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New Potential Agents in Treating
Diabetic Kidney Disease
The Fourth Act

Mark E. Williams

The Joslin Diabetes Center, Boston, Massachusetts, USA

Despite the worldwide epidemic of chronic kidney disease complicatingAbstract
diabetes mellitus, current therapies directed against nephroprogression are limited
to angiotensin conversion or receptor blockade. Nonetheless, additional therapeu-
tic possibilities are slowly emerging. The diversity of therapies currently in
development reflects the pathogenic complexity of diabetic nephropathy. The
three most important candidate drugs currently in development include a
glycosaminoglycan, a protein kinase C (PKC) inhibitor and an inhibitor of
advanced glycation. In targeting primary mechanisms by which hyperglycaemia
contributes to diabetic complications, these drugs could provide risk reduction
complementary to the partial reduction proven for ACE inhibitors and angiotensin
II receptor antagonists (angiotensin receptor blockers).

Glycosaminoglycans act to restore glycoproteins present in reduced amounts
in the glomerular basement membrane and mesangium of diabetic animal models.
Components of the drug sulodexide prevent pathological changes and proteinuria
in diabetic rats. Reductions in albuminuria, a hallmark of early diabetic kidney
disease, have been reported in initial human trials. In the US, a multicentre phase
II study has been completed, with an interim analysis indicating reduction in
urinary albumin losses. Pivotal phase II trials have begun in patients with type 2
diabetes. A second metabolic pathway of diabetic complications is overexpression
of PKC. Several activators of this family of intracellular kinases have been
identified and PKC activation may result in tissue damage through a variety of
mechanisms. In animal models, the inhibitor ruboxistaurin reduces albuminuria,
diabetic histological changes and kidney injury. Like sulodexide, drug develop-
ment of ruboxistaurin has reached completion of a phase II evaluation with mixed
results. The third metabolic target is the nonenzymatic formulation of advanced
glycation end-products (AGEs) through well described biochemical pathways.
Multiple pathways lead to AGE accumulation in tissues in diabetes and diverse
AGE products are formed. AGE deposition has been implicated in animal models
of diabetic nephropathy. The leading AGE inhibitor currently in development is
pyridoxamine, which has multiple actions that inhibit glycation. Pyridoxamine is
an efficient AGE inhibitor in experimental diabetes. A phase II study in diabetic
patients with nephropathy reported mixed efficacy results and a favourable safety
profile. Phase III evaluation of pyridoxamine has not begun.
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These three classes of potential therapies, if successfully developed, will
confirm that diabetic kidney disease has entered the era of biochemical treatments.

The projected increase in diabetes mellitus or angiotensin II receptor antagonists (angiotensin
worldwide in the coming decades will create an receptor blockers [ARBs]). Each is only partially
unmet need for new therapies for diabetic complica- effective, although when combined as part of inten-
tions.[1] Diabetic nephropathy is already the leading sive intervention reduces the risk of microvascular
cause of end-stage renal disease (ESRD) in the US events by 50%.[7] For example, in controlled trials, a
(figure 1), and elsewhere in the Western world, the 22–34% reduction in microvascular complications
most severe complication of diabetes and the major such as nephropathy was achieved for every 1% re-
predictor of premature death.[2] The increase in dial- duction in glycosylated haemoglobin (HbAlC).[8-10]

ysis enrolment in the US over the past decade has Similarly, the risk of renal endpoints (death, dialy-
derived primarily from diabetic kidney disease, sis, transplantation) was reduced by approximately
mostly attributed to type 2 diabetes, the net effect of 20% in the recent clinical trials of ARBs.[11-13]

a growing incidence of type 2 diabetic patients and Therefore, a strategy of multitarget pharmacological
more effective treatment of type 1 diabetic nephrop- therapy appears to be necessary for improving kid-
athy in recent years.[3] Diabetic ESRD, for many ney outcomes. However, a decade into the ACE
years the only cause of end-stage renal failure in- inhibitor/ARB treatment era, approval of additional
creasing among all ethnic groups, continues at espe- therapies has proven difficult. With three acts in
cially high incidence rates in the elderly, Blacks and production, the fourth act (the emergence of new
Hispanics.[4] While the incidence of diabetic ESRD therapies) has proven the most difficult to complete.
in the US has finally plateaued,[5] the condition is The difficulty can be attributed to at least two
still managed at a cost of over $US15 billion annual- problems: (i) proving benefit in trial patients already
ly in the US.[6] on standard ACE inhibitor/ARB therapy; and (ii) the

Therapy for risk reduction in diabetic kidney absence of a single dominant metabolic target to
disease in 2006 is a drama that currently has three complement the primary haemodynamic action of
acts: glycaemic control, antihypertensive treatment ARBs. The resulting need is for complementary
and angiotensin blockade with ACE inhibitors and/ treatments that can impact on the primary mecha-

Diabetes mellitus
Hypertension
Glomerulonephritis
Cystic kidneyCounts

150

100

50

0

200

N
um

be
r 

of
 p

at
ie

nt
s 

(in
 th

ou
sa

nd
s)

80 82 84 86 88 90 92 94 96 98 00 02

Rates

450

300

50

0

600

R
at

e 
pe

r 
m

ill
io

n 
po

pu
la

tio
n

80 82 84 86 88 90 92 94 96 98 00 02

Year (1980−2003)

Fig. 1. Prevalent counts and adjusted rates of end-stage renal disease in the US, by primary diagnosis from 1980–2003.[5]
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Table I. Potential new therapies for diabetic kidney disease

Study Class Drug Current status

Gambaro et al.[15] Glycosaminoglycan Sulodexide Phase III trials begun
Lewis et al.[16]

Tuttle and Anderson[17] Protein kinase C inhibitor Ruboxistaurin Phase III trial planned

Williams et al.[18] AGE inhibitor Pyridoxamine Phase II studies completed

AGE = advanced glycation end-product.

nisms by which hyperglycaemia is pathogenic in lycans. The term glycosaminoglycan refers to a cat-
diabetic kidney disease. The contribution of bio- egory of related molecules that share common bio-
chemical factors beyond blood glucose involves a logical properties, including heparin, low molecular
complex interplay of multiple pathways.[14] weight heparin, heparan sulfate and mixed gly-

cosaminoglycan formulations such as sulodexideTo the possible omission of other potential
and danaparoid sodium.[15] Glycosaminoglycans arenephroprotective agents, this review focuses on
among the glomerular glycoproteins identified aswhat this author considers the most important clas-
biochemical components of the glomerular base-ses (and representative drugs) advancing through
ment membrane (GBM) matrix structures. Oneclinical trials for diabetic kidney disease. Table I
glycosaminoglycan in particular, heparan sulfate, islists the status of these agents. Additional potential
thought to be a determinant of glomerular permea-agents include the following:
bility in vivo.[22] Partial loss of anionic heparan1. The proliferator-activated hypolipidaemic drug
sulfate occurs in the glomerular basement mem-fenofibrate, which has potential for the treatment of
brane in patients with diabetes.insulin resistance, dyslipidaemia and hyperten-

sion.[19] In a diabetic rat model, treatment with fe- Sulodexide is an oral formulation of the natural
nofibrate suppressed the overexpression of plasmi- polysaccharide, glycosaminoglycan. The chemical
nogen activator inhibitor-1 and tumour growth fac- name for sulodexide, a heparinoid compound, is
tor (TGF)-β1.[20] glucuronyl glycosaminoglycan. The final drug mix-
2. The oral endothelin antagonist SPP301, which ture of sulodexide is a heterogeneous group of three
decreased urinary albumin excretion over 12 weeks naturally occurring glycosaminoglycan polysaccha-
compared with placebo in 286 diabetic patients al- ride components, including approximately 80% low
ready on standard angiotensin inhibition.[21] molecular weight heparin, 20% dermatan sulfate
3. The experimental drug pirfenidone, which has and <4% high molecular weight heparin, isolated
been shown to reduce glomerulosclerosis and inter- from porcine intestinal mucosa, with a mean molec-
stitial fibrosis in multiple animal models of kidney ular weight of approximately 9000D. The drug is
disease, and is undergoing phase II evaluation in rapidly absorbed and depends in part on urinary
diabetic kidney disease. elimination.[23] It is distinguishable from other
4. XL784, a metalloproteinase inhibitor proceeding glycosaminoglycans by having minimal or no de-
through phase II evaluation for diabetic albuminu- monstrable anticoagulation activity after oral ad-
ria. ministration in the doses being evaluated, and poten-

tial nephroprotective effects.

1. Sulodexide While its dominant action is uncertain, several
physiological mechanisms could explain how provi-

Glycosaminoglycan therapy has emerged as a sion of the glycosaminoglycan sulodexide might be
potential treatment for diabetic nephropathy, based nephroprotective in diabetic nephropathy.[24] Drugs
on the concept that, in addition to haemodynamic such as sulodexide could potentially target metabol-
and oxidative stress, glomerular abnormalities in ic defects of the mesangial matrix, the basement
diabetes also involve critical loss of glycosaminog- membrane and the endothelium. Treatment with
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glycosaminoglycan agents is directed at restoring initially reported several years ago that low molecu-
the glycoprotein content present in the GBM and lar weight heparin and dermatan sulfate, compo-
mesangium in diabetic animal models.[25] The prote- nents of sulodexide, were effective in preventing the
oglycan content of the GBM, for example, is known pathological changes of GBM thickening and glo-
to be reduced in diabetes, perhaps due to upregula- merular anionic charge reduction, as well as the
tion of heparanase (HPR)-1, a heparan-sulfate-de- onset of albuminuria, in streptozocin-diabetic rats
grading endoglycosidase.[26] HPR-1 degrades treated for 8 months. Urinary albumin excretion did
heparan sulfate proteoglycans, a major component not rise, a desired effect, while no benefit in terms of
of the GBM. HPR-1 is upregulated with high glu- renal function was reported. A follow-up study us-
cose conditions. Secretion of active heparanase may ing a chemically modified heparin glycosaminogly-
be inititiated by protein kinase C (PKC) signal- can with very low anticoagulant activity examined
ling.[27] Sulodexide inhibits HPR-1 activity in vi- in more detail the effects of glycosaminoglycan
tro.[28] Both low molecular weight heparin and formulations on possible regression of experimental
dermatan sulfate have been shown to prevent reduc- diabetic nephropathy. Urinary albumin excretion
tion in charge density and structural changes in the was reduced by two-thirds. The study supported the
GBM in experimental models,[25,29] although neither previous observations that chronic glycosaminogly-
has been studied in the treatment of diabetic kidney can administration prevented pathological changes
patients. Gambaro et al.,[25] leading glycosaminogly- of diabetes. In rats with established disease, mild
can investigators, have reported that glycosaminog- signs of diabetic nephropathy were reversed after
lycans work primarily through activity on the syn- several months of modified heparin therapy.[25]

thesis of matrix and GBM molecules by glomerular Selected studies in the subsequent clinical devel-
cells. They include (i) inhibition of HPR-1 activity; opment of sulodexide are shown in table II. The
(ii) prevention and correction of thickening of the initial database has included eight small European
GBM;[25,29] (iii) histochemical restoration of the ion- clinical trials, a phase II European dose-ranging
ic charge barrier of the GBM;[23,30] (iv) suppression study (DiNAS; Diabetic Nephropathy and Al-
of altered mesangial-cell proliferation;[31] (v) reduc- buminum Sulodexide) and ultimately a phase II
tion of the TGFβ1 expression and mesangial matrix study initiated in the US in 2004. The European
expansion; (vi) antithrombotic effects; and (vii) sup- trials enrolled a total of 185 type 1 and type 2
pression of endothelin overproduction related to diabetic patients with micro- and macroalbumin-
proteinuria.[32]

uria.[34-41] Sulodexide was administered in dosages
of 50–100 mg/day for <2 months in all but twoIn a number of studies on the protective effects of
studies. Reduction in albuminuria has been a consis-administered glycosaminoglycans in experimental
tent finding, ranging from 20–50% in microalbu-diabetic nephropathy,[33] a variety of glycosaminog-
minuric and 35–62% in macroalbuminuric patients,lycans have been investigated. Gambaro et al.[29]

Table II. Selected clinical studies of sulodexide in human diabetic nephropathy

Study Type of diabetes mellitus No. of pts Duration (mo) p-Value for AER reduction

Solini et al.[34] Type 2 12 4 0.033

Velussi et al.[35] Type 2 24 6 <0.01

Poplawska et al.[36] Type 1 12 1 0.001

Dedov et al.[38] Type 1 36 0.75 <0.005–<0.001

Szelanowska et al.[39] Type 1 15 0.75 <0.0007

Skrha et al.[40] Type 1 or type 2 53 0.75 <0.001

Sorrenti et al.[41] Type 2 15 0.1 <0.05

Gambaro et al.[15] Type 1 or type 2 223 4 <0.05
AER = albumin excretion rate.
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and tending to persist for a period after drug discon- began in 2005,[16,42] and was followed by the start of
a microalbuminuria study with sulodexide 200 mg/tinuation. Although a minority of patients in all eight
day in type 2 diabetic patients.[43] A separate smalltrials were receiving concomitant ACE inhibitor
study[44] of 30 diabetic patients treated with sulodex-therapy, over half of this subset also exhibited re-
ide 50 mg/day has also reported reduction in albu-ductions in albuminuria.
minuria and favourable tolerability.In addition, the clinical safety and efficacy of

sulodexide was evaluated in the phase II DiNAS
2. Ruboxistaurintrial[15], where 223 micro- and macroalbuminuric

type 1 and type 2 diabetic patients were randomised
As an alternative to achieving euglycaemia, anto sulodexide 50, 100 or 200 mg/day, or placebo.

alternative strategy would be to block pathways thatAfter 4 months of treatment and an additional 4
are activated by hyperglycaemia.[45] Growing evi-

months of observation, these dosages produced re-
dence indicates that high expression of PKC plays

ductions in albuminuria of 30, 49 and 74%, respec-
an important role in early tissue damage in diabe-

tively. At the highest dosage, urinary albumin excre-
tes.[46] PKC is a family of multifunctional intracellu-

tion was normalised in 42% of patients versus 14%
lar serine-threonine kinases involved as signal trans-

with placebo. Subgroup analysis indicated that
duction mediators, found throughout the body and

sulodexide was equally effective in type 1 and type 2
leading to cell growth, fibrosis and tissue injury. At

diabetic patients, in patients treated with an ACE
least 12 isoforms of PKC are known to exist.[17]

inhibitor versus those not, and in both micro- and
PKC is activated in response to a variety of specific

macroalbuminuric patients. Follow-up evaluation
hormonal, neuronal and growth factor stimuli.

after 16 weeks of treatment revealed that modest Glucotoxins are known to induce cellular signaling
reductions in albuminuria were sustained in the alterations in the form of activation of protein kin-
200 mg/day group, suggesting structural improve- ase.[47] The classic activator of many PKC isoforms
ments in the diabetic kidney. During the DiNAS is diacylglycerol, which is produced in response to
trial, only 14 adverse events and no serious adverse hyperglycaemia[48-50] (figure 2). Other isoforms are
events were noted. Among the dosage subgroups, calcium-dependent or calcium- and diacylglycerol-
there were no differences in the adverse-event dependent. Other metabolic activators of PKC have
profiles. also been identified, including high levels of nones-

A multicentre phase II pilot study has since been terified fatty acids and amino acids[51,52] the intracel-
in progress in the US and completed enrolment in lular concentration of which is heightened in states
late 2004. An interim analysis was reported at the of hyperglycaemia. Cellular PKC activity can also
2005 American Society of Nephrology meeting.[16] be increased by glycation end-products and by a
The effect of 6 months of sulodexide 200 or 400 mg/ renin-angiotensin system activated by hypergly-
day compared with placebo was evaluated in 149 caemia,[53,54] effects reduced by advanced glycation
patients with type 2 diabetic nephropathy and end-product (AGE) inhibition and ACE inhibition,
microalbuminuria, concurrently treated with maxi- respectively.[55,56] The activation of PKC creates
mal ACE inhibitor or ARB therapy. The primary involvement in the signal regulation of several phys-
endpoint was remission or a 50% reduction from iological and pathological processes that are tissue-
baseline in microalbuminuria. In the interim analy- specific.[57] Nicotinamide adenine dinucleotide
sis of over three-quarters of enrolled patients, phosphate (NADPH) oxidase upregulation, for ex-
sulodexide significantly reduced albuminuria, in- ample, is PKC dependent.[58]

cluding at the lower dosage.[16] The drug was well PKC-β appears to play a role in the pathogenesis
tolerated. A phase III study of sulodexide in overt of kidney disease in diabetic animal models. PKC
type 2 diabetic nephropathy totalling 2000 patients isoforms are chronically activated in multiple tis-
and conducted by the Collaborative Study Group sues including renal glomeruli and vascular tissues
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Fig. 2. Proposed pathway for pathological activation of protein kinase C in diabetes mellitus. AGE = advanced glycation end-product;
NADPH = nicotinamide adenine dinucleotide phosphate; ROI = reactive oxygen intermediates.

in diabetic humans and animals. This activation cently reported described several metabolic path-
induces kidney injury in the form of renal hyperfil- ways and intestinal excretion of the parent drug and
tration, basement membrane thickening, glomeru- metabolites.[64] The pharmacological actions of
losclerosis, endothelial dysfunction and increased ruboxistaurin have been shown in several rodent
capillary permeability.[47,59] PKC activation may models of diabetes to prevent vascular dysfunction.
cause kidney as well as vascular damage in diabetes In a rat model of type 1 diabetic glomerulopathy
through a variety of mechanisms. First, activation of induced by streptozotocin, ruboxistaurin normalised
PKC is a major signalling pathway for TGFβ to renal hyperfiltration and diminished albuminuria in
induce extracellular matrix production, an essential association with normalising PKC activity.[65] In a
feature of diabetic nephropathy.[46] Secondly, PKC separate study[66] of this model, ruboxistaurin pre-
activates NADPH oxidase, leading to reactive oxy- vented induction of pro-fibrotic factors and extracel-
gen species and oxidative stress in vascular tissues lular matrix proteins in glomeruli and cultured
in diabetes.[60] Thirdly, glomerular endothelial nitric mesangial cells obtained from the diabetic animals.
oxide inhibition by glucose was recently reported In other rat and mouse models, ruboxistaurin also
through a PKC mechanism.[61]

reduced albuminuria, mesangial expansion and glo-
merular expression of TGFβ.[67,68] RuboxistaurinTherefore, inhibition of the activated PKC path-
has also been shown to reduce oxidative stress inway could be beneficial in preventing both the
glomeruli in rats with diabetes induced bymicro- and macrovascular complications of diabe-
streptozotocin,[51,69] through specific actions of de-tes. Discovered a decade ago, ruboxistaurin is a
creasing NADPH subunit activity. A recent focus ofnovel highly selective inhibitor of activation of cer-

tain PKC isoforms.[62,63] Pharmacological data re- PKC inhibition in diabetic nephropathy has been
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tubulointerstitial injury, including TGFβ-rich mac- The study drug was well tolerated without signifi-
rophage accumulations in response to the cant adverse effects over 36–46 months. Ruboxis-
chemokine osteopontin. In cell culture, PKC medi- taurin has also been investigated for the treatment of
ates this response. In diabetic rats, PKC inhibition diabetic peripheral neuropathy. A recent phase II
with ruboxistaurin attenuated TGFβ activity and study reported no overall response to ruboxistaurin
interstitial injury, suggesting a new mechanism for in the treatment of symptomatic diabetic neuropa-
its protective effect on the kidney.[70] thy, although a subgroup of less severe patients

appeared to benefit.[73] Subsequently, a new drugRuboxistaurin drug development moved forward
application has been filed in the US for the treatmentwith the recent publication of results of a phase II
of diabetic retinopathy.pilot study in type 2 diabetic nephropathy.[71] A total

of 123 patients with persistent albuminuria despite
standard of care for glycaemic control and ACE 3. Pyridoxamine
inhibitor or ARB therapy were enrolled in a double-
blind, multicentre trial and treated with either rubox- Evidence has grown, particularly over the last
istaurin 32 mg/day or placebo for 1 year. The prima- decade, to implicate the nonenzymatic formation of
ry efficacy endpoint was the reduction in urinary AGEs as a significant factor in the development of
albumin excretion. While ruboxistaurin-treated pa- long-term complications of diabetes including
tients experienced an average of 24% decrease in nephropathy.[68,74-76] AGEs are diverse structures
albuminuria, the reduction was not statistically dif- formed by a number of mechanisms in tissues and
ferent from the placebo group. Changes in estimated are biochemically active. Several pathways of prote-
glomerular filtration rates also did not differ statisti- in damage by glycation reactions have been pro-
cally between the groups. No significant safety con- posed in vitro and in vivo,[77] including protein mod-
cerns were evident. The results may be viewed as ification via the Amadori pathway, via reactive car-
promising in that, although the study was not pow- bonyl species and via reactive oxygen species.
ered to definitively assess efficacy, albuminuria was Chemical modification of amino groups on a variety
reduced and renal function stabilised with treatment of proteins (figure 3) by glucose, a reducing sugar,
compared with baseline. Also of note, the recent through a series of oxidative and nonoxidative reac-
PKC-DRS (Protein Kinase C beta Inhibitor Diabetic tions, is considered one of the pathogenic mecha-
Retinopathy Study) study group report on ruboxis- nisms of diabetic complications. The pathway to
taurin in moderately severe diabetic retinopathy in- AGE formation consists of individual steps. Initial-
dicated mixed results with the experimental drug. ly, glucose interacts with protein amino groups re-
Ruboxistaurin lacked efficacy in preventing pro- siding in extracellular tissues, in intracellular envi-
gression of retinopathy itself to more severe stages, rons not regulated by insulin[78,79] and in skeletal
while reducing the risk of moderate vision loss.[72] muscle and liver. In the next step, a nearly irreversi-

Glucose-lowering agents

Glucose and proteins AGEs RAGE
Crosslinked

AGEs

AGE
crosslink
breakers

Receptor
antagonist
(blocker)

AGE formation
inhibitors

Pyridoxamine

Fig. 3. Impact of advanced glycation end-product (AGE) inhibitors as shown in a simplified glycation pathway. RAGE = receptor for AGEs.
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ble Amadori rearrangement proceeds, yielding pro- Over the last decade, Hudson and colleagues[92]

teins modified by intermediate Amadori products. identified pyridoxamine as part of a new class of
These glycated proteins are then subject to slow AGE inhibitors. Pyridoxamine is a post-Amadori
oxidative breakdown and yield pathogenic AGEs, AGE inhibitor, i.e. an ‘Amadorin’.[77] Pyridoxamine
which accumulate on collagen and other long-lived entered clinical development as a potential inhibitor
molecules. The final step in some reactions is the of AGEs that arise from the breakdown of glycated
formation of various types of crosslink structures proteins (Amadori products). Its multiple actions
between contiguous macromolecules. Many of the have been reviewed by Voziyan and Hudson.[92]

subsequent effects of AGEs are mediated by patho- While the precise mode of action of this agent in
genic signaling through the receptor for AGEs vivo is not certain, it appears to inhibit glycation by
(RAGE).[80] blocking oxidative degradation of Amadori in-

termediates, scavenging toxic carbonyl products ofIn reality more complex than portrayed in figure
glucose degradation and trapping reactive oxygen3, AGE biochemistry indicates that a number of
species.[92] It has been suggested that these balanced,AGE pathways may produce AGE accumulation in
moderate effects argue in favour of the safety anddiabetic tissues. Prolonged hyperglycaemia, dys-
efficacy of the product. Pyridoxamine is one of threelipidaemia and oxidative stress in diabetes may all
natural forms of pyridoxine (vitamin B6). It is nor-result in the chronic production and tissue accumu-
mally minimally present in plasma, since it islation of AGEs.[81] Nonenzymatic glycation is en-
formed by an intracellular process of transaminationhanced in the presence of oxidative and carbonyl
from pyridoxal 5′ phosphate, which is the majorstress. In vivo, diverse sources of glycation products
coenzymatic form of pyridoxine. Beneficial effectsinclude, for example, those derived from breakdown
of other B group vitamin derivatives, such as benfo-of polyunsaturated lipids or from methyl glyoxal, a
tiamine, have also been reported.[93,94] To achievereactive intermediate molecule. The structure of
concentrations of pyridoxamine believed to be ther-several AGEs has been identified in vitro,[82] while
apeutic requires exogenous administration of pyri-only a few have been identified and characterised in
doxamine itself. Once achieved, several preclinicaltissues, including pentosidine, carboxylmethyl-
studies indicate that oral pyridoxamine is capable oflysine and pyralline.[83] Researchers have reported
preserving kidney function in type 1 and 2 diabeticmeasurements of tissue as well as serum AGEs as
nephropathy animal models,[95,96] including a pre-markers of diabetic nephropathy. While progress
ventive type 1 streptozocin-rat model and an inter-has been slow in causally linking AGEs to diabetic
vention type 2 db/db mouse model where diabetickidney disease,[84] functional[85] and structural evi-
nephropathy was evidenced by histology and pro-dence does implicate AGE deposition in mesangial
teinuria. Recent studies have suggested that pyri-cells and animal models.[86] Additional support for a
doxamine is an efficient AGE inhibitor in variouspathogenic role of AGEs comes from preclinical
biological systems.[97] Pyridoxamine has beenstudies indicating that inhibition of AGE synthesis
shown to inhibit lipaemia[95] and retinopathy[98] incan ameliorate diabetic complications.[87] This ther-
experimental diabetes. Additional studies recentlyapeutic response seems to occur with AGE inhibi-
reported that carbonyl stress in diabetes resulted intors[88-90] chemically disparate and possibly operat-
weakening of cell-matrix interactions in renal glo-ing through separate mechanisms of action. Several
meruli, contributing to fundamental change inapproaches to AGE inhibition have been shown to
mesangial expansion. Pyridoxamine protects thisconfer some degree of renoprotection.[91] Faced with
cell-matrix interaction.[99]

AGE structures that are diverse targets, and AGE
mechanisms and in vivo effects that are biochemi- Pyridoxamine has been in development for the
cally complex, the result is that no AGE inhibitors treatment of diabetic nephropathy, and has complet-
have yet obtained regulatory approval. ed acute and chronic toxicology studies in animals,

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (18)



New Agents in Diabetic Kidney Disease 2295

as well as phase I and II clinical studies. A phase II 4. Conclusion
study[18] was undertaken primarily to assess the safe-

Established therapies for chronic kidney diseasety and tolerability of oral pyridoxamine at a con-
secondary to diabetes mellitus achieve patient risk

servative dose of 50mg twice daily versus placebo in
reduction for ESRD. Additional risk reduction by

diabetic patients with overt diabetic nephropathy complementary therapies has been difficult to prove,
who were treated for 6 months at sites in the US. In but is likely to emerge from three drug classes
this randomised, double-blind trial, a total of 128 currently in clinical development: glycosaminogly-
patients with a serum creatinine <2 mg/dL and a cans, PKC inhibitors and AGE antagonists. Leading
calculated creatinine clearance of >40 mL/min were drugs in each class target primary mechanisms by
randomised and treated for 24 weeks. All patients which hyperglycaemia contributes to nephropathy
were allowed to receive concurrent medications for complications. A strategy of multiple risk reductions
the treatment of their diabetes, hypertension or kid- in the future is likely to include pharmaceutical
ney disease, including ACE inhibitors and ARBs. agents from these classes.
Because a previous report had suggested that

Acknowledgementsmegadoses of pyridoxine caused toxicity to
nerves,[100] the analysis included a detailed neuropa- No sources of funding were used to assist in the prepara-
thy assessment. When pyridoxamine and placebo tion of this review. The author is currently a clinical trial site
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Referencesported. No changes in neurological function due to
1. Caramori ML, Mauer M. Diabetes and nephropathy. Curr Opinthe study drug were evident in specialised neurolog- Nephrol Hypertens 2003; 12: 273-82
2. Muntner P, Coresh J, Powe NR, et al. The contribution ofical testing. Post hoc efficacy analysis indicated that

increased diabetes prevalence and improved myocardial in-the rate of increase in serum creatinine over time in farction and stroke survival to the increase in treated end-stage
renal disease. J Am Soc Nephrol 2003; 14: 1568-77the pyridoxamine group tended to be less than with

3. Finne P, Reunanen A, Stenman S, et al. Incidence of end-stageplacebo. In the subset of subjects more likely to
renal disease in patients with type 1 diabetes. JAMA 2005;

show progression of their renal disease (i.e. with 294: 1782-7
4. MMWR Weekly. Incidence of end-stage renal disease amongpoorer initial renal function, baseline serum creati-

persons with diabetes, United States, 1990-2002. Atlanta
nine levels >1.3 mg/dL), a significant treatment ben- (GA): Centers for Disease Control and Prevention, 2005 Nov

4; 54 (43): 1097-100efit was retrospectively determined. In patients with
5. System USRD: USRDS 2005. Annual data report: atlas of end-

type 2 diabetes concurrently receiving either an stage renal disease in the Unites States. Bethesda (MD): Na-
tional Institutes of Health, National Institute of Diabetes andACE inhibitor or an ARB, and with a creatinine
Digestive and Kidney Diseases, 2005level of >1.3 mg/dL at baseline (similar to those 6. Gordois A, Scuffham P, Shearer A, et al. The health care costs
of diabetic nephropathy in the United States and the Unitedstudied in the widely cited Reduction of Endpoints
Kingdom. J Diabetes Complications 2004; 18: 18-26in NIDDM with the Angiotensin II Antagonist

7. Gaede P, Vedel P, Larsen N, et al. Multifactorial intervention
Losartan Study [RENAAL][13] and the Irbesartan in and cardiovascular disease in patients with type 2 diabetes.

N Engl J Med 2003; 348: 383-93Diabetic Nephropathy Trial [IDNT]),[12] the rate of
8. The Diabetes Control and Complications Trial Research Group.

rise in serum creatinine was also slightly lower in The effect of intensive treatment of diabetes on the develop-
ment and progression of long-term complications in insulin-the pyridoxamine than the placebo group. There
dependent diabetes mellitus. N Engl J Med 1993; 329: 977-86

were no significant reductions in mean albuminuria 9. UK Prospective Diabetes Study (UKPDS) Group. Intensive
blood-glucose control with sulphonylureas or insulin com-rates in the pyridoxamine group compared with pla-
pared with conventional treatment and risk of complications incebo over the course of the trial. While additional patients with type 2 diabetes (UKPDS 33). Lancet 1998; 352:
837-53phase II studies have been completed with pyridox-

10. Shichiri M, Kishikawa H, Ohkubo Y, et al. Long-term results ofamine, no subsequent clinical trials of the drug have the Kumamoto Study on optimal diabetes control in type 2
been registered at this time. diabetic patients. Diabetes Care 2000; 23 Suppl. 2: B21-9

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (18)



2296 Williams

11. Parving HH, Smidt UM, Hommel E, et al. Effective an- 29. Gambaro G, Cavazzana AO, Luzi P, et al. Glycosaminoglycans
tihypertensive treatment postpones renal insufficiency in dia- prevent morphological renal alterations and albuminuria in
betic nephropathy. Am J Kidney Dis 1993; 22: 188-95 diabetic rats. Kidney Int 1992; 42: 285-91

12. Lewis EJ, Hunsicker LG, Clarke WR, et al. Renoprotective 30. Nader HB, Buonassisi V, Colburn P, et al. Heparin stimulates
effect of the angiotensin-receptor antagonist irbesartan in pa- the synthesis and modifies the sulfation pattern of heparan
tients with nephropathy due to type 2 diabetes. N Engl J Med sulfate proteoglycan from endothelial cells. J Cell Physiol
2001; 345: 851-60 1989; 140: 305-10

13. Brenner BM, Cooper ME, de Zeeuw D, et al. Effects of losartan 31. Caenazzo C, Garbisa S, Ceol M, et al. Heparin modulates
on renal and cardiovascular outcomes in patients with type 2 proliferation and proteoglycan biosynthesis in murine
diabetes and nephropathy. N Engl J Med 2001; 345: 861-9 mesangial cells: molecular clues for its activity in nephropa-

thy. Nephrol Dial Transplant 1995; 10: 175-8414. Schrijvers BF, De Vriese AS, Flyvbjerg A. From hyperglycemia
to diabetic kidney disease: the role of metabolic, hemodynam- 32. Zoja C, Morigi M, Figliuzzi M, et al. Proximal tubular cell
ic, intracellular factors and growth factors/cytokines. Endocr synthesis and secretion of endothelin-1 on challenge with
Rev 2004; 25: 971-1010 albumin and other proteins. Am J Kidney Dis 1995; 26: 934-41

15. Gambaro G, Kinalska I, Oksa A, et al. Oral sulodexide reduces 33. Gambaro G, Baggio B. Glycosaminoglycans: a new paradigm in
albuminuria in microalbuminuric and macroalbuminuric type the prevention of proteinuria and progression of glomerular
1 and type 2 diabetic patients: the Di.N.A.S. randomized trial. disease. Nephrol Dial Transplant 1996; 11: 762-4
J Am Soc Nephrol 2002; 13: 1615-25

34. Solini A, Vergnani L, Ricci F, et al. Glycosaminoglycans delay
16. Lewis E, Lewis J, Hunsicker L. Interim analysis of a pilot trial of the progression of nephropathy in NEDDM. Diabetes Care

sulodexide in type 2 diabetic nephropathy with microalbumin- 1997; 20: 819-23
uria [abstract]. J Am Soc Nephrol 2005; 16: 58A

35. Velussi M, Cernigoi A, Dapas F, et al. Glycosaminoglycans oral
17. Tuttle KR, Anderson PW. A novel potential therapy for diabetic therapy reduces macroalbuminuria, blood fibrinogen levels

nephropathy and vascular complications: protein kinase C beta and limb arteriopathy clinical signs in patients with non-insulin
inhibition. Am J Kidney Dis 2003; 42: 456-65 dependent diabetes mellitus. Diabetes Nutr Metab 1996; 9: 53-

18. Williams M, Bolton W, Degenhardt T, et al. A phase 2 clinical 8
trial of pyridoxamine (pyridorin) in type 2 and type 2 diabetic

36. Poplawska A, Szelachowska M, Topolska J, et al. Effect of
patients with overt nephropathy (PYR-206) [abstract]. J Am

glycosaminoglycans on urinary albumin excretion in insulin-
Soc Nephrol 2003; 14: 7A

dependent diabetic patients with micro- or macroalbuminuria.
19. Varghese Z, Moorhead JF, Ruan XZ. The PPARalpha ligand Diabetes Res Clin Pract 1997; 38: 109-14

fenofibrate: meeting multiple targets in diabetic nephropathy.
37. Solini A, Carraro A, Barzon I, et al. Therapy with glycosami-Kidney Int 2006; 69: 1490-1

noglycans lowers albumin excretion rate in non-insulin depen-
20. Chen LL, Zhang JY, Wang BP. Renoprotective effects of fe- dent diabetic patients with macroalbuminuria. Diabetes Nutr

nofibrate in diabetic rats are achieved by suppressing kidney Metab 1991; 7: 301-5
plasminogen activator inhibitor-1. Vascul Pharmacol 2006;

38. Dedov I, Shestakova M, Vorontzov A, et al. A randomized,44: 309-15
controlled study of sulodexide therapy for the treatment of

21. Wenzel R, Mann J, Jurgens C, et al. The ETA-selective antago- diabetic nephropathy. Nephrol Dial Transplant 1997; 12:
nist SPP301 on top of standard treament reduces urinary 2295-300
albumin excretion rate in patients with diabetic nephropathy

39. Szelachowska M, Poplawska A, Topolska J, et al. A pilot study[abstract]. J Am Soc Nephrol 2005; 16: 58A
of the effect of the glycosaminoglycan sulodexide on22. Gambaro G, van der Woude FJ. Glycosaminoglycans: use in
microalbuminuria in type I diabetic patients. Curr Med Restreatment of diabetic nephropathy. J Am Soc Nephrol 2000;
Opin 1997; 13: 539-4511: 359-68

40. Skrha J, Perusicova J, Pont’uch P, et al. Glycosaminoglycan23. Ofosu FA. Pharmacological actions of sulodexide. Semin
sulodexide decreases albuminuria in diabetic patients. Diabe-Thromb Hemost 1998; 24: 127-38
tes Res Clin Pract 1997; 38: 25-31

24. Ceol M, Gambaro G, Sauer U, et al. Glycosaminoglycan therapy
41. Sorrenti G, Grimaldi M, Canova N, et al. Glycosaminoglycansprevents TGF-betal overexpression and pathologic changes in

as a possible tool for micro- and macroalbuminuria in diabeticrenal tissue of long-term diabetic rats. J Am Soc Nephrol 2000;
patients: a pilot study. J Int Med Res 1997; 25: 81-611: 2324-36

42. US National Institutes of Health. Effect of sulodexide in overt25. Gambaro G, Venturini AP, Noonan DM, et al. Treatment with a
diabetic nephropathy [online]. Available from URL: http://glycosaminoglycan formulation ameliorates experimental dia-
www.clinicaltrials.gov/ct/show/NCT00130312?order=3 [Ac-betic nephropathy. Kidney Int 1994; 46: 797-806
cessed 2006 Oct 25]26. Maxhimer JB, Somenek M, Rao G, et al. Heparanase-1 gene

43. US National Institutes of Health. Effect of sulodexide in earlyexpression and regulation by high glucose in renal epithelial
diabetic nephropathy [online]. Available from URL: http://cells: a potential role in the pathogenesis of proteinuria in
www.clinicaltrials.gov/ct/show/NCT00130208?order=10 [Ac-diabetic patients. Diabetes 2005; 54: 2172-8
cessed 2006 Oct 25]27. Shafat I, Vlodavsky I, Ilan N. Characterization of mechanisms

44. Achour A, Kacem M, Dibej K, et al. One year course of oralinvolved in secretion of active heparanase. J Biol Chem 2006;
sulodexide in the management of diabetic nephropathy.281: 23804-11
J Nephrol 2005; 18: 568-7428. Xu X, Rao G, Maxhimer J, et al. Mechanism of action of

sulodexide-mediated control of diabetic proteinuria: inhibition 45. Vinik A. The protein kinase C-beta inhibitor, ruboxistaurin, for
of heparanase-1 activity [abstract]. J Am Soc Nephrol 2005; the treatment of diabetic microvascular complications. Expert
16: 673A Opin Investig Drugs 2005; 14: 1547-59

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (18)



New Agents in Diabetic Kidney Disease 2297

46. Toyoda M, Suzuki D, Honma M, et al. High expression of PKC- 63. Joy SV, Scates AC, Bearelly S, et al. Ruboxistaurin, a protein
MAPK pathway mRNAs correlates with glomerular lesions in kinase C beta inhibitor, as an emerging treatment for diabetes
human diabetic nephropathy. Kidney Int 2004; 66: 1101-14 microvascular complications. Ann Pharmacother 2005; 39:

1693-947. He Z, King GL. Can protein kinase C beta-selective inhibitor,
64. Barbuch RJ, Campanale K, Hadden CE, et al. In vivo metabo-ruboxistaurin, stop vascular complications in diabetic patients?

lism of [14C]ruboxistaurin in dogs, mice, and rats followingDiabetes Care 2005; 28: 2803-5
oral administration and the structure determination of its me-48. Craven PA, DeRubertis FR. Protein kinase C is activated in
tabolites by liquid chromatography/mass spectrometry andglomeruli from streptozotocin diabetic rats: possible mediation
NMR spectroscopy. Drug Metab Dispos 2006; 34: 213-24by glucose. J Clin Invest 1989; 83: 1667-75

65. Ishii H, Jirousek MR, Koya D, et al. Amelioration of vascular49. Ayo SH, Radnik R, Garoni JA, et al. High glucose increases
dysfunctions in diabetic rats by an oral PKC beta inhibitor.diacylglycerol mass and activates protein kinase C in mesangi-
Science 1996; 272: 728-31al cell cultures. Am J Physiol 1991; 261: F571-7

66. Koya D, Jirousek MR, Lin YW, et al. Characterization of
50. Derubertis FR, Craven PA. Activation of protein kinase C in protein kinase C beta isoform activation on the gene expres-

glomerular cells in diabetes: mechanisms and potential links to sion of transforming growth factor-beta, extracellular matrix
the pathogenesis of diabetic glomerulopathy. Diabetes 1994; components, and prostanoids in the glomeruli of diabetic rats.
43: 1-8 J Clin Invest 1997; 100: 115-26

51. Inoguchi T, Sonta T, Tsubouchi H, et al. Protein kinase C- 67. Koya D, Haneda M, Nakagawa H, et al. Amelioration of accel-
dependent increase in reactive oxygen species (ROS) produc- erated diabetic mesangial expansion by treatment with a PKC
tion in vascular tissues of diabetes: role of vascular NAD(P)H beta inhibitor in diabetic db/db mice, a rodent model for type 2
oxidase. J Am Soc Nephrol 2003; 14: S227-32 diabetes. FASEB J 2000; 14: 439-47

52. Tuttle KR, Johnson EC, Cooney SK, et al. Amino acids injure 68. Williams ME, Tuttle KR. The next generation of diabetic ne-
mesangial cells by advanced glycation end products, oxidative phropathy therapies: an update. Adv Chronic Kidney Dis
stress, and protein kinase C. Kidney Int 2005; 67: 953-68 2005; 12: 212-22

53. Scivittaro V, Ganz MB, Weiss MF. AGEs induce oxidative 69. Kitada M, Koya D, Sugimoto T, et al. Translocation of glomeru-
stress and activate protein kinase C-beta(II) in neonatal lar p47phox and p67phox by protein kinase C-beta activation
mesangial cells. Am J Physiol Renal Physiol 2000; 278: F676- is required for oxidative stress in diabetic nephropathy. Diabe-
83 tes 2003; 52: 2603-14

70. Kelly DJ, Chanty A, Gow RM, et al. Protein kinase Cbeta54. Malhotra M, Kang B, Cheung S, et al. Angiotensin II promotes
inhibition attenuates osteopontin expression, macrophage re-glucose-induced activation of cardiac protein kinase C
cruitment, and tubulointerstitial injury in advanced experimen-isozymes and phosphorylation of troponin I. Diabetes 2001;
tal diabetic nephropathy. J Am Soc Nephrol 2005; 16: 1654-6050: 1918-26

71. Tuttle KR, Bakris GL, Toto RD, et al. The effect of ruboxis-55. Thallas-Bonke V, Lindschau C, Rizkalla B, et al. Attenuation of
taurin on nephropathy in type 2 diabetes. Diabetes Care 2005;extracellular matrix accumulation in diabetic nephropathy by
28: 2686-90the advanced glycation end product cross-link breaker ALT-

72. The PKC-DRS Study Group. The effect of ruboxistaurin on711 via a protein kinase C-alpha-dependent pathway. Diabetes
visual loss in patients with moderately severe to very severe2004; 53: 2921-30
nonproliferative diabetic retinopathy: initial results of the Pro-56. Osicka TM, Yu Y, Lee V, et al. Aminoguanidine and ramipril
tein Kinase C beta Inhibitor Diabetic Retinopathy Study (PKC-prevent diabetes-induced increases in protein kinase C activity
DRS) multicenter randomized clinical trial. Diabetes 2005; 54:in glomeruli, retina and mesenteric artery. Clin Sci (Lond)
2188-972001; 100: 249-57

73. Vinik AI, Bril V, Kempler P, et al. Treatment of symptomatic57. Shen GX. Selective protein kinase C inhibitors and their appli-
diabetic peripheral neuropathy with the protein kinase C beta-cations. Curr Drug Targets Cardiovasc Haematol Disord 2003;
inhibitor ruboxistaurin mesylate during a 1-year, randomized,3: 301-7
placebo-controlled, double-blind clinical trial. Clin Ther 2005;

58. Xia L, Wang H, Goldberg HJ, et al. Mesangial cell NADPH 27: 1164-80
oxidase upregulation in high glucose is protein kinase C de- 74. Raj DS, Choudhury D, Welbourne TC, et al. Advanced glyca-
pendent and required for collagen IV expression. Am J Physiol tion end products: a Nephrologist’s perspective. Am J Kidney
Renal Physiol 2006; 290: F345-56 Dis 2000; 35: 365-80

59. Ziyadeh FN, Sharma K. Overview: combating diabetic nephrop- 75. Heidland A, Sebekova K, Schinzel R. Advanced glycation end
athy. J Am Soc Nephrol 2003; 14: 1355-7 products and the progressive course of renal disease. Am J

60. Hudson BI, Bucciarelli LG, Wendt T, et al. Blockade of receptor Kidney Dis 2001; 38: S100-6
for advanced glycation endproducts: a new target for therapeu- 76. Forbes JM, Cooper ME, Oldfield MD, et al. Role of advanced
tic intervention in diabetic complications and inflammatory glycation end products in diabetic nephropathy. J Am Soc
disorders. Arch Biochem Biophys 2003; 419: 80-8 Nephrol 2003; 14: S254-8

61. Chu S, Bohlen HG. High concentration of glucose inhibits 77. Khalifah RG, Chen Y, Wassenberg JJ. Post-Amadori AGE
glomerular endothelial eNOS through a PKC mechanism. Am inhibition as a therapeutic target for diabetic complications: a
J Physiol (Renal Physiol) 2004; 287: F384-92 rational approach to second-generation Amadorin design. Ann

N Y Acad Sci 2005; 1043: 793-80662. Jirousek MR, Gillig JR, Gonzalez CM, et al. (S)-l 3-[(dimethy-
78. Williams ME. New therapies for advanced glycation end prod-lamino)methyl]-10,ll,14,15-tetrahydro-4,9: 16, 21-dimetheno-

uct nephrotoxicity: current challenges. Am J Kidney Dis 2003;lH, 13H-dibenzo[e,k]pyrrolo[3,4-; h][l,4,13]oxadiazacyclo-
41: S42-7hexadecene-l,3(2H)-d ione (LY333531) and related analogues:

isozyme selective inhibitors of protein kinase C beta. J Med 79. Brownlee M. Biochemistry and molecular cell biology of dia-
Chem 1996; 39: 2664-71 betic complications. Nature 2001; 414: 813-20

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (18)



2298 Williams

80. Hou FF, Ren H, Owen WF, et al. Enhanced expression of 92. Voziyan PA, Hudson BG. Pyridoxamine as a multifunctional
receptor for advanced glycation end products in chronic kidney pharmaceutical: targeting pathogenic glycation and oxidative
disease. J Am Soc Nephrol 2004; 15: 1889-96 damage. Cell Mol Life Sci 2005; 62: 1671-81

81. Thomas MC, Baynes JW, Thorpe SR, et al. The role of AGEs 93. Pomero F, Molinar Min A, La Selva M, et al. Benfotiamine is
and AGE inhibitors in diabetic cardiovascular disease. Curr similar to thiamine in correcting endothelial cell defects in-
Drug Targets 2005; 6: 453-74 duced by high glucose. Acta Diabetol 2001; 38: 135-8

82. Voziyan PA, Hudson BG. Pyridoxamine: the many virtues of a 94. Babaei-Jadidi R, Karachalias N, Ahmed N, et al. Prevention of
maillard reaction inhibitor. Ann N Y Acad Sci 2005; 1043: incipient diabetic nephropathy by high-dose thiamine and
807-16 benfotiamine. Diabetes 2003; 52: 2110-20

83. Kalousova M, Zima T, Tesar V, et al. Advanced glycation end 95. Alderson NL, Chachich ME, Youssef NN, et al. The AGE
products in clinical nephrology. Kidney Blood Press Res 2004; inhibitor pyridoxamine inhibits lipemia and development of
27: 18-28 renal and vascular disease in Zucker obese rats. Kidney Int

84. Jerums G, Panagiotopoulos S, Forbes J, et al. Evolving concepts 2003; 63: 2123-33
in advanced glycation, diabetic nephropathy, and diabetic vas-

96. Degenhardt TP, Alderson NL, Arlington DD, et al. Pyridox-cular disease. Arch Biochem Biophys 2003; 419: 55-62
amine inhibits early renal disease and dyslipidemia in the

85. Sabbatini M, Sansone G, Uccello F, et al. Early glycosylation streptozotocin-diabetic rat. Kidney Int 2002; 61: 939-50
products induce glomerular hyperfiltration in normal rats. Kid-

97. Kang Z, Li H, Li G, et al. Reaction of pyridoxamine withney Int 1992; 42: 875-81
malondialdehyde: mechanism of inhibition of formation of

86. Bendayan M. Immunocytochemical detection of advanced gly- advanced lipoxidation end-products. Amino Acids 2006; 30:
cated end products in rat renal tissue as a function of age and 55-61
diabetes. Kidney Int 1998; 54: 438-47

98. Stitt A, Gardiner TA, Alderson NL, et al. The AGE inhibitor87. Youssef S, Nguyen DT, Soulis T, et al. Effect of diabetes and
pyridoxamine inhibits development of retinopathy in experi-aminoguanidine therapy on renal advanced glycation end-
mental diabetes. Diabetes 2002; 51: 2826-32product binding. Kidney Int 1999; 55: 907-16

99. Pedchenko VK, Chetyrkin SV, Chuang P, et al. Mechanism of88. Bolton WK, Cattran DC, Williams ME, et al. Randomized trial
perturbation of integrin-mediated cell-matrix interactions byof an inhibitor of formation of advanced glycation end prod-
reactive carbonyl compounds and its implication for pathogen-ucts in diabetic nephropathy. Am J Nephrol 2004; 24: 32-40
esis of diabetic nephropathy. Diabetes 2005; 54: 2952-60

89. Abdel-Rahman E, Bolton WK. Pimagedine: a novel therapy for
100. Schaumburg H, Kaplan J, Windebank A, et al. Sensory neuropa-diabetic nephropathy. Expert Opin Investig Drugs 2002; 11:

thy from pyridoxine abuse: a new megavitamin syndrome.565-74
N Engl J Med 1983; 309: 445-890. Williams ME. Clinical studies of advanced glycation end prod-

uct inhibitors and diabetic kidney disease. Curr Diab Rep
2004; 4: 441-6

Correspondence and offprints: Dr Mark E. Williams, Renal
91. Jandeleit-Dahm KA, Lassila M, Allen TJ. Advanced glycation

Unit, Joslin Diabetes Center, 1 Joslin Place, Boston, MAend products in diabetes-associated atherosclerosis and renal
02215, USA.disease: interventional studies. Ann N Y Acad Sci 2005; 1043:

759-66 E-mail: mark.williams@joslin.harvard.edu

 2006 Adis Data Information BV. All rights reserved. Drugs 2006; 66 (18)


	Abstract 2287
	1. Sulodexide 2289
	2. Ruboxistaurin 2291
	3. Pyridoxamine 2293
	4. Conclusion 2295
	Acknowledgements 2295
	References 2295
	Correspondence 2298
	Email 2298

