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Histopathology of Diabetic Nephropathy

Paola Fioretto, MD, PhD,* and Michael Mauer, MD†

Summary: The clinical manifestations of diabetic nephropathy, proteinuria, increased blood
pressure, and decreased glomerular filtration rate, are similar in type 1 and type 2 diabetes;
however, the renal lesions underlying renal dysfunction in the 2 conditions may differ.
Indeed, although tubular, interstitial, and arteriolar lesions are ultimately present in type 1
diabetes, as the disease progresses, the most important structural changes involve the
glomerulus. In contrast, a substantial subset of type 2 diabetic patients, despite the presence
of microalbuminuria or proteinuria, have normal glomerular structure with or without
tubulointerstitial and/or arteriolar abnormalities. The clinical manifestations of diabetic ne-
phropathy are strongly related with the structural changes, especially with the degree of
mesangial expansion in both type 1 and type 2 diabetes. However, several other important
structural changes are involved. Previous studies, using light and electron microscopic
morphometric analysis, have described the renal structural changes and the structural-
functional relationships of diabetic nephropathy. This review focuses on these topics, em-
phasizing the contribution of research kidney biopsy studies to the understanding of the
pathogenesis of diabetic nephropathy and the identification of patients with a higher risk of
progression to end-stage renal disease. Finally, evidence is presented that the reversal of
established lesions of diabetic nephropathy is possible.
Semin Nephrol 27:195-207 © 2007 Elsevier Inc. All rights reserved.
Keywords: Diabetic nephropathy, kidney biopsy, mesangial expansion, morphometric
analysis, glomerular basement membrane
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he constellation of the renal structural
lesions occurring in diabetes is unique,
although each of these lesions can be

bserved individually in other renal disorders.
he morphologic lesions in type 1 diabetes mel-

itus (T1DM) predominantly affect the glomer-
li, with thickening of the glomerular basement
embrane (GBM) and mesangial expansion, al-

hough the podocytes, renal tubules, intersti-
ium, and arterioles also undergo substantial
hanges, especially at later stages of disease.1-5
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GBM thickening, the first measurable
hange, has been detected as early as 1.5 to 2.5
ears after the onset of T1DM.6,7 Thickening of
he tubular basement membrane (TBM) closely
arallels that of GBM thickening, implying that
lomerular hemodynamic perturbations are not
equired for these changes to occur.3 Mesangial
xpansion, predominantly caused by an in-
rease in mesangial matrix, develops later, al-
hough an increase in the matrix component of
he mesangium can be detected as early as 5 to

years after the onset of diabetes.8-10 Thereaf-
er, these structural changes do not necessarily
evelop at the same rate in individual pa-
ients.11 In fact, although GBM thickening may
evelop steadily over time, mesangial expan-
ion has a more asymptotic relationship with
1DM duration (Steinke and Mauer, unpub-

ished observations). However, when renal in-
ufficiency occurs, marked mesangial expan-
ion and increased GBM width are present in
irtually all T1DM patients.9,10 Diffuse mesan-

ial expansion, commonly termed diffuse dia-
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196 P. Fioretto and M. Mauer
etic glomerulosclerosis, can be associated
ith nodular lesions consisting of areas of
arked mesangial expansion forming large

ound fibrillar mesangial zones with palisading
f mesangial nuclei around the periphery of the
odule and compression of the associated glo-
erular capillaries (Kimmelstiel-Wilson nod-

les) (Figs. 1 and 2). Both mesangial expansion
nd GBM and TBM thickening are a conse-
uence of extracellular matrix accumulation,
ith increased deposition of the normal extra-

ellular matrix local components of types IV
nd VI collagen, laminin, and fibronectin12,13 as

result of their increased production, de-
reased degradation, or both. In contrast to the
esangium, initial interstitial expansion is

aused primarily by an increase in the cellular
omponent of this renal compartment14; an in-
rease in fibrillar collagen is, in fact, a relatively
ate finding in this disease, measurable only in
atients with an already established decrease in
lomerular filtration rate (GFR).14

Afferent and efferent arteriolar hyalinosis
Fig. 1) may be present within a few years after
iabetes onset.5 This exudative lesion, which is
omposed of plasma proteins, especially immu-
oglobulins, complement, fibrinogen, and albu-
in, ultimately may replace the smooth muscle

ells. The severity of arteriolar hyalinosis is cor-
elated significantly with the percentage of scle-

igure 1. Glomerulus from a T1DM patient with diffuse
long thick arrow) and nodular (short thick arrow) mes-
ngial expansion and afferent (double thin arrows) and
fferent (single thin arrow) arteriolar hyalinosis (periodic
cid–Schiff [PAS] stain).
osed glomeruli,5 suggesting that this vascular f
esion could contribute to schemic global glo-
erular sclerosis. Similar lesions may occur of

nknown clinical significance in the glomerular
ubendothelial space (hyaline caps) and along
he parietal surface of Bowman’s capsule (cap-
ular drops) (Figs. 3C and 3D).

Abnormalities of the glomerular-tubular junc-
ion (GTJA) as late manifestations of the dis-
ase,15 predominantly in patients with protein-
ria,16 with focal adhesions, obstruction of the
roximal tubular take-off from the glomerulus,
etachment of the tubule from the glomerulus
atubular glomerulus). We classified the GTJA
s normal tubules, atrophic tubules (AT), or
tubular glomeruli when no tubular connection
as observed. AT were subcategorized as short
Ts with atrophy of the first few proximal tu-
ular cells, long ATs with atrophy over a longer
egment of proximal tubule, and ATs with no
bservable glomerular opening where no con-
ection between glomerular urinary space and
roximal tubular lumen could be discerned
Fig. 3). Atubular glomeruli have open circula-
ion, but with no tubular attachment they pre-
umably are nonfunctioning. GTJA often were
ssociated with tip lesions (ie, focal segmental
lomerulosclerosis [FSGS] lesions at or near the
TJ) (Figs. 3A, 3B, and 3C).15,16 Tip lesions
ere present in all short ATs, 64% of long ATs,

2% of ATs with no observable glomerular

igure 2. Glomerulus from a T1DM patient with nod-
lar (Kimmelstiel-Wilson) lesions. Note the palisading of
uclei at the periphery of the nodules, the central matrix
ccumulation, and the restriction of the surrounding
lomerular capillaries (PAS). Reprinted with permission
rom Parving et al.78
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Diabetic nephropathology 197
pening, and 9% of normal tubules, however,
hey were never observed in normal subjects.
TJA were restricted almost entirely to protein-
ric patients, being rare in normoalbuminuric
NA) or microalbuminuric (MA) patients.16

oreover, FSGS lesions, also rare in NA and MA
atients, had a marked predilection for the GTJ
nd were uncommon at other locations. Inter-
stingly, the lesions at the GTJ were correlated
nversely with GFR15,16 and thus should be
dded to the constellation of lesions contribut-
ng to the loss of renal function in T1DM.

These various lesions of diabetic nephropa-
hology progress at varying rates within and
etween T1DM patients, and, as discussed

ater, this is even more the case in type 2 dia-

igure 3. (A, B, C, D) Serial sections through a glome
bservable glomerular opening into the proximal tub
bnormalities (thin arrows) and the adhesion of a nodula
lso is present (PAS). Reprinted with permission from N
etes mellitus (T2DM). For example, GBM m
idth and mesangial fractional volume
Vv(Mes/glom)], are correlated significantly but
ot very precisely with one another, with some
atients having relatively marked GBM thicken-

ng without much mesangial expansion and
thers the opposite.9 Marked renal extracellular
asement membrane accumulation resulting in
xtreme mesangial expansion and GBM thick-
ning are present in the vast majority of T1DM
atients who develop overt diabetic nephropa-
hy (DN) manifesting as proteinuria, hyperten-
ion, and decreasing GFR.8,17 Ultimately, focal
nd global glomerulosclerosis, tubular atrophy,
nterstitial expansion, and GTJA facilitate this
ownward spiral. However, tubulointerstitial

esions and GTJA contribute only approxi-

with an abnormal glomerular tubular junction with no
hick arrows). Note the associated Bowman’s capsule
n at the GTJ. (C, D) A capsular drop (short thin arrows)
et al.15
rulus
ule (t
r lesio
ately 10% to 15% to functional loss in T1DM
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198 P. Fioretto and M. Mauer
atients whose GFR is greater than 40 mL/min/
.73m2.16 Tubulointerstitial disease may be
ore important in the progression from mod-

rate renal insufficiency to end-stage renal dis-
ase (ESRD),18 but it is probably a mistake to
xtrapolate this to earlier stages of DN progres-
ion.

The situation in T2DM is more complex. Par-
ing et al19 described a high prevalence of non-
iabetic glomerular diseases in Danish T2DM
atients with proteinuria undergoing clinical
enal biopsy examinations; 23% had a variety of
lomerulopathies including “minimal lesion ne-
hropathy,” chronic glomerulonephritis, and
esangial proliferative glomerulonephritis

lone or superimposed on diabetic structural
bnormalities. Lipkin20 found that only 50 of 82
2DM diabetic patients with nephropathy had

ypical diabetic glomerulopathy; similarly, Gam-
ara et al21 found that 33% of proteinuric T2DM
atients had glomerular disease superimposed
n diabetic glomerulosclerosis, although more
ecently the same group reported that nondia-
etic glomerulopathies occurred in only 18% of
2DM patients with proteinuria.22 In the study
y Olsen and Mogensen,23 only 12% of the pro-
einuric patients had nondiabetic renal dis-
ases. Thus, the real frequency of nondiabetic
enal diseases among patients with T2DM and

igure 4. Renal biopsy specimen from a T2DM patient
ith mild mesangial expansion relative to the severity of

nterstitial fibrosis (long arrow) and tubular atrophy
short arrow). This would be classified as category III
PAS). Reprinted with kind permission of Springer Sci-
nce and Business Media.25
roteinuria is difficult to assess in studies in e
hich patients underwent a biopsy examina-
ion for clinical reasons because of selection
ias toward atypical cases; the broad variability
escribed previously likely is related to the dif-
erent biopsy examination policies adopted, as
ecently discussed by Mazzucco et al.24

We performed renal function studies and re-
earch renal biopsy examinations in a large co-
ort of T2DM patients with MA and proteinuria
nd described marked heterogeneity in renal
tructure among these patients; in fact, only a
inority had DN patterns typical of those seen

n T1DM patients, the remaining patients had
ild or absent diabetic glomerulopathy with

Figs. 4 and 5) or without tubulointerstitial,
rteriolar, and global glomerulosclerosis
hanges.25 Less than 10% of our proteinuric
atients had nondiabetic renal diseases. Based
n these observations, we proposed a classifi-
ation system that included 3 major catego-
ies.25 (1) Category C I: normal or near-normal
enal structure. These patients (35% of MA and
5% of proteinuric) had normal renal biopsy
pecimens or showed very mild glomerular, tu-
ular, interstitial, and/or vascular changes. (2)
ategory C II: typical diabetic nephropathol-
gy. These patients (30% of MA and 50% of
roteinuric) had established diabetic lesions
ith an approximately balanced severity of glo-

igure 5. Renal biopsy specimen from a T2DM patient
ith hyalinosis of the afferent (right thin arrow) and
fferent (left thin arrow) glomerular arterioles, interstitial
xpansion (short thick arrow) and tubular atrophy (long
hick arrow). This would be classified as category III
PAS). Reprinted with kind permission of Springer Sci-

nce and Business Media.25
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Diabetic nephropathology 199
erular, tubulointerstitial, and arteriolar
hanges, a picture typical of that seen in most
1DM patients with obvious light microscopic
N changes. (3) Category C III: atypical pat-

erns of renal injury (Figs. 4 and 5). These pa-
ients (35% of MA and proteinuric) had rela-
ively mild diabetic glomerular changes
onsidered disproportionately severe; category

IIIa: tubular atrophy, TBM thickening and
eduplication and interstitial fibrosis (tubuloin-
erstitial lesions); category C IIIb: advanced ar-
eriolar hyalinosis commonly associated with
therosclerosis of larger vessels; and category C
IIc: global glomerular sclerosis. In the category

III group these patterns were present in all
ossible combinations. More recently, examin-

ng the associations of albumin excretion rates
AER) and electron microscopic morphometri-
ally quantitated DN lesions, we could mathe-
atically define a spatial cluster of structural/

unctional relationships that contained the
1DM patients. About one third of the T2DM
atients were categorized outside of this cluster
ecause of MA or proteinuria, despite a paucity
f diabetic glomerulopathy lesions.26 These ob-

ective data largely confirm the more subjective
ategoric classification.

Thus, hyperglycemia may cause different pat-
erns of renal injury in T2DM compared with
1DM patients. Alternatively, the dispropor-

ionate tubulointerstitial, glomerulosclerotic,
nd vascular changes of T2DM also could be
elated to aging, atherosclerosis, and systemic
ypertension. However, it also is possible that
he T2DM heterogeneity in renal structure
ight reflect the heterogeneous nature of
2DM. The natural history of MA and protein-
ria in T2DM patients with minimal or no renal

esions is not yet well understood, however,
FR loss in the relatively short term (�4 y)

argely is confined to T2DM research patients
ith diabetic glomerulopathy.27

ORPHOMETRIC
NALYSIS AND STRUCTURAL-
UNCTIONAL RELATIONSHIPS

he relationships between structural abnormal-
ties and kidney function are best defined using
ight and electron microscopic morphometric

nalysis. The critical lesion in T1DM is mesan- G
ial expansion, morphometrically termed mes-
ngial fractional volume (Vv [Mes/glom]) (the

raction of the cross-sectional area of the glo-
erular tuft made up by mesangium); this is the

lectron microscopically estimated structural
arameter that best correlates with all func-
ional parameters in T1DM.9,17 Indeed, a highly
ignificant inverse correlation exists between
v(Mes/glom) and GFR9,15-17; when mesangium
xpands it restricts and distorts glomerular cap-
llaries and diminishes capillary filtration sur-
ace,9 which is strongly directly related to
v(Mes/glom) and inversely to GFR.28 Vv(Mes/
lom) also is related to AER9,15-17,29 and blood
ressure levels.30 In contrast, GBM thickening

s related closely to AER and less so to GFR or
ypertension, suggesting that this lesion is a
loser surrogate to the pathogenesis of albumin-
ria. Interstitial expansion and percentage of
lobal sclerosis also are related directly to pro-
einuria, hypertension, and inversely to
FR.4,5,9,15,16 However, our studies in a small
umber of T1DM patients studied with sequen-
ial renal biopsy examinations about 5 years
part indicated that progression from NA to MA
nd from MA to proteinuria was related primar-
ly to progressive mesangial expansion.11 In
ontrast, there was no significant progression
n interstitial fibrosis or GBM thickening over
his time period. These data initially may seem
ontradictory to recent studies that described
hat greater GBM width at baseline biopsy ex-
mination was predictive of AER after 5 or 6
ears of follow-up evaluation.31,32 However,
iven the linear course of GBM thickening ver-
us the nonlinear trajectory of mesangial expan-
ion, it is not surprising that GBM width, a
trong correlate of AER, is a better predictor of
N risk whereas mesangial expansion, through

ts intimate relationship with filtration surface,
etter defines the clinical course of those des-
ined to develop severe diabetic kidney disease.

Although an increase in AER to the MA range
sually is considered the first clinical expres-
ion of DN, some long-term T1DM patients
ave reduced GFR as the initial indicator of
enal disease.33 Thus, T1DM patients, most of-
en females with diabetic retinopathy and/or
ypertension, still may be NA despite a reduced

FR. These patients have significantly more ad-
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200 P. Fioretto and M. Mauer
anced diabetic glomerulopathy lesions than
he NA patients with a normal GFR.33 This sit-
ation of “normoalbuminuria with renal dys-
unction” also has been seen in T2DM pa-
ients34; in this study 39% of NA T2DM patients,
majority of whom were women, had an esti-
ated GFR of less than 60 mL/min.34

As alluded to previously, through much of
he natural history of DN lesions develop in
omplete clinical silence. When persistent MA
nd proteinuria supervene, lesions are often far
dvanced and loss of GFR then may progress
elatively rapidly toward ESRD. This typical clin-
cal story is best described by nonlinear analy-
es of structural-functional relationships.16 By
sing simple linear regression models, glomer-
lar structural variables explained about 65% of
ER and 35% of GFR variability among T1DM
atients.17 However, using piecewise (spline)
egression models, glomerular structural vari-
bles alone, GBM width (Vv[Mes/glom], and
otal filtration surface per glomerulus), ex-
lained 95% of the variability in AER ranging

rom NA to proteinuria. These same glomerular
tructures, however, explained only 78% of the
FR variability in this study, and this increased

o 92% with the addition of indices of GTJA and
nterstitial expansion.16

In summary, most of the AER and GFR
hanges in T1DM are explained by diabetic
lomerulopathy lesions and these structural-
unctional relationships are driven largely by
atients with more advanced lesions and clini-
al functional abnormalities whereas structure
s highly variable (from virtually none to mod-
rate severity) in patients without functional
bnormalities. In the end, as in other slowly
rogressive renal diseases, clinical findings in
N may, at least in part, reflect the lesions
xceeding renal compensatory capacities and
his may be mirrored in the nonlinear analyses
escribed previously.

Our findings in T2DM confirm that mesangial
xpansion is a crucial structural change leading
o loss of renal function in diabetes. AER is
elated directly to both GBM width (r � 0.47)
nd Vv(Mes/glom) (r � 0.44), but GFR is re-
ated inversely only to Vv(Mes/glom) (r � 0.47)
Fioretto, unpublished data). Although these

tructural-functional relationships are highly a
tatistically significant, they are less precise
han in T1DM. Moreover, confirming our obser-
ations from light microscopic studies,25,26 glo-
erular lesions are less advanced in T1DM than
2DM patients and a substantial number of
2DM patients have normal glomerular struc-

ure despite an abnormal AER. These data are in
greement with those in Pima Indians, in whom
lobal glomerular sclerosis, interstitial expan-
ion and GBM width were similar in patients
ith long-term T2DM with NA and those with
A; only Vv(Mes/glom) increased from early
iabetes to MA.35 Ultrastructural glomerular
arameters in these patients were signifi-
antly abnormal only in patients with clinical
ephropathy.35 Although Hayashi et al36 re-
orted renal structural-functional relationships

n T2DM patients similar to those observed in
1DM, Østerby et al37 described great variabil-

ty in glomerular injury in Danish T2DM pa-
ients with proteinuria; they also concluded
hat T2DM patients often had less marked glo-
erular changes than T1DM patients with com-
arable renal function. As already noted previ-
usly, our cluster analysis studies argue that this
reater structural-functional heterogeneity rep-
esents increased AER in a substantial subset of
2DM patients that is, at least in part, unex-
lained by the classic DN lesions.26 The prog-
ostic relevance of increased AER in this subset
f T2DM patients has not yet been described
ully.

Nonetheless, the heterogeneity in renal
tructure is related to the risk of progressive
FR loss.27 Indeed, GFR decrease over 4 years
f follow-up evaluation in T2DM diabetic pa-
ients with MA and proteinuria was correlated
ignificantly with the severity of mesangial ex-
ansion and GBM thickening.27 These findings
ay, in part, explain why treatment trials have

hown less dramatic benefits in proteinuric
2DM38,39 than T1DM40 subjects. Thus, greater
andomization of substantial numbers of pro-
einuric subjects who are slow progressors or
onprogressors to both treatment arms would
lunt a study’s ability to show treatment effects.
his could be mitigated somewhat by the ex-
lusion at study entry or through subset analy-
es of T2DM patients without diabetic retinop-

thy because these subjects are more likely to
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Diabetic nephropathology 201
ave increases in AER levels disproportionate to
heir diabetic glomerular lesions.25

OLE OF PODOCYTES IN DN

he glomerular filtration barrier is composed of
enestrated endothelium, GBM, podocyte foot
rocesses, and slit diaphragms. Compromise of
ne or more elements of this filtration complex

eads to proteinuria.41 Podocyte detachment from
BM, from apoptosis, necrosis, or loss of adhesive

nteraction may play a central role in the patho-
enesis of several proteinuric diseases; in fact pro-
einuria in glomerular disorders ultimately is asso-
iated with foot process effacement, flattening,
nd retraction,42 although these changes may not
e present at the initiation of the glomerular bar-
ier alteration or injury.41 Podocytes are injured in
umerous experimental and human glomerular
isorders, including minimal-change disease,
SGS, collapsing glomerulopathy, lupus nephritis,
nd DN.42,43

The understanding of the role of podocytes in
N has increased in recent years, although defin-

tive conclusions have not been reached. Al-
hough it is well known that podocyte foot pro-
ess width increases and slit pore length per GBM
urface area decreases with increasing urinary
rotein excretion in diabetes,44-46 recent studies
ave documented that podocyte shape changes,
lbeit subtle, already are present in NA young
1DM subjects,47 perhaps consistent with an
arly role for this cell in the pathogenesis of dia-
etic glomerulopathy. This may not have been
etectable in earlier studies45 because of con-
ounding of the normal control group with ca-
aver kidney donor material, which may evidence

ncreased foot process width compared with bi-
psy specimens obtained in situ from normal liv-

ng kidney donors (Torbjornsdotter et al47 and
auer, unpublished data). Podocyte detachment

rom GBM, which also may be an early phenom-
non in patients with T1DM, worsens with in-
reasing albuminuria44 and could be responsible
or podocyte loss and decreased podocyte num-
er (see later).

White et al48 observed similar numbers of
odocytes in normal subjects and in T1DM pa-
ients with abnormal AER, although there was a
rend toward fewer podocytes per glomerulus

n the diabetic patients. Moreover, this study p
ound no statistically significant correlation be-
ween podocyte number and AER. These find-
ngs are in contrast to those in earlier T1DM
tudies49 that reported decreased podocyte
umber in patients with normal AER when
ompared with normal controls, thus suggest-
ng that diabetes per se may adversely affect
odocyte reproduction, survival, or both. Low
odocyte number also has been described in
roteinuric T2DM Pima Indian patients.35 The

nvestigators’50 hypothesis that podocyte loss
nd increased foot process width could play a
ole in the progression to overt nephropathy
as supported in their subsequent longitudinal

tudy in which T2DM MA Pima Indian subjects
ere studied over 4 years; a greater reduction

n the number of podocytes per glomerulus at
aseline in these MA subjects predicted a
igher risk of progression to overt nephropa-
hy. This variable was a slightly stronger predic-
or than mesangial fractional volume in these
ubjects, although were a head-to-head compar-
son of these 2 variables performed, it is likely
hat these would be statistically similarly pow-
rful predictors.50 MA and proteinuric Cauca-
ian T2DM patients that we studied also had
ecreased length density of filtration slits (FSLv/
lom), and increased foot process width over
he peripheral GBM compared with NA sub-
ects.51 AER was related inversely to podocyte
umeric density (Nv[epi/glom]) and FSLv/glom
nd directly to foot process width, although
here was no statistically significant correlation
ith podocyte number per glomerulus (Epi
/glom). GFR was correlated weakly to FSLv/
lom, but not to any other podocyte variable.
everal patients with abnormal AER had normal
v(Mes/glom) (�0.25). We compared their
odocyte structure with that of NA patients
ho also had normal Vv(Mes/glom). Patients
ith abnormal AER had lower Nv(epi/glom)

nd FSLv/glom and greater foot process width
han NA patients with the similar Vv(Mes/
lom). Thus, changes in podocyte structure and
ensity occur at the early stages of DN in Cau-
asian T2DM patients and might contribute to
ncreasing albuminuria in these patients. More-
ver, podocyte structural changes could in part
xplain or result from increased albuminuria in

atients without classic diabetic glomerulopathy.
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202 P. Fioretto and M. Mauer
Podocytes probably have limited capacity to
eplicate. Podocyte loss, along with the in-
rease in glomerular volume that may occur in
iabetes, would require the residual podocytes
o cover a larger area of GBM. This might facil-
tate podocyte detachment, resulting in bare
BM areas with consequent proteinuria. More-
ver, these areas of detachment could initiate
dhesions and potential starting points for GTJA
nd focal or global glomerular sclerosis.

ISK FACTORS FOR DN

lthough it is clear that genetic factors modu-
ate DN risk and that some patients escape this
omplication despite decades of poor glycemic
ontrol, it also is clear that hyperglycemia is a
ecessary precondition for DN lesions and re-
al functional disturbances to develop. Impor-
ant support for this concept derives from re-
earch kidney biopsy studies in identical twins
iscordant for T1DM. The kidneys of all of the
ondiabetic members of these twin pairs were
ormal structurally, and in each instance GBM
nd mesangial measures were greater in the
iabetic twin of the pair.52 Several diabetic
wins had values for GBM width and Vv(Mes/
lom) that were still within the range of normal
nd thus, the diabetic had changes only in com-
arison with their nondiabetic twin, whereas
thers had more severe lesions.52 Thus, given
ufficient duration, probably all T1DM patients
ave structural changes that are similar in their
irection but vary markedly between individu-
ls in the rate at which these lesions develop.
he marked variability in the rate of develop-
ent of lesions of DN in transplanted kidneys

lso not explained fully by glycemia.53 Because
ll the recipients had ESRD secondary to DN in
heir native kidneys, the absence of detectable
isease recurrence in some renal allografts is
onsistent with intrinsic renal tissue suscepti-
ility to the diabetic state, which may be deter-
ined genetically.
Variability in glomerular volume and number

lso could be structural determinants of nephrop-
thy risk. The mean glomerular volumes were
ower in patients developing DN after 15 years of
1DM compared with a group that developed
ephropathy after at least 25 years.54 Thus, glo-

erular volume increases as mesangial expansion g
evelops and patients unable to respond to mes-
ngial expansion with glomerular enlargement
ore quickly may lose filtration surface and de-

elop overt nephropathy than those whose glo-
eruli enlarge. The number of glomeruli per kid-
ey can vary markedly among normal individuals
nd among diabetic patients55 and it has been
uggested that fewer glomeruli per kidney could
e a risk factor for the development of DN.56

owever, T1DM transplant recipients, having a
ingle kidney, do not have accelerated develop-
ent of diabetic renal lesions compared with
1DM patients with 2 native kidneys (Chang et al,
npublished data). Although of unproven impor-
ance in the genesis of DN, reduced glomerular
umber could result in more rapid progression to
SRD once advanced lesions and overt DN had
eveloped.

Several studies have shown that DN risk clus-
ers in families. Seaquist et al57 observed that
N occurred in only 2 of the 12 T1DM diabetic

iblings of the probands free of DN, whereas
2% of siblings of probands with DN had evi-
ence of diabetic renal disease. These findings
ave been largely confirmed both in T1DM and
2DM patients.58-61

We studied glomerular structure in T1DM sib-
ing pairs and described that the concordance of
ephropathy among these pairs was based on
oncordance in glomerular lesions.62 In fact, the
trongest predictor of glomerular structure in the
iabetic sibling was glomerular structure in the
iabetic proband.61 Not only was the severity of

ndividual glomerular lesions highly correlated,
ut also the patterns of glomerular lesions were
imilar; for example, if one sibling had a relatively
reater increase in GBM width compared with
esangial matrix fractional volume [Vv(MM/

lom)], the other sibling was more likely to have
he same pattern.62 In the same cohort, Na/H
ntiport activity in cultured skin fibroblasts,
nown to be associated with DN risk,63 was cor-
elated strongly among sibling pairs.64 These data
upport a strong genetic basis for DN, pathogen-
sis and risk.

Several candidate genes for DN risk or pro-
ection have been proposed including genes
nvolved in glucose metabolism, extracellular

atrix synthesis, and degradation the renin-an-

iotensin system and other pathways.65 Poly-
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Diabetic nephropathology 203
orphism of genes related to the renin-angio-
ensin system have been suggested in many
tudies to be involved in conferring susceptibil-
ty for both onset and progression of DN; the D
llele of angiotensin-converting enzyme-1 is as-
ociated with DN in both T1DM and T2DM
atients.66 We studied the relationships be-
ween the insertion/deletion (I/D) polymor-
hism of the angiotensin converting enzyme
ACE) gene and diabetic glomerulopathy in a
arge group of T2DM patients with abnormal
ER.67 Although renal function was not signifi-
antly different among patients with the II, ID,
r DD genotype, diabetic glomerulopathy was
ore severe in DD patients. Moreover, subdi-

ided in tertiles of increasing values of GBM
idth and mesangial matrix fractional volume,

he DD carriers had an odds ratio of 6.11 (con-
dence interval, 1.84-20.3) and 10.67 (confi-
ence interval, 2.51-45.36) of being in the high-
st versus the lowest tertile for GBM width and
esangial matrix fractional volume.67 Thus,

mong patients with diabetes and abnormal
ER, the presence of the DD genotype is asso-
iated with a high risk for the development of
dvanced diabetic glomerulopathy lesions.67

Also, we analyzed the relationships between
lomerular structure and polymorphism of PC-1
121Q, a gene associated with insulin resis-

ance, in T2DM patients with MA or protein-
ria.68 The degree of glomerulopathy was sim-

lar among XQ and KK patients. Moreover,
espite that patients carrying the Q PC-1 geno-
ype had a lower GFR, the decrease of kidney
unction was similar among the 2 groups, sug-
esting that this polymorphism is involved in
he regulation of renal hemodynamics rather
han in the development of glomerular struc-
ural abnormalities.68

The inconsistent results obtained to date
ith the candidate gene approach65 may in

arge part be owing to the genetic complexities
f DN risk. Multiple genes probably are in-
olved in conferring susceptibility to and/or
rotection from diabetic renal disease and it is

mportant to take into account not only gene-
ene interactions, but also the relationships be-
ween genetic and environmental factors.
mong environmental factors, other than met-

bolic control, there is increasing interest in a
moking as a risk factor for DN. Smoking is an
ndependent risk factor for the development of

A, the rate of progression from MA to protein-
ria, and subsequent renal failure both in T1DM
nd T2DM diabetes.69 We found that smokers
ad higher values for AER, GFR, and GBM width
han nonsmokers.70 The increase in GBM width
mong smokers was consistent with a dose-
ependent effect.70

EVERSIBILITY OF DN LESIONS

ancreas transplantation offers the opportunity
o test the effects of long-term normoglycemia
o prevent, halt, or reverse DN lesions. Pancreas
ransplantation, performed at the time of renal
ransplant or within a few years after kidney
ransplant, prevents or slows the development
f early diabetic glomerulopathy lesions in the
enal allograft.71-73

The possibility of diabetic renal lesion rever-
al was addressed by long-term studies of the
ative kidneys of T1DM recipients of pancreas
ransplantation alone (PTA). We found that de-
pite 5 years of normoglycemia there was no
melioration of the lesions of DN in 13 PTA
ecipients.74 GBM width, abnormal before PTA,
as unchanged after 5 years. Vv(Mes/glom)
as increased compared with baseline because
f a decrease in glomerular volume, whereas
he total mesangial volume per glomerulus re-
ained unchanged.74 Eight of the 13 PTA recip-

ents were available for studies after 10 years of
ormoglycemia.75 These patients were (mean

SD) 33 � 3 years old, had diabetes for 22 �
years, and hemoglobin A1c of 8.7% � 1.5% at

he time of PTA. GFR was decreased signifi-
antly (by �25%) at 5 years after PTA but did
ot change thereafter. AER was decreased at 10
ears in those patients with increased baseline
alues.75 These renal functional data, however,
re difficult to interpret given the confounding
ffects of cyclosporine.76 Indeed, there was a
ignificant correlation between the changes in
FR and cyclosporine dose and blood levels in

hese patients in the first year after transplant.76

nlike the 5 year post-PTA results, obvious re-
ersal of diabetic glomerular and tubular lesions
as observed in all 8 patients 10 years after
TA.75 Thus, GBM and TBM widths, unchanged

t 5 years, decreased at the 10-year follow-up
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204 P. Fioretto and M. Mauer
valuation, returning to normal values in most
atients. Vv(Mes/glom) and mesangial matrix

ractional volume (Vv[MM/glom]), which had
ncreased from baseline to 5 years, were lower at
0 years than at baseline or 5 years. The glomer-
lar volume decreased from baseline to 5 years
nd was stable thereafter. The total mesangial and
otal mesangial matrix volumes per glomerulus
onsequently were unchanged at 5 years and
arkedly decreased at 10 years. Light micro-

copic observations revealed a remarkable ame-
ioration of glomerular structure in these patients,
ncluding the total disappearance of Kimmelstiel-

igure 6. Diffuse and nodular mesangial expansion in a
1DM patient before PTA (PAS). Reprinted with permis-
ion from Fioretto et al.75 Copyright © 1998 Massachu-
etts Medical Society. All rights reserved.

igure 7. Persistence of diffuse and nodular mesangial
xpansion 5 years after successful PTA in the same pa-
ient as shown in Figure 6. Reprinted with permission
rom Fioretto et al.75 Copyright © 1998 Massachusetts
edical Society. All rights reserved. T
ilson nodular lesions and the reopening of glo-
erular capillaries previously compressed by
esangial expansion (Figs. 6-8).75 The reasons for

he long delay in reversal of DN lesions are un-
nown; nevertheless, the long time necessary for
hese diabetic lesions to disappear is consistent
ith their slow development.
More recently we reported remodeling of

nterstitial and tubular lesions in these same
atients.76 The worsening of interstitial fibrosis
nd tubular atrophy observed at 5 years post-
TA (Figs. 9,10), likely consequent to cyclo-

igure 8. Marked reduction in mesangial expansion 10
ears after successful PTA in the same patient as shown
n Figures 6 and 7. Note the persistence (arrow) of
rteriolar hyalinosis, a common finding in these cases
PAS). Reprinted with permission from Fioretto et al.75

opyright © 1998 Massachusetts Medical Society. All
ights reserved.

igure 9. Moderate to advanced diabetic glomerulopa-
hy despite near-normal tubules and interstitium in this

1DM patient before PTA (PAS).
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Diabetic nephropathology 205
porine therapy,77 reversed at 10 years after
TA (Fig. 11).76 We documented remodeling of
he tubulointerstitial lesions, with a decrease of
ortical interstitial fractional volume, the frac-
ional volume of tubules that were atrophic,
nd an overall decrease in renal interstitial fibril-
ar collagen (Figs. 10-11).76 Whether these
tructural improvements were consequent to
rolonged normoglycemia, decreased cyclo-
porine dose, or both, was unknown. Regard-
ess of the mechanisms involved, at some point
fter PTA the glomerular, tubular, and intersti-
ial cells changed their behavior toward extra-

igure 10. Persistence of the diabetic glomerulopathy
hanges and de novo interstitial fibrosis and tubular
trophy 5 years after PTA in the same patient as shown
n Figure 9 (PAS). Reprinted with permission from Fior-
tto et al.76

igure 11. Near-normalization of glomerular structure,
arked resolution of interstitial fibrosis, and presumed

esorbtion of atrophic tubules 10 years after PTA in the

1ame patient as shown in Figures 9 and 10.
ellular matrix removal and architectural re-
odeling in remarkable demonstrations of the

ecovery capacity of the kidney. These findings
all for further studies aimed at identifying the
olecular and cellular mechanisms involved in

hese healing processes, which could provide
ew directions in the treatment of DN.
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