Changesin Glomerular Perm-Sdlectivity Induced by Angiotensin |1
Imply Podocyte Dysfunction and Slit Diaphragm Protein Rearrangement

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

Molecular mechanisms governing the loss of glomerular membrane perm selectivity during progression of pro-
teinuric kidney diseases are so far poorly defined. Discovery of the proteins of the podocyte slit diaphragm,
including the nephrin-CD2AP-podocin complex, has represented a major breakthrough in understanding the
crucial role of the glomerular epithelial layer in the pathogenesis of proteinuria in human congenital disorders. A
number of studies have tried to address the role of nephrin in acquired proteinuric disorders with conflicting
results. In human diabetic nephropathy a defect of nephrin gene and protein expression has been consistently
reported, which translates in profound changes of filtration slit ultrastructural architecture. The exclusive effect of
angiotensin Il inhibitors of restoring deficient nephrin expression in proteinuric diseases underlines a close
interaction between angiotensin Il and podocyte proteins and indicates a fresh way to look at the renoprotective

properties of these molecules.
© 2004 Elsevier Inc. All rights reserved.

ND-STAGE RENAL FAILURE isincreasing

worldwide at an aarming rate, fueled by
steady rises in prevalence of underlying conditions
such as diabetic nephropathy, primary or second-
ary glomerulonephritis, HIV nephropathy, and
chronic allograft rejection. The consequent human
and financial burden is becoming a staggering
challenge to public health care systems as a result
of the prohibitive costs of rena replacement ther-
apy that could become unaffordable even in devel-
oped countries. Molecular mechanisms that lead to
perturbation or loss of perm selectivity of the glo-
merular membrane during progression of protein-
uric kidney diseases are so far poorly defined.
There is increasing evidence of harmful secondary
effects of the excessively filtered proteins across
the glomerular capillary barrier on the kidney
proximal tubule. The relationship between protein-
uria and the rate of renal function decline in most
glomerular disorders has been widely described in
a number of clinical and experimental studies.
Models of heavy proteinuria in rats are character-
ized by development of glomerulosclerosis, inter-
gtitial inflammation, and progressive tubulointer-
stitial fibrosis-3 Overreabsorption of proteins by
the proximal tubules appears to be toxic both for
the quantity and the type of proteins that activate
inflammatory and fibrogenic factors leading to
scarring.# Gene expression profiling experiments
allowed to identify more than 1000 genes that are
upregulated in renal proximal tubules from mice
with protein-overload proteinuria.s Furthermore, in
vitro studies showed that proxima tubular cell
cultures exposed to protein overload produced
more monocyte chemotactic protein-1 endothe-
lin-1, RANTES as a result of nuclear factor kB

(NFKB) activation.t” Protein overload proteinuria
also induces tubular cell apoptosis that in the long
term is responsible for disconnection of tubules
from the glomerulus in rats with severe renal in-
jury.®8 Apoptosis also occurs in vitro as docu-
mented by a dose- and duration-dependent upregu-
lation of the Fas-FADD-caspase 8 pathway by
proximal tubular cells exposed to excess albumin.®

Besides proteinuria,’® angiotensin I (Ang I1)
has also emerged as a pivota factor in the patho-
genesis of renal injury,!! to the extent that infusion
of Ang Il in the rat causes proteinuria, and angio-
tensin-converting enzyme inhibitors (ACEi) pre-
vent proteinuria by preserving the size-selective
restriction to macromolecular probes both in ani-
mals and in people.213 Several nonhemodynamics
effects of Ang Il might also be important in renal
disease progression, including mesangia cell pro-
liferation, stimulation of both transforming growth
factor B and plasminogen activator inhibitor ex-
pression, al resulting in increased synthesis of
extracellular matrix; activation and infiltration of
macrophages and induction of aldosterone produc-
tion by adrena glands.*4 The clinical benefit of
preventing renal deterioration by blocking the re-
nin—angiotensin system is not entirely explained by
antihypertensive action or the antiproteinuric effect
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of ACEi or Ang Il receptor antagonists.516 |nvesti-
gation of mechanism(s) underlying glomerular bar-
rier dysfunction becomes crucia to identify both the
glomerular cell target dysfunction and the intracellu-
lar responses downstream Ang |l receptors.

DETERMINANTS OF GLOMERULAR
CAPILLARY WALL PERMEABILITY

Under normal circumstances, the glomerular
capillary wall functions as an efficient and selec-
tive barrier that allows a high flow rate of filtration
for plasma water and small solutes, but almost
completely retains macromolecul es with the size of
albumin or larger.l” Several experimental studies
and clinical investigations in the past have focused
on understanding how glomerular membrane
perm-selective function is damaged or lost during
development of proteinuric glomerular diseases.
Thisis still an open question and of crucial impor-
tance, because a growing body of evidence sug-
gests that abnormal filtration of plasma proteins
through the glomerular capillary wall has an intrin-
sic toxicity on the proxima tubule and subse-
guently on the whole kidney, and seems to repre-
sent a key factor in rena disease progression.1819
A mathematical approach to study glomerular cap-
illary wall permeability suggests that in nephropa-
thy, previously unexposed large nonsel ective pores
are recruited in a new pathway permeable to mac-
romolecules.?® The best-credited hypothesis is that
the distortion of the epithelial layer with loss of
podocyte—podocyte contacts and denudation of
basement membrane could represent an exagger-
ated equivalent to the new nonselective pathway.2°
Recent discovery of the molecular components of
the dlit diaphragm, specialized structure of podo-
cyte—podocyte interaction, represented a major
breakthrough in understanding the crucia role of
epithelial layer of the glomerular barrier and the
pathogenesis of proteinuria.21.22

SLIT DIAPHRAGM AND ASSOCIATED PROTEINS

The dlit diaphragm is a continuous structure that
bridges the gap between the interdigitating foot
processes of the adjacent podocytes. In 1974,
Rodewald and Karnovsky proposed a “zipper”
model, in which the dlit digphragm is composed by
rod-like units extending from the podocyte foot
processes to a linear central bar running paralel to
the cell membranes.2® Although unique in structure
and function, dlit diaphragm shares certain compo-
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nents with other intercellular junctions, including
zonula occludens-1 (ZO-1), a 225-kD polypep-
tide2# specific for the tight junctions or zonula
occludens and FAT and P-cadherin2s expressed in
desmosomes and adherens junctions.

Nephrin, originaly described as a peculiar protein
of the dit digphragm, was subsequently identified to
be expressed in the brain, pancreas, and testis.26.27
Nephrin is a transmembrane molecule with an extra-
cellular portion containing eight 1g motifs, character-
istic of proteins participating in cell—cell interaction,
and one fibronectin type Ill-like module. The pre-
dicted structure and biochemica properties of neph-
rin suggest that it could form dimers through ho-
mophilic interactions spanning the dit digphragm.28
Nephrin has been proposed to form azipper-likefilter
structure, which prevents molecules of the size of
abumin and larger to penetrate the filter.2228 The
intracellular domain with nine tyrosine residues typ-
icd of signaling molecules incited studies that indi-
cated Src family kinases as enzymes that phosphor-
ylate nephrin initiating a signaling cascade and
phosphorylation of other proteins.29.30

Evidence concurs to indicate that nephrin is es-
sential for the functional integrity of the glomeru-
lar filter. Mutations in the human nephrin gene
(NPHS1) in severe congenital nephrotic syndrome
of the Finnish type (CNF)31-32 result in the absence
of the dlit diaphragm, massive proteinuriain utero,
and nephrotic syndrome at birth. Mice with tar-
geted disruption of the nephrin gene develop heavy
protenuria, edema, and die within 24 hours. Histo-
logic features are comparable to those seen in
patients with CNF, including an enlarged Bow-
man’s space, dilated proximal and distal tubules,
mesangia hypercellularity and, at the electron mi-
croscopic level, partial foot process effacement and
absence of the dlit diaphragm.26.33

Mutations in another gene, NPHS2 encoding for
the 42-kDa integrd podocyte membrane protein
podocin, were recently identified as the cause of
autosomal-recessive steroid-resistant nephrotic syn-
drome characterized by foca segmental glomerulo-
sclerosis (FSGS).34 Podocin localizes to the podocyte
foot process membrane at the insertion site of the dit
digphragm, where it binds to the cytoplasmic tail of
nephrin as well as to two other podocyte proteins,
CD-2-associated protein (CD2AP) and Nephl.3536
Podocin isimportant for the stability of this complex,
which is embedded in a specia cell membrane do-
main, the lipid raft.3”
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During development at the capillary loop stage,
nephrin expression simultaneously appearsinto the
foot processes together with the CD2AP. CD2AP
is an 80-kD ubiquitously expressed protein inter-
acting with CD2, a T cell membrane protein facil-
itating T cell adhesion to antigen-presenting
cells.38 Targeted deletion of CD2AP in mice un-
expectedly revealed the presence of proteinuria
and a severe kidney pathology almost exclusively
confined to the podocytes with loss of foot process
integrity and obliteration of the spaces of foot
processes, supporting a role of CD2AP in the spe-
cialized cell junction.®® In vitro experiments with
an heterologous expression system alowed to
demonstrate that CD2AP coimmunoprecipitated
with the C-terminal cytoplasmic tail of nephrin and
the actin-based cytoskeleton.4041 More recent data
have shown that mice with CD2AP haploinsuffi-
ciency had increased susceptibility to glomerular
injury by nephrotoxic antibodies or immune com-
plexes as well as patients with a mutation predict-
ing to ablate expression of one CD2AP allele who
are more inclined to develop focal segmental glo-
merulosclerosis 42 NEPH1, a molecule recently
identified in podocyte areas, belongs to afamily of
three closely related proteins, NEPH1, NEPH2,
and NEPH3. NEPH1 shows structure homology
with nephrin, consisting of five extracellular im-
munoglobulin-like repeats by which probably in-
teracts with nephrin forming the backbone of the
dit digphragm, a transmembrane domain and a
cytoplasmic tail instrumental for the binding to the
carboxyterminal domain of podocin and ZO-1.3643.44
Nephrin and NEPH1 are both signaling molecules
that can activate intracellular kinases able to in-
duce a signaling cascade most probably important
for the proper function of the glomerular filter.4s

The actual structure of the dlit diaphragm is, as
yet, unresolved and very complex. The dlit dia
phragm proteins have an intimate relationship with
the actin cytoskeleton of the foot process, schemat-
ically represented in Figure 1. Disruption or inef-
ficient interplay of the dlit diaphragm proteins with
actin cytoskeleton has been proposed to present a
final common pathway leading to foot process ef-
facement in proteinuric diseases.4¢

ANG Il AND CHANGES IN GLOMERULAR
PERMEABILITY

A direct evidence of the effect of Ang Il of
modifying glomerular permeability rests on the

seminal observation that infusion of Ang Il in
the isolated perfused kidney causes a dose-de-
pendent increase in glomerular permeability to
proteins, a phenomenon completely abrogated
by pretreatment with a Ang Il type 1 receptor
antagonist.4” Further interest in this area has
been generated by the observation that inhibition
of ACE prevents or reduces urinary protein ex-
cretion, glomerular injury, and renal function
deterioration in experimental animalst24849 and
humans.5°5t [nvestigation of glomerular capil-
lary wall permeability properties has suggested
that in an experimental model characterized by
massive proteinuria, such as passive Heymann
nephritis, proteinuria depends on the recruitment
of previously unexposed, large, nonselective
pores, which constitute an escape pathway per-
meable to macromolecules.20 Studies by our
group in male Munich Wistar Fromter (MWF)
rats, which develop spontaneous proteinuria
with age,52 have shown that Ang Il inhibition or
antagonism prevented proteinuria by preserving
size-selective function of the glomerular capil-
lary.12:53 This effect has also been demonstrated
in human renal diseases.5*56 We have observed
that in the MWF rats the elevation of the glo-
merular ultrafiltration coefficient induced by
ACE inhibitors was not the consegquence of in-
creased glomerular-filtering surface area,>” but
must be attributed primarily to an elevation of
the hydraulic permeability of the glomerular
capillary wall. Structural and theoretical evi-
dence suggests that the hydraulic resistance of
the glomerular capillary wall is attributed half to
the glomerular basement membrane (GBM) and
half to the slit diaphragm of the epithelial podo-
cytes. However, studies using isolated GBM
preparations have shown that the matrix network
of the GBM is unlikely to be primary site of
dysfunction in rats with proteinuria susceptible
to the antiproteinuric action of ACE-inhibitors.58
Changes in glomerular podocyte morphology
have been implicated in the pathogenesis of pro-
teinuria in diabetic and nondiabetic nephropa-
thies instead. Podocytes bear specific Ang Il
receptors that could initiate intracellular signal-
ing responsible for redistribution of major pro-
teins of the foot process and for the associated
increases in transepithelial albumin permeability
in the isolated perfused kidney.
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Fig 1. Schematic representation of the interaction of some molecular components of the glomerular slit

diaphragm. The right side of the figure represents the plasma membrane of adjacent foot processes encompassed
by the transmembrane domains of nephrin and Neph1. Nephrin molecules from opposite foot processes establish
interaction with each other. Neph1 molecules associate with each other and interact with nephrin through
extracellular domains. Nephrin and Neph1 differ in length, forming the space for the passage of glomerular
ultrafiltrate. Intracellularly, Neph1 binds to ZO-1 (right side of the figure), whereas nephrin binds to podocin and

CD2AP (left side of the figure).

CHANGES IN SLIT DIAPHRAGM PROTEIN

EXPRESSION IN ACQUIRED PROTEINURIC

CONDITIONS AND MODULATION BY ANG I
BLOCKERS

Experimental Models
Nondiabetic Nephropathies

Several monoclonal antibodies have been devel-
oped in the late 1980s to identify potential nephri-
togenic glomerular antigens by means of hybrid-
oma technology. Among them, the monoclonal
antibody 5-1-6 obtained from the immunization of
a mouse with isolated rat glomeruli induced mas-

sive proteinuria when infused in the rat.>° Protein-
uria was not accompanied by complement activa-
tion, recruitment of inflammatory cells, and
ultrastructural changes in the glomerulus, except
for the partial retraction of the epithelial foot pro-
cesses.?® The antibody recognized an antigen lo-
calized on the outer surface of glomerular epithe-
lial foot processes mainly around the dlit
diaphragms critically involved in the maintenance
of the perm-selective function of the glomerulus.
The antigen identity remained elusive for 10 years
until the cloning of nephrin, which alowed the
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identification of the monoclonal antibody 5-1-6 as
being directed toward the extracellular domain of
nephrin.s° Subsequent studies have indicated neph-
rin as a potential target of injury in acquired forms
of proteinuric renal diseases in experimental ani-
mals. Puromycin aminonucleoside nephrosis
(PAN) in rat is awidely used model of podocyte
injury, morphologically and functionally resem-
bling the human minimal change nephrosis.6162 |n
this model, proteinuria and morphologic changes,
including fusion and effacement of podocyte foot
processes with the consequent dlit diaphragm loss,
are associated with the reduction in nephrin and
podocin expression. Luimula et al. found the alpha
splice variant of nephrin, lacking of the exon cod-
ing for the transmembrane domain of the protein,
in the urine of PAN rats,%3 suggesting that soluble
nephrin variants might be important markers for
proteinuric diseases.4

Studies from our group in an accelerated model
of passive Heymann nephritis (PHN), the experi-
mental counterpart of human membranous ne-
phropathy, have shown atime-dependent reduction
of nephrin mMRNA and protein expression in the
glomeruli of proteinuric PHN rats.® The redistribu-
tion and loss of nephrin from glomerular podocytes
in PHN rats was an early event that coincided with
or even preceded the onset of proteinuria.’s Neph-
rin partly dissociated from actin at the onset of
podocyte injury in PHN. Thiswas accompanied by
a progressive loss of nephrin from podocyte foot
processes and progressive disruption or displace-
ment of the dlit diaphragms giving rise to protein-
uria.?> Abnormal nephrin expression was specific
and not simply a consequence of podocyte damage
to the extent that both the distribution and the
amount of CD2AP and ZO-1, other podocyte pro-
teins, did not undergo similar changes.8¢5 Of in-
terest was the observation that the remarkable
renoprotective effect afforded by the ACE inhibi-
tor or the angiotensin Il type 1 receptor blocker
paralleled a complete prevention of glomerular
nephrin downregulation in accelerated PHN.8 This
unprecedented finding indicated the crucia role of
Ang Il in conditioning the molecular network of
the epithelial dlit diaphragm and emphasized the
protective effect of the drugs interfering with Ang
Il synthesigactivity on glomerular podocytes.
Studies in the remnant kidney, a nonimmunologic
model of renal injury peculiarly sensitive to renin—
angiotensin system inhibition, confirmed the favor-

able effect of blocking Ang Il type 1 receptorsin
restoring the reduced nephrin gene and protein
expression.®® The most distinguished findings of
this study were that a selective Ang 1l type 2
receptor antagonist attenuated the deficiency of
nephrin expression despite less effectiveness in
reducing proteinuria than Ang Il type 1 receptor
antagonist and, more importantly, the combined
blockade of both receptors conferred additive reno-
protective effect with respect to monotherapies.6
Renoprotection afforded by ACE inhibitors or Ang
Il receptor antagonists could be the result of the
direct blocking of the injurious effect of angioten-
sin 11 on the podocyte or be mediated by Ang Il
inhibitors’ capability of reducing intraglomerular
hydraulic pressure and the consequent stretching of
the podocytes. The latter possibility is consistent
with the in vitro observation of the remarkable
cytoskeletal reorganization induced in podocytes
in response to mechanical stress.6?

The antiproteinuric effect of Ang Il blockersis
partly related to the attenuation of ZO-1 expression
as documented in the genetic model of renal injury,
the MWF rats. Altered pattern of ZO-1 distribution
characterized by a discontinuous staining at light
microscopy and an abnormal presence of clusters
of gold particles in podocyte foot processes cyto-
plasm was observed within the podocytes of MWF
rats well before the devel opment of glomeruloscle-
rosis but not in controls.68 ZO-1 abnormality was
restored by ACE inhibitors, which also prevented
proteinuria.® ZO-1 serves as adaptor protein that
links peripheral actin bundles to P cadherin/catenin
complex at the dit digphragm.®® It might be pos-
sible that Ang Il could induce actin cytoskeleton
reorganization leading to ZO-1 redistribution, loss
of albumin perm selectivity, and consequent podo-
cyte permeability dysfunction.

Diabetes

Little is known about the pathogenesis of per-
sistent proteinuria associated with diabetic ne-
phropathy, the leading cause of end-stage rend
disease worldwide. The numerous studies so far
reported did not contribute to shed light on the role
of nephrin in the pathogenesis of proteinuria in
diabetes. The first report documented that irrespec-
tive of the cause of the disease, either genetic or
chemical, renal nephrin gene expression increased
as early as 6 to 8 weeks in nonobese diabetic mice
and in streptozotocin diabetic rats, both of which



136

aready developed proteinuria, concomitant with
the presence in the urine of soluble nephrin.”® A
subsequent study from the same group showed that
in a preproteinuric state, nephrin expression was
unchanged, whereas it was reduced with the devel-
opment of glomerular injury in diabetic rats.”* The
trend of nephrin expression was somewhat puz-
zling and did not allow to conclude that changesin
nephrin might be a determinant of the loss of
glomerular filtration function in experimental dia-
betic nephropathy. As for chronic nondiabetic ne-
phropathies, the treatment with the ACE inhibitor7:
and Ang |1 type 1 receptor antagonist, irbersartan,
was effective in normalizing nephrin levels,72
which can be taken to suggest that modulation of
nephrin expression is, at least in part, Ang Il-
dependent. This interpretation is further reinforced
by findings that the blood pressure effect of cal-
cium channel blockers does not limit proteinuria or
restore nephrin expression.”® By contrast, the va
sopeptidase inhibitor omapatrilat, which remark-
ably attenuated albuminuria, has been found effec-
tive in normalizing nephrin expression in diabetic
spontaneously hypertensive rats.”4 One can specu-
late that the activity of Ang Il to lower proteinuria
depends on its capacity to restore podocyte cy-
toskeleton dysfunction and its consequence on dlit
diaphragm architecture. Recent data strengthen
such view by showing that Ang Il induces actin
cytoskeleton reorganization, leading to ZO-1 re-
distribution and loss of albumin perm selectivity
across podocyte monolayer as well asin isolated
perfused kidney through activation of Src ki-
nases (Daniela Macconi, personal communica-
tion, 2003).

Human Studies
Nondiabetic Nephropathies

Studies on nephrin expression in acquired hu-
man nephroses led to controversial results as a
result of the lack of simultaneous assessment of
nephrin MRNA and protein expression. The issue
appears so controversial that some authors reported
different findings in different studies. A very pre-
liminary report based on an exiguous number of
patients showed that glomerular nephrin mMRNA
evaluated by reverse transcriptase—polymerase
chain reaction in three adult patients with minimal-
change nephrotic syndrome (MCN) and one with
membranous nephropathy (MN) was significantly
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decreased.” Conversely, in situ hybridization and
immunohystochemistry experiments revealed no
changes in the expression of nephrin mRNA and
protein in childhood kidney disease with protein-
uria as MCN, FSGS, and MN, with an abnormal
pattern of protein staining in IgA nephropathy.76
Consistent with data in children were the resultsin
adult patients of normal nephrin staining in MCN
and FSGS and a selective reduction in IgA ne-
phropathy.”” This view has been challenged by
further documenting loss of nephrin staining in-
versely correlating with proteinuriain patients with
nephrotic syndrome.”8.7° Discrepancies of these re-
sults prompted us to evaluate with a more system-
atic approach nephrin mRNA and the correspond-
ing protein using antibodies recognizing the
extracellular and the intracellular portion of the
molecule in a consistent number of nephrotic pa-
tients. Glomerular expression of nephrin mRNA
and protein was not different in patients with MCN
and FSGS in comparison with control subjectswho
had undergone nephrectomy for kidney adenocar-
cinoma.8® By contrast, a remarkable reduction or
even absence of nephrin mMRNA and staining in-
tensity for extracellular nephrin domain was found
in IgA nephropathy patients in the face of anormal
expression of the intracellular nephrin domain.g°
Finding of a comparable CD2AP expression in all
acquired nephroses and in controls suggested that
nephrin changes in IgA nephropathy patients were
specific and not shared by other podocyte pro-
teins.8% Finally, we assessed whether nephrin ab-
normalities observed in IgA nephropathy actually
trandated in reorganization of the filtration dlit fine
architecture by transmission electron microscopy
studies. Despite dlit pores having a normal fre-
guency and width, a marked reduction in the per-
centage of electron dense dlit diaphragms was ob-
served in IgA nephropathy (Fig 2C, D), but not in
patients with MCN in respect to control subjects
(Fig 2A, B), reflecting nephrin changes showed by
immunohistochemistry .80

Diabetes

Studies addressing nephrin expression in human
diabetic nephropathy gave more consistent results
than those in nondiabetic proteinuric nephropa-
thies. Downregulation of nephrin in the kidney in
both type | and type Il diabetes together with a
shift from the normal linear to agranular pattern of
protein immunostaining was observed.8182 A re-
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Fig 2. Representative transmission electron micrographs of the ultrastructure capillary wall in control patients
(A), and in patients with IgA nephropathy (C). (B) and (D) represent enlarged details of panels A and C. Arrows
indicate the electron dense diaphragms in the filtration slits. Original magnification x 22,000.

cent study from ours has shown that diabetic pa-
tients with nephropathy had remarkably less rena
expression of extracellular nephrin.83 Changes in
nephrin gene and protein were associated with
podocyte ultrastructural abnormalities, including
reduced presence of electron dense filamentous
structure within the dlit diaphragms, an unprece-
dented finding in human diabetes. The dlit dia-
phragm change secondary to selective reduction in
extracellular nephrin could possibly contribute to
the glomerular permeability defect of diabetes.
Nephrin loss would eventualy lead to perturbed
function of interacting dlit diaphragm molecules,
resulting in further increases in proteinuria. On the
other hand, primary defective expression of dlit
diaphragm-specific molecules, including CD2AP
and podocin that serve as anchors for nephrin to
the cytoskeleton, could be responsible for nephrin
loss. Lack of CD2AP prevents nephrin binding and
the formation of interdigitating processes and dlit
diaphragmsin vivo.3° However, preserved CD2AP

and podocin expression in diabetic glomeruli
makes it unlikely the contribution of these mole-
cules to impaired perm selectivity in human dia-
betes.83 Impaired nephrin extracellular domain ex-
pression in diabetes could be the result of changes
in cytoskeleton distribution and cleavage of the
protein induced by Ang Il challenges? as observed
in human cultured podocytes. That Ang Il could
modulate nephrin expression is supported by in
vivo data of a normalization of nephrin expression
by ACE inhibitor in glomeruli from type | diabetic
patients.8! Progression of diabetic nephropathy is
largely dependent on a complex interplay of ge-
netic and metabolic factors. Among the latter, hy-
perglycemia seems an independent risk factor to
the extent that the levels of glycosylated hemoglo-
bin strongly predict the rena function decline.
Reduction of nephrin expression on the surface of
cultured podocytes after exposure to glycated al-
bumin would support the notion that glycemia-
dependent modifications could have a role in the
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abnormal pattern of nephrin expression in diabe-
tes.82 All of these in vivo and in vitro data would
indicate that nephrin abnormalities in diabetes
could be the result of an acquired defect induced
by the diabetic milieau rather than by a genetic
background. In this regard, a recent cross-sectional
study in 996 type | diabetic patients did not show
any association between polymorphisms of the
coding region of the nephrin gene and progression
of diabetic nephropathy or development of renal
dysfunction.84 Linkage with candidate regions for
nephrin has also been excluded in type Il diabetic
patients with nephropathy.8s

CONCLUSIONS

The importance of the podocytes in glomerular
physiology and pathology has accumulated rapidly
in the last few years. The crucia role of the dlit
diaphragm in the development of proteinuria is
now secure, and the molecular composition of this
vital structure is gradually defined. A number of
evidence suggested that the nephrin-CD2AP—
podocin complex is a crucia functiona unit that
anchorsthe dlit diaphragm to the actin cytoskeleton
and is required for proper glomerular filtration.
Nephrin has a key role in the function of the
glomerular filtration barrier based on data from
patients with congenital nephroses. Contradictory
results are available on nephrin involvement in the
pathogenesis of proteinuria in acquired nephritic
disorders of humans as aresult of heterogeneity of
the patients studied as well as of the methodologic
approach to assess nephrin gene and protein ex-
pression. By contrast, studies in experimental and
human diabetic nephropathy consistently indicate
that among dlit diaphragm proteins, nephrin is se-
lectively reduced, which would trandate in
changes of filtration dlit architecture. Results pre-
sented here support this interpretation. The pecu-
liar ability of Ang Il inhibitors to restore deficient
nephrin expression in podocytes disclose a novel
molecular target for renoprotection. Understanding
the molecular mechanisms underlying such phe-
nomenon will open exciting perspectives for ther-
apeutic approaches to retard or even prevent dia-
betic patients from ever progressing to end-stage
renal disease. This will undoubtedly represent a
major challenge for renal medicine in the next
coming years.
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