lane 10, glucose plus bFGF
(10 ng/ml). b-actin cDNA was an internal control. This experiment
was done on three separate occasions with similar results.
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release of only high-Mr [35S]labeled products at peak I

(Kav , 0.2, fraction 5–10) with no degradation products

found at peak II (Fig. 3A and B).

Discussion

The monolayer of ECs lining all blood and lymphatic

vessels plays an important role in the integrity and normal

function of the circulatory system. HSPGs are synthesized

by ECs and are incorporated into their plasma membranes,

ECM, and basement membrane. HSPGs consist of a protein

core to which the GAG chains, the majority being HS, are

covalently attached (29). The negatively charged HS (30)

helps to control vascular permeability and prevents the

transvascular movement of the large anionic plasma proteins

(18). In addition, HS specifically interacts with various

adhesive macromolecules in the ECM such as fibronectin,

laminin, and collagen. Hence, degradation of HSPGs may

disassemble the ECM and basement membrane, resulting in

EC detachment and vascular damage (31). Further, HS

binds to and may alter the activity of many important

cationic molecules, including lipoprotein lipase, antithrom-

bin, and Apo B and E (32), and can act as a coreceptor for

many endothelial ligands (33). Thus, modifications in HS

can interfere with many normal endothelial functions.

Heparanase is an endo-b-D-glucuronidase that degrades

HS at specific sites. Heparanase protein is translated into an

inactive form, preproheparanase, that is cleaved to become

the active form, heparanase (19). Therefore, we looked at

heparanase activity as well as mRNA to ensure that the

active form of heparanase was produced. Although human

and animal heparanase genes were recently cloned and

heparanase proteins were encoded (34, 35), the porcine

heparanase gene and protein has not been previously

studied. Alignment of the human, mouse, and rat heparanase

amino acid sequences corresponding to the 50-kDa human

mature enzyme revealed 80%–93% identity (34, 35).

Therefore, the rat heparanase gene sequence was used to

design the primers to amplify the heparanase cDNA for

porcine tissue and PAECs in our studies. Similar to

observations in human studies (36), no detectable hepar-

anase mRNA was observed in fresh untreated porcine tissue

and initial primary confluent and nonconfluent PAEC

cultures. Thus, PAECs can be used as an in vitro model

to study heparanase expression in ECs for human disease.

Heparanase is rarely found in human or bovine aortic ECs

following exposure to physiological activators such as bFGF,

thrombin, endotoxin, interleukin-1, tumor necrosis factor,

calcium ionophore, or radiation (36, 37). This suggests that

EC heparanase is only released following injury that may then

degrade HSPG. HSPG degradation involves vessel wall

disruption and new vessel formation in both normal and

pathological situations such as wound healing, tissue repair,

and cancer progression (38). Maxhimer et al. (22) showed that

the heparanase-1 gene was expressed in high-glucose–treated

renal epithelial cells. Our present study is the first to show that

heparanase mRNA and activity were detected in PAECs

treated with high glucose and H2O2, which cause EC injury.

Indeed, PAEC injury was demonstrated by a decrease in the

number of live cells per culture and increase in lactate

dehydrogenase (LDH) release into medium in high-glucose–,

heparinase I–, or H2O2-treated compared with control cells

(23, 24, 39). An increase in osmolarity is likely not the cause

of heparanase upregulation because heparanase mRNA and

activity was not found in mannitol-treated cells. ROS may be

involved in the pathway by which hyperglycemia induces

heparanase upregulation since heparanase was expressed in

H2O2-treated cells.

Figure 3. Heparanase activity in PAECs. PAECs treated with
mannitol (30 mM) or glucose (30 mM) and/or heparin (0.5 lg/ml)
and/or insulin (1 U/ml) for 7 days or H2O2 (0.1 mM) for 24 hrs.
[35S]labeled ECM from BCECs was incubated with PAEC lysates (1
ml) at 378C for 24 hrs. The supernatant (0.8 ml) was filtered in
Sepharose 6B columns. Eluted fractions (200 ll) were counted by b-
scintillation. Shorter-chain fragments eluted at peak II indicates HS
degradation and thus heparanase activity, whereas nondegraded HS
eluted at peak I showed no heparanase activity. (A) Heparinase I (0.1
U/ml) (positive control) (�), untreated PAECs (negative control) (.),
H2O2 (n), mannitol (u). (B) glucose (�), glucose plus heparin (.),
glucose plus insulin (*), glucose plus heparin plus insulin (,). V0,
void volume; Vt, total volume. This experiment was done on three
separate occasions with similar results with variation in elution
position (Kav values) ,10%. These results are from a representative
experiment.
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Previous studies found decreased serum HS and

increased urine GAGs in patients with overt diabetic

nephropathy (40, 41) and decreased GAGs in the glomerular

basement membranes of patients with diabetic nephropathy

compared with nondiabetic subjects (17). In patients with

diabetic nephropathy, the decreased quantity of HSPGs in

the glomerular basement membrane correlated with the

degree of proteinuria (42), as did changes in HSPG content

and structure (43). Increased glomerular permeability to

largely anionic plasma proteins may result from loss of

HSPGs, the negative ‘‘charge barrier’’ (14), due to HS

degradation by heparanase. Heparanase activity has been

shown in renal glomerular cells and in the urine of diabetic

patients (21). Kidney biopsies from patients with diabetic

nephropathy show a marked decrease in glomerular and

tubular HS, which is associated with increased heparanase

expression. An upregulation of heparanase, associated with

a disappearance in glomerular HS, has also been seen in rats

and mice with streptozotocin-induced diabetes (44). In

addition, a decrease in HS in the aortic intima of diabetic

patients was observed (45), suggesting that abnormalities in

HS metabolism may occur in the whole cardiovascular

system, linking cardiovascular complications and nephrop-

athy, although the site of heparanase production is unclear.

The ECs in macrovessels and microvessels have

different properties, but both are characterized by the same

pathological features in diabetes mellitus, such as exagger-

ated proliferation of ECs and thickening of the basement

membrane resulting in narrowing of the vessel lumen, which

contributes to premature thrombosis, and ischemia (11, 46).

Heparanase upregulation could also be a common pathology

in injured ECs from both large and small vessels.

This is the first study to provide evidence that

heparanase upregulation caused by high glucose can be

prevented by heparin and/or insulin. Heparin is found

endogenously in mast cells and is used as an antithrombotic

drug. Heparin ameliorates increased vascular permeability

caused by various polycationic substances (47, 48). The

ability of heparin to protect endothelium has been shown in

several studies. Heparin accumulates in endothelium against

a concentration gradient (49) and protects cultured ECs from

injury by ROS (24). Heparin treatment results in increased

formation of HS in cultured ECs (50). Insulin regulates

glucose metabolism and promotes glucose uptake and

utilization to reduce plasma glucose concentrations. Insulin

and/or heparin prevent the intercellular gaps in cultured ECs

exposed to high glucose (25). Our previous experiments

showed that heparin and insulin reduce the increase in live

cell number and decrease in LDH release in PAECs treated

with high glucose (39) and reduce ultrastructural changes in

PAECs treated with high glucose for 6 days (51). We have

also shown that insulin and/or heparin and/or bFGF protect

ECs treated with high glucose or heparinase I alone (23).

Our present results, showing that insulin and/or heparin

inhibit heparanase mRNA and activity in high-glucose–

treated cells, agree with the protective effects demonstrated

in these previous studies and also support the idea that

GAGs and heparin-like polyanionic molecules inhibit

heparanase upregulation (52). This study further demon-

strated, at the gene level, inhibition of EC heparanase

expression in high-glucose–treated cells by insulin and/or

heparin but not bFGF. Although bFGF activity is dependent

on HS integrity, bFGF has the ability to enhance cell

proliferation, growth, and differentiation, and bFGF loses its

stimulating functions on cells when HS is degraded (53), it

likely does not regulate heparanase expression.

In summary, diabetic vascular complications are

primarily caused by EC injury. Degradation of HSPGs

contributes to EC injury, resulting in loss of endothelial

anionic charges and increasing vascular permeability as well

as other pathological effects. Our studies confirmed that

heparanase expression is associated with high glucose

levels, which can degrade HS and could contribute to

diabetic vascular complications. Furthermore, insulin and

heparin, alone or in combination, but not bFGF down-

regulate heparanase expression and may protect ECs from

high-glucose injury. These results provide an innovative

background for further studies in pharmacological inter-

vention of diabetic vascular disease.

We are indebted to Tilly Ping for technical assistance.
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