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Summary. A total of 390 kidney specimens (361 biopsies
and 29 autopsies) from 353 patients with diabetes mel­
litus were reviewed. There were 48 cases with IDDM (58
kidney specimens) and 305 cases with NIDDM (332
specimens). The diffuse and nodular lesions were graded
by Gellman's criteria, and arteriolar hyalinosis by our
previous criteria. We analyzed sequential features in
the development of the diabetic renal injuries and
compared them with IDDM and NIDDM. The diffuse
lesion, which began to appear as segmental thickening
of the mesangial area, was characterized by the deposi­
tion of strongly PAS-positive materials, most probably
glycosylated serum proteins. As the diffuse lesion pro­
gressed to grades II and III, the small nodule was
formed with the locally accentuated deposition of the
glycosylated proteins. The blood flow of surrounding
capillaries of the nodule frequently began to stagnate,
and as long as the stagnation persisted, the capillary
lumina were gradually enlarged and bulged with the
eventual development of capillary microaneurysm filled
with red blood cells. This sequence of events indicates
that a segmentally turbulent intraglomerular circula­
tion has occurred. The widened perinodular or peri­
mesangial spaces with or without the capillary micro­
aneurysm were slowly occupied again by the glycosylat­
ed proteins in a stratified pattern, ultimately leading to
larger nodules. A few cases showed mesangial disinte­
gration or mesangiolysis, but this did not result in the
larger nodule, only to be recanalized. Fibrin cap was
structurally identical to the capillary aneurysm, but
lacked red blood cells in it. This difference seemed to be
well explained by blood skimming processes; the former
with accumulation of already skimmed plasma, and the
latter with that of skimmed red blood cells. Thus, the
segmental turbulence of glomerular circulation played
an important role in the progression of diabetic glomer-
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ulosclerosis. This intraglomerular hemodynamic pertur­
bation appeared to be enhanced by intraglomerular
hypertension, especially in IDDM, and simultaneous
hyalinosis of the afferent and efferent arterioles.

INTRODUCTION

The kidney can develop a wide variety of functional
and morphologic derangements under the environment
of diabetes mellitus, especially of the insulin-dependent
type.

Functionally, the glomerular filtration rate (GFR)
often increases to supernormal levels and renal
plasma flow (RPF) remains generally unchanged or
with less of an increase, thereby resulting in an
elevated filtration fraction (FF). This hyperfiltration
has been attributed to the elevation of the transcapil­
lary pressure gradient rather than to the increment of
the glomerular filtration surface area as noted by
Parving et al.!l This has also been confirmed in
moderately hyperglycemic diabetic rats with micro­
puncture techniques2

). The increased transcapillary
pressure enhances the permeability of the capillary
walls which in turn induces diabetic microalbu­
minuria3).

Morphologically, following the description of the
nodular lesion by Kimmelstiel and Wilson4

), addi­
tional diabetic lesions in the kidney, i.e., diffuse,
exudative, arteriolar lesions, and thickening of the
glomerular and tubular basement membrane have
been delineated. Moreover, glomerulocapillary and
arteriolar microaneurysms in the diabetic kidneys
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have recently been recognized5
,6).

However, it remains unclear how the functional
alterations contribute to the pathomorphogenesis of
various diabetic lesions, and, furthermore, whether or
not there are any interrelations among these mor­
phologic changes. In this report, we analyzed sequen­
tial features in the development of the diabetic renal
injuries and compared them with insulin-dependent
diabetes mellitus (IDDM) and non-insulin-dependent
diabetes mellitus (NIDDM). We concluded that a
segmental turbulence of glomerular circulation plays
an important role in the progression of diabetic glo­
merulosclerosis.

MATERIALS AND METHODS

A total of 390 kidney specimens (361 biopsies and 29
autopsies) taken from 353 patients with diabetes
mellitus were reviewed. Among them, 265 specimens
(240 biopsies and 25 autopsies) from 230 patients were
examined in Kanazawa University Hospital by two
of the authors (E. T. and Y. N.) between 1962 and 1978,
and their details have been described elsewhere6

-
S

).

The remaining 125 specimens were obtained from 123
patients in Akita University Hospital between
August, 1979 and June, 1989. In those patients who
underwent serial histological examinations, each
specimen was separated by more than two-year inter­
vals. The type of diabetes mellitus was determined by
diabetologists (E.T. and S. I.), and there were 48
patients with IDDM (58 kidney specimens) and 305
patients with NIDDM (332 specimens).

All the kidney tissues were routinely processed, i.e.,
fixed in 10% phosphate-buffered formalin, embedded
in paraffin, cut at a thickness of 2 ,urn and stained with
hematoxylin and eosin (H & E), periodic acid Schiff
(PAS), Heidenhain's azocarmine aniline blue (Azan),
and Jone's periodic acid methenamine silver (PAM).
Since each stained slide mounted five or more sec­
tions, in all, 20 or more sections were semi-serially
evaluated. The degree of the diffuse and nodular
lesions was graded on a scale of 0 through IV accord­
ing to the criteria of Gellman et a1. 9

), and the extent
of arteriolar hyalinosis was classified according to
our criteria as previously describedsl . The exudative
lesions were divided into the so-called capsular drop
and fibrin cap. The capillary microaneurysm in the
glomeruli was defined as a cystic dilation of the
glomerular tuft with size of more than half the lobule,
usually filled with red blood cells.

GFR and RPF were measured with the method of
one-shot intravenous infusion (taking 10 to 15 min) of

sodium thiosulfate and sodium paraaminohippurate,
and FF was calculated. The results of this renal func­
tion test were adopted only when examined within
one or two weeks before or after the renal biopsy.

Statistical analysis was performed using student t
test or Fisher's exact test, and the data were expres­
sed as mean±SEM. A p-value less than 5% was
regarded as significant.

RESULTS

1. Sequential features in the development of glomer­
ular pathology

The diffuse lesion, which began to apper as segmen­
tal thickening of mesangial area (Fig. lA), was char­
acterized by the deposition of strongly PAS-positive
materials. At an advanced stage, it could induce a
conspicuous mesangial expansion, often simulating
small nodules (Fig. IB). However, before progressing
to such an extent, a majority of glomeruli managed

Fig. 1. The diffuse lesion. A. Grade I lesion. There is
segmental thickening of mesangial area (arrows). PAS,
x 400. B. Mesangial area extremely expanded by the
deposition strongly PAS-positive substances, often
simulating smaIl nodules (arrows). PAS, x 400



Fig. 2. Intraglomerular circulation at an early stage. A.
Cracking or splitting of the mesangium (arrows), early
adaptatory processes of intraglomerular circulation.
PAM, x 400. B. There are two small nodules (arrows),
and the surrounding capillaries are congested with
rouleau-formed red blood cells in one of them (the right
one). Azan, x 400

to maintain the intraglomerular circulation by crack­
ing or splitting the thickened mesangium, which
secured new routes for the circulation (Fig. 2A). Once
the small nodule was formed with the locally ac­
centuated deposition of the PAS-positive proteins,
the blood flow of surrounding capillaries frequently
stagnated, as judged from the presence of rouleau­
formed red blood cells (Fig. 2B). As long as the
stagnation of capillary circulation persisted, the cap­
illary lumina were gradually enlarged and bulged
(Fig. 3A), sometimes leading to large glomerular or
capillary microaneurysms filled with red blood cells
(Fig. 3B), although, in several cases, the widened
lumina were occupied by foamy materials. In such
situations, the nodularly expanded mesangium, from
which the capillary microaneurysm was derived, was
often concavely compressed (Fig. 3C), clearly indicat­
ing that the pressure within the microaneurysm was
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considerably elevated. Meantime, every effort was
being made to sustain the intraglomerular segmental
blood flow by utilizing all cracks or clefts even within
the nodule (Fig. 4A). However, this effort was not re­
warded on some occasions, since these newly opened
but distorted canals were easily occluded, resulting in
the retention of serum protein components (Fig. 4B),
or foamy or substances (Fig. 4C).

As the diffuse lesion progressed to grade II or III,
the occurence of mesangial disintegration or mesan­
giolysis was occasionally observed. Fig. 5A shows an
example of such a mesangiolytic focus with loosened
mesangial matrices. Through a semi-serial observa­
tion, a majority of mesangiolytic changes were
traced to be part of the perinodularly widened space
of the nodule (Fig. 5B and C). Only in four instances
did they not belong to the nodular lesion. This de
novo mesangiolytic area was usually recanalized
subsequently, and its development toward the nodu­
lar lesion was not confirmed. Then, the widened
capillary spaces surrounding the nodule or the
advanced diffuse lesion as a means of adaptation to
maintain the disturbed intraglomerular circulation,
were gradually filled up with stratified substances,
thus leading to the larger or, in some, gigantic nod­
ules (Fig. 6A and B). This newly formed part of the
nodule was generally less PAS-positive than the
original nodule or diffuse lesion. The capillary walls
of the larger nodule expanded by massive contents
were often ruptured, thereby spitting out the contents
into Bowman's space (Fig. 6C). In this particular
picture, the fibrillarly laminated structure indicates
several directions of deposition and leakage.

Fibrin cap, which is one of the exudative lesions,
was characterized by the retention of hyaline sub­
stances, probably of serum proteins, within the
widened capillary lumina (Fig. 7A). Seen in PAM­
stained section, this structure was consistent with the
capillary microaneurysms (Fig. 7B). However, fibrin
cap was different from the latter in that it contained
little, if any, red blood cells.

2. Comparison between IDDM and NIDDM
Filtration fraction (FF). Fig. 8 shows a correlation of
grades of the diffuse lesion with FF from patients in
whom it was measured. Although the difference
between IDDM and NIDDM patients was not statisti­
cally substantiated, FF of IDDM tended to be higher
than that of NIDDM throughout all grades of the
diffuse lesion. In addition, it is noteworthy that FF of
both types of DM was more elevated than normal in
patients with the grades 0 through II.

Glomerular hypertrophy. Glomerular size in IDDM
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Fig. 3. Capillary microaneurysms. A. A small capillary aneurysm filled with
red blood cells, adjacent to a nodule of moderate size (arrow). In the lower part,
there are three widened lumina devoid of red blood cells but instead filled with
foamy materials (arrow heads). Azan, x 400. B. A larger microaneurysm (arrow
heads). H & E, x 400. C. A well-developed microaneurysm. The nodularly
expanded mesangium, somewhat loosely composed, is concavely compressed.
PAS, x400
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Fig. 4. Intraglomerular circulation at a later stage. A. Blood flow utilizing cracks or clefts within a nodule
(arrow). H & E, X 400. B. The cracks were occluded by the retention of serum protein components (arrow). PAS,
x 400. C. A crack was filled with foamy or fatty substances (arrows). This spherial expansion indicates an
elevated intraluminal pressure. PAS, x 400

Fig. 5. Mesangiolysis. A. Mesangial disintegration or mesangiolysis (arrow heads). PAM, x 400. B. Another
mesangiolytic focus (thin arrow) and an area of expanded mesangium (thick arrow). PAM, x 400. C. Subsequent
section disclosed that the mesangiolytic site seen in B, was part of a nodule (thin arrow). This kind of
perinodular disintegration (it can occur also around an extremely expanded mesangium) perhaps can best be
termed peri-mesangiolysis. The previous mesangial expansion (thick arrows) was subsequently recanalized.
PAM, x400
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Fig. 6. The established nodular lesions. A. Accumulated materials (less darkly stained) in a layered fashion
upon the original small nodule or expanded mesangium (more darkly stained) (arrow). PAM, x320. B. A
gigantic nodule is being formed (arrows), PAM, x 400. C. Another larger nodule (arrows). Note the direction of
laminated structure within the nodule which indicates accumulation and leakage. H & E, x 400

Fig. 7. Fibrin cap. A. Large fibrin caps composed of
serum protein components with various densities and fat
droplets (arrows). PAS, x 320. B. This structure was
essentially identical to the capillary microaneurysm, but
devoid of red blood cells. PAM, x 320
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Fig. 8. A correlation of filtration fraction (FF) with the degree of the diffuse
lesion.

Fig. 9. Glomerular hypertrophy. A. Extreme glomerular hypertrophy seen in
a case of IDDM. PAS, x 200. B. Ordinary glomerular size in a NIDDM patient.
PAS, x400
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Fig. 10. The incidences of the nodular lesion and the
glomerular capillary microaneurysm in relation to the
degree of the diffuse lesion.

cases was widely scattered, and was not necessarily
larger than that of NIDDM. Nevertheless, extreme
glomerular hypertrophy (Fig. 9A) was exclusively
observed in IDDM cases, as compared with ordinary
glomerular size in NIDDM 10

) (Fig. 9B).
The nodular lesion and glomerular microaneurysm.

As seen in the upper column of Fig. 10, the nodular
lesion began to emerge from grade II of the diffuse
lesion and its incidence was precipitously increased in
grades III and IV in both types of DM. However, a
few patients progressed to the end-stage diffuse
lesion without any nodular formation. The glomer­
ular microaneurysm also started to be formed at the
grade II and thereafter increased gradually in con­
trast to the nodular lesion, and the frequency of the
microaneurysm remained less than 50% even at
grade VI of the diffuse lesion. When compared with
the two types of DM, IDDM subjects tended to show
the microaneurysm more often than NIDDM, but the
difference was not significant (Fig. 10, lower).

The exudative lesions. Capsular drop, one of the

DIFFUSE LESION

Fig. 11. The incidences of capsular drop and fibrin
cap. The case number in each category is the same as
in Fig. 10.

exudative lesions, was seen more frequently in
IDDM, especially at grade II of the diffuse lesion,
which was significant (p<O.Ol), although, thereafter,
the difference was not statistically supported (Fig. 11,
upper). Fibrin cap, another exudative lesion, devel­
oped in both types of DM in a similar fashion. Al­
though fibrin cap iteself is a nonspecific marker of the
end-stage kidney disease, its universality at grade IV
of the diffuse lesion was rather characteristic of
diabetic kidney disease (Fig. 11, lower).

Arteriolar hyalinosis. This was the constant ac­
companist of the diffuse lesion after its grade I in
both types of DM. However, arteriolar hyalinosis
preceded the diffuse lesion in about 40% of cases with
NIDDM. This was significant (p<0.05) against patients
with IDDM, probably reflecting a higher onset age of
those with NIDDM (Fig. 12, upper). Simultaneous
hyalinosis of the afferent and efferent arterioles, a
characteristic finding of diabetic nephropathy, again
commenced at grade II of the diffuse lesion regard­
less of diabetic type, and thereafter became more
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DIFFUSE LESION

Perinodular or
perimesangial
disintegration

(perimesangiolysis)

Fig. 13. The pathomorphogenesis of diabetic glomerulo­
sclerosis. The dotted lines denote little, if any, probability.

strongly PAS positive-substances causing the diffuse
lesion and diabetic arteriolar hyalinosis are glyco­
sylated serum proteins, i.e., glycoproteins. They re­
main unidentified and are unlikely to be albumin or
its variants, since our preliminary study using im­
munofluorescence techniques was negative for albu­
min (unpublished data).

The present study focused on sequential features in
the progression of the diffuse lesion. As it progresses
to grades II and III, segmental accentuation of the
mesangial expansion often occurs, leading to nodule
formation. The same sequence of events has been
observed in the cases of light chain nodular glomer­
ulosclerosis and amyloid nephropathyI4-16). The
mechanisms of nodule formation as the segmental
accentuation of deposition have not been clarified,
although the molecular quality of amyloid protein
was suggested to be a determinant in amyloid
nephropathyI6,17'. In any events, a comparison with
these diseases will lend support to the concept that
diabetic glomerular lesions are under the rule of
glomerular injuries induced by the substances of
metabolic nature.

The expanded mesangium appears to impede the
intraglomerular circulation, since adaptatory proces­
ses are soon set in motion. The initial step involves
cracking or splitting of the thickened mesangium to
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Based on the present and previous studies, the path­
omorphogenesis of diabetic glomerulosclerosis can be
depicted in Fig. 13. Diffuse mesangial expansion (the
diffuse lesion), thickening of GBM and TBM and
arteriolar hyalinosis constitute three major patho­
logic alterations of diabetic glomerulosclerosisIO- 12

).

Brownlee et a1. 13
) have emphasized that the central

pathologic features of diabetic microvascular compli­
cations are caused by the hyperglycemia-accelerated
formation of nonenzymatic advanced glycosylation
end-products. A variety of proteins including hemo­
globin Ale. collagen fiber, albumin and some serum
proteins, have been shown to undergo the glycosyla­
tion. Therefore, GBM thickening can be regarded as
in situ glycosylation, and it is highly probable that the

Fig. 12. Arteriolar hyalinosis. The upper part. The inci­
dence of arteriolar hyalinosis in relation to the diffuse
lesion. The lower part. Simultaneous hyalinosis of the
afferent (A) and efferent (E) arterioles. Azan, x 400
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open new circulatory routes (this degree of mesangial
splitting does not merit description morphologically
as mesangiolysis), and this seems to act as an inhibi­
tory agent to further nodule formation. However,
once the nodule is established, or as the mesangial
expansion progresses, despite such adaptatory efforts,
the blood flow of the surrounding capillaries is fur­
ther impaired. On rare occasions, although for un­
known reasons, the expanded mesangium or small
nodules may disintegrate (mesangiolysis) and, subse­
quently, be recanalized. It is unlikely that nodular
formation develops from this type of mesangiolysis.
On the other hand, in a majority of cases, segmentally
stagnant circulation with increased capillary pres­
sure can occur, thereby resulting in the formation of
capillary microaneurysms or the detachment of cap­
illary walls from the anchor points (peri-mesangio­
lysis). We call it segmental circulatory turbulence.
The circulation within the widened perinodular or
perimesangial space will remain slowed or stagnant,
since, at this point, the glomerular architecture has
been considerably distorted. Such stagnation or tur­
bulence will enhance the precipitation in a layer
pattern of the increased glycosylated serum proteins
upon the original nodule or mesangium. Thus, the
larger or gigantic nodules are formed.

Fibrin cap, which is structurally identical to the
capillary microaneurysm, has a high prevalence at
the end-stage of diabetic kidney disease. This finding
is regarded as evidence that diabetic renal disease is
prone to induce the microaneurysmal structure.
However, there is difference in the contents between
the capillary microaneurysm and fibrin cap; the for­
mer with red blood cells and the latter with serum
protein components. This has not been well explained.
From the present studies, it is suggested that there
may be blood skimming phenomena within the
glomeruli in view of the segmentally turbulent circu­
lation as well as the highly distorted glomerular
architecture. If an entering orifice of the blood flow is
patent with a markedly stenosed outflow exit, the
circulating blood will be separated, leaving red blood
cells behind. This will develop the capillary micro­
aneurysms. On the other hand, if an entering portion
is already narrowed with a more stenosed exit, the
skimmed plasma, with little, if any, red blood cells,
will accumulate over a certain length of glomerular
capillary, with a resultant fibrin cap. As a mechanism
of the autoregulation of renal circulation, Pappen­
heimer and Kinter l8

) in 1956 proposed the plasma
skimming or cell separation theory, but this has not
been widely accepted. Nevertheless, the blood skim­
ming processes appear to reasonably explain the

pathomorphogenesis of the capillary aneurysm and
fibrin cap.

The glomerular capillaries are exposed to high
blood pressure in the range of one-half of systemic
arterial pressure. Therefore, a further rise in the
intraglomerular pressure will have more impact on
kidney function and structure than on other capillary
systems. The intraglomerular hypertension theory
proposed by Brenner et al. l9

) has greatly contributed
to our understanding of the pathophyshology of vari­
ous glomerular diseases or disease states including
diabetic glomerulosclerosis. The intraglomerular
hypertension raises GFR and FF, and enhances the
permeability of the capillary walls with consequent
microalbuminuria. Capsular drop, protein substances
deposited along Bowman's capsule, has been shown
to reflect the increased permeabilityI4). An earlier
occurrence of capsular drop and a similar trend of
capillary microaneurysms appear to be related to a
tendency of higher FF in IDDM patients, although the
latter is not statistically supported. Anyway, the
intraglomerular hypertension seems to participate in
onset and progression of diabetic glomerulosclerosis.

However, the intraglomerular hypertension theory
is unable to point out the importance of segmental
circulatory turbulence, since it does not take account
of the role of mesangial deposition independent of the
intraglomerular hypertension. The primary mesan­
gial deposition of unidentified glycoproteins equally leads
to the development of diffuse and nodular lesions in
NIDDM patients in whom there is no or little eleva­
tion of FF10

,12,20), and these lesions cause the segmen­
tal circulatory perturbation to which simultaneous
hyalinosis of the afferent and efferent arterioles may
contribute considerably. Therefore, therapeutical trials
in the future should be aimed at suppressing the
production of glycosylated proteins, since angiotensin
converting enzyme inhibitors to improve the intra­
glomerular hypertension have been effective to some
degree2

1,22). The preliminary results of aminoguanidine,
which binds preferentially to the reactive precursor
of advanced glycosylation end-products and forms
unreactive substituted products, have been promising
on experimental diabetic rats I3 ,23).
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