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Abstract
Aims/hypothesis Recent studies suggest that loss of heparan
sulphate in the glomerular basement membrane (GBM) of
the kidney with diabetic nephropathy is due to the increased
production of heparanase, a heparan sulphate-degrading
endoglycosidase. Our present study addresses whether
heparan sulphate with different modifications is differ-
entially reduced in the GBM and whether heparanase
selectively cleaves heparan sulphate with different domain
specificities.
Methods The heparan sulphate content of renal biopsies (14
diabetic nephropathy, five normal) were analysed by immu-
nofluorescence staining with four anti-heparan sulphate anti-

bodies: JM403, a monoclonal antibody (mAb) recognising
N-unsubstituted glucosamine residues; two phage display-
derived single chain antibodies HS4C3 and EW3D10, defining
sulphated heparan sulphate domains; and anti-K5 antibody, an
mAb recognising unmodified heparan sulphate domains.
Results We found that modified heparan sulphate domains
(JM403, HS4C3 and EW3D10), but not unmodified domains
(anti-K5) and agrin core protein were reduced in the GBM of
kidneys from patients with diabetic nephropathy, compared
with controls. Glomerular heparanase levels were increased in
diabetic nephropathy kidneys and inversely correlated with the
amounts of modified heparan sulphate domains. Increased
heparanase production and loss of JM403 staining in the GBM
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correlated with the severity of proteinuria. Loss of modified
heparan sulphate in the GBM as a result of degradation by
heparanase was confirmed by heparan sulphate staining of
heparanase-treated normal kidney biopsy specimens.
Conclusions/interpretation Our data suggest that loss of
modified heparan sulphate in the GBM is mediated by an
increased heparanase presence and may play a role in the
pathogenesis of diabetes-induced proteinuria.
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MAb monoclonal antibody
FGF fibroblast growth factor
GBM glomerular basement membrane
ScFv single-chain variable fragment
VEGF vascular endothelial growth factor

Introduction

Heparan sulphate is a negatively charged glycosaminoglycan
linked to a core protein to form a heparan sulphate
proteoglycan, which is a major component of extracellular
matrices [1]. Due to its negative charge, heparan sulphate in
the glomerular basement membrane (GBM) is thought to play
an important role in maintaining charge-selective permeabil-
ity of the glomerular capillary wall by electrostatic repulsion
of negatively charged serum proteins, especially albumin.
Elimination of GBM heparan sulphate after perfusion of
isolated rat kidneys or glomeruli with the bacterial heparan
sulphate-degrading enzyme heparinase III resulted in in-
creased permeability of the GBM to native ferritin and
albumin [2–4]. Neutralisation of GBM anionic charges after
perfusion of isolated rat kidneys or infusion of the renal artery
with the cationic probe protamine also resulted in increased
permeability of the GBM to albumin [4, 5]. In addition,
binding to GBM heparan sulphate after intravenous injection
of rats with the monoclonal anti-heparan sulphate antibody
JM403 induced acute selective proteinuria [6].

Patients with diabetes mellitus may develop nephropa-
thy, which is a major cause of end-stage renal disease.
Diabetic nephropathy is initially characterised by a minor
increase in urinary excretion of albumin, called micro-
albuminuria, which generally progresses to macroalbumin-
uria or overt proteinuria with subsequent decline of
glomerular function. Ultrastructural changes in diabetic
nephropathy include mesangial matrix expansion and
thickening of the glomerular and tubular basement mem-
branes [7–9]. In addition, changes in GBM heparan sulphate

content have been associated with the pathogenesis of
diabetic nephropathy. Studies in patients with overt diabetic
nephropathy revealed a decreased heparan sulphate content
within the GBM [10–14], which inversely correlated with
the degree of albuminuria [11]. Production of the core
protein of agrin, the major heparan sulphate proteoglycan in
the GBM, was not aberrant [11, 13]. However, these heparan
sulphate changes occur at the macroalbuminuric stage of
diabetic nephropathy, since no glomerular heparan sulphate
alterations were found at the microalbuminuric stage [15].
Recently, we showed that glomerular production of heparanase,
an endo-β-1,4-D-glucuronidase involved in the hydrolytic
cleavage of the β-1,4-glycosidic bond between glucuronic
acid and glucosamine residues within N-sulphated and/or N-
acetylated/N-sulphated domains of heparan sulphate [16, 17],
was increased in patients with overt diabetic nephropathy [11,
18]. In addition, heparanase activity was detected in the urine
of diabetic patients [19].

Not only quantitative alterations, but also qualitative
differences in GBM heparan sulphate may play a role in the
pathogenesis of diabetic nephropathy. Heparan sulphate
biosynthesis starts with the addition of a xylose–galactose–
galactose–glucuronic acid tetrasaccharide to specific serine
residues in the core protein. After addition of the first N-
acetylglucosamine, polymerisation takes place by the alter-
nating addition of glucuronic acid and N-acetylglucosamine
residues. The growing heparan sulphate polysaccharide
precursor may undergo extensive but localised modifica-
tions, including both N-deacetylation and N-sulphation, C5-
epimerisation and O-sulphation at the C2, C6 and C3
positions. These modification reactions are generally incom-
plete, resulting in a high degree of structural diversity in and
between heparan sulphate chains. Regions that do not
undergo modification remain N-acetylated, regions with
intermediate modifications contain alternating N-acetylated
and N-sulphated disaccharide units, whereas regions which
are highly modified and sulphated consist predominantly of
contiguous N- and O-sulphated disaccharide units.

Although previous studies using JM403, a monoclonal
antibody (mAb) that is specific for N-unsubstituted glucos-
amine residues of heparan sulphate domain, suggest that the
GBM of kidneys in patients with diabetic nephropathy has a
reduced heparan sulphate content [10–14], it remains to be
determined whether loss of heparan sulphate, as detected by
JM403, is due to a change of the heparan sulphate structure
that favours the binding by this antibody. Alternatively, loss
of heparan sulphate in the GBM could be due to the reduced
biosynthesis of the nascent heparan sulphate backbone
structure. In the present study, we analysed renal heparan
sulphate domains using four different anti-heparan sulphate
antibodies, directed against sulphated heparan sulphate
domains, heparan sulphate domains with N-unsubstituted
glucosamine residues or unmodified heparan sulphate
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domains consisting of N-acetylglucosamine–glucuronic acid
residues. The experiments were carried out in a group of 13
macroalbuminuric diabetic patients, one microalbuminuric
diabetic patient and five control participants, a different
group composition from that used in our previous study [11].
Our further studies suggested that heparanase is involved in
the degradation of GBM heparan sulphate with both
sulphated and N-unsubstituted domains.

Methods

Participants

Kidney biopsies from 14 diabetic patients were obtained at the
Rush University Medical Center. The biopsies were taken after
receiving written informed consent from all participants. At the
time of the biopsy, all patients had proteinuria. Characteristics
of the patients at the time of the biopsy are summarised in
Table 1. Routine histology of the biopsy specimens was
conducted to monitor the hyalinisation, Kimmelstiel Wilson
nodules, mesangial hypercellularity, interstitial fibrosis and
tubular atrophy. Electron microscopy was conducted to
monitor the thickness of the GBM and foot process
effacement. Control renal tissue was obtained from either
non-diabetic donor kidneys that were not suitable for
transplantation for anatomical reasons (n=4) or from normal
parts of a kidney removed due to renal adenocarcinoma
(n=1). The institutional review board of Rush University and
the human ethics committee of Radboud University Nijmegen
Medical Centre approved all experiments.

Immunofluorescence staining

Two different staining procedures, described below, were
used to visualise different heparan sulphate domains, the
agrin core protein and heparanase, respectively.

HS4C3 and EW3D10 Frozen kidney sections were air-dried
and blocked for 20 min with PBS containing 2% (w/v) bovine
serum albumin and 0.05% (v/v) Tween-20 (blocking buffer).
Cryosections were then incubated for 1 h in blocking buffer
with the phage display-derived VSV-tagged anti-heparan
sulphate antibodies HS4C3 and EW3D10 [20, 21], both of
which recognise sulphated heparan sulphate domains. Bound
antibodies were detected by incubation with mouse IgG anti-
VSV tag antibody P5D4 and rabbit IgG anti-VSV tag
antibody 9E10 (both 1:10; Boehringer Mannheim, Mannheim,
Germany), followed by Alexa 488-conjugated goat anti-
mouse IgG and Alexa 594-conjugated goat anti-rabbit IgG
(both 1:200; Molecular Probes, Eugene, OR, USA), respec-
tively, both for 45 min. After each antibody incubation,
cryosections were washed with PBS containing 0.1% (v/v)
Tween-20. Finally, cryosections were fixed in 100% (v/v)
ethanol for ∼10 s, air-dried and embedded in 10% (w/v)
Mowiol (Calbiochem, La Jolla, CA, USA).

JM403, JM72, anti-K5 antibody and anti-heparanase
antibody Frozen kidney sections were air-dried and fixed
in 100% (v/v) acetone for 10 min at 4°C. After air-drying,
(double) staining was performed by a 1 h incubation of
cryosections with: (1) monoclonal anti-heparan sulphate
antibody JM403 (1:300), which recognises heparan sul-

Table 1 Patient characteristics

Patient Sex Age
(years)

Diabetes duration
(years)

GBM width
(nm)

Proteinuria
(g/24 h)

Serum creatinine
(μmol/l)

Systolic BP
(mmHg)

Diastolic BP
(mmHg)

1 F 52 15 N/A 3.00 88 133 75
2 M 76 16 >1,000 3.60 141 163 93
3 M 72 8 400 0.13 106 134 59
4 M 74 29 750 1.40 177 134 74
5 M 50 N/A 1200 7.30 495 174 110
6 M 70 >10 500 6.30 186 140 60
7 F 70 >30 1,000 1.27 80 128 74
8 M 55 15 500 3.50 248 136 78
9 F 59 N/A 500–700 3.10 274 144 63
10 M 79 N/A 450–625 >5 407 118 58
11 F 68 >20 500–800 6.81 239–504 213 76
12 F 44 10 <350 4.00 88 140 86
13 M 55 15 900–1,000 4.50 442 N/A N/A
14 F 36 N/A N/A 2.00 362 N/A N/A

All patients have type 2 diabetes, except for patient 9 (type 1 diabetes)
Macroalbuminuria defined as urinary albumin excretion of >0.3 g/24 h; serum creatinine normal value: 62–106 μmol/l for men, 44–88 μmol/l for
women; systolic BP normal value: 120 mmHg; diastolic BP normal value: 80 mmHg; GBM width normal value: 300–350 nm
F, female; M, male; N/A, not applicable
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phate domains with N-unsubstituted glucosamine residues
[6, 12, 22] and monoclonal anti-agrin core protein antibody
JM72 (1:600) [12, 23]; (2) monoclonal anti-K5 antibody
(1:100; Seikagaku, Tokyo, Japan), which recognises
unmodified heparan sulphate domains consisting of N-
acetylglucosamine–glucuronic acid residues; and (3) monoclo-
nal anti-heparanase antibody HP3/17 (1:100; ProsPec-Tany
Technogene, Rehovot, Israel) and monoclonal anti-heparan
sulphate antibody JM403 (1:300). Bound antibodies were
detected by incubation for 1 h with Alexa 488- or 594-
conjugated goat anti-mouse IgM (for JM403 and anti-K5
antibody), Alexa 568-conjugated goat anti-mouse IgG1 (for
JM72) and Alexa 488-conjugated goat anti-mouse IgG2b (for
HP3/17; all 1:200; Molecular Probes) in PBS containing 4%
(v/v) normal human serum and 4% (v/v) normal goat serum.
After each antibody incubation, cryosections were washed
with PBS. Finally, cryosections were fixed with 1% parafor-
maldehyde (w/v) in PBS for 15 min and embedded in
mounting medium (Vectashield H-1000; Vector Laboratories,
Burlingame, CA, USA).

Immunofluorescence staining was evaluated on coded
sections by two independent observers using a Leica
CTR6000 microscope (Leica Microsystems, Rijswijk, the
Netherlands). For JM403, JM72 and anti-K5 antibody,
linearity of the GBM was scored on a scale of 0 to 10 [0=no
staining, 5=50% linear GBM staining, 10=100% (maximum)
GBM staining]. For HS4C3, EW3D10 and anti-heparanase
antibody, glomerular staining intensity was scored on a scale
of 0 to 5 [0=no staining, 2.5=50% staining, 5=100%
(maximum) staining]. Scoring between the different observers
was consistent, because regression analysis yielded a good
correlation for the scores obtained (r=0.95, p<0.001). The
scores given in Figs 1, 2, 3, 4 are the means of all glomeruli
per biopsy/kidney.

Immunohistochemical staining

Heparanase localisation was also visualised by immuno-
histochemical staining. Paraffin-embedded tissue sections
were de-waxed with xylene and rehydrated. Endogenous

Fig. 1 Detection of heparan sulphate domains with N-unsubstituted
glucosamine residues (JM403) and of the agrin core protein in the
GBM of patients with overt diabetic nephropathy and in that of
controls. a Immunofluorescence double staining of renal cryosections
from a control kidney and a patient with diabetic nephropathy (DNP)
using anti-heparan sulphate antibody JM403 (green) and anti-agrin
antibody JM72 (red). In control kidneys, a normal linear distribu-
tion of heparan sulphate domains recognised by JM403 was
detected in the GBM. Heparan sulphate in the GBM co-localised
with agrin core protein in controls (merge). However, in patients
with diabetic nephropathy, we observed a decreased presence in the
GBM of heparan sulphate domains recognised by JM403, whereas
agrin levels were unaltered. b Quantification of the staining revealed
that amounts of heparan sulphate domains with N-unsubstituted
glucosamine residues detected with JM403 were significantly reduced
in the GBM of patients with diabetic nephropathy compared with that
of controls. **p<0.01 c No differences in agrin core protein levels
were observed between controls and diabetic patients. d An inverse
correlation between amounts of heparan sulphate domains recognised
by JM403 and the level of proteinuria was observed. r=−0.56; p<
0.05. Because of the lack of glomeruli in one biopsy, only 13 biopsies
were evaluated. AU, arbitrary units

b
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peroxidases were inactivated in 3% (v/v) hydrogen perox-
ide for 10 min. Sections were processed for immunohisto-
chemical staining with a rabbit anti-heparanase antiserum
(anti-HPR1) as previously described [18]. The same concen-
tration of a normal rabbit serum was used as a negative
control.

Treatment of renal sections with active heparanase

Cryosections of normal human kidneys were treated for 2 h
with 0.5 μg/ml active human recombinant heparanase in
50 mmol/l sodium acetate buffer (pH 5.0) at 37°C. After
washing the sections in PBS, staining for different heparan
sulphate domains (using JM403, HS4C3, EW3D10 and
anti-K5 antibody) and the agrin core protein (using JM72)
was performed as described above.

Statistical analysis

Differences between groups were determined by the non-
parametric Mann–Whitney U test using GraphPad Prism 4.0
(GraphPad Software, San Diego, CA, USA). The non-
parametric Spearman’s rank test was used to calculate
correlation between different variables. Statistical significance
was regarded if p<0.05.

Results

Differential loss of heparan sulphate domains
in the glomerular basement membrane of patients
with overt diabetic nephropathy

Our recent study showed a reverse correlation between the
content of the GBM heparan sulphate and proteinuria [11].
Here we attempted to see whether these observations could
be confirmed in a different patient population. The
distribution of heparan sulphate in the GBM and mesan-
gium was evaluated by immunofluorescence (double)
staining of kidney biopsies from proteinuric diabetic
patients and normal kidneys. Control kidney sections
showed a linear distribution of the agrin core protein along
the GBM (Fig. 1a) and heparan sulphate staining, using
antibody JM403, co-localised with the agrin staining
(Fig. 1a). However, glomeruli of patients with diabetic
nephropathy showed a decreased presence of heparan
sulphate domains with N-unsubstituted glucosamine resi-
dues along the GBM, whereas the amount of agrin
remained unaltered. Quantitative analysis revealed that the
amount of heparan sulphate domains in the GBM recog-
nised by JM403 was significantly decreased in diabetic
nephropathy patients (Fig. 1b), whereas the amount of the

Fig. 2 Detection of sulphated heparan sulphate domains (HS4C3 and
EW3D10) in the GBM and mesangium of patients with overt diabetic
nephropathy and of controls. a Immunofluorescence staining of renal
cryosections from a control kidney and a patient with diabetic
nephropathy (DNP) using anti-heparan sulphate antibody HS4C3
(green) and anti-heparan sulphate antibody EW3D10 (red), both of
which predominantly recognise sulphated heparan sulphate domains
in the mesangium, but also recognise sulphated heparan sulphate
domains in the GBM. Amounts of heparan sulphate domains
recognised by HS4C3 and EW3D10 were reduced in the GBM of

diabetic patients compared with controls. The staining intensity of
these antibodies in the mesangium was comparable in patients and
controls, whereas in the patients with diabetic nephropathy mesangial
matrix expansion was observed. b–e Quantification analysis of the
staining revealed that amounts of sulphated heparan sulphate domains
recognised by HS4C3 (b) and EW3D10 (c) in the GBM of patients
with diabetic nephropathy were significantly reduced. Staining with
HS4C3 (d) and EW3D10 (e) revealed a significantly increased
mesangial matrix expansion in patients with diabetic nephropathy.
*p<0.05, **p<0.01. AU, arbitrary units
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agrin core protein was not different (Fig. 1c). These results
indicate that the decreased staining of the GBM by anti-
heparan sulphate antibody JM403 is not due to reduced
synthesis of the core protein of agrin, which is the major
heparan sulphate proteoglycan in the GBM [24, 25]. In this
analysis we also observed an inverse correlation between
the heparan sulphate domain content of the GBM and the
level of proteinuria (Fig. 1d). However, we did not find any
correlation between the GBM width (Table 1) and heparan
sulphate signal intensity, suggesting that reduced heparan
sulphate in the GBM of diabetic nephropathy kidneys is not
due to the diffused presence of heparan sulphate resulting
from expansion of the GBM. There was also no correlation
between loss of the GBM heparan sulphate and foot process
effacement or the severity of arteriole sclerosis and hyalinisa-
tion (data not shown).

In addition to heparan sulphate domains containing N-
unsubstituted glucosamine residues, the presence of sul-
phated heparan sulphate domains was studied using the phage
display-derived anti-heparan sulphate antibodies HS4C3
and EW3D10. These antibodies predominantly stained the
mesangial matrix, but also the GBM in control kidneys
(Fig. 2a). Analysis revealed that the amounts of sulphated
heparan sulphate domains in the GBM, as detected with
HS4C3 and EW3D10, were significantly decreased in
patients with diabetic nephropathy (Fig. 2b), whereas the
staining intensity of the mesangial matrix was not altered
(data not shown). However, using both antibodies, we
observed obvious mesangial matrix expansion in the diabetic
patients (Fig. 2c). Interestingly, staining for the unmodified
heparan sulphate domains with N-acetylglucosamine–
glucuronic acid residues, i.e. heparan sulphate precursor
domain, using anti-K5 antibody led to similar results in
controls and diabetic nephropathy patients (Fig. 3a,b). This
latter result suggests that either remnants of heparan sulphate
or non-modified heparan sulphate side chains are still present
in the GBM.

Increased heparanase content in the glomeruli of patients
with overt diabetic nephropathy

Emerging evidence suggests that heparanase production is
increased in glomerular epithelial cells (podocytes) and
glomerular endothelial cells of patients with diabetic

Fig. 4 Analysis of glomerular heparanase in patients with overt
diabetic nephropathy and in controls. a Immunofluorescence staining
of renal cryosections from a control kidney and a patient with diabetic
nephropathy (DNP) using anti-heparanase antibody HP3/17 (green)
revealed increased glomerular amounts of heparanase (HPSE) in
patients with diabetic nephropathy. b Quantification of the staining
revealed that patients with diabetic nephropathy had significantly
increased glomerular heparanase levels compared with controls. **p<
0.01. c Reduced amounts of heparan sulphate domains in the GBM, as
detected with anti-heparan sulphate antibody JM403, correlated with
increased levels of heparanase. r=−0.63; *p<0.05. AU, arbitrary units

Fig. 3 Glomerular distribution of unmodified heparan sulphate domains
(anti-K5 antibody) in the GBM of patients with overt diabetic nephropathy
and of controls. a Immunofluorescence staining of renal cryosections from
a control kidney and a patient with diabetic nephropathy using anti-K5
antibody, which recognises unmodified heparan sulphate domains
consisting of N-acetylglucosamine–glucuronic acid residues (green). No

differences in amounts of unmodified heparan sulphate domains in the
GBM were observed between the controls and the diabetic patients. b
Quantification of the staining revealed no significant differences in levels
of unmodified heparan sulphate domains between diabetic patients and the
controls. AU, arbitrary units
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nephropathy [11, 18], as well as in glomerular cells cultured
under high glucose conditions [18]. Here we tested whether
loss of GBM heparan sulphate may be due to increased
heparanase production. Heparanase signals were very weak
in normal human glomeruli, but increased in glomeruli of
diabetic nephropathy patients (Fig. 4a). The increased
presence of glomerular heparanase in patients with diabetic
nephropathy compared with controls was statistically
significant (Fig. 4b). Analysis of the immunofluorencence
doublestaining with JM403 and heparanase revealed that
the decreased presence of heparan sulphate domains with
N-unsubstituted glucosamine residues in the GBM corre-
lated with increased glomerular heparanase levels (Fig. 4c).
These data suggest that heparanase synthesised in the
glomeruli of patients with overt diabetic nephropathy plays
an important role in the degradation of heparan sulphate in
the GBM. However, no correlation was seen between
heparanase content or heparan sulphate loss and mesangial
matrix expansion or GBM thickness (data not shown).

Since immunofluorescence staining does not allow a
proper localisation of heparanase, we also performed in situ
immunohistochemistry with a different antibody that can be
used on paraffin-embedded sections [18]. As shown in
Fig. 5a and b, strong heparanase signals were present in the
podocytes (red arrows) and in the proximal tubular cells
(green arrows) in a specimen from a patient with overt
diabetic nephropathy. Again, heparanase was not present in
the glomerulus and only weakly stained in the tubules of a
normal kidney.

Loss of heparan sulphate domains in the glomerular
basement membrane is mediated by heparanase

We reasoned that if the loss of heparan sulphate domains in the
GBM of diabetic patients was due to the degradation of
heparan sulphate by heparanase, incubation of normal renal
cryosections with active heparanase should lead to similar
data to those obtained for patients with diabetic nephropathy,
i.e. differential loss of heparan sulphate domains. Indeed,
treatment of normal human kidney cryosections with active
heparanase did result in a complete loss of the heparan
sulphate domains recognised by antibodies JM403 and
EW3D10, while presence of the heparan sulphate domain
recognised by antibody HS4C3 was strongly decreased. The
renal content of unmodified heparan sulphate domains
consisting of N-acetylglucosamine–glucuronic acid and of
the agrin core protein was not affected by heparanase
treatment (Fig. 6). These data mirror the staining observed
in the diabetic nephropathy patients, strongly suggesting that
increased glomerular production of heparanase is responsible
for the differential loss of heparan sulphate domains in the
GBM of patients with overt diabetic nephropathy.

Discussion

Our study shows that levels of the agrin core protein in the
GBM in overt diabetic nephropathy were similar to those in
controls, whereas modified heparan sulphate domains with N-

Fig. 5 Renal localisation of
heparanase in patients with
overt diabetic nephropathy. a
Immunohistochemical staining
of paraffin-embedded renal sec-
tions from a patient with dia-
betic nephropathy using a rabbit
anti-heparanase antiserum (anti-
HPR1) revealed strong hepa-
ranase signals in the podocytes
(red arrows) and in the proximal
tubular cells (green arrows). b
Enlargement of blue-framed in-
set in (a). A normal kidney
specimen (c) was included and
showed no heparanase signal in
the glomerulus and weak signals
in the tubule. d A normal rabbit
serum for a biopsy specimen
was included as negative control
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unsubstituted glucosamine residues (detected with JM403
antibody) and sulphated heparan sulphate domains [detected
with two phage display-derived single-chain variable frag-
ment (scFv) antibodies] were undetectable or greatly reduced
in overt diabetic nephropathy. In contrast, unmodified heparan
sulphate domains, detected with anti-K5 mAb and consisting
of N-acetylglucosamine–glucuronic acid residues, remained

unchanged. Since heparanase preferentially cleaves sul-
phated heparan sulphate and the glomerular heparanase
content was increased in patients with overt diabetic
nephropathy and inversely correlated with levels of modified
heparan sulphate in the GBM, it is conceivable that the
reduction of modified heparan sulphate in the GBM was due
to degradation by heparanase, whereas the unmodified
heparan sulphate domains, which are resistant to heparanase
degradation [26], may represent the nascent chains of
heparan sulphate or the large fragments of sparsely sulphated
heparan sulphate after heparanase degradation. In support of
this notion, pretreatment of normal human kidney sections
with the active recombinant human heparanase did not reduce
the presence of unmodified heparan sulphate (detected by anti-
K5 mAb), whereas a complete loss or significant reduction of
modified heparan sulphate domains (detected with antibodies
JM403 and EW3D10 or HS4C3 respectively) was seen.
Consistent with these studies, we have also found that only
the unmodified heparan sulphate domain can be detected by
the anti-K5 antibody in the GBM of transgenic mice over-
expressing heparanase [27]. Taken together, our observations
strongly suggest that agrin gene expression and biosynthe-
sis of the heparan sulphate precursor are not reduced in
human diabetic nephropathy and that the reduction of
modified heparan sulphate domains with N-unsubstituted
glucosamine residues and sulphated heparan sulphate
domains is due to accelerated degradation by increased
heparanase production.

While our study suggests that heparanase plays an
important role in eliminating modified heparan sulphate in
the GBM of patients with overt diabetic nephropathy, we
surprisingly found that the presence of sulphated heparan
sulphate, as detected by the two scFv antibodies, was not
decreased in the mesangium of kidneys with overt diabetic
nephropathy. There are several putative explanations for
this paradox. First, our recent study demonstrated that
heparanase was largely located in the GBM and podocytes,
but not in the mesangial cells [11]. Therefore, an increased
heparan sulphate content in the mesangium of kidneys with
overt diabetic nephropathy could be due to mesangial
matrix expansion and the lack of heparanase degradation.
Second, heparan sulphate-binding growth factors such as
fibroblast growth factor (FGF) and vascular endothelial
growth factor (VEGF), which are abundantly present in the
mesangium [28, 29], may bind and protect heparan sulphate
from heparanase access and cleavage. Third, increased
heparan sulphate in the mesangium may be due to special
modifications of heparan sulphate domains that are prefer-
entially recognised by the two scFv antibodies. Neverthe-
less, it appears that lack of heparan sulphate reduction in
the mesangium is pathologically relevant, since heparan
sulphate in the mesangium serves as the co-receptor for
many growth factors such as FGF and VEGF [28, 29] and

Fig. 6 Detection of different heparan sulphate domains and of the agrin
core protein after treatment of normal human kidney sections with active
heparanase. After treatment of normal human kidney cryosections with
active recombinant heparanase, heparan sulphate domains recognised by
JM403 and EW3D10 completely disappeared, whereas heparan sulphate
domains recognised by HS4C3 were only strongly reduced. In contrast,
unmodified heparan sulphate domains detected with anti-K5 and the
agrin core protein were not affected by heparanase treatment
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can enhance their mitogenic effect on mesangial cells,
leading to increased cell proliferation, extracellular matrix
protein production and mesangial matrix expansion.

In the past 5 years, upregulation of glomerular hepa-
ranase gene expression has been shown in numerous
clinical or experimental nephropathies such as puromycin
aminonucleoside nephrosis [30], passive Heymann nephri-
tis [31], anti-GBM nephritis [32], adriamycin nephropathy
[33], streptozotocin-induced diabetic nephropathy [11],
minimal change nephrotic syndrome, and membranous
glomerulopathy [34]. The molecular mechanisms that
regulate heparanase gene expression and activity still have
to be elucidated. Preliminary evidence from our laboratories
suggests that hyperglycaemia, angiotensin II, aldosterone,
reactive oxygen species and activation of B-Raf kinase in
different cell types are involved in regulating the produc-
tion of heparanase. Heparanase production was increased
under high glucose conditions in cultured podocytes, the
main cell type producing heparanase [18]. Very recently, we
demonstrated increased heparanase gene expression in
adriamycin nephropathy, which was reduced or prevented
after treatment with an angiotensin II receptor antagonist or
a scavenger of hydroxyl radicals [33]. We also have
preliminary data that aldosterone may regulate heparanase
production, since we observed increased heparanase gene
expression after stimulation of podocytes with aldosterone.
This effect could be abrogated by pretreatment with an
aldosterone receptor blocker (M. van den Hoven, J. van der
Vlag and J. Berden, unpublished results).

It has long been postulated that heparan sulphate plays
an important role in the charge-selective permeability
properties of the GBM and the development of proteinuria.
For example, rats developed massive albuminuria after
injection of the mAb JM403 [6]. Degradation of heparan
sulphate by the bacterial heparan sulphate-cleaving enzyme
heparinase III resulted in an increased permeability of the
GBM to ferritin and albumin [2–4]. In addition, a loss of
heparan sulphate in the GBM has been observed in many
glomerular diseases, including diabetic nephropathy, and
correlated with the degree of proteinuria [10–14]. However,
several recent studies suggest that heparan sulphate in the
GBM may not play a primary decisive role in the charge-
selective permeability properties and development of
proteinuria. For example, van den Born recently reported
that there was no change in glomerular heparan sulphate
content in early human and experimental diabetic nephrop-
athy, although in both cases albuminuria was present [15].
Additional studies have shown that rats did not develop
acute albuminuria after in vivo degradation of heparan
sulphate by heparinase III [35]. Heparanase transgenic
mice with complete loss of glomerular heparan sulphate
only developed very mild albuminuria [11]. Furthermore,
podocyte-specific agrin knockout mice [36] and podocyte-

specific exostosis-1 (EXT1) knockout mice [37] have been
generated, both of which lack heparan sulphate in the
GBM. Despite the absence of heparan sulphate, these mice
do not develop proteinuria [36] either under normal
conditions or when they are overloaded with albumin.
While these recent data suggest that loss of heparan
sulphate in the GBM alone does not lead to proteinuria, it
is not clear whether loss of heparan sulphate under
pathological conditions such as diabetic nephropathy
accelerates or worsens proteinuria. An earlier study showed
that loss of another heparan sulphate proteoglycan, perle-
can, leads to proteinuria in albumin-overloaded perlecan-
deficient mice [38]. We speculate that loss of heparan
sulphate may contribute to the pathogenesis of proteinuria
under prolonged hyperglycaemic conditions. Our present
study, along with a recent related study by our group [11]
demonstrating that the reduction of glomerular heparan
sulphate correlated with the degree of proteinuria, supports
this notion. Loss of heparan sulphate in the GBM may
exacerbate proteinuria not by directly increasing the perme-
ability of the GBM, but rather by other indirect mechanisms,
such as affecting the mitogenic effect of heparan sulphate-
binding growth factors (FGF-2, VEGF, TGF-β, connective
tissue growth factor) and disrupting the cell–GBM inter-
actions, leading to dedifferentiation of glomerular cells and
loss of podocytes. Loss of heparan sulphate may also result
in structural GBM alterations and compromise the integrity
of the glomerular capillary wall. Finally, loss of heparan
sulphate in the GBM may increase the deposition of lipo-
proteins. Nevertheless, use of heparanase knockout mice or
conditioned heparanase knockout mice and heparanase-
specific inhibitors will provide direct and definitive evidence
to clarify whether heparanase is a critical molecule for the
development of proteinuria.

The supposition that loss of heparan sulphate in the
GBM contributes to proteinuria in overt diabetic nephrop-
athy is indirectly supported by the observation of an
antiproteinuric effect in diabetic patients treated with
several glycosaminoglycan-based drugs, including heparin
(highly sulphated heparan sulphate) [39], sulodexide (80%
fast-moving heparin and 20% dermatan sulphate) [40–43],
enoxaparin (low molecular weight heparin) [44] and
danaparoid (mixture of glycosaminoglycans consisting
predominantly of heparan sulphate) [45]. Since these drugs
can also inhibit heparanase activity [46, 47], it is possible
that their ameliorating effect on proteinuria is due to
inhibition of heparanase. A study by Levidiotis et al. [48]
showed that inhibition of heparanase with the specific
heparanase inhibitor PI-88 reduced proteinuria in passive
Heymann nephritis.

In summary, our present study showed that amounts of
modified heparan sulphate domains were reduced in the
GBM of patients with overt diabetic nephropathy, whereas
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amounts of the unmodified precursor of heparan sulphate
were unaltered. The loss of heparan sulphate in the GBM
correlated with an increased presence of glomerular
heparanase in these patients. In addition, the heparan
sulphate content also correlated with the degree of
proteinuria. Our data suggest that the increased glomerular
heparanase production in patients with diabetic nephropa-
thy may be responsible for the differential loss of heparan
sulphate domains in the GBM, which may participate in the
pathogenesis of diabetes-induced proteinuria.
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