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Figure 6.Nondiabetic glomerulosclerosis. (A) Primary focal segmental glomerulosclerosis (FSGS). CML immunoreactivity is identified in an
area of segmental glomerulosclerosis. Magnificatie880. (B) Primary FSGS. The same glomerulus as in A also shows positive staining for
PENT in the area of segmental sclerosis. MagnificatiwB80. (C) Primary FSGS. There is no upregulation of podocyte RAGE in the same
glomerulus. Magnificationx380. (D) Hypertensive nephrosclerosis. CML staining is seen in globally sclerotic glomeruli, arterial walls, and
the basement membranes of atrophic tubules. Magnificati@80.

AGE in the pathogenesis of diabetic glomerulosclerosis. teabsorption of filtered AGE (19,21), we attribute this weak
contrast, PENT was the major AGE identified in the interstiubular positivity to background staining, because similar tu-
tium, with less consistent mesangial and extremely rare GBibilar staining was observed in serial sections stained with
involvement. These findings are consistent with the report lpyeimmune serum.

Horie et al. (19) of renal AGE formation in the distribution of An unexpected and intriguing finding was the normal dis-
glomerular mesangial and basement membrane collagens (hution of RAGE at the base of the podocytes and its upregu-
V, and V1), as well as interstitial collagen (predominantly IllJation in diabetic nephropathy but not other sclerosing renal
and renal arterial collagens (lll, 1V, V, and VI). However, ouconditions. This podocytic distribution was confirmed by la-
findings differ from theirs (19,21) in that we found a muctbeling of serial sections with an antibody to the podocyte-
more significant correlation between the severity of diabetgpecific marker synaptopodin. The exclusively glomerular dis-
nephropathy and glomerular immunostaining for CML, contribution of RAGE immunostaining and its upregulation in
pared with PENT. These observations are of interest in light dfabetic glomeruli was corroborated by the RT-PCR results in
the recent demonstration that CML adducts are the most physicrodissected diabetic glomeruli. The failure to detect RAGE
iologically relevant ligands for RAGE in the activation of cellmRNA in normal control specimens may be explained by the
signaling pathways that are operative in diabetic rodents withng-lived nature of the protein in terminally differentiated,
accelerated vascular disease (22). We attribute the distinctiugescent podocytes. Glomerular localization of RAGE was
distribution of CML in diabetic nephropathy to a disease effect)so described by Soulist al. (23), although the precise
rather than a nonspecific aging effect, because our casese@ifular localization within glomeruli was not characterized.
hypertensive nephrosclerosis, which involved patients of coithough RAGE expression has been reported in vascular
parable mean age, exhibited markedly different staining distendothelial cells of large arteries (6,16), in mononuclear
butions in nonsclerotic glomeruli. Although some groups dghagocytes (24), and in vascular smooth muscle cells (25), we
scribed tubular staining for AGE that suggested tubulaid not identify RAGE expression, by immunohistochemical
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Figure 7.Lupus nephritis. (A) Lupus nephritis, class IV. There is strong PENT immunoreactivity in the distribution of the crescents and area
of active glomerular endocapillary proliferation. Magnification30. (B) Lupus nepbhritis, class IV. PENT immunoreactivity is present in the
mesangium and GBM. Magnificatiorx420. (C) Lupus nephritis, class IV. Low-intensity CML immunoreactivity is present in the mesangium
and some glomerular capillary walls. Magnification420. (D) Lupus nephritis, class IV. RAGE expression is upregulated in the podocytes.
Magnification, X420.

analysis, in the renal endothelium, mesangium, or vascu(@8). These striking structural similarities between neurons and
smooth muscle of normal control subjects or patients witiodocytes raise the question of whether podocyte RAGE may
diabetic nephropathy. The reason for these discrepancies raaly as a receptor for a currently unidentified renal ligand
be related to the different antibodies and methods used, suclinaslved in process formation.
the use of anti-bovinerersusanti-human RAGE, the use of The fact that podocyte RAGE is upregulated in diabetic
frozenversusfixed tissues, and our introduction of microwavenephropathy suggests a potential role for the engagement of
treatment for antigen retrieval. podocyte RAGE with AGE formed in the underlying GBM.
The presence of RAGE on developing neurons of the centt®GE-RAGE interactions in other cellular systems have been
nervous system and the recent identification of RAGE asreported to promote oxidative stress through modulation of
receptor for amphoterin, which promotes the outgrowth @kllular processes (14). Once activated, podocytes are capable
neuritic processes, support the hypothesis that RAGE isohundergoing an oxidative respiratory burst, with release of
receptor for ligands other than AGE under normal physiologieactive oxygen species into the GBM,; this cellular mechanism
conditions (26). In fact, other members of the Ig superfamilyas been shown to mediate proteinuria in Heymann nepbhritis
have the capacity to bind to more than one biologically releva9). In diabetic nephropathy, it remains to be determined
ligand in vivo. Podocytes share many structural similaritieghether ligand-specific activation of podocyte RAGE could
with telencephalic dendrites, including a complex cytoarchpromote similar cellular activation, leading to oxidative injury
tecture characterized by long cellular processes that are and lipid peroxidation of GBM.
dowed with a highly organized actin cytoskeleton (27). Syn- AGE have been reported to form in human tissues in the
aptopodin, a podocyte-specific renal protein that is involved gourse of normal aging processes (18). Therefore, the abundant
the organization of the actin cytoskeleton at the junction benmunostaining of obsolescent glomeruli and arteriosclerotic
tween the primary processes and the foot processes, is alsssels observed in hypertensive nephrosclerosis and other
expressed in telencephalic neurons of developing brain tissaterosing renal conditions is not surprising. These findings
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support a generalized role for AGE-mediated crosslinking o¥.
matrix proteins in the course of irreversible glomerular scarring
and progressive arteriosclerosis of intraparenchymal renal ve8-
sels.

The generalized accumulation of AGE in obsolescent gloz'
meruli cannot account for the marked deposition of AGE
observed in the glomeruli of patients with active lupus nephri-
tis. The formation of AGE in euglycemic inflammatory con-
ditions through enzymatic oxidation of extracellular matrix
proteins is a potential explanation for this observation. Lupus
nepbhritis is characterized by neutrophil-mediated tissue injury,
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addition to nonenzymatic mechanisms, CML formation is pro-
moted by enzymatic catalysis by such neutrophil enzymes &s
myeloperoxidase (30). Activation of the myeloperoxidase-hy-
drogen peroxide-chloride system converts hydroxy-amino ac-
ids into glycolaldehyde, a precursor of CML (30). In lupus
nephritis, the formation of AGE appears to be rapid, occurriri'g?-
in the acute phase of glomerular injury before glomerular
scarring supervenes. Moreover, the upregulation of podocyte
RAGE in this condition suggests a potential role for receptor-
dependent cellular effects and correlates with the reportﬂ{
upregulation of RAGE in inflammatory vaculitides (31). The
limitations of our study design do not allow us to address the
mechanisms mediating this RAGE upregulation or its cellular
consequences.

In summary, our findings indicate that CML constitutes a2.
major AGE in renal basement membranes in diabetic nephrop-
athy and is associated with upregulation of podocyte RAGE.
The distinctive pattern of mesangial and GBM accumulation of
CML observed in diabetic nephropathy differs from the mor&3-
nonspecific AGE accumulation observed in progressive scle-
rosing renal conditions characterized by irreversible glomeru-
lar scarring and arteriosclerosis. The unexpected finding of
AGE in active lupus nephritis suggests that AGE may also pl
a role in glomerular injury in acute inflammatory glomerulo-
nephritis, probably through oxidative effects on glomerular
matrix proteins. These observations in human renal disease
provide the foundation for future design of functional studies tgs
address differences in the mechanisms of AGE accumulation in
these disorders and the cellular consequences of RAGE up-
regulation.
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