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Changes in Glomerular Perm-Selectivity Induced by Angiotensin II
Imply Podocyte Dysfunction and Slit Diaphragm Protein Rearrangement

By Ariela Benigni,* Elena Gagliardini,* and Giuseppe Remuzzi*†

olecular mechanisms governing the loss of glomerular membrane perm selectivity during progression of pro-
einuric kidney diseases are so far poorly defined. Discovery of the proteins of the podocyte slit diaphragm,
ncluding the nephrin-CD2AP-podocin complex, has represented a major breakthrough in understanding the
rucial role of the glomerular epithelial layer in the pathogenesis of proteinuria in human congenital disorders. A
umber of studies have tried to address the role of nephrin in acquired proteinuric disorders with conflicting
esults. In human diabetic nephropathy a defect of nephrin gene and protein expression has been consistently
eported, which translates in profound changes of filtration slit ultrastructural architecture. The exclusive effect of
ngiotensin II inhibitors of restoring deficient nephrin expression in proteinuric diseases underlines a close

nteraction between angiotensin II and podocyte proteins and indicates a fresh way to look at the renoprotective
roperties of these molecules.
2004 Elsevier Inc. All rights reserved.
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ND-STAGE RENAL FAILURE is increasing
worldwide at an alarming rate, fueled by

teady rises in prevalence of underlying conditions
uch as diabetic nephropathy, primary or second-
ry glomerulonephritis, HIV nephropathy, and
hronic allograft rejection. The consequent human
nd financial burden is becoming a staggering
hallenge to public health care systems as a result
f the prohibitive costs of renal replacement ther-
py that could become unaffordable even in devel-
ped countries. Molecular mechanisms that lead to
erturbation or loss of perm selectivity of the glo-
erular membrane during progression of protein-

ric kidney diseases are so far poorly defined.
here is increasing evidence of harmful secondary
ffects of the excessively filtered proteins across
he glomerular capillary barrier on the kidney
roximal tubule. The relationship between protein-
ria and the rate of renal function decline in most
lomerular disorders has been widely described in

number of clinical and experimental studies.
odels of heavy proteinuria in rats are character-

zed by development of glomerulosclerosis, inter-
titial inflammation, and progressive tubulointer-
titial fibrosis1-3 Overreabsorption of proteins by
he proximal tubules appears to be toxic both for
he quantity and the type of proteins that activate
nflammatory and fibrogenic factors leading to
carring.4 Gene expression profiling experiments
llowed to identify more than 1000 genes that are
pregulated in renal proximal tubules from mice
ith protein-overload proteinuria.5 Furthermore, in
itro studies showed that proximal tubular cell
ultures exposed to protein overload produced
ore monocyte chemotactic protein-1 endothe-
in-1, RANTES as a result of nuclear factor kB

eminars in Nephrology, Vol 24, No 2 (March), 2004: pp 131-14
NFkB) activation.6,7 Protein overload proteinuria
lso induces tubular cell apoptosis that in the long
erm is responsible for disconnection of tubules
rom the glomerulus in rats with severe renal in-
ury.8 Apoptosis also occurs in vitro as docu-

ented by a dose- and duration-dependent upregu-
ation of the Fas-FADD-caspase 8 pathway by
roximal tubular cells exposed to excess albumin.9

Besides proteinuria,10 angiotensin II (Ang II)
as also emerged as a pivotal factor in the patho-
enesis of renal injury,11 to the extent that infusion
f Ang II in the rat causes proteinuria, and angio-
ensin-converting enzyme inhibitors (ACEi) pre-
ent proteinuria by preserving the size-selective
estriction to macromolecular probes both in ani-
als and in people.12,13 Several nonhemodynamics

ffects of Ang II might also be important in renal
isease progression, including mesangial cell pro-
iferation, stimulation of both transforming growth
actor � and plasminogen activator inhibitor ex-
ression, all resulting in increased synthesis of
xtracellular matrix; activation and infiltration of
acrophages and induction of aldosterone produc-

ion by adrenal glands.14 The clinical benefit of
reventing renal deterioration by blocking the re-
in–angiotensin system is not entirely explained by
ntihypertensive action or the antiproteinuric effect
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BENIGNI, GAGLIARDINI, AND REMUZZI132
f ACEi or Ang II receptor antagonists.15,16 Investi-
ation of mechanism(s) underlying glomerular bar-
ier dysfunction becomes crucial to identify both the
lomerular cell target dysfunction and the intracellu-
ar responses downstream Ang II receptors.

DETERMINANTS OF GLOMERULAR
CAPILLARY WALL PERMEABILITY

Under normal circumstances, the glomerular
apillary wall functions as an efficient and selec-
ive barrier that allows a high flow rate of filtration
or plasma water and small solutes, but almost
ompletely retains macromolecules with the size of
lbumin or larger.17 Several experimental studies
nd clinical investigations in the past have focused
n understanding how glomerular membrane
erm-selective function is damaged or lost during
evelopment of proteinuric glomerular diseases.
his is still an open question and of crucial impor-

ance, because a growing body of evidence sug-
ests that abnormal filtration of plasma proteins
hrough the glomerular capillary wall has an intrin-
ic toxicity on the proximal tubule and subse-
uently on the whole kidney, and seems to repre-
ent a key factor in renal disease progression.18,19

mathematical approach to study glomerular cap-
llary wall permeability suggests that in nephropa-
hy, previously unexposed large nonselective pores
re recruited in a new pathway permeable to mac-
omolecules.20 The best-credited hypothesis is that
he distortion of the epithelial layer with loss of
odocyte–podocyte contacts and denudation of
asement membrane could represent an exagger-
ted equivalent to the new nonselective pathway.20

ecent discovery of the molecular components of
he slit diaphragm, specialized structure of podo-
yte–podocyte interaction, represented a major
reakthrough in understanding the crucial role of
pithelial layer of the glomerular barrier and the
athogenesis of proteinuria.21,22

SLIT DIAPHRAGM AND ASSOCIATED PROTEINS

The slit diaphragm is a continuous structure that
ridges the gap between the interdigitating foot
rocesses of the adjacent podocytes. In 1974,
odewald and Karnovsky proposed a “zipper”
odel, in which the slit diaphragm is composed by

od-like units extending from the podocyte foot
rocesses to a linear central bar running parallel to
he cell membranes.23 Although unique in structure

nd function, slit diaphragm shares certain compo- m
ents with other intercellular junctions, including
onula occludens-1 (ZO-1), a 225-kD polypep-
ide24 specific for the tight junctions or zonula
ccludens and FAT and P-cadherin25 expressed in
esmosomes and adherens junctions.
Nephrin, originally described as a peculiar protein

f the slit diaphragm, was subsequently identified to
e expressed in the brain, pancreas, and testis.26,27

ephrin is a transmembrane molecule with an extra-
ellular portion containing eight Ig motifs, character-
stic of proteins participating in cell–cell interaction,
nd one fibronectin type III-like module. The pre-
icted structure and biochemical properties of neph-
in suggest that it could form dimers through ho-
ophilic interactions spanning the slit diaphragm.28

ephrin has been proposed to form a zipper-like filter
tructure, which prevents molecules of the size of
lbumin and larger to penetrate the filter.21,28 The
ntracellular domain with nine tyrosine residues typ-
cal of signaling molecules incited studies that indi-
ated Src family kinases as enzymes that phosphor-
late nephrin initiating a signaling cascade and
hosphorylation of other proteins.29,30

Evidence concurs to indicate that nephrin is es-
ential for the functional integrity of the glomeru-
ar filter. Mutations in the human nephrin gene
NPHS1) in severe congenital nephrotic syndrome
f the Finnish type (CNF)31,32 result in the absence
f the slit diaphragm, massive proteinuria in utero,
nd nephrotic syndrome at birth. Mice with tar-
eted disruption of the nephrin gene develop heavy
rotenuria, edema, and die within 24 hours. Histo-
ogic features are comparable to those seen in
atients with CNF, including an enlarged Bow-
an’s space, dilated proximal and distal tubules,
esangial hypercellularity and, at the electron mi-

roscopic level, partial foot process effacement and
bsence of the slit diaphragm.26,33

Mutations in another gene, NPHS2 encoding for
he 42-kDa integral podocyte membrane protein
odocin, were recently identified as the cause of
utosomal-recessive steroid-resistant nephrotic syn-
rome characterized by focal segmental glomerulo-
clerosis (FSGS).34 Podocin localizes to the podocyte
oot process membrane at the insertion site of the slit
iaphragm, where it binds to the cytoplasmic tail of
ephrin as well as to two other podocyte proteins,
D-2-associated protein (CD2AP) and Neph1.35,36

odocin is important for the stability of this complex,
hich is embedded in a special cell membrane do-

37
ain, the lipid raft.
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CHANGES IN GLOMERULAR PERM SELECTIVITY INDUCED BY ANGIOTENSIN II 133
During development at the capillary loop stage,
ephrin expression simultaneously appears into the
oot processes together with the CD2AP. CD2AP
s an 80-kD ubiquitously expressed protein inter-
cting with CD2, a T cell membrane protein facil-
tating T cell adhesion to antigen-presenting
ells.38 Targeted deletion of CD2AP in mice un-
xpectedly revealed the presence of proteinuria
nd a severe kidney pathology almost exclusively
onfined to the podocytes with loss of foot process
ntegrity and obliteration of the spaces of foot
rocesses, supporting a role of CD2AP in the spe-
ialized cell junction.39 In vitro experiments with
n heterologous expression system allowed to
emonstrate that CD2AP coimmunoprecipitated
ith the C-terminal cytoplasmic tail of nephrin and

he actin-based cytoskeleton.40,41 More recent data
ave shown that mice with CD2AP haploinsuffi-
iency had increased susceptibility to glomerular
njury by nephrotoxic antibodies or immune com-
lexes as well as patients with a mutation predict-
ng to ablate expression of one CD2AP allele who
re more inclined to develop focal segmental glo-
erulosclerosis.42 NEPH1, a molecule recently

dentified in podocyte areas, belongs to a family of
hree closely related proteins, NEPH1, NEPH2,
nd NEPH3. NEPH1 shows structure homology
ith nephrin, consisting of five extracellular im-
unoglobulin-like repeats by which probably in-

eracts with nephrin forming the backbone of the
lit diaphragm, a transmembrane domain and a
ytoplasmic tail instrumental for the binding to the
arboxyterminal domain of podocin and ZO-1.36,43,44

ephrin and NEPH1 are both signaling molecules
hat can activate intracellular kinases able to in-
uce a signaling cascade most probably important
or the proper function of the glomerular filter.45

The actual structure of the slit diaphragm is, as
et, unresolved and very complex. The slit dia-
hragm proteins have an intimate relationship with
he actin cytoskeleton of the foot process, schemat-
cally represented in Figure 1. Disruption or inef-
cient interplay of the slit diaphragm proteins with
ctin cytoskeleton has been proposed to present a
nal common pathway leading to foot process ef-
acement in proteinuric diseases.46

ANG II AND CHANGES IN GLOMERULAR
PERMEABILITY

A direct evidence of the effect of Ang II of

odifying glomerular permeability rests on the i
eminal observation that infusion of Ang II in
he isolated perfused kidney causes a dose-de-
endent increase in glomerular permeability to
roteins, a phenomenon completely abrogated
y pretreatment with a Ang II type 1 receptor
ntagonist.47 Further interest in this area has
een generated by the observation that inhibition
f ACE prevents or reduces urinary protein ex-
retion, glomerular injury, and renal function
eterioration in experimental animals12,48,49 and
umans.50,51 Investigation of glomerular capil-
ary wall permeability properties has suggested
hat in an experimental model characterized by
assive proteinuria, such as passive Heymann

ephritis, proteinuria depends on the recruitment
f previously unexposed, large, nonselective
ores, which constitute an escape pathway per-
eable to macromolecules.20 Studies by our

roup in male Munich Wistar Frömter (MWF)
ats, which develop spontaneous proteinuria
ith age,52 have shown that Ang II inhibition or

ntagonism prevented proteinuria by preserving
ize-selective function of the glomerular capil-
ary.12,53 This effect has also been demonstrated
n human renal diseases.54-56 We have observed
hat in the MWF rats the elevation of the glo-
erular ultrafiltration coefficient induced by
CE inhibitors was not the consequence of in-

reased glomerular-filtering surface area,57 but
ust be attributed primarily to an elevation of

he hydraulic permeability of the glomerular
apillary wall. Structural and theoretical evi-
ence suggests that the hydraulic resistance of
he glomerular capillary wall is attributed half to
he glomerular basement membrane (GBM) and
alf to the slit diaphragm of the epithelial podo-
ytes. However, studies using isolated GBM
reparations have shown that the matrix network
f the GBM is unlikely to be primary site of
ysfunction in rats with proteinuria susceptible
o the antiproteinuric action of ACE-inhibitors.58

hanges in glomerular podocyte morphology
ave been implicated in the pathogenesis of pro-
einuria in diabetic and nondiabetic nephropa-
hies instead. Podocytes bear specific Ang II
eceptors that could initiate intracellular signal-
ng responsible for redistribution of major pro-
eins of the foot process and for the associated
ncreases in transepithelial albumin permeability

n the isolated perfused kidney.
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BENIGNI, GAGLIARDINI, AND REMUZZI134
CHANGES IN SLIT DIAPHRAGM PROTEIN
EXPRESSION IN ACQUIRED PROTEINURIC

CONDITIONS AND MODULATION BY ANG II
BLOCKERS

xperimental Models

ondiabetic Nephropathies

Several monoclonal antibodies have been devel-
ped in the late 1980s to identify potential nephri-
ogenic glomerular antigens by means of hybrid-
ma technology. Among them, the monoclonal
ntibody 5-1-6 obtained from the immunization of

Fig 1. Schematic representation of the interactio
iaphragm. The right side of the figure represents the p
y the transmembrane domains of nephrin and Neph1

nteraction with each other. Neph1 molecules asso
xtracellular domains. Nephrin and Neph1 differ in
ltrafiltrate. Intracellularly, Neph1 binds to ZO-1 (right
D2AP (left side of the figure).
mouse with isolated rat glomeruli induced mas- u
ive proteinuria when infused in the rat.59 Protein-
ria was not accompanied by complement activa-
ion, recruitment of inflammatory cells, and
ltrastructural changes in the glomerulus, except
or the partial retraction of the epithelial foot pro-
esses.59 The antibody recognized an antigen lo-
alized on the outer surface of glomerular epithe-
ial foot processes mainly around the slit
iaphragms critically involved in the maintenance
f the perm-selective function of the glomerulus.
he antigen identity remained elusive for 10 years

ome molecular components of the glomerular slit
membrane of adjacent foot processes encompassed

rin molecules from opposite foot processes establish
with each other and interact with nephrin through
, forming the space for the passage of glomerular
of the figure), whereas nephrin binds to podocin and
n of s
lasma

. Neph
ciate
length
side
ntil the cloning of nephrin, which allowed the
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CHANGES IN GLOMERULAR PERM SELECTIVITY INDUCED BY ANGIOTENSIN II 135
dentification of the monoclonal antibody 5-1-6 as
eing directed toward the extracellular domain of
ephrin.60 Subsequent studies have indicated neph-
in as a potential target of injury in acquired forms
f proteinuric renal diseases in experimental ani-
als. Puromycin aminonucleoside nephrosis

PAN) in rat is a widely used model of podocyte
njury, morphologically and functionally resem-
ling the human minimal change nephrosis.61,62 In
his model, proteinuria and morphologic changes,
ncluding fusion and effacement of podocyte foot
rocesses with the consequent slit diaphragm loss,
re associated with the reduction in nephrin and
odocin expression. Luimula et al. found the alpha
plice variant of nephrin, lacking of the exon cod-
ng for the transmembrane domain of the protein,
n the urine of PAN rats,63 suggesting that soluble
ephrin variants might be important markers for
roteinuric diseases.64

Studies from our group in an accelerated model
f passive Heymann nephritis (PHN), the experi-
ental counterpart of human membranous ne-

hropathy, have shown a time-dependent reduction
f nephrin mRNA and protein expression in the
lomeruli of proteinuric PHN rats.8 The redistribu-
ion and loss of nephrin from glomerular podocytes
n PHN rats was an early event that coincided with
r even preceded the onset of proteinuria.65 Neph-
in partly dissociated from actin at the onset of
odocyte injury in PHN. This was accompanied by
progressive loss of nephrin from podocyte foot

rocesses and progressive disruption or displace-
ent of the slit diaphragms giving rise to protein-

ria.65 Abnormal nephrin expression was specific
nd not simply a consequence of podocyte damage
o the extent that both the distribution and the
mount of CD2AP and ZO-1, other podocyte pro-
eins, did not undergo similar changes.8,65 Of in-
erest was the observation that the remarkable
enoprotective effect afforded by the ACE inhibi-
or or the angiotensin II type 1 receptor blocker
aralleled a complete prevention of glomerular
ephrin downregulation in accelerated PHN.8 This
nprecedented finding indicated the crucial role of
ng II in conditioning the molecular network of

he epithelial slit diaphragm and emphasized the
rotective effect of the drugs interfering with Ang
I synthesis/activity on glomerular podocytes.
tudies in the remnant kidney, a nonimmunologic
odel of renal injury peculiarly sensitive to renin–
ngiotensin system inhibition, confirmed the favor- a
ble effect of blocking Ang II type 1 receptors in
estoring the reduced nephrin gene and protein
xpression.66 The most distinguished findings of
his study were that a selective Ang II type 2
eceptor antagonist attenuated the deficiency of
ephrin expression despite less effectiveness in
educing proteinuria than Ang II type 1 receptor
ntagonist and, more importantly, the combined
lockade of both receptors conferred additive reno-
rotective effect with respect to monotherapies.66

enoprotection afforded by ACE inhibitors or Ang
I receptor antagonists could be the result of the
irect blocking of the injurious effect of angioten-
in II on the podocyte or be mediated by Ang II
nhibitors’ capability of reducing intraglomerular
ydraulic pressure and the consequent stretching of
he podocytes. The latter possibility is consistent
ith the in vitro observation of the remarkable

ytoskeletal reorganization induced in podocytes
n response to mechanical stress.67

The antiproteinuric effect of Ang II blockers is
artly related to the attenuation of ZO-1 expression
s documented in the genetic model of renal injury,
he MWF rats. Altered pattern of ZO-1 distribution
haracterized by a discontinuous staining at light
icroscopy and an abnormal presence of clusters

f gold particles in podocyte foot processes cyto-
lasm was observed within the podocytes of MWF
ats well before the development of glomeruloscle-
osis but not in controls.68 ZO-1 abnormality was
estored by ACE inhibitors, which also prevented
roteinuria.68 ZO-1 serves as adaptor protein that
inks peripheral actin bundles to P cadherin/catenin
omplex at the slit diaphragm.69 It might be pos-
ible that Ang II could induce actin cytoskeleton
eorganization leading to ZO-1 redistribution, loss
f albumin perm selectivity, and consequent podo-
yte permeability dysfunction.

iabetes

Little is known about the pathogenesis of per-
istent proteinuria associated with diabetic ne-
hropathy, the leading cause of end-stage renal
isease worldwide. The numerous studies so far
eported did not contribute to shed light on the role
f nephrin in the pathogenesis of proteinuria in
iabetes. The first report documented that irrespec-
ive of the cause of the disease, either genetic or
hemical, renal nephrin gene expression increased
s early as 6 to 8 weeks in nonobese diabetic mice

nd in streptozotocin diabetic rats, both of which
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BENIGNI, GAGLIARDINI, AND REMUZZI136
lready developed proteinuria, concomitant with
he presence in the urine of soluble nephrin.70 A
ubsequent study from the same group showed that
n a preproteinuric state, nephrin expression was
nchanged, whereas it was reduced with the devel-
pment of glomerular injury in diabetic rats.71 The
rend of nephrin expression was somewhat puz-
ling and did not allow to conclude that changes in
ephrin might be a determinant of the loss of
lomerular filtration function in experimental dia-
etic nephropathy. As for chronic nondiabetic ne-
hropathies, the treatment with the ACE inhibitor71

nd Ang II type 1 receptor antagonist, irbersartan,
as effective in normalizing nephrin levels,72

hich can be taken to suggest that modulation of
ephrin expression is, at least in part, Ang II-
ependent. This interpretation is further reinforced
y findings that the blood pressure effect of cal-
ium channel blockers does not limit proteinuria or
estore nephrin expression.73 By contrast, the va-
opeptidase inhibitor omapatrilat, which remark-
bly attenuated albuminuria, has been found effec-
ive in normalizing nephrin expression in diabetic
pontaneously hypertensive rats.74 One can specu-
ate that the activity of Ang II to lower proteinuria
epends on its capacity to restore podocyte cy-
oskeleton dysfunction and its consequence on slit
iaphragm architecture. Recent data strengthen
uch view by showing that Ang II induces actin
ytoskeleton reorganization, leading to ZO-1 re-
istribution and loss of albumin perm selectivity
cross podocyte monolayer as well as in isolated
erfused kidney through activation of Src ki-
ases (Daniela Macconi, personal communica-
ion, 2003).

uman Studies

ondiabetic Nephropathies

Studies on nephrin expression in acquired hu-
an nephroses led to controversial results as a

esult of the lack of simultaneous assessment of
ephrin mRNA and protein expression. The issue
ppears so controversial that some authors reported
ifferent findings in different studies. A very pre-
iminary report based on an exiguous number of
atients showed that glomerular nephrin mRNA
valuated by reverse transcriptase–polymerase
hain reaction in three adult patients with minimal-
hange nephrotic syndrome (MCN) and one with

embranous nephropathy (MN) was significantly p
ecreased.75 Conversely, in situ hybridization and
mmunohystochemistry experiments revealed no
hanges in the expression of nephrin mRNA and
rotein in childhood kidney disease with protein-
ria as MCN, FSGS, and MN, with an abnormal
attern of protein staining in IgA nephropathy.76

onsistent with data in children were the results in
dult patients of normal nephrin staining in MCN
nd FSGS and a selective reduction in IgA ne-
hropathy.77 This view has been challenged by
urther documenting loss of nephrin staining in-
ersely correlating with proteinuria in patients with
ephrotic syndrome.78,79 Discrepancies of these re-
ults prompted us to evaluate with a more system-
tic approach nephrin mRNA and the correspond-
ng protein using antibodies recognizing the
xtracellular and the intracellular portion of the
olecule in a consistent number of nephrotic pa-

ients. Glomerular expression of nephrin mRNA
nd protein was not different in patients with MCN
nd FSGS in comparison with control subjects who
ad undergone nephrectomy for kidney adenocar-
inoma.80 By contrast, a remarkable reduction or
ven absence of nephrin mRNA and staining in-
ensity for extracellular nephrin domain was found
n IgA nephropathy patients in the face of a normal
xpression of the intracellular nephrin domain.80

inding of a comparable CD2AP expression in all
cquired nephroses and in controls suggested that
ephrin changes in IgA nephropathy patients were
pecific and not shared by other podocyte pro-
eins.80 Finally, we assessed whether nephrin ab-
ormalities observed in IgA nephropathy actually
ranslated in reorganization of the filtration slit fine
rchitecture by transmission electron microscopy
tudies. Despite slit pores having a normal fre-
uency and width, a marked reduction in the per-
entage of electron dense slit diaphragms was ob-
erved in IgA nephropathy (Fig 2C, D), but not in
atients with MCN in respect to control subjects
Fig 2A, B), reflecting nephrin changes showed by
mmunohistochemistry.80

iabetes

Studies addressing nephrin expression in human
iabetic nephropathy gave more consistent results
han those in nondiabetic proteinuric nephropa-
hies. Downregulation of nephrin in the kidney in
oth type I and type II diabetes together with a
hift from the normal linear to a granular pattern of

81,82
rotein immunostaining was observed. A re-
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CHANGES IN GLOMERULAR PERM SELECTIVITY INDUCED BY ANGIOTENSIN II 137
ent study from ours has shown that diabetic pa-
ients with nephropathy had remarkably less renal
xpression of extracellular nephrin.83 Changes in
ephrin gene and protein were associated with
odocyte ultrastructural abnormalities, including
educed presence of electron dense filamentous
tructure within the slit diaphragms, an unprece-
ented finding in human diabetes. The slit dia-
hragm change secondary to selective reduction in
xtracellular nephrin could possibly contribute to
he glomerular permeability defect of diabetes.
ephrin loss would eventually lead to perturbed

unction of interacting slit diaphragm molecules,
esulting in further increases in proteinuria. On the
ther hand, primary defective expression of slit
iaphragm-specific molecules, including CD2AP
nd podocin that serve as anchors for nephrin to
he cytoskeleton, could be responsible for nephrin
oss. Lack of CD2AP prevents nephrin binding and
he formation of interdigitating processes and slit

39

Fig 2. Representative transmission electron microg
A), and in patients with IgA nephropathy (C). (B) and
ndicate the electron dense diaphragms in the filtratio
iaphragms in vivo. However, preserved CD2AP d
nd podocin expression in diabetic glomeruli
akes it unlikely the contribution of these mole-

ules to impaired perm selectivity in human dia-
etes.83 Impaired nephrin extracellular domain ex-
ression in diabetes could be the result of changes
n cytoskeleton distribution and cleavage of the
rotein induced by Ang II challenge82 as observed
n human cultured podocytes. That Ang II could
odulate nephrin expression is supported by in

ivo data of a normalization of nephrin expression
y ACE inhibitor in glomeruli from type II diabetic
atients.81 Progression of diabetic nephropathy is
argely dependent on a complex interplay of ge-
etic and metabolic factors. Among the latter, hy-
erglycemia seems an independent risk factor to
he extent that the levels of glycosylated hemoglo-
in strongly predict the renal function decline.
eduction of nephrin expression on the surface of
ultured podocytes after exposure to glycated al-
umin would support the notion that glycemia-

of the ultrastructure capillary wall in control patients
present enlarged details of panels A and C. Arrows
. Original magnification � 22,000.
raphs
(D) re
ependent modifications could have a role in the
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BENIGNI, GAGLIARDINI, AND REMUZZI138
bnormal pattern of nephrin expression in diabe-
es.82 All of these in vivo and in vitro data would
ndicate that nephrin abnormalities in diabetes
ould be the result of an acquired defect induced
y the diabetic milieau rather than by a genetic
ackground. In this regard, a recent cross-sectional
tudy in 996 type I diabetic patients did not show
ny association between polymorphisms of the
oding region of the nephrin gene and progression
f diabetic nephropathy or development of renal
ysfunction.84 Linkage with candidate regions for
ephrin has also been excluded in type II diabetic
atients with nephropathy.85

CONCLUSIONS

The importance of the podocytes in glomerular
hysiology and pathology has accumulated rapidly
n the last few years. The crucial role of the slit
iaphragm in the development of proteinuria is
ow secure, and the molecular composition of this
ital structure is gradually defined. A number of
vidence suggested that the nephrin–CD2AP–
odocin complex is a crucial functional unit that
nchors the slit diaphragm to the actin cytoskeleton
nd is required for proper glomerular filtration.
ephrin has a key role in the function of the
lomerular filtration barrier based on data from
atients with congenital nephroses. Contradictory
esults are available on nephrin involvement in the
athogenesis of proteinuria in acquired nephritic
isorders of humans as a result of heterogeneity of
he patients studied as well as of the methodologic
pproach to assess nephrin gene and protein ex-
ression. By contrast, studies in experimental and
uman diabetic nephropathy consistently indicate
hat among slit diaphragm proteins, nephrin is se-
ectively reduced, which would translate in
hanges of filtration slit architecture. Results pre-
ented here support this interpretation. The pecu-
iar ability of Ang II inhibitors to restore deficient
ephrin expression in podocytes disclose a novel
olecular target for renoprotection. Understanding

he molecular mechanisms underlying such phe-
omenon will open exciting perspectives for ther-
peutic approaches to retard or even prevent dia-
etic patients from ever progressing to end-stage
enal disease. This will undoubtedly represent a
ajor challenge for renal medicine in the next
oming years. m
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