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Kriz W, Löwen J, Federico G, van den Born J, Gröne E, Gröne
HJ. Accumulation of worn-out GBM material substantially contrib-
utes to mesangial matrix expansion in diabetic nephropathy. Am J
Physiol Renal Physiol 312: F1101–F1111, 2017. First published
February 22, 2017; doi:10.1152/ajprenal.00020.2017.—Thickening of
the glomerular basement membrane (GBM) and expansion of the
mesangial matrix are hallmarks of diabetic nephropathy (DN), gen-
erally considered to emerge from different sites of overproduction:
GBM components from podocytes and mesangial matrix from mes-
angial cells. Reevaluation of 918 biopsies with DN revealed strong
evidence that these mechanisms are connected to each other, wherein
excess GBM components fail to undergo degradation and are depos-
ited in the mesangium. These data do not exclude that mesangial cells
also synthesize components that contribute to the accumulation of
matrix in the mesangium. Light, electron microscopic, immunofluo-
rescence, and in situ hybridization studies clearly show that the
thickening of the GBM is due not only to overproduction of compo-
nents of the mature GBM (�3 and �5 chains of collagen IV and agrin)
by podocytes but also to resumed increased synthesis of the �1 chain
of collagen IV and of perlecan by endothelial cells usually seen during
embryonic development. We hypothesize that these abnormal produc-
tion mechanisms are caused by different processes: overproduction of
mature GBM-components by the diabetic milieu and regression of
endothelial cells to an embryonic production mode by decreased
availability of mediators from podocytes.

turnover of GBM components; production of mesangial matrix; re-
sumption of embryonic GBM synthesis

DIABETIC NEPHROPATHY (DN) is a complex disease that may take
years, even decades, to end up in end-stage renal failure.
During this process, a great variety of structural changes are
seen. The present study deals with mesangial matrix expansion,
which is a hallmark of DN from its beginning. The original
description by Kimmelstiel and Wilson in 1936 (25) of mes-
angial expansion as a nodular lesion (NS, nodular mesangial
sclerosis) specific for diabetes was followed by the observation
that a diffuse type of mesangial expansion (DMS, diffuse
mesangial sclerosis) also occurs (8, 27). Since then, convincing
evidence has been presented that both types of mesangial
matrix expansion are almost invariably associated with each
other, demonstrating that the nodular type emerges from the

diffuse type (16, 20). These early studies already had revealed
a further specific feature of DN, the prominent thickening of
the glomerular basement membrane (GBM) (10, 11, 28).

The present study is part of a comprehensive reevaluation of
biopsies of patients with type 1 and type 2 DN based on a total
of 918 biopsies of both types. The present paper deals with the
early stages of DN, including GBM thickening and mesangial
matrix expansion, which shows that both phenomena are caus-
ally related to each other. In contrast to what is generally
believed, mesangial matrix accumulation results, at least in a
large part, from the accumulation of worn-out, undegraded
GBM material in the mesangium.

MATERIALS AND METHODS

In total, 918 biopsies of DN from the years 2007–2015 (archive:
Dept. of Cellular and Molecular Pathology, German Cancer Research
Center, Heidelberg, Germany) were reevaluated. If not mentioned
otherwise, biopsies without any histopathological changes were used
as controls. The use of these materials was approved by the ethics
committee of the University of Heidelberg Medical Faculty.

The biopsies consisted each of a tissue cylinder fixed in fresh 4%
PBS-buffered formalin for 16–32 h at room temperature (25°C). After
division, three to four pieces were embedded in paraffin (Paraplast),
one piece (3 � 2 mm) was postfixed in OsO4 and embedded in
Araldite. The paraffin blocks were cut in 2- to 3-�m-thick sections
that were routinely stained with PAS, Goldner-Trichrome a. o., and
used for immunohistological assessments. The Araldite block was cut
with a diamond knife to obtain 0.5-�m-thick sections that were
stained with methylene blue and used for high-resolution light mi-
croscopy (LM) including the analysis of section series. Ultrathin
sections were cut on an ultramicrotome, stained with uranyl acetate
and lead citrate, and studied on Zeiss transmission electron micro-
scopes (EM 9 or EM 901). Photographs were taken with an integrated
digital Olympus MegaView G2 camera or a TRS-Tröndle CCD K2
camera.

Structural Analysis

In all biopsies a primary evaluation was done on PAS-stained
paraffin sections. All glomeruli in a certain biopsy, generally dis-
played in several (�6–8) sections, were considered.

The degree of mesangial matrix expansion was taken to distinguish
three groups: 1) diffuse mesangial sclerosis (DMS), 2) transitional
stage from DMS to nodular sclerosis (NS), and 3) NS (including “NS
plus,” comprising those with globular sclerosis). The assignment to
one of these groups was done on the basis of which of the three
pathologies was seen most frequently in the array of stained sections.
Methylene blue-stained sections from plastic embedded material that
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contained an assessable glomerulus were available from 804 biopsies.
Selected samples were used for detailed analyses in serial sections and
as pilot sections for transmission electron microscopy (TEM) studies.

Quantitative Assessments

The frequency analysis of the various pathologies was performed in
PAS-stained paraffin sections. The assessment of the surface of
gomerular capillaries was done in 0.5-�m plastic sections. The cir-
cumference of a capillary was divided into its fractions facing the
GBM (filtering surface) and the mesangium, and both were separately
measured using ImageJ 1.46r. All capillaries of a glomerular profile of
seven biopsies each of early and late DMS were considered.

Immunofluorescence

Collagen IV chains. Paraffin sections were deparaffinized and
incubated overnight with the antibodies listed below. The sections
were treated before incubation with ProtK (Sigma) 20 mg/60 ml
15’/37°C. Since extensive control data were needed, unaffected por-
tions of kidneys that had been surgically removed because of cancer
served as controls.

Double incubations: collagen IV chains-synaptopodin. Immunoflu-
orescence of collagens was done according to Wieslab Alport’s
Syndrome kit. After additional blocking of unspecific reactions with
10% fetal calf serum at room temperature for 10 min, the goat
anti-synaptopodin antibody (listed below) was used 1:25 at room
temperature for 60 min. The reaction was completed by the anti-goat
AF 546-labeled secondary antibody listed below.

Double incubation: collagen IV�1-perlecan-agrin. Heat-induced
epitope retrieval was performed using a DakoCytomation Pascal
S2800 pressure chamber. Therefore, the deparaffinized renal sections
were heated at 125°C for 7 min in 0.2 N HCl solution (pH 0.9).

After antigen retrieval, the sections were incubated with the first
primary antibody, a rabbit anti-collagen IV�1 antibody (1:75 in 1%
BSA-PBS, 25°C, 60 min). Sections were rinsed using PBS, and the
first secondary antibody, a donkey anti-rabbit AF 488 antibody (listed
below) was subsequently used to identify binding of the primary
antibody.

After extensive washes in PBS, the second primary antibody, for
perlecan a rat anti-perlecan antibody (1:100); for agrin a mouse
anti-agrin antibody (1:500) was applied and detected by the second
secondary antibody, for perlecan a rabbit anti-rat horseradish perox-
idase (HRP); for agrin a goat anti-mouse HRP (listed below), followed
by tyramide-TRITC staining.

Antibodies

Collagen IV-synaptopodin studies. For the Collagen type IV stud-
ies, the Collagen type IV: The Eurodiagnostika Wieslab Alport’s
Sydrome Kit ALP105RVO was used containing the following anti-
bodies: collagen IV�1 MAB1 (1:25) mouse; collagen IV�3 MAB3
(1:100) mouse; collagen IV�5 MAB5 (1:50) rat; CD31: DAKO,
CD31, monoclonal mouse (1:10); synaptopodin: Santa Cruz, synap-
topodin (sc21537), goat (1:25); Secondary Fluorescence AK, Invitro-
gen: AF488 anti-rabbit (1:300); AF488 anti-mouse (1:400); AF488
anti-rat (1:300); AF 546 anti goat (1:300); cell nuclei: DRAQ5 (1:5).

Collagen IV�1 chain-perlecan-agrin studies. For the Collagen type
IV�1 studies, the antibodies used were the following: Abcam,
(ab189408) rabbit polyclonal (1:75); antibodies against the core pro-
tein of the basement membrane HSPGs: perlecan: Upstate Biotech-
nology, (A7L6) rat monoclonal (1:100); agrin: Van den Born, J.
(JM72) mouse monoclonal (1:500); Secondary Fluorescence AK:
Invitrogen AF488 anti-rabbit (1:250), Dako Diagnostics anti-rat Ig
HRP (1:100), Southern Biotech anti-mouse IgG1 HRP (1:100), fol-
lowed by tyramide-TRITC (1:50), PerkinElmer.

The samples were studied with a conventional fluorescence micro-
scope and a confocal laser-scanning microscope Leica DMRBE or
DMRE.

RNA In Situ Hybridization

Paraffin sections (5 � 1 �m) were baked in a dry oven at 60°C for
1 h before the RNAscope assay application. Probes for collagen IV�1
and -�3 were developed by ACD (Advanced Cell Diagnostic, Hay-
ward, CA). Staining was obtained using the RNAscope 2.5 HD
Detection reagent (Advanced Cell Diagnostic).

The number of collagen-positive dots was counted in each glom-
erulus, and the average glomerular number per biopsy was calculated.

In Situ Hybridization Combined With Immunoflorescence

With the use of the RNAscope reagent kit with “Red” (no. 322350)
as substrate, collagen IV�1 mRNA was shown (ACD). Consecutively,
a mouse monoclonal anti-CD31 (1:10, DAKO) was applied overnight
at 4°C. CD31 was displayed by the tyramide signal amplification
method (TSA kit, streptavidin coupled to AF 488 (Invitrogen/Molec-
ular Probes/Thermo Fisher Scientific, Schwerte, Germany).

RESULTS

Incidences

From all 918 biopsies we had PAS-stained paraffin sections.
Diagnosis of all biopsies was done after performance of light
microscopy, immunhistology for IgA, IgG, IgM, C1q, C3, and
fibrinogen-fibrin and transmission electron microscopy (TEM).
From 804 biopsies we had 1-�m plastic sections that contained
a glomerulus and were allowed to evaluate the changes by
high-resolution LM. We studied eight biopsies by IF, six
biopsies by ISH, and two cases by combined IF/ISH (in situ
hybridization).

In all biopsies, mesangial expansion was found as the most
common feature of DN (Fig. 1). DMS (as the exclusive
pathology) was encountered in 14%, the transitional stage from
DMS to NS was seen in 34% as the dominant lesion and NS
(including NS plus, i.e., with many glomerular profiles display-
ing global sclerosis) in 52%. Assessment of the frequency of
GBM thickening was not possible in paraffin sections but was
consistently found by TEM in all routine reports for all sam-
ples.

Histopathology

GBM thickening. Thickening of the GBM is the earliest
structural change in DN, clearly preceding mesangial matrix
expansion, as was first shown by Osterby et al. in 1974 (37).
The thickened GBM caused a narrowing of the spaces within
the GBM infoldings (compare Fig. 2A with Fig. 2B and Fig. 6E
with Fig. 6F) that seemed to compromise the podocyte portions
at this site (see next section). Outside these clefts, podocytes
frequently exhibited an intact foot process pattern.

Diffuse mesangial sclerosis. Diffuse mesangial sclerosis
(DMS) consisted of the accumulation of matrix within the
mesangium accompanied by the narrowing and shortening of
GBM infoldings. Podocytes progressively retracted out of the
constricted spaces within the GBM infoldings accompanied by
the shedding of cytoplasmic material into these spaces. This
process left the innermost portions, i.e., the bends of the GBM
infoldings, without podocyte support. These portions discon-
nected from the GBM and became included into the mesan-
gium (Fig. 3, Fig. 4, and Fig. 5). Thereby, the mesangium
expanded and its matrix prominently increased. Structural
evidence for this process emerged from sequestered podocyte
remnants that had become enclosed in the engulfed GBM
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matrix. These inclusions provided a label showing that this
material was derived from the GBM.

Transitional stages from DMS to NS. The transitional stages
from DMS to NS (Fig. 5A) were characterized by the increas-
ing accumulation of matrix within the mesangium and by the
progressive loss of the folding pattern of the GBM followed by
a displacement of capillaries into the mesangium. As seen from
our assessments, the filtering surface of capillaries decreased
from 54.9% in early DMS to 28.9% in late DMS. Many
capillaries lost any contact with the GBM, collapsed and finally
degenerated. In contrast, capillaries on the outer surface of
such lobules were well preserved and were covered with
podocytes that frequently exhibited an intact pattern of inter-
digitating foot processes (Fig. 5). Evidence for detachments
and loss of podocytes was not found.

Nodular sclerosis. The continuous deposition of GBM ma-
terial derived from GBM infoldings appeared as the main

factor for the progressive increase in mesangial matrix. This
led to the impression of a progressive bulging of the GBM but
was actually due to the cutting of infoldings (Fig. 5).

Nodular sclerosis (NS) developed through the confluence of
the accumulated matrix associated with the disappearance of
capillaries from central mesangial areas (Fig. 5A). At many
sites, the nature of the matrix as undegraded GBM material
was obvious by the enclosed matrix vesicles derived from
podocytes (Fig. 5).

The early stage of NS (Fig. 5B) consisted of a central core of
homogenous matrix (enclosed remnants of podocyte material

Fig. 2. Diffuse mesangial sclerosis. Compared with controls (A), the most
conspicuous glomerular changes in DMS (B) consist of the accumulation of
matrix within the mesangium and decreased width of the spaces within
the GBM infoldings (arrows). At many sites, the deposited matrix in the
mesangium is in continuity with the thickened innermost portions of the
GBM infoldings (asterisks). Podocytes within the narrow GBM infoldings
compared with A seem to be compressed and frequently show foot process
effacement. Biopsies of a patient without any renal pathological changes
(A) and of a patient with DN (B) are shown. Transmission electronmicros-
copy (TEM). Scale bars, 5 �m.

Fig. 1. Diffuse mesangial sclerosis (DMS). A: overview of an entire tuft
showing the homogeneity of the changes in DMS, distinct in the zoom.
Throughout the tuft, a thickened GBM and expansion of the mesangial matrix
are seen. The accumulated matrix is generally associated with the bends of the
GBM infoldings (asterisks), suggesting a dropping of the innermost GBM
portions into the mesangium. Note the narrowness and shortening of the clefts
within the GBM infoldings (arrows). B: highlighting of the GBM in the zoom
clearly shows its homogenous thickening. diabetic nephropathy (DN) biopsy.
Thin-section light microscopy (LM) stained with methylene blue. Scale bars,
20 �m.
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were still seen) without capillaries but peripherally located
mesangial cells, which varied in number between scarce and
abundant. This central core was surrounded by a ring of
capillaries covered, at their outer aspect, by the GBM and
normal-looking podocytes. This stage appeared to be transient,
since nodules with deranged surface capillaries and serious
podocyte lesions, including detachments of podocytes, were
much more frequently encountered (not shown).

Immunofluoresence data. The mature GBM contains the �3,
�4, and �5 chains in addition, to a lesser degree, the �1 and �2

chains of collagen IV (1). The dominant proteoglycan of the
mature GBM is agrin replacing the perlecan that is the major
proteoglycan during development (18, 19).

By IF, we studied the distribution of the �1, �3, and �5
chains of collagen IV as well as agrin and perlecan.

As expected, the �3 and �5 chains were detected as major
components of the GBM in biopsies of patients with DN and of
controls. Whereas in controls minimal amounts of these chains
were seen within the mesangium, at best, in DMS, accumula-
tions of these chains were detected as an essential part of the
expanded mesangial matrix. Since the results with the �3 and
�5 chains were virtually identical, we show the results with
only the �5 chain (Fig. 6). The staining of the deposits in the
mesangium was in continuity with the staining of the GBM. In
double incubations with synaptopodin, the occurrence of these
chains within the GBM and the additional accumulation in the
mesangium were also clearly seen. Central regions of the
mesangium including the matrix in nodules were mostly not
stained.

The staining pattern of the �1 chain of collagen IV clearly
differed from that of �3 and �5 chains. In controls, weak
staining for the �1 chain was encountered in the GBM in an
irregular pattern, frequently together with sporadic accumula-
tions in the mesangium (Fig. 7A). In DN, the �1 chain of
collagen IV was always brightly seen in high density within the
expanded mesangial matrix, maintained also in nodules. Sur-
prisingly, the GBM itself was also frequently stained, region-
ally intensively, even in cases in which the corresponding
mesangium was unstained (Fig. 7, B–F).

The IF-staining for agrin largely corresponded to the stain-
ing pattern of the �3 and �5 chains of collagen IV in controls
and DN (not shown). In contrast, the staining pattern for
perlecan was similar to that of the �1 chain of collagen IV,
weak in controls (Fig. 7G); in DN the GBM presented as thin
line, the mesangial matrix was brightly stained (Fig. 7H).

In situ hybridization. In situ hybridization with probes for �1
and �3 chains of collagen IV confirmed that the �3 chain is
synthesized by podocytes (Fig. 8, A and B), the �1 chain by
cells inside the GBM, most likely by endothelial cells, but a
clear separation from mesangial cells was not possible (Fig. 8,
C and D). Therefore, in a separate approach, we combined ISH
for the �1 chain of collagen IV, with the IF staining of the
endothelial marker CD31 (Fig. 8E) verifying that the �1 chain
is synthesized by endothelial cells, not by podocytes or mes-
angial cells.

In the first experiment in a semiquantitative assessment in
comparison with controls, we counted the ISH-positive dots for
the �1 and �3 chains per glomerulus and calculated the
average number of ISH-positive dots per biopsy. We found that
with respect to the �3 chain there was no change in RNA
transcripts compared with controls; with respect to the �1
chain there was an increase in some biopsies of DN. However,
on average, a significant difference was not found (Fig. 8F).

DISCUSSION

The present study provides strong evidence that the specific
matrix accumulation in the mesangium in DN is due, at least in
substantial part, to a dropping of GBM material into the
mesangium. This is in contrast to what is generally believed,
namely that the masses of mesangial matrix in DN are directly

Fig. 3. DMS: incorporation of GBM portions into the mesangium. A: overview.
Podocytes are in the process of retracting out of the narrow clefts within the
GBM infoldings (arrows); asterisks label GBM material incorporated into the
mesangium. B: single capillary and adjacent mesangium. The innermost
portions of the GBM of both corresponding infoldings (curved arrows) have
become part of the mesangium, as may be seen by the inclusion of podocyte-
derived cytoplasmic material. C: high-power view of GBM material within the
mesangium, which contains abundant podocyte matrix vesicles derived from
shedding (asterisks). D, E, and F: high-power views of GBM infoldings
showing the shedded cytoplasmic material of podocytes that is left behind in
the bends of the GBM infoldings (arrows); E is a zoom of D. A–F, DN biopsy
material, TEMs. Scale bars: A and B, 2.5 �m; C, E, and F, 0.5 �m; D, 1 �m.

F1104 MESANGIAL MATRIX ACCUMULATION IN DIABETIC NEPHROPATHY

AJP-Renal Physiol • doi:10.1152/ajprenal.00020.2017 • www.ajprenal.org

 by 10.220.33.5 on S
eptem

ber 7, 2017
http://ajprenal.physiology.org/

D
ow

nloaded from
 

http://ajprenal.physiology.org/


and only produced within the mesangium by mesangial cells.
This raises the question where and by which cell type under
normal conditions the various components of the GBM are
produced and where and by which they are degraded.

First of all, the turnover of the GBM is slow. Classic
metabolic labeling studies done 40 years ago showed that the
in-vivo loss of GBM protein radioactivity has a half-life of
more than 100 days (39). Walker before, in 1973, using a silver
impregnation labeling technique, reached a similar value (45).
Thus, GBM components are extremely long lived. No detailed
studies are available about individual components.

The �3, �4, and �5 chains of collagen IV are specific for the
mature GBM synthesized by podocytes (1). The �1 and �2
chains of collagen IV are typically found during glomerular
development but are encountered in small amounts also in the
mature GBM produced by endothelial cells (3, 22). Agrin is the
specific proteoglycan of the mature GBM produced by podo-
cytes, whereas perlecan is normally found only during glomer-
ular development up to the capillary loop stage and considered
to be synthesized by endothelial cells (18, 19).

The GBM exhibits a stratified arrangement of its compo-
nents with laminins and agrin at the endothelial and epithelial
sites, whereas the collagen IV chains occupy the central region,
with the �1 and �2 chains of collagen IV found only within the
inner central region (41), consistent with their surmised syn-
thesis by endothelial cells.

Little is known about the site of GBM degradation. Walker
(45) concluded from the movements of the silver labels over
time that the newly produced components move from a periph-
eral position within the GBM slowly to more central layers
and, when the labeled components have reached the lamina
rara interna, they are carried laterally toward a perimesangial
position, being finally incorporated into the mesangial matrix
and degraded by mesangial cells in some way or another. This
process took about a year to be completed. A major problem
with these results consists of not knowing which components
of the GBM had been labeled by this impregnation technique.
However, these experiments allow the conclusion at least that
components of GBM are degraded in the mesangium. The idea
that worn-out GBM is degraded in the mesangium has been
raised in early studies also by others (2, 14, 35) but has never
been seriously explored.

The degradation of GBM material depends on metallopro-
teinases (MMPs). These are secreted or, to a lesser degree,
membrane-bound enzymes which are subject to regulation by
specific inhibitors and stimulators (29). The question how
matrix degradation (GBM and mesangium) proceeds in DN has
been addressed in many studies. It was found that the overall
turnover of matrix proteins in DN is compromised by de-
creased MMP expression, decreased levels of MMP activators,
and increased expression of MMP-inhibitors (12, 29, 30, 47).
Moreover, the metabolic situation with increased formation of
advanced glycation end products of collagen IV and laminins
markedly decreases their susceptibility to cleavage by MMPs
(12, 29, 30).

There are many reports that the accumulated matrix in the
mesangium in DN has a basement membrane-like appearance,
frequently termed basement membrane-like material (5, 21, 23,
33, 35, 38, 45). However, the increase of matrix in the GBM
and in the mesangium were considered to evolve in parallel but
from different production sites, from podocytes and mesangial
cells, respectively. The hypothesis that the accumulated matrix
in the mesangium derives from an accumulation of worn-out
undegraded GBM material has never been seriously consid-
ered.

We clearly show that, at the least, a substantial portion of the
accumulated matrix in the mesangium in DN is derived from
the deposition of GBM material. The evidence based simply on
the inspection of high-resolution LMs and, most reliable, on
TEMs is conclusive. The mechanism consists of the retraction
of podocytes out of the spaces between the GBM infoldings
followed by the incorporation of the podocyte-deprived bends
of the GBM infoldings into the mesangium. Such a process has
never been described for any other glomerular disease but may
occur in the same manner in other glomerular diseases, e.g.,
glomerular changes in nephrosclerosis (32). The retraction of
podocytes seems to be the consequence of the constriction of
the spaces within the GBM infoldings (suggestively due to the
thickening of the GBM), not of a prior regulatory defect of
podocytes. The fact that during this process podocytes
sequester cytoplasmic portions into the clefts just mirrors
the general propensity of podocytes to sequester cytoplas-
mic portions (26). Along with the retraction out of the clefts
of the GBM infoldings, podocytes regularly dropped off

Fig. 4. Schematics showing sequence of GBM engulfment. The GBM is shown in yellow, the podocyte in pink, the mesangial cell in green, and capillaries in
red. A normal B thickening of GBM, retraction of podocytes out of the constricted GBM infoldings, leaving behind shed cytoplasmic material. C: dropping of
the innermost portions of the GBM into the mesangium; these portions contain shed cytoplasmic material from podocytes. Capillaries lose contact with the GBM
and start to collapse.
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cytoplasmic portions that remained included within these
portions of the GBM even after they were incorporated into
the mesangium. These remnants may clearly be taken as
distinctive traces in matrix portions that have recently sep-
arated from the GBM. Surprisingly, such traces may still be
found in the matrix of nodules.

Our IF studies are highly supportive of this view, and they
define this process more precisely. We found that in early
stages of DMS the �1, �3, and �5 chains of collagen IV
were accumulated within the mesangium. Their IF staining
pattern, in conjunction with their staining in the GBM,
suggested the direct origin of these mesangial matrix com-
ponents from the GBM corresponding to the observations in
TEMs. Also, the IF results concerning agrin and perlecan
are supportive, showing that proteoglycans derived from the
GBM also accumulate in the mesangium in DN. The strong
staining for perlecan and the �1 chain of collagen IV of both
the GBM and mesangial matrix in DN came as a surprise,

suggesting that metabolic processes typical for the embry-
onic kidney have reappeared (see below).

In transitional stages from DMS to NS, the IF staining for
the �3 and �5 chains of collagen IV did not accordingly
increase compared with the increasing matrix accumulation
seen in TEMs, suggesting either a delayed degradation or
simply a loss of the antigenic domains (see below). In contrast,
the IF-staining of the �1 chain of collagen IV increased in
parallel with the expansion of the mesangium and was main-
tained even in NS. Thus, in fully developed nodules, the
staining for the �3 and �5 chains of collagen IV was absent
and for the �1 chain clearly present. With respect to the
IF-staining of the proteoglycans in DN, the staining pattern for
agrin was similar to that of �3 and �5 chains, while that of
perlecan largely corresponded to the pattern of the �1 chain of
collagen IV.

These findings agree with a previous study (33) in which the
massive accumulation of collagen IV (no separation into

Fig. 5. Advanced stages of mesangial matrix
expansion. A/A1 transitional and B/B1, early
stage of NS. The advanced accumulation of
matrix in the mesangium can clearly be seen.
Capillaries within central areas of the mes-
angium are in the process of disappearing
(asterisks in A) or are fully absent (B). Only
superficially located capillaries are left,
which may exhibit normal endothelial and
podocyte layers. Also mesangial cells look
normal; in NS (B) they gather peripherally.
The matrix can be identified as undegraded
GBM material by its pepper-like punctuation
with podocyte matrix vesicles (red dots). A
delimited area with such podocyte remnants
is enlarged in A1 and B1 clearly identifying
these inclusions as various cytoplasmic
structures. TEMs from DN biopsy material.
Scale bars: A, 2.5 �m; B, 5.0 �m; A1 and B1,
0.5 �m.
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chains) in the mesangium was shown. Kim and colleagues (24,
48) for the first time used chain-specific antibodies (albeit
different from ours) and received similar results to ours con-
cerning the �1 and �2 chains, including strong staining of the
mesangium but, in contrast to our observations, a decreased but
nevertheless clear staining of the peripheral GBM in DN; and
with respect to �3 and �4 chains, staining of the GBM but not
of the mesangium was reported.

The discrepant behavior of the �1 chain on one side and the
�3 and �5 chains of collagen IV on the other may have several
reasons. First, in contrast to the �3 and �5 chains the �1 chain
may resist degradation. This view is supported by the obser-
vation that also in controls discrete accumulations of the �1
chain of collagen IV were encountered in the mesangium.

Second, the disappearance of the IF staining does not prove
the disappearance of the material. In contrast to the �1 chain,
the �3 and �5 chains of collagen IV may have lost their
antigenic domains by glycation or carbonylation (12, 29, 30).
Advanced glycation end products have been found in high
concentrations in the mesangial matrix, specifically in DN (43).
A gradual loss of the antigenicity of the �3 and �5 chains
would best fit with the observations in TEMs that do not
suggest any degradation.

Our ISH-studies confirm that the �3 chain of collagen IV is
synthesized exclusively by podocytes and the �1 chain exclu-
sively by endothelial cells, without a contribution by mesangial
cells, here clearly shown in DN (Fig. 8E). Consequently, the
view that the accumulated mesangial matrix in DN directly

Fig. 6. Immunofluorescence (IF) data concerning the collagen IV-�5 chain. The staining pattern of the collagen IV �3 and �5 chains are almost identical; here,
we show the results of the �5 chain. The GBM and deposits in the mesangium are stained. Biopsies without pathological changes served as controls. A: control.
Note the comparably weak but continuous staining of the GBM; deposits in the mesangium are not seen. B and C: DMS. The thickened GBM is intensively
stained throughout. Note the staining of deposits in the mesangium, labeled by asterisks in C (zoom of B). Central regions of the mesangium are unstained
including the central core of a nodule (star in B). D: DMS, double staining with synaptopodin. In addition to the intensive staining of the GBM, deposits in the
mesangium that are in continuation with the GBM are stained (asterisks). Central parts of the mesangium are not stained. E, F, and G: distinctive differences
in the width of the spaces (arrows) within the GBM infoldings between control (E) and DMS (F) that are occupied by podocytes (stained red for synaptopodin).
In DMS, these spaces have changed into narrow clefts, from which the podocytes seem to be squeezed out. Best seen in G (arrow). In addition, in G (zoom of
F) incorporation of podocyte remnants into the mesangium is seen (asterisk). A and E, controls; B, C, D, F, and G, DMS. Confocal IF with an antibody against
the �5 chain of collagen IV. In D–G, double incubation with an antibody to synaptopodin. Original magnifications, �400.
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derives from production within the mesangium is not sup-
ported, at least not concerning the �3 and �1 chains of collagen
IV. Our semiquantitative assessments suggest that the RNA
expression for the �3 chain of collagen IV in DN is equal to
that in controls. Thus, there is either an overproduction of the
�3 and �5 chains of collagen IV in DN triggered at the
translational level, a decreased degradation of these chains, or
both, that lead to the thickening of the GBM and the accumu-
lation in the mesangium. With respect to the �1 chain of
collagen IV the situation may be different. In some biopsies of
DN, an increased signal number was found, suggesting that
possibly an increased transcription contributed to the increased

synthesis of the �1 chain (as seen in Fig. 8F) in DN compared
with controls. This partly agrees with ISH studies in strepto-
tozin-induced diabetic rats, where a pronounced increase in the
RNA �1 chain of collagen IV signaling was found in the total
of glomerular cells (46). ISH studies in human biopsies did not
reveal differences in collagen IV �1 chain RNA expression
between DN patients and controls (42).

The increased synthesis of the �1 chain of collagen IV and
the resumption of the production of perlecan in DN may
indicate an embryonic stage of GBM synthesis (4). The change
in the synthesis from the �1 and �2 chains to the �3, -4, and
-5 chains of collagen IV as well as the change from perlecan to

Fig. 7. IF data concerning the collagen IV-�1 chain and perlecan. The staining pattern of the �1 chain is clearly different from those of the �3 and �5 chains
of collagen IV. A and E: controls displaying a weak and irregular staining of the GBM and of discrete mesangial deposits. In DMS (B) and (C, zoom of B), the
mesangium is generally strongly stained throughout (asterisks in C). Staining of the GBM is heterogeneous, mostly increased, frequently very intensive even in
areas that do not show much mesangial staining (star in C). D: in NS the matrix of the entire nodule is brightly stained. E and F: double incubations with
synaptopodin. E: control; F: DMS. Even in controls, deposits in the mesangium are stained for the �1 chain of collagen IV; in DMS the strong mesangial staining
spares only the mesangial cells. G and H: IF pattern of perlecan, control (G) and DN (H). No staining in controls; in DMS the mesangial staining is heterogeneous
in its strength but comprises the entire mesangium; the staining of the GBM is at some sites very prominent. A and E: controls; B, C, D, and F: DN biopsy
material. Confocal IF with an antibody against the �1 chain of collagen IV; in E and F, double incubation with an antibody to synaptopodin. G and H: IF with
an antibody against perlecan; G, control; H, DMS biopsy material. Original magnifications, �400.
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agrin during the capillary loop stage of glomerular develop-
ment is believed to be due to an increasing signaling from
podocytes bringing the function of the endothelium under the
dominant control of podocytes (7, 13, 34). The DN-specific

thickening of the GBM may compromise the availability of
paracrine signals from podocytes to endothelial cells, causing
the comeback of a developmental situation. This process may
regionally be different, possibly accounting for the regional
heterogeneity of the immunostaining of the �1 chain of colla-
gen IV within the GBM in DN. The dependence of the
endothelial performance in the synthesis of matrix components
from podocytes has been emphasized by recent coculture
studies of podocytes and glomerular endothelial cells (9). In
addition, and as emphasized by Abrahamson (1), various path-
ological conditions may interfere with the normal silencing of
GBM protein gene expression, leading to renewed biosynthesis
of GBM proteins.

The uncovered mechanism underlying the expansion of the
mesangial matrix easily explains the fate of glomerular capil-
laries during the progression of DMS to NS. The shortening
and finally the loss of GBM infoldings progressively deprives
glomerular capillaries from contact to the GBM associated
with the loss of filtration surface. Thereby, the capillaries are
more and more displaced into central mesangial areas. Here,
they degenerate, collapse, and finally disappear. As just dis-
cussed for the heterogeneous behavior in the synthesis of the
�1 chain of collagen IV, the progressive loss of proximity to
podocytes may be the culprit, in the beginning just due to the
thickening of the GBM, in later stages the progressive loss of
contact to the GBM, resulting in the loss of any stimulation by
podocytes (7, 13, 34). Supportive of this interpretation is the
observation that capillaries that maintain a superficial position
opposite to fairly normal podocytes are patent and perfused and
may have an endothelium with unbridged fenestrae.

Concluding Remarks

Because of these findings the turnover of the GBM takes
center stage in the pathogenesis of DN. We know that under
normal conditions the components of the mature GBM are
synthesized by podocytes and, to a lesser degree, by endothe-
lial cells. We do not know where under normal conditions the
worn-out GBM is degraded.

A primary derailment in DN seems to be the inappropriate
production of GBM material (36) including the �3 and �5
chains of collagen IV. The discussion about the stimuli for this
overproduction dates back to the ’80s of the last century (40);

Fig. 8. In situ hybridization (ISH) for collagen IV �1 and �3 chains. A and B:
ISH for collagen IV �3 chain, control and DN, showing that the mRNA signals
are found in podocytes (arrows), clearly identified by their superficial local-
ization. C and D: ISH for collagen IV �1 chain, control and DN, showing that
the mRNA signals are found inside the tuft, some of which could be localized
to endothelial cells (arrows); in others an assignment to either endothelial or
mesangial cells was not possible. E: fluorescence-based ISH of collagen IV �1
chain (red) combined with IF localization of CD31 (green) clearly showing
that the mRNA signals are found only in endothelial cells (arrows). F:
quantification of the experiments shown in A to D; the results from E allow us
to assign the signals seen in C and D to endothelial cells. Each circle represents
the average number of mRNA-positive dots per glomerulus of all glomeruli in
one biopsy. There is no difference in the average signal number between
controls and DN with respect to the collagen IV �3 chain, whereas the
heterogeneity of the signals of the collagen IV �1 chain may indicate that at
least in some biopsies there is a higher signal frequency in DN. However, on
average there is no significant difference. A and C: biopsy material from
kidneys without pathological changes; B, D, and E: DN biopsy material.
Original magnifications: A–D, �400; E, �200.
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metabolic stimuli and/or those derived from hyperfiltration
may contribute but the mediators are unknown. Recent studies
in mice after inhibition of the SGLT2 decreasing hyperfiltra-
tion are conflicting (6, 17, 31, 44), but it may be deduced that
the dominant influence on glomerular growth and mesangial
expansion derives from blood glucose levels; assessments of
the GBM-thickness after SGLT2 inhibition are not yet avail-
able. The overproduction of the �1 chain of collagen IV and
the resumption of the synthesis of perlecan synthesis may be
secondary effects due to the decreased availability of stimuli
from podocytes by endothelial cells.

Taken together, both mechanisms, overproduction and in-
sufficient degradation of GBM material, contribute to the
progressing accumulation of matrix within the mesangium, but
we do not know whether or which of both mechanisms is the
main culprit. At the least, it seems from our results that the
turnover, predominantly the degradation of the �1 chain of
collagen IV (and suggestively also the �2 chain) and perlecan,
plays a dominant role. Even if details of this process are not
fully clear and need further investigation, the basic insight that
worn-out GBM-material is deposited within the mesangium,
accounting in large part for the mesangial matrix accumulation,
is clearly shown but does not exclude that matrix components
are derived from de novo production by mesangial cells,
contributing to the accumulation.

This reevaluation also suggests that podocyte loss is not an
early event in DN; detaching podocytes were not encountered
before advanced stages of NS. This corroborates the observa-
tion that the pathological changes in DN are reversible, as it
has been shown after pancreas transplantation (15) and that
lesions based on podocyte loss have never been seen to be
reversible.
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