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ABSTRACT

Experimental data in cell cultures and animal models suggest
that sulodexide and glycosaminoglycans are potentially effec-
tive drugs to treat chronic kidney diseases and prevent pro-
gression to renal failure. However, no conclusive evidence
support the use of them in human renal disease. In acute and
chronic glomerulonephritis, only few studies have been per-
formed. Sulodexide has been more intensely investigated in
diabetic nephropathy (DN) where the body of data supports
its effectiveness as an antialbuminuric agent in early stages.
Unfortunately, there is no study in DN patients on the effect
of sulodexide on clinical end points.
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Patients with primary and secondary chronic glomerular dis-
eases have a considerably high risk to progress to end-stage renal
disease (ESRD). There is a dramatic need of new drugs for the
treatment of renal diseases, but unfortunately, after the landmark
introduction in therapeutics of angiotensin-converting enzyme
inhibitors (ACEIs) in 1993 [1] and angiotensin receptor blockers
(ARBs) in 2001 [2, 3] for the treatment of overt diabetic nephro-
pathy (DN) and thereafter of other chronic proteinuric renal dis-
orders, although the list of promising drugs periodically changes,
our treatment armamentarium has not changed.

Sulodexide and glycosaminoglycans (GAGs) belong to
this list.

Experimental evidence shows that sulodexide and GAGs
favourably affect proteinuric renal diseases. A number of clini-
cal studies using these agents have produced conflicting results,
however.

This paper will review the available evidence on the use of
GAGs in renal diseases.

EFFECT OF GAGS IN EXPERIMENTAL
RENAL DISEASES AND MECHANISMS
OF NEPHROPROTECTION

The majority of experimental studies that investigated the
renal effect of GAGs has been carried out in 5/6 nephrectomy
models of chronic kidney disease and in DN, while the clinical
studies have addressed mainly DN. We will review results from
these studies and, when necessary, the few studies on different
experimental models and other human renal diseases.

In the subtotal nephrectomy model of chronic renal failure,
a number of studies have shown that heparin, sulodexide and
other GAGs prevent progression of the renal disease. In DN
models, sulodexide and GAGs decrease albuminuria and glo-
merulosclerosis. The mechanisms of the nephroprotection
exerted by GAGs have been the matter of many investigations,
since it is quite obvious that its comprehension would lead to
the rational design of new drugs capable of preventing and/or
curing these renal diseases, but devoid of anticoagulant activity
and endowed with a more favourable bioavailability.

Studies by Purkerson et al. [4, 5] had shown that both
anticoagulant and chemically modified non-anticoagulant
heparins are active in preventing the progression of the renal
disease at odds with oral anticoagulants engendering the idea
that heparin is nephroprotective for mechanisms independent
on anticoagulation. The following studies have investigated
different hypotheses to explain such a nephroprotection
exerted by GAGs. Ichikawa et al. [6] ruled out that the slowing
down effect of heparin on progression to uraemia in 5/6 ne-
phrectomy models and decrease in proteinuria in patients
with DN [7] depends on some interaction between heparin
and the renin–angiotensin–aldosteron axes. The hypothesis
advanced by Olson [8] that the protective effect exerted by
GAGs is due to the mechanical restoration of the negative
charge of the glomerular basement membrane (GBM) was
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also shown to be unlikely [9]. GAGs inhibit mesangial cell pro-
liferation in vitro and in the animal models in which they are
nephroprotective, i.e. the subtotally nephrectomized rat, the
puromycin and the habu snake venom-induced nephrosis
[10–12], the anti-Thy 1.1 mesangioproliferative glomerulone-
phritis [13, 14] and the spontaneously glomerulosclerostic
GH-transgenic mice [15]. Based on some of those obser-
vations, Coffey and Karnovsky [12] proposed that exogenous
heparin slow the progression of glomerular diseases by repla-
cing lost endogenous heparan sulphate (HS), thus re-establish-
ing the normal proliferation of glomerular cells. However, this
should not be the only mechanism since heparins and GAGs
prevent and cure the experimental DN [6, 16–18] in which
there is no evidence of mesangial cell proliferation [19].

The typically deranged extracellular matrix (ECM) turn-
over of the DN is repaired by GAGs [20]. Actually, in diabetic
animals and in vitro, sulodexide and GAGs normalize the sul-
phation and synthesis of proteoglycans [9, 21], and the diabetes-
induced increase in type IV collagen and decrease in perlecan
[9, 22]. Interestingly, sulodexide and GAGs prevent the renal
ECM expansion, type III and IV collagen deposition [16, 23],
all believed to be the result of the overactivation of the trans-
forming growth factor-β (TGF-β) loop by diabetes. Thus, it
was suggested that GAGs activity on DN may take place
through the modulation of the TGF-β. Evidence that this is the
case was obtained. In mesangial cell cultures, the glucose-
induced, PKC-dependent synthesis of TGF-β1 was inhibited
by GAGs [24]. Similarly, the increase in TGF-β1 gene expres-
sion and protein deposition in glomeruli and tubulointerstitium
of diabetic rats [24] was prevented by GAGs administration.

The molecular mechanism of such an inhibiting activity of
GAG on TGF-β1 has been investigated in mesangial cells cul-
tured in high glucose or stimulated with phorbol 12-myristate
13-acetate (PMA) [24]: in both conditions, GAGs suppressed
the stimulated TGF-β1 mRNA levels, protein and bioactivity
without interfering with TGF-β1 receptor binding, or intra- or
post-receptor signalling.

By transfecting mesangial cells with different TGF-β1 promo-
ter-reporter gene constructs, we showed that the TGF-β1 inhi-
bition induced by GAGs occurs on AP1-containing sites of the
promoter without affecting basal TGF-β1 expression [25], a
finding consistent with the observation that GAGs administration
had no effect on renal TGF-β1 in non-diabetic animals [24].

A more recently investigated target of GAGs to explain ne-
phroprotection is heparanase-1 (HPSE-1), an endo-β(1-4)-D-
glucuronidase that cleaves the glycosidic bond within HS.
Since renal HPSE-1 is up-regulated in DN, its inhibition was
suggested as one of the mechanisms for nephroprotection of
GAGs [26]. More recent findings support this idea. As a
matter of fact, HPSE-ko mice are resistant to the development
of DN in streptozoicin-induced diabetes [27].

Both podocytes and proximal tubular cells express HPSE-1
[28, 29]. At odds with podocytes, high glucose does not influ-
ence HPSE expression in tubular cells; however, the challenge
of proximal tubular cells with albumin (as in proteinuric con-
ditions) and glycated albumin (as in diabetes) induces a dose-
dependent increase in HPSE expression through the PI3K/
AKT signalling pathway [29]. It is such an increased expression

of HPSE in the tubular cells which probably explains the de-
creased HS content in the tubuli of renal biopsies from DN
patients [28,30]. Such a decrease is only partly explained by
the endoglycosidase activity of HPSE-1; another contributor is
the down-regulating effect of HPSE-1 on the expression of HS-
proteoglycans, in particular syndecan-1 (SDC1), a cell-mem-
brane associated HS-proteoglycan involved in the fibroblast
growth factor (FGF)-2 loop [29] but possibly of others HS-
proteoglycans such as betaglycan, one of the TGF-β receptors.
This finding puts HPSE-1 in a much intriguing prospective, not
just an enzyme degrading glomerular HS and thus deranging
glomerular permeability, but also, and perhaps more important,
a crucial factor in the cross-talk between tubular cells and renal
interstitiummediated by growth factors.

The pivotal role of tubular and interstitial fibrosis in the
progression to ESRD of chronic kidney diseases and DN is
well known as it is the role of the conversion of tubular epi-
thelial cells into myofibroblasts (EMT) in the pathogenesis of
renal fibrosis [31]. HPSE-1 plays an important part in the
FGF-2-induced EMT of tubular cells. In fact, it is essential for
FGF-2 in two respects: (i) in the activation of the PI3K/AKT
pathway which leads to EMT; and (ii) in the generation of an
autocrine loop because of the down-regulation of SDC1 and
up-regulation of matrix-metalloprotease-9 (MMP9) and HPSE-
1 itself [32]. At therapeutic concentrations, sulodexide and par-
naparin are capable of inhibiting HPSE-1 and preventing the
renal tubular cell EMT induced by FGF-2 [32, 33]. They also
stop in tubular cells the increase in HPSE-1 and MMP9 and the
associated SDC1 decrease, all triggered by FGF-2, which means
that sulodexide and parnaparin switch off the autocrine loop
that FGF-2 activates to fuel its signal [32, 33].

Supporting our findings is the observation that sulodexide
prevents EMT in another model and tissue, i.e. in the perito-
neal membrane of a rat model of peritoneal dialysis [34].

The inhibition by sulodexide of HPSE-1 also leads to the
restoration of HS in podocytes grown in high glucose media,
and to the restoration of the GBM permeability to albumin
in vitro [26].

Since enhanced glomerular HPSE-1 has been shown in
several renal diseases, the mechanism proposed may also
apply to kidney disorders other than DN [30].

Because the rolling of monocytes needs their binding to an
endothelial HS-proteoglycan and this is impaired by GAGs
[35], in inflammatory glomerulonephritis such as the glomer-
ulosclerosis induced by puromycin, GAGs reduces glomerular
macrophage infiltration [36]. Amusingly, in the same exper-
imental model, GAGs also inhibit the TGF-β expression by
macrophages [36] which also contribute to preventing the de-
velopment of glomerulosclerosis.

The already known favourable activity of GAGs on the
endothelium, especially in diabetes [37, 38], has recently re-
ceived interesting confirmation. The endothelial glycocalyx,
which is composed by proteoglycans and sialoglycoproteins,
contributes to vascular permeability. In Type 2 diabetes, the
well-known derangement in the glycocalyx causes abnormal
vascular permeability; interestingly, in a small trial, both ab-
normalities were partially restored by sulodexide in patients
[39]. As the endothelial dysfunction contributes to the onset of
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microalbuminuria [40], data suggest that in incipient DN, su-
lodexide favourably affect DN likely because of an endothelial
activity [41]. In experimental studies on the streptozotocin
diabetic model, sulodexide was also capable of lowering the
number of circulating endothelial cells and improving endo-
thelium-dependent relaxation in arteries [42, 43]. We specu-
late that these activities may also have a favourable impact on
the renal haemodynamics of the diabetic kidney which im-
paired glomerular autoregulation [44] may not be sufficient to
protect the glomerulus from a high differential pressure re-
gimen of arteries with impaired relaxation.

Few studies have addressed the effect of GAGs on immuno-
logically mediated glomerulonephritis. Heparin enhanced the
removal of antigen from glomeruli in the chronic serum sick-
ness glomerulonephritis and blocked the immune complexes
binding to mesangial cells [45]. In the spontaneous glomerulo-
nephritis of lupus-prone mouse, heparin inhibited the binding
of nucleosome-containing immune complexes to the GBM,
thus slowing the progression of the disease [46].

GAGS IN THE TREATMENT OF
NON-DIABETIC GLOMERULAR DISEASES

Only a few studies have been performed on the treatment with
GAGs in non-diabetic chronic nephropathies [47].

In a controlled trial on 18 patients with biopsy-confirmed
chronic proliferative glomerulitis receiving for a year subcutaneous
heparin in monotherapy, glomerular filtration rate improved and
in those who were rebiopsied glomerular hyper-cellularity was
found to have subsided [48].

The activity of heparin (7000 to 11 000 units, s.c.) and
fragmin (60 unit/kg of fragmin) for 4 weeks was evaluated in 5
and 10 subjects, respectively, with proliferative glomerulone-
phritis [49]. Most patients also received prednisolone and all
anti-platelet agents. Urinary proteins decreased, but it is un-
certain that GAGs alone were responsible of it.

In an open study on 16 patients with different chronic glo-
merulonephritides and heavy proteinuria not responding to
conventional therapies, sulodexide, i.v. for a week and there-
after orally, induced a significant reduction in proteinuria after
3 and 6 months of treatment [50].

In a polycentric trial on 77 patients with IgA nephropathy
randomly allocated in three groups, placebo, oral sulodexide
75 and 150 mg/day for 6 months, the primary end point, i.e.
the achievement of at least 50% reduction in proteinuria, did
not differ between the three groups, although treatment with
sulodexide 150 mg daily significantly reduced it [51].

Randomized controlled trials with larger and homogeneous
case populations are necessary to confirm the hypothesis that
sulodexide affords renal protection in chronic nephropathy
patients with proteinuria.

GAGS IN THE TREATMENT OF DN

Therapies for DN include tight control of glucose metabolism
and blood pressure, and of normalization of albuminuria or, if

not possible, as low as possible albuminuria levels. However,
none is sufficient to arrest progression of DN to ESRD. For in-
stance, in Type 2 diabetic patients with overt nephropathy,
ARBs, the most effective agents and first-line treatment of
many Clinical Guidelines, consent on average to gain a repri-
eve from ESRD of ∼2 years [2, 3]. Said in a different way, over
a 3-year follow-up, ARBs were capable to prevent ESRD in 1
patient out of 15–30, leaving a huge percentage of diabetic
patients progressing to ESRD. Furthermore, in a 2-year follow-
up trial in Type 2 diabetic patients with incipient nephropathy
treated with irbesartan, progression to overt nephropathy was
prevented only in 1 out of 10 patients [52].

The search for new drugs for preventing or retarding the
progression of DN is therefore essential and the use of GAGs,
because of their favourable activity in the experimental model
of DN has been suggested.

Following the experimental findings by Gambaro et al. [9, 16],
Solini et al. [53] were the first who investigated GAGs (sulodex-
ide, Vessel®) as anti-albuminuric agents in diabetic patients. Sulo-
dexide is composed of the two GAGs (80% fast-moving heparin
and 20% dermatan sulphate) capable to prevent DN in the exper-
imental model [9, 16] and has an oral formulation.

Following this very pilot study, in the period 1994–99, a
number of reports with small patient numbers and short dur-
ation described favourable results of GAG treatment on protei-
nuria in DN (see Abaterusso et al. [54] for review). Most of
these exploratory studies on the anti-proteinuric activity of
GAGs were performed on Type 1 and 2 diabetic patients, and
employed sulodexide with different schedule and dosages.
Other small trials employed different types of LMW heparin,
or Danaparoid (Orgaran®), an extractive GAG mainly com-
posed of HS (see Abaterusso et al. [54] for review).

Sulodexide and some other GAG formulations were shown
to reduce albuminuria in both micro- and macroalbuminuric
patients, and in both Type 1 and 2 diabetic patients. Some
variability in results, in particular an apparent more effective-
ness in Type 1 versus Type 2 diabetic patients, was explained
by the inadequate duration of the trial or by insufficient
dosage of the agent [54].

In 2002, the Diabetic Nephropathy and Albuminuria Sulodex-
ide (Di.N.A.S.) study was published; it was a multicentre inter-
national European trial designed primarily to perform a dose
range finding for oral sulodexide [41]. Data were also analysed to
investigate the effect of sulodexide on patients concomitantly
treated with ACEIs. Three different sulodexide dosages were
used, 50, 100 and 200 mg/day, for 4 months followed by a wash-
out period from sulodexide of 4 months. The hypoalbuminuric
effect of 200 mg oral sulodexide was particularly evident in mi-
croalbuminuric patients with a 40% reduction, and 60% of them
had a reduction higher than 50% of the baseline albuminuria.
The intermediate 100 mg/day dosage was also effective. More
recent studies in Tunisia [55, 56] have shown the hypoalbuminu-
ric effect of sulodexide 50 mg/day too, which keeps on gradually
enhancing and reaching a statistically significant reduction in al-
buminuria while continuing the treatment for over a year.

According to the Di.N.A.S. study, the hypoalbuminuric effect
of sulodexide was independent of the type of diabetes or of basal
albuminuria and occurred in the absence of any effect on
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metabolic control, blood pressure or serum creatinine [41]. In-
terestingly, the hypoalbuminuric effect of sulodexide was also
noted in the subgroup of subjects already treated with ACEI
therapy, suggesting that the treatment with an ACEI does not
hinder the activity of sulodexide, and that the two agents have
different pharmacological targets [41]. That the effect of GAGs
on proteinuria is independent on any action on the renin–angio-
tensin–
aldosteron system in diabetic patients has been confirmed [7].

The Collaborative Study Group (CSG) has investigated in
two sufficiently powered trials (SUN-micro and SUN-macro
trials) whether sulodexide 200 mg daily was effective in redu-
cing the progression of DN. The rationale behind the trials was
that adding sulodexide treatment to ARBs (protocol-preferred)
or ACEIs would have led to a further reduction in albuminuria,
since sulodexide affects pharmacological targets other than
those impacted by these renin–angiotensin blockers. The Phase
III SUN-micro trial was performed on microalbuminuric Type
2 diabetic patients treated with maximal dosage of ACEI/ARB
for 12 months and did not disclose any significant difference
between the sulodexide treated versus the control arm [57]. The
parallel confirmatory study, a Phase 4 trial called SUN-macro,
i.e. a randomized, double-blind, placebo-controlled study, com-
paring 200 mg daily of sulodexide and placebo in Type 2 dia-
betic patients treated with maximal approved therapy with
losartan or irbesartan and with overt nephropathy which had
the objective to determine the efficacy of sulodexide in reducing
the rate of progression of renal disease (doubling of serum crea-
tinine or ESRD) and adverse clinical events was prematurely
terminated in its early-mid phase, after that an interim analysis
performed because of the negative conclusion of the Phase III
SUN-micro trial showed no effect on proteinuria [58].

In the end, the shoulder-to-shoulder comparison between
the Di.N.A.S and the SUN-micro trials seemed in favour of
the second, because of the much more robustness in terms of
(surrogate) end point and number of investigated patients. Thus,
it was concluded that sulodexide is unfortunately ineffective on
DN [59]. However, some believe that more studies are necessary
to rule out the potential role of sulodexide in DN [60, 61].

DI .N .A .S VERSUS SUN-MICRO: DIFFERENCE
IN PROTOCOLS MAY HAVE LED TO
DISCREPANT RESULTS

The protocol of the SUN-micro trial was substantially different
from those of previous clinical studies with sulodexide and the
characteristics of the enrolled patients were also considerably
different.

The most striking difference is the severity of DN. In fact,
in the SUN patients, it was more severe than in previous
smaller trials with sulodexide. For instance, in the DINAs [41],
most patients were CKD 2 patients, while the CSG trial re-
cruited mainly CKD 3 subjects [57]. Additionally, the ‘micro-
albuminuric’ patients of the SUN trial most likely had a more
severe albuminuria because of the hypoalbuminuric effect of
maximal dosages of ACEI/ARB. This is also recognized by
Lewis et al. [57].

In view of the more advanced renal disease, the time
needed to demonstrate the favourable effect of sulodexide
should probably be longer than in previous trials, including
the Di.N.A.S (4 months) and possibly longer than the 6
months of the SUN-micro trial. As a matter of fact, Achour
et al. [55] have shown that even 50 mg sulodexide, which in
the Di.N.A.S at 4 months did not decrease albuminuria, is ef-
fective, provided the duration of treatment is sufficiently long.

Also very important are the possible differences between
the originator sulodexide (Vessel) and Sulonex. The drug used
in the CSG trial was evaluated by testing the heparin fraction
with standard tests which establish only a rough similarity
between the heparin fractions of the two agents. Furthermore,
the dermatan sulphate fractions, which makes up to 20% of
the active ingredient portion of the two drugs, were not com-
pared at all. Lewis et al. [57] themselves do not rule out the
possibility that the drug they used [Sulonex, produced by a
different company than the original sulodexide (Vessel) used
in the previous studies with positive results [41]] was pharma-
cologically inactive or not absorbed. As for the existing debate
on the equivalence of originator drugs with biosimilars, it
remains to be demonstrated whether the sulodexide of Sulonex
is bioequivalent to the sulodexide of Vessel.

In addition, the finding that GAGs (Sulodexide) are much
more effective on true DN than on other glomerular disorders
[62] should also be emphasized. Most of the previous studies
with sulodexide had also investigated Type 1 DM patients in-
cluding the Di.N.A.S trial which enrolled 50% of Type 1 dia-
betics. In Type 1 DM patients, the onset of albuminuria
almost invariably underlies the presence of DN. This is not the
case in albuminuric Type 2 DM patients who had hetero-
geneous pathological findings in European reports [63, 64]. It
is likely that such heterogeneity is influenced by the ethnicity.
Since most of the initial studies on sulodexide were performed
in Europeans, we wonder whether the inclusion of patients
from so many different ethnic groups enrolled in the multicen-
tre, multinational SUN-micro and SUN-macro may have in-
fluenced the results by affecting the prevalence of true DN
among the recruited subjects.

Finally, the Di.N.A.S and the SUN trials used different
drugs to target the renin–angiotensin system. In the SUN-
trials, the protocol-preferred agents were ARBs (irbesartan or
losartan) at maximum approved or tolerated doses in lieu of
ACEIs. Whereas, among previous studies on sulodexide, only
in the Di.N.A.S trial ∼50% of patients received contempora-
neous treatment with ACEIs for the treatment of hypertension,
but in most cases at non-maximal dosages. As observed, in the
Di.N.A.S, the post hoc analysis disclosed that sulodexide
reduced albuminuria even in patients treated with ACEIs.
Although ACEIs and ARBs are generally considered to be in-
terchangeable drugs, some differences do exist—ACEIs also
affect the bradykinin pathway while ARBs have partial agonist
action on PPAR-γ receptors and thus may have effects on
glucose and lipid metabolism that are not shared by ACEIs
[65]. While these differences may not apply to the present
case, one may speculate that lack of effect on albuminuria of
the association between Sulodexide-ARB vis-à-vis Sulodexide-
ACEI may be caused by one or more antagonistic mechanisms
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exerted by ARBs (and not by ACEIs) on the pharmacological
targets of sulodexide.

CONCLUSIONS

While experimental data are very interesting and compelling,
particularly in non-immunological models, no conclusive evi-
dence support the use of heparin and other GAGs, including
sulodexide, in human renal disease. In acute and chronic glo-
merulonephritis, not enough studies have been performed and,
unfortunately, some of them are not of sufficiently good quality.
Sulodexide has been much investigated in DN. In the early DN,
the body of data suggests that it has an antialbuminuric activity.
Unfortunately, there is no sufficiently long study in these
patients on the effect of sulodexide on clinical end points. In
other clinical conditions, the drug was certainly capable to
impact favourably in terms of clinical hard end points. For in-
stance, in post-myocardial infarction patients, it significantly
reduced the risk of mortality and of re-infarction [66].

In the more advanced DN, data are in our opinion incon-
clusive. In these patients, we guess that before concluding that
sulodexide is ineffective for prevention of progression of DN,
its use in the following situations should ideally be performed:
(i) in Type 2 diabetic patients with true DN, (ii) for longer
treatment periods than 4–6 months and (iii) evaluating clinical
end points rather than the surrogate albuminuria.
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