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Chronic diseases of the kidney have a progressive
course toward organ failure. Common pathway mech-
anisms of progressive injury, irrespectively of the
etiology of the underlying diseases, include glomeru-
lar capillary hypertension and enhanced passage of
plasma proteins across the glomerular capillary bar-
rier because of impaired permselective function.
These changes are associated with podocyte injury
and glomerular sclerosis. Direct evidence for causal
roles is lacking, particularly for the link between in-
traglomerular protein deposition and sclerosing reac-
tion. Because transforming growth factor-�1 (TGF-�1)
is the putative central mediator of scarring, we hy-
pothesized that TGF-�1 can be up-regulated by pro-
tein overload of podocytes thereby contributing to
sclerosis. In rats with renal mass reduction, protein
accumulation in podocytes as a consequence of en-
hanced transcapillary passage preceded podocyte
dedifferentiation and injury, increase in TGF-�1 ex-
pression in podocytes, and TGF-�1-dependent activa-
tion of mesangial cells. Angiotensin-converting en-
zyme inhibitor prevented both accumulation of
plasma proteins and TGF-�1 overexpression in podo-
cytes and sclerosis. Albumin load on podocytes in
vitro caused loss of the synaptopodin differentiation
marker and enhanced TGF-�1 mRNA and protein.
Conditioned medium of albumin-stimulated podo-
cytes induced a sclerosing phenotype in mesangial
cells, an effect mimicked by TGF-�1 and blocked by
anti-TGF-�1 antibodies. Thus, the passage of excess
plasma proteins across the glomerular capillary wall
is the trigger of podocyte dysfunction and of a TGF-
�1-mediated mechanism underlying sclerosis. Agents

to reduce TGF-�1, possibly combined with angioten-
sin blockade, should have priority in novel ap-
proaches to treatment of progressive nephropathies.
(Am J Pathol 2002, 161:2179–2193)

Progression of kidney disease is a major health care
problem in the United States and worldwide, such that
the provision of adequate treatment to all patients is
absorbing a large proportion of the health care budget
and is being looked at with enormous concern by policy-
makers. The key lesion in glomeruli is sclerosis, consist-
ing in the accumulation of extracellular matrix material
and obliteration of the capillary filter that contribute to the
loss of renal function. Putative factors that underlie scle-
rosis include high intraglomerular capillary pressure,1,2

glomerular stretching and hypertrophy,3 and the pas-
sage of excess amounts of plasma proteins across the
glomerular capillary filter.4 These factors by yet unde-
fined cellular mechanisms in vivo may lead to synthesis of
transforming growth factor (TGF)-�1 and other mediators
of injury possibly amenable to pharmacological manipu-
lation. Plasma proteins are also ultrafiltered in excess
amounts and thus may promote glomerular cell dysfunc-
tion in settings of high intraglomerular capillary pres-
sure,4,5 a maladaptive response to any loss of critical
amounts of functioning nephrons. Proteinuria is a potent
predictor of progression in humans6 and precedes scle-
rosis in virtually all models of diseases of the glomerular
filtering barrier.4 However, direct evidence for the causal
role of enhanced passage of proteins in the induction of
a prosclerosing response is lacking.

Podocyte dysfunction4,7–12 and local production of
TGF-�113,14 have been tightly implicated in the patho-
genesis of glomerulosclerosis. The highly specialized
podocyte is endowed with foot processes that provide
support and permselective function to the filtering barrier.
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It is also the primary target of factors that may perpetuate
injury. The systemic injection of albumin to rats caused
podocyte abnormalities, possibly via protein overload of
the cell.15–19 Despite its relevance to sclerosis, this
mechanism remained controversial, partly because of the
lack of available models using characterized podocytes
in vitro. Likewise elusive are the common pathway stimuli
leading to the exuberant synthesis of TGF-�1, which was
consistently associated with abnormal matrix accumula-
tion in experimental models20–22 and human renal dis-
eases.23–25 The role of TGF-�1 is attributable to its ability
to promote sclerosing phenotypes, namely in mesangial
cells and fibroblasts,20,21 to the extent that both the trans-
fection of the TGF-�1 gene into normal kidneys in rats
and the transgenic TGF-�1 expression in mice induced
an increase in glomerular TGF-�1 production and extra-
cellular matrix accumulation.22 Here we tested the hy-
pothesis that TGF-�1 can be up-regulated in dysfunc-
tional podocytes as a consequence of the enhanced
passage of plasma proteins through the glomerular bar-
rier, thereby activating a reaction that contributes to scle-
rosis. We chose the remnant kidney model in rats with
extensive reduction of the renal mass (RMR) and an in
vitro approach using differentiated podocytes. Because
angiotensin-converting enzyme (ACE) inhibitors have the
peculiar property of limiting the passage of proteins
across the barrier,26–29 we investigated whether lisinopril
by this action could prevent TGF-�1 synthesis, activation
of mesangial cells, and glomerulosclerosis.

Materials and Methods

Animals

Studies were conducted in male Sprague Dawley, CD-
COBS rats (275 to 300 g initial body weight) obtained
from Charles River SpA (Calco, Italy). The animals were
housed in a constant temperature room with a 12-hour
dark/12-hour light cycle and fed a standard diet. Animal
care and treatment were conducted in conformity with the
institutional guidelines that are in compliance with na-
tional (D.L. n.116, G.U., suppl 40, 18 Febbraio 1992,
Circolare No 8, G.U., 14 Luglio 1994) and international
laws and policies (EEC Council Directive 86/609, OJL
358, Dec 1987; Guide for the Care and Use of Laboratory
Animals, U.S. National Research Council, 1996).

Disease Model and Protocol

Five-sixths of renal mass ablation was accomplished by
surgical removal of the right kidney and ligation of two or
three extrarenal branches of the left renal artery5 in anes-
thetized rats. Age-matched rats were used as controls
after sham operation, consisting of a laparotomy and
manipulation of renal pedicles. Three groups of rats with
renal mass reduction (n � 7 each group) were sacrificed
at 7, 14, and 30 days after surgery, respectively; sham-
operated controls were sacrificed at day 30 (n � 7). To
assess the effects of ACE inhibitor, rats with renal mass
reduction received lisinopril (25 mg/L in the drinking wa-
ter)30,31 starting from 1 day after surgery and then sacri-

ficed at 30 days (n � 7). In all groups 24-hour urines were
collected in metabolic cages both before the time of
disease induction and at sacrifice for the determination of
urinary protein excretion levels. Systolic blood pressure
and serum creatinine were assessed at 30 days in RMR
rats either untreated or treated with lisinopril.

Systolic Blood Pressure

Systolic blood pressure was recorded by tail plethysmog-
raphy in conscious rats.32

Analytic Methods

Proteinuria was determined by the modified Coomassie
blue G dye-binding assay for proteins with bovine serum
albumin as standard.33 Serum creatinine was measured
by the alkaline picrate method.34

Tissue Preparation

At the end of the study, the animals were anesthetized with
sodium pentobarbital intraperitoneally (0.1 ml/100 g body
wt of a 60 mg/ml solution in saline) and the kidneys were
fixed by perfusion via abdominal aorta.35 Kidneys were
perfused with Hanks’ solution for 5 minutes and then fixed
with periodate-lysine paraformaldehyde fixative36 for 10
minutes, followed by overnight fixation in the same fixative at
4°C. The tissue fragments from remnant kidneys were taken
from the center of noninfarcted areas. Fixed tissue speci-
mens were extensively washed with phosphate-buffered
saline (PBS) (0.9% NaCl in 10 mmol/L of sodium phosphate
buffer, pH 7.4) and stored in the same buffer.

Immunohistochemistry

The tissue specimens were infiltrated by immersion in
30% sucrose/PBS for at least 1 hour at room temperature,
embedded in OCT medium, and frozen in liquid nitrogen.
Tissue sections were cut at 5-�m thickness using a Mik-
rom 500 O cryostat (Mikrom, Walldorf, Germany) and
either stained immediately or stored at �20°C until further
processing. Nonspecific binding of antibodies was
blocked either with PBS/1% bovine serum albumin or, for
the detection of albumin, with PBS/1% gelatin for 15
minutes (room temperature). Sections were incubated for
direct immunofluorescence with fluorescein isothiocya-
nate (FITC)-conjugated goat anti-rat IgG (30 �g/ml in
PBS; Jackson ImmunoResearch Laboratories, West
Grove, PA) or FITC goat anti-rat C3 (whole C3) (20 �g/ml;
Cappel Laboratories, Durham, NC), for 1 hour at room
temperature. Other sections were stained for albumin by
indirect immunofluorescence using rabbit anti-rat albu-
min (2.5 �g/ml in PBS; Cappel) overnight at 4°C, followed
by three washes in PBS and incubation with tetramethyl-
rhodamine isothiocyanate-conjugated goat anti-rabbit
IgG (affinity purified, 25 �g/ml; Jackson ImmunoRe-
search Laboratories). Sections were also stained for both
albumin and IgG by sequential incubations as described
above. After the final washes in PBS, all slides were
mounted using 100 mmol/L of Tris-HCl:glycerol, 50:50,
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2% N-propyl gallate, pH 8. Sections were examined with
a Leika DM-R microscope equipped with epifluores-
cence and appropriate filters.

Mouse monoclonal antibodies were used for the detec-
tion of �-smooth muscle actin (�-SMA) (1A4; Sigma Chem-
ical Co., St. Louis, MO), rat macrophages (ED1; Serotec,
Oxford, UK), rat MHC-class II antigen (MHC-II) (OX-6; Sera-
Lab Ltd., Crawley Down, Sussex, UK), desmin (D33; DAKO,
Glostrup, Denmark), and synaptopodin (cell culture super-
natant; Progen Immunodiagnostica, Heidelberg, Germany).
Tissue sections were blocked with PBS/1% bovine serum
albumin, incubated overnight at 4°C with the primary anti-
body in PBS (1A4, ascites fluid, 1:400; ED1, 10 �g/ml; OX-6,
10 �g/ml; anti-synaptopodin monoclonal antibody, undilut-
ed). After washes in PBS, they were incubated with Cy-3-
conjugated donkey anti-mouse IgG antibodies [affinity pu-
rified, absorbed with rat IgG (Jackson Laboratories), 5
�g/ml in PBS] for 1 hour at room temperature. Double
labeling was performed by overnight incubation with mouse
monoclonal antibody to �-SMA, desmin, or synaptopodin,
followed by Cy-3 anti-mouse IgG, and then with FITC anti-
rat C3 as described above. In control experiments primary
antibodies were either omitted or substituted with nonim-
mune mouse serum or rabbit serum.

For the evaluation of immunofluorescence staining for
IgG, C3, or albumin, each consecutive glomerulus was
graded semiquantitatively as follows: 0, absent staining
of the glomerular tuft; 0.5, trace staining; 1� granular
staining in �25% of the glomerular tuft showing segmen-
tal reactivity; 2�, granular staining in 25 to 50% of the
glomerular tuft showing a predominant segmental in-
crease in reactivity; 3�, granular staining in �50% of the
tuft; 4�, diffuse staining of the tuft with or without seg-
mental granular pattern. For the evaluation of staining for
�-SMA, each glomerulus was also assigned a score ac-
cordingly to the following patterns:37 0, absent or very
weak staining of the glomerular tuft; 1�, weak staining
with 1 to 25% of the glomerular tuft showing increased
reactivity; 2�, 25 to 50% of the glomerular tuft demon-
strating a focal strong staining; 3�, 50 to 75% of the
glomerular tuft showing increased reactivity; 4�, �75%
of the glomerular tuft staining strongly. Glomerular ED1-
positive cells and MHC-II-positive cells in each section
were also counted. The evaluation was performed on at
least 20 consecutive glomerular cross sections by an
observer who was blinded to the experimental groups
and the mean values were calculated for each specimen.

Light Microscopy

Small fragments of kidney cortex adjacent to those used
for the immunohistochemical analysis were dehydrated
and embedded in paraffin. Sections (4 �m thick) were
stained using the periodic acid-Schiff method. Glomeru-
losclerosis was defined as glomeruli showing evidence of
segmental or global collapse of capillaries, increase in
glomerular matrix, and adhesions of the capillary tuft to
the Bowman’s capsule. The extent of glomerulosclerosis
was expressed as a percentage of the number of glo-
meruli counted for each animal.

In Situ Hybridization

The rat TGF-�1 anti-sense and sense RNA probes were
prepared and labeled by in vitro transcription using digoxi-
genin-labeled uridine triphosphate (Boehringer Mannheim
Biochemica, Mannheim, Germany).38 A 700-bp rat TGF-�
cDNA was cloned into the EcoRI/HindIII sites of the pBlue-
script vector between T7 and T3 promoters. Fragments of
renal cortex of three rats from each group were fixed in
Dubosq-Brazil, dehydrated in alcohol, and embedded in
paraffin. Sections were cut at 4 �m and processed as
described. Briefly, after permeabilization with proteinase K
(40 �g/ml, Sigma Chemical Co.), the sections were hybrid-
ized with the RNA probes at the final concentrations of 0.1
to 0.5 ng/�l in 2� standard saline citrate, 10% dextran
sulfate, 1� Denhardt’s solution, 20 mmol/L vanadyl ribonu-
cleoside complex (Life Technologies, Inc., Gaithersburg,
MD), and 0.1 mol/L sodium phosphate, and incubated over-
night in a moist chamber at 45°C. After being washed in
0.2� standard saline citrate and blocked with a buffer-
blocking solution (50 mg/ml skimmed dried milk, 150
mmol/L NaCl in 100 mmol/L Tris HCl, pH 7.8) at room
temperature for 30 minutes, the sections were incubated
with anti-digoxigenin antibody conjugated with alkaline
phosphatase (Boehringer Mannheim Biochemica) at the
dilution of 1:1000 for 45 minutes at 37°C. Colorimetric de-
tection with nitro blue tetrazolium salt and 5-bromo-4-chloro-
3-indolyl phosphate (Boehringer Mannheim Biochemica)
was then performed and the sections were mounted in 60%
glycerol and examined by light microscopy. The negative
control included the hybridization step with the sense
probe. For semiquantitative evaluation of the podocyte-as-
sociated signal at least 10 glomeruli were graded in each
section as follows: 0, no staining; 1�, trace staining; 2�,
strong staining in at least one podocyte/epithelial cell area;
3�, strong staining of epithelial areas with segmental dis-
tribution or at sites of adhesion.

In Vitro Studies

Cell Culture and Incubation

Immortalized mouse podocytes (a kind gift from Dr.
Peter Mundel, Albert Einstein College of Medicine, Bronx,
NY) were grown in permissive conditions, at 33°C in RPMI
1640 medium (Life Technologies, Inc.) supplemented
with 10% fetal bovine serum (Life Technologies, Inc.), 10
U/ml of mouse recombinant �-interferon (Sigma Chemical
Co.), and 100 U/ml of penicillin plus 0.1 mg/ml of strep-
tomycin (Sigma Chemical Co.).39 To induce differentia-
tion podocytes were maintained in nonpermissive condi-
tions at 37°C without �-interferon for 14 days. Confluent
cells were used for experiments.

SV40 MES 13, a well-characterized mouse glomerular
mesangial cell line40 was obtained from the American
Type Culture Collection (Rockville, MD). Mesangial cells
were grown in a 3:1 mixture of Dulbecco’s modified Ea-
gle’s medium and Ham’s F12 medium (Sigma Chemical
Co.), 5% fetal bovine serum (Life Technologies, Inc.) and
14 mmol/L HEPES (Sigma Chemical Co.).
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To investigate the effect of protein overload on TGF-�1
mRNA expression, differentiated podocytes were ex-
posed to 10 mg/ml of human serum albumin (HSA) (en-
dotoxin content �0.05 EU/ml, using Limulus amoebocyte
lysate assay; Sigma Chemical Co.) for 6, 24, and 48
hours. At the end of the incubation, total RNA was ob-
tained for Northern blot analysis. The production of
TGF-�1 was quantified by enzyme-linked immunosorbent
assay in conditioned supernatant of podocytes treated
with HSA (10 mg/ml) or medium for 15, 24, and 48 hours.
Synaptopodin expression in podocytes was also studied
by fluorescence confocal microscopy at 15, 24, and 48
hours.

To assess whether TGF-�1 produced by podocytes on
albumin stimulation affected mesangial cell phenotype
by increasing �-SMA expression, mesangial cells grown
on coverslips and kept in serum-free condition for 48
hours were exposed to conditioned supernatant of podo-
cytes treated or not with HSA (10 mg/ml) for 48 hours.
Human recombinant TGF-�1 (10 ng/ml, Sigma Chemical
Co.) was used as positive control. Additionally, the effect
of supernatant of HSA-stimulated podocytes was tested
in the presence of neutralizing mouse monoclonal anti-
TGF-�1 antibody (100 �g/ml; Genzyme, Cambridge,
MA). Then mesangial cells were fixed and �-SMA stain-
ing was evaluated by fluorescence confocal microscopy.

Northern Blot Analysis

Total RNA was isolated from podocytes by the gua-
nidium isothiocyanate/cesium chloride procedure. Fif-
teen �g of total RNA was then fractionated on 1.6%
agarose gel and blotted onto synthetic membranes
(Zeta-probe; Bio-Rad, Richmond, CA). A 0.45-kb EcoRI/
HindIII fragment of human TGF-�1 cDNA from plasmid
pUC18 (British-Biotechnology, Abingdon, Oxon, UK) was
used to detect the 2.5-kb transcript. The probe was la-
beled with �-32P dCTP by the random-primed method.
Hybridization was performed overnight in 0.5 mol/L of
Na2HPO4, pH 7.2, 7% sodium dodecyl sulfate. Filters
were washed twice for 30 minutes with 40 mmol/L
Na2HPO4, pH 7.2 and 5% sodium dodecyl sulfate, and
twice for 10 minutes with 40 mmol/L Na2HPO4, pH 7.2
and 1% sodium dodecyl sulfate at 65°C. Membranes
were subsequently probed with a �-actin cDNA, taken as
internal standard of equal loading of the samples on the
membrane. TGF-�1 mRNA optical density was normal-
ized to that of the constituently released �-actin gene
expression.

Enzyme-Linked Immunosorbent Assay

Measurement of TGF-�1 in the cell supernatant was
performed by using a commercially available enzyme-
linked immunosorbent assay kit (Promega, Madison, WI)
following the manufacturer’s instructions. TGF-�1 anti-
body crossreactivity with other TGF-� isoforms was as
follows: TGF-�1.2 heterodimer, 11.5%; TGF-�2, 1.6%;
and TGF-�3, 0.7%.

Fluorescence Confocal Microscopy

Podocytes or mesangial cells grown on coverslips af-
ter appropriate incubations were fixed in 2% paraformal-
dehyde plus 4% sucrose in PBS, pH 7.4, for 10 minutes at
37°C. After three washings (5 minutes) with PBS, the cells
were permeabilized with 0.1% Triton X-100 in PBS for 3
minutes. Cells were rinsed with PBS and nonspecific
binding sites were saturated in blocking solution (2% fetal
bovine serum, 2% bovine serum albumin, and 0.2% bo-
vine gelatin in PBS) for 30 minutes. Podocytes were in-
cubated with mouse monoclonal antibody to synaptopo-
din for 1 hour at room temperature, washed three times
with PBS, and then incubated with FITC-conjugated goat
anti-mouse antibody (30 �g/ml, Jackson Laboratories).
Mesangial cells were incubated with mouse monoclonal
antibody anti-�-SMA (clone 1A4, ascites fluid diluted in
PBS 1:300; Sigma) overnight at 4°C, washed three times
with PBS, and finally incubated with Cy3-conjugated don-
key anti-mouse IgG antibodies [affinity purified, ab-
sorbed with rat IgG (Jackson Laboratories), 15 �g/ml in
PBS] for 1 hour at room temperature. Negative control
experiments with secondary antibody Cy3-conjugated
donkey anti-mouse IgG alone were performed. Cover-
slips were washed, mounted in 1% N-propyl-gallate in
50% glycerol and 0.1 mol/L Tris-HCl, pH 8, and examined
under confocal inverted laser microscope (Insight plus;
Meridian Instruments, Inc., Okemos, MI). Representative
fields were digitized with millions of colors and printed.

Statistical Analysis

The results are expressed as mean � SD. Analysis of
variance with Tukey test for multiple comparisons was
used to analyze proteinuria, serum creatinine, and sys-
tolic blood pressure data. Immunohistochemistry and his-
tology data were analyzed using the nonparametric
Kruskal-Wallis test. Statistical significance was defined
as P � 0.05.

Results

Abnormal Accumulation of Plasma Proteins in
Podocytes Precedes and Is Tightly Associated
with Sclerosing Activation of Mesangial Cells

After extensive RMR, compensatory increases in remnant
nephron function are associated with maladaptive intra-
glomerular processes that eventually prove detrimental.1

The increase in glomerular capillary hydraulic pressure
serving to maintain glomerular filtration is associated with
impaired glomerular permselectivity to proteins and con-
sequent proteinuria. We first determined whether plasma
proteins accumulate locally as a consequence of their
enhanced intraglomerular passage, and whether protein
accumulation may co-localize with a prosclerosing phe-
notypic change. Abnormal accumulation of IgG and C3
was detected in the glomeruli of RMR rats sacrificed at
various intervals after surgery (Figure 1). In contrast to
sham controls (Figure 1, a and b), kidneys at 7 days after
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RMR showed focal and segmental distribution of IgG and
C3 (Figure 1, c and d) in glomeruli, with a granular
staining that concentrated in podocytes and to a lesser
extent in mesangial areas. In kidneys at 14 days (Figure
1, e and f) or 30 days after RMR (Figure 1, g and h) the
podocyte-associated IgG and C3 staining was more dif-
fuse, in addition to segmental patterns. The underlying
mechanism was related to enhanced intraglomerular
passage of proteins rather than reduced clearance, as
albumin (molecular weight, 69,000) revealed similar
changes. By double staining for albumin and IgG, the

marker proteins were detected within the same glomeru-
lar areas in a granular pattern within podocytes (Figure 1,
i and j). Evidence of significant accumulation of proteins
starting from 7 days after surgery was confirmed by
semiquantitative analysis (Figure 2). The excess protein
uptake was associated with increasingly high levels of
urinary protein excretion (mg/24 hours, RMR: 7 days,
46 � 20; 14 days, 101 � 24; 30 days, 225 � 89; sham-
operated rats: 27 � 5; P � 0.01 RMR at 14 days and 30
days versus sham control).

The phenotypic change to express �-SMA in mesan-
gial cells is typically associated with sclerosis that devel-
ops in weeks in RMR and in other rat models,37,41 and it
is a feature of myofibroblast transformation contributing
to the production of abnormal extracellular matrix.20,42–44

Therefore, we studied the phenotypic change in relation
to the onset of enhanced passage of proteins. RMR kid-
neys at 7 days showed no changes in �-SMA staining in
glomeruli except for a minimal and focal increase (Figure
3, a and b). Strong �-SMA expression in mesangial areas
was found at subsequent time points (Figure 3, c and d).
Mean scores were the following: RMR at 7 days, 0.40 �
0.08; at 14 days, 1.21 � 0.25; at 30 days, 1.16 � 0.50;
sham, 0 (P � 0.01 RMR at 14 days and 30 days versus
sham, and P � 0.05 at 7 days versus other groups). Dual
immunofluorescence analysis revealed a distinctive rela-
tion between sites of protein accumulation and mesangial
�-SMA expression (Figure 4; a to h). Thus, protein accu-
mulation in podocytes preceded myofibroblast transfor-
mation of adjacent cells, as reflected by the evidence that
in RMR at 7 days the segmental IgG (Figure 4c) or C3
(Figure 4d) deposition (arrowheads) was invariably asso-
ciated with no or minimal increase in glomerular �-SMA
staining, and that the increase in mesangial �-SMA at 14
days was confined to glomeruli showing positive staining
for the protein markers whereas the latter could be found
in glomeruli showing no �-SMA expression. In addition,
within glomeruli �-SMA was localized to IgG-positive

Figure 1. Enhanced intraglomerular passage and accumulation of plasma
proteins in RMR, a rat model of progressive nephropathy. a–h: Sections of
kidneys after sham operation or RMR stained by immunofluorescence for IgG
(left) or C3 (right). a and b, sham-operated control; c and d, RMR at 7 days,
focal staining; e and f, RMR at 14 days, staining more evident both in
glomeruli and in proximal tubuli; g and h, RMR at 30 days, heterogeneous
patterns with strong irregular staining, or minimal amount of staining in one
glomerulus in h. i and j: Abnormal albumin (i) and IgG staining (j) co-
localize to the same podocytes (arrows) and mesangial areas of RMR kidney
at 14 days. Note the glomerular intracellular staining of podocytes that
reflects excess protein uptake. Direct immunofluorescence using FITC-con-
jugated antibodies. Original magnifications: �125 (a–h); �500 (i and j).

Figure 2. Semiquantitative analysis of IgG, C3, and albumin staining in
glomeruli. °, P � 0.01 versus control; *, P � 0.01 versus control and RMR at
7 days; #, P � 0.05 versus 7 days RMR.
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(Figure 4e) and C3-positive (Figure 4f, arrows) portions of
the tuft. These findings were in agreement with the like-
lihood that the enhanced passage and intracellular ac-
cumulation of proteins might play role in the segmental
adhesion of the capillary tuft to the Bowman’s capsule,
morphological manifestation of initial sclerosis. The pat-
tern evolved consistently toward segmental deposition of
proteinaceous material associated with �-SMA expres-
sion at the peripheral edge of the lesion (Figure 4, g and
h). These changes were paralleled by development of
sclerosis. By light microscopy, in RMR rats sclerotic le-
sions were present in a significant percentage of glomer-
uli at 14 days, and they further increased at 30 days
(percent of glomeruli: RMR at: 7 days, 0.8 � 1.0; 14 days,
6.6 � 5.7; 30 days, 18.9 � 9.5; sham: 1.0 � 0.8; P � 0.05
RMR at 14 days and P � 0.01 RMR at 30 days versus
sham and RMR at 7 days).

Because previous studies found that macrophages
accumulate into glomeruli during the development of
sclerosis,37,45 we also analyzed for comparison the time
course of glomerular ED1 macrophage accumulation
and, additionally, changes in MHC-II expression in RMR.
Marked and significant increases in numbers of both
ED-1-positive cells and of cells expressing MHC class II
were found in RMR glomeruli at 14 days and 30 days after
RMR (Figure 5). The cells showing positive staining
for either marker did not show segmental patterns of
distribution.

Protein-Laden Podocytes Express Desmin,
Lose Synaptopodin, and Up-Regulate TGF-�1
Gene in RMR

Next, given that intraglomerular protein deposition is a
very early event, and podocyte dysfunction and TGF-�1
up-regulation are theoretically central factors in sclerosis,
we assessed whether the latter abnormalities can be
related spatially or temporally with protein accumulation
in podocytes in RMR. The intermediate filament protein,
desmin, present in mesangial cells in the normal glomer-
ulus, is highly expressed by podocytes in vivo exclusively
in the setting of glomerular injury and thus it is studied as
a general marker of cell function perturbation and inju-
ry.44,46,47 Podocytes in kidneys after sham operation
(Figure 6a) or RMR at 7 days (Figure 6b) typically had no
or faint desmin expression. In contrast, in RMR both at 14
days (Figure 6c, arrowheads) and 30 days after surgery
(Figure 6d) podocytes became strongly desmin-positive,
particularly those located at the periphery of the capillary
tuft. The enhanced passage and intracellular accumula-
tion of proteins in podocytes preceded the appearance
of high expression of desmin, as IgG was detectable in
podocytes in the absence of desmin by double staining
of sections of RMR kidneys at 7 days (Figure 7b, com-
pare with sham kidney in Figure 7a), this despite the
persistence of desmin in adjacent mesangial cells pro-

Figure 3. Expression of �-SMA in glomeruli in progressive nephropathy. a: Sham control, �-SMA staining confined to vessel wall and absent or minimal in
glomeruli. b–d: RMR, b, at 7 days, absent or very weak �-SMA expression; c, at 14 days, strong focal staining and initial periglomerular expression; d, at 30 days,
further increased expression in periglomerular tubulointerstitial areas. Original magnifications, �250.
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viding internal positive control. At subsequent intervals,
newly expressed desmin co-localized with IgG in podo-
cytes either in glomerular segments (14 days, Figure 7c)
or in more diffuse patterns (30 days, Figure 7d). Co-

localization was also found in areas of tuft adhesion con-
taining extracellular C3- or IgG-positive material. These
findings suggest that the exposure to high protein load
may cause podocyte dysfunction contributing to sclero-

Figure 4. a–h: Double-immunofluorescence detection of �-SMA and IgG (left) or �-SMA and C3 (right) in RMR kidneys. �-SMA is stained in red (Cy-3-
conjugated secondary antibody), IgG and C3 are stained in green (FITC-conjugated antibodies). a and b, sham control; c and d, RMR at 7 days; e and f, RMR at
14 days; g and h, RMR at 30 days. The comparison of �-SMA expression with both IgG and C3 deposition shows that the abnormal accumulation of plasma proteins
(arrowheads) is detected both in advance of and in close association with the mesangial (arrows) and periglomerular myofibroblast transformation. Original
magnifications, �250.
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sis. Such possibility was strengthened by analysis of
synaptopodin, an actin-associated protein specifically
expressed by podocytes and a unique differentiation
marker that appears in tight coincidence with the devel-
oping podocyte foot processes.48,49 Thus, a diminution of
synaptopodin expression first became apparent in local-

ized areas of the glomeruli in RMR kidneys at 14 days
(Figure 6g, arrowheads), and then more evident at 30
days (Figure 6h). Double staining for synaptopodin and
IgG revealed that the loss of synaptopodin both at 14
days and at 30 days was associated with accumulation of
plasma proteins in the podocytes (Figure 7, e and f). The
disappearance of the foot process differentiation marker
mirrored the appearance of strong expression of desmin,
indicating that the loss of synaptopodin is associated with
cell dysfunction in protein-laden podocytes in this model.

In situ hybridization analysis revealed that TGF-�1 up-
regulation in RMR occurred concomitantly to podocyte
abnormalities after the onset of enhanced transglomeru-
lar passage of proteins. As compared to sham controls
(Figure 8a) glomeruli of RMR kidneys at 7 days showed
no or very little increases in the intensity of TGF-�1 mRNA
signal (Figure 8b). In contrast at 14 days (Figure 8c) and
30 days (Figure 8d) TGF-�1 mRNA expression increased
markedly in podocytes. An increase in TGF-�1 mRNA
hybridization signal was also detected in endothelial cell
areas. Mean scores were the following: RMR: at 7 days,
0.61 � 0.12; 14 days, 1.39 � 0.35; 30 days, 1.40 � 0.36;
sham, 0.63 � 0.09 (P � 0.01 RMR at 14 days and 30
days versus sham). Sclerotic areas in advanced stage of
injury exhibited strong diminution or loss of TGF-�1
mRNA signal (not shown). Sections stained with sense
probe did not show staining (Figure 8f).

Figure 5. Numbers of ED1 macrophages and MHC class II-positive cells in
glomeruli. °, P � 0.01 versus control; *, P � 0.01 versus control and RMR at
7 days.

Figure 6. Immunofluorescence detection of desmin (a–d) and synaptopodin (e–h) in RMR glomeruli. In contrast to normal patterns revealed in sham control
(a and e) and RMR at 7 days (b and f), high desmin expression and loss of synaptopodin in podocytes are visualized in RMR at 14 days (c and g, arrowheads)
and 30 days (d and h) after surgery. In respect to areas in which synaptopodin is preserved (arrows), the asterisks indicate well-defined areas in which the foot
process-associated differentiation marker is lost. Original magnifications, �250.
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Protection Against Sclerosis by ACE Inhibitor Is
Associated with Abrogation of Intraglomerular
Protein Load and of TGF-�1 Overexpression

Because ACE inhibitors have potent protective effects
against renal structural and functional damage,50,51 we
determined whether lisinopril may limit both TGF-�1 up-
regulation, potentially responsible for myofibroblast-me-

diated scarring, and the intraglomerular protein deposi-
tion that may act as the common pathway stimulatory
factor. In fact, the increase in TGF-�1 mRNA signal was
fully suppressed in glomeruli of RMR rats at 30 days
given lisinopril from 1 day after surgery, which showed a
pattern comparable to that found in sham-operated con-
trols (Figure 8e). This effect was associated with protec-
tion against proteinuria, �-SMA overexpression, and glo-

Figure 7. Comparison of the glomerular sites of abnormal deposition of protein and altered expression of desmin and synaptopodin. a–d: Dual labeling of desmin
and IgG. In a glomerulus of sham control (a) desmin (red) is confined to mesangial cells and IgG (green) is not detectable. A glomerulus of RMR kidney at 7 days
(b) shows granular IgG staining (arrowheads) in podocytes, associated with no or very weak desmin staining, consistent with IgG accumulation in advance of
high desmin expression. In sections of RMR kidneys at 14 days (c) and at 30 days (d) both the high expression of desmin and the IgG staining co-localize mainly
to peripheral podocytes (yellow). e and f: By dual labeling for synaptopodin and IgG in RMR at 14 days (e) and at 30 (f), IgG-positive podocytes (arrowheads),
in contrast to IgG-negative podocytes (arrows), show diminution or loss of synaptopodin (red). Severe podocyte damage and possibly detachment and loss are
detectable in association with extracellular IgG deposition in areas of segmental adhesion and sclerosis (asterisks). Original magnifications, �250.
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merulosclerosis, and with significant reductions in the
numbers of ED-1 macrophages and MHC-II-positive cells
in the glomeruli as compared to untreated RMR rats
(Table 1). Serum creatinine levels measured at 30 days
were significantly lower than in untreated RMR rats
(0.98 � 0.15 versus 1.41 � 0.18 mg/dl, P � 0.01), and the
systolic blood pressure was maintained at 93 � 15
mmHg, a mean value significantly lower than that re-
corded in untreated RMR rats (170 � 11 mmHg).

In addition to inhibition of the renin angiotensin system
and reduction of intraglomerular capillary pressure, ACE
inhibitor’s renoprotective effects can be attributed to

preservation of glomerular permselectivity to plasma
proteins.26 –29 It was unanswered whether such action
may account for the protective effect against glomer-
ulosclerosis. Like for TGF-�1, lisinopril here prevented
the abnormal intraglomerular accumulation of plasma
proteins in RMR kidneys (Table 1, and Figure 9b, com-
pare with sham kidney, Figure 9a). Together with the
effect of ACE inhibitor on TGF-�1 overexpression,
these findings are in agreement with a pathogenic role
for the underlying protein influx, possibly via abnormal
uptake of plasma proteins and activation of a TGF-�1
pathway in podocytes.

Figure 8. Glomerular TGF-�1 up-regulation in RMR and effect of ACE inhibitor. TGF-�1 mRNA expression by in situ hybridization in glomeruli of a, sham control
revealing weak signal in podocytes, b, RMR at 7 days; c, RMR at 14 days; d, RMR at 30 days; e, RMR at 30 days plus ACE inhibitor. TGF-�1 mRNA signal is increased
in RMR at 14 days (c) in podocytes (arrows) and intracapillary areas, and it becomes more diffuse at 30 days (d). The ACE inhibitor prevents TGF-�1
up-regulation (e). f, RMR at 30 days, sense probe. Original magnifications, �375.
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Protein Overload Stimulates Podocytes to
Up-Regulate TGF-�1 Gene, Promoting
TGF-�1-Mediated Phenotypic Change of
Mesangial Cells

To assess whether protein load may play a direct role in
TGF-�1 gene up-regulation in podocytes, we evaluated
the effect of exposure of differentiated podocytes in cul-
ture to HSA (Figure 10a). By Northern blot, a weak 2.5-kb
transcript specific for TGF-�1 was observed in unstimu-
lated control podocytes. Albumin induced a twofold in-
crease in TGF-�1 mRNA over control (P � 0.01) after 6
hours of incubation. Transcript levels remained high at 24
and 48 hours (1.6- to 1.7-fold, P � 0.05) (Figure 10b).

Albumin-induced TGF-�1 mRNA up-regulation was as-
sociated with the increase of protein release into the cell
supernatants (Figure 10c). After 15 hours of incubation
with HSA, TGF-�1 production increased (150%) in re-
spect to unstimulated cells, with values reaching statisti-
cal significance (P � 0.01) at 24 and 48 hours (177% and

180% increase over control, respectively). In light of the in
vivo findings of podocyte-mesangial cell interaction and
high �-SMA expression at sites of protein accumulation,
we assessed whether the protein-induced stimulation of
podocytes in vitro may cause downstream activation of
mesangial cells, by experiments using conditioned me-
dium of HSA-stimulated podocytes. No �-SMA expres-
sion was detectable by fluorescence confocal micros-
copy in unstimulated mesangial cells in culture (Figure
10, d and g). The conditioned medium of HSA-stimulated
podocytes induced the expression of �-SMA in mesan-
gial cells (Figure 10e), mimicking the effect of the expo-
sure of mesangial cells to TGF-�1 (Figure 10h). The stim-
ulatory effect of conditioned medium of HSA-stimulated
podocytes on �-SMA expression was abrogated by the
addition of anti-TGF-�1-neutralizing antibody (Figure 10f).

Because TGF-�1 up-regulation was associated with
enhanced protein uptake and podocyte dysfunction in
RMR, we also determined whether protein load may
cause loss of synaptopodin expression in podocytes in
vitro. Synaptopodin staining as visualized by confocal
microscopy was markedly reduced with respect to un-
stimulated cells (Figure 10; h, j, and l) after either 6 hours
(Figure 10i) and 24 hours (Figure 10k) of incubation with
HSA, and partially recovered at 48 hours (Figure 10m).

Discussion

The current study explored TGF-�1 up-regulation by glo-
merular podocytes in response to enhanced intraglo-
merular passage of proteins as a potential trigger of
glomerular scarring. Three different approaches were
adopted with the following results. First, in vivo, abnormal
uptake of plasma proteins by podocytes preceded and
then was spatially associated with podocyte injury and
sclerosing events including TGF-�1 overexpression. Sec-
ond, exposure of cultured podocytes to albumin induced
both the loss of a highly specialized molecule and
TGF-�1 up-regulation with downstream sclerosing phe-
notype of mesangial cells, suggesting that the changes
found in kidney were causally linked, at least in part, to
the effect of protein load of inducing podocyte dysfunc-
tion. Third, back to the in vivo model, TGF-�1 overexpres-
sion and the sclerosing reaction were prevented in ani-
mals in which the enhanced passage of proteins was
pharmacologically limited. This mechanism as unraveled
in the RMR model may operate irrespective of etiology,
be it a gene abnormality, immune disease, or diabetes
that share in common permselective defects of the glo-
merular barrier. Remarkably, to our knowledge, no data

Table 1. Effects of Lisinopril on Urinary Protein Levels, Intraglomerular Protein and Inflammatory Cell Accumulation, �-SMA
Expression, and Glomerulosclerosis

Group
Proteinuria
(mg/day)

IgG
(score)

C3
(score)

Alb
(score)

ED-1 OX-6 (MHC 11) �-SMA
(score)

Glomerulosclerosis
(%)(cells/glom section)

30-day RMR 225 � 89* 1.30 � 0.34* 0.73 � 0.18* 1.80 � 0.38* 12.51 � 2.73* 12.09 � 4.04* 1.16 � 0.46* 18.9 � 9.5*
30-day RMR � lisinopril 28 � 8† 0.36 � 0.35† 0.18 � 0.17† 0.30 � 0.20† 7.20 � 1.65† 5.96 � 1.77† 0.34 � 0.26† 1.5 � 2.3†

30-day control 27 � 5 0.26 � 0.12 0.03 � 0.05 0.19 � 0.07 2.93 � 0.70 3.09 � 0.87 0 1.05 � 0.8

*, P � 0.01 versus control;
†
, P � 0.01 versus RMR at 30 days.

Figure 9. Sections of RMR kidney at 30 days and RMR kidney of an ACEi-
treated rat, stained for IgG (green) and �-SMA (red). Compared to untreated
RMR (a), the ACE inhibitor prevents abnormal accumulation of IgG (b).
Original magnifications, �125.
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are available providing comparable evidence for the as-
sociation of other major factors, specifically glomerular
hypertension, cell stretching, or angiotensin II, with the
activation in vivo of a given cell type that could be de-
tected, as shown here, at the level of individual glomeruli
by double-staining techniques.

Hemodynamic adaptive changes have been impli-
cated in promoting progressive sclerosis in RMR and
diabetes.1,52 The glomerulus is a specialized filtering
network, and the presence of a fenestrated endothelium
may further render the podocyte at the urinary aspect of
the barrier intrinsically susceptible to increases in protein
load associated with high glomerular capillary hydraulic
pressure. Studies in rats with renal vein constriction53 or
passive Heymann nephritis54 indeed showed that en-
hancing intraglomerular capillary pressure disrupts the

glomerular barrier to circulating proteins. Glomerular
permselectivity is lost in RMR as a consequence of al-
tered size-selective function of the glomerular capillary
wall, as shown by evidence that the fractional clearance
of neutral dextrans �38-Å molecular radius is en-
hanced.5 Here, the segmental accumulation of albu-
min, IgG, and C3 in the initial stage of disease at 7
days clearly reflects increased influx of proteins be-
cause of impairment of permselective function, in
agreement with studies using dextran or other macro-
molecular probes.5 We cannot exclude that a reduced
mesangial clearance of IgG and C3 may contribute at
later time points. The passage of macromolecules
through the mesangium has been documented,55 and
a hemodynamic challenge may cause macromolecular

Figure 10. Synthesis of TGF-�1, induction of downstream phenotypic change
of mesangial cells, and loss of synaptopodin by podocytes in response to
protein load. a–c: Effects of HSA on TGF-�1 mRNA expression by Northern
blot analysis (a and b) and on TGF-�1 production by enzyme-linked immu-
nosorbent assay (c) in cultured podocytes. *, P � 0.05 and **, P � 0.01 versus
control. d–h: Expression of �-SMA in mesangial cells exposed to conditioned
medium of unstimulated podocytes (d) or of HSA-stimulated podocytes alone
(e) or in the presence of anti-TGF-�1 antibody (f), as assessed by fluorescence
confocal microscopy. g and h: �-SMA in control mesangial cells either un-
stimulated (g) or exposed to TGF-�1 (h). i–n: Confocal microscopy analysis of
the effect of HSA on podocyte synaptopodin. Podocytes exhibit marked re-
duction of synaptopodin staining after exposure to HSA for 6 hours (i) and 24
hours (l), and partial recovery at 48 hours (n) as compared to unstimulated
control at the corresponding time points (i, k, and m). Original magnifications,
�1500.
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overload of the mesangium as revealed by detection of
ferritin used as a tracer.5,56

Despite multifactorial features of glomerular sclero-
sis, studies have collectively identified podocyte injury
as a central cellular event,4,7,8 thus we elected to ex-
amine whether the enhanced intraglomerular passage
of proteins may promote podocyte dysfunction pari
passu with high TGF-�1 synthesis. Changes in interme-
diate filament and cytoskeletal-associated compo-
nents, desmin and synaptopodin, are associated with
progressive injury both in experimental and human
nephropathies.44,46,47,57–59 Findings that the en-
hanced transglomerular passage and podocyte uptake
of proteins, in advance of structural injury in RMR,
precedes both high desmin expression and concomi-
tant loss of synaptopodin in protein-laden podocytes
were consistent with a causal role of protein overload.
In this respect, TGF-�1 up-regulation in response to
albumin can be seen as one functional aspect of the
podocyte reaction to excess protein uptake. Although
mechanisms are not defined, signal transduction
events appear to be similar to those induced by known
stimuli of TGF-�1 synthesis (via AP-1, MAP kinases,
smad, PKC).60 – 62 Preliminary data indeed indicate that
protein overload may act by promoting podocyte actin-
cytoskeleton rearrangement and up-regulation of AP-
1-dependent gene expression.63

The effect of inducing the loss of actin-associated
synaptopodin in differentiated podocytes in vitro further
directly implicates protein accumulation as the trigger of
podocyte dysfunction. Synaptopodin is a unique differ-
entiation molecule perhaps instrumental in foot process
formation during nephrogenesis.48 Its loss is one indica-
tor for loss of cell differentiation in areas of segmental
sclerosis.57–59 Until now, there was indirect evidence to
suggest that the protein load may promote injury includ-
ing the effacement of highly differentiated foot processes.
In RMR, protein droplet formation also precedes the loss
of podocyte architecture that manifests with effacement
of foot processes followed by cell detachment from the
basement membrane and tuft adhesion to the adjacent
parietal layer.5,47 Together, our data revealing the loss of
a specific differentiation molecule of foot processes in a
mirror-like pattern with high desmin expression, and
TGF-�1 induction by protein load in early stage of injury
are consistent with roles in adhesion, and they hint to
self-sustained effects of enhanced transglomerular pas-
sage of proteins in continuing perturbation of foot pro-
cess function and eventual detachment.

Podocyte dysfunction and TGF-�1 up-regulation in
RMR were associated with phenotypic transformation of
mesangial cells. Podocytes on protein challenge effec-
tively promote mesangial cell activation, as reflected by
the effect of conditioned medium of albumin-stimulated
podocytes, like TGF-�1 itself, to induce �-SMA expres-
sion in cultured mesangial cells. A causal link for re-
sponses of such a type cannot be usually documented in
vivo. However, the co-localization of granular staining for
albumin and other plasma proteins, unequivocal sign of
excess uptake by podocytes, and mesangial �-SMA can

only be interpreted to indicate that the response elicited
by the protein stimulus exactly duplicates interactions
that actually occur in the kidney. Furthermore, experi-
ments to address whether the enhanced passage of
proteins by up-regulating TGF-�1 may lead to the rele-
vant mesangial cell response in RMR also showed that
abrogating the permselective defect by lisinopril pre-
vents the abnormal accumulation of proteins into glomer-
uli and the associated TGF-�1 up-regulation, as well as
�-SMA expression and sclerosis. Multiple targets may
account for the drug’s action to limit glomerular influx of
proteins and proteinuria. Limiting angiotensin II-depen-
dent increases in intraglomerular capillary pressure
and/or permselective dysfunction may explain the advan-
tage offered against other anti-hypertensive agents
shown to have minimal effects against albumin and IgG
deposition64 and, consistently, glomerular injury.64–66

However, results of recent studies in spontaneous or
immune-mediated models of sclerosis indicate that pres-
ervation of permselectivity by lisinopril can be also ex-
plained by prevention of altered expression of nephrin67

and ZO-168 that normally serve to maintain functional
properties and architecture of the slit diaphragm. Our
provisional interpretation is that angiotensin II blockers
act by preserving the slit diaphragm integrity, either by
reducing angiotensin II or by preserving podocyte foot
process architecture.

TGF-�1 is a mediator that lies in a final common path-
way for multiple causes of glomerular sclerosis, and the
enhanced passage of proteins are likely to stimulate
TGF-�1 synthesis both independently and in association
with other stimuli such as glomerular angiotensin II, me-
chanical stress, or high glucose. Angiotensin II69 and cell
stretch70 were indeed found to stimulate TGF-� synthe-
sis, and our data certainly do not discount the importance
of their inhibition as a major mechanism underlying the
ACEi’s protective effect. The emerging role of podocyte
synthesis of TGF-�1 has been recently credited by the
evidence that cultured glomerular epithelial cells can
up-regulate TGF-�1 synthesis in response to high glu-
cose.71 It is in the more general framework of pathways
independent of immune and metabolic factors that we
have examined podocyte activation and the relevant
stimulus. It is mandatory to identify key targets of thera-
pies preventing the need of dialysis and renal transplan-
tation before the costs of unrestricted care become un-
sustainable. TGF-�1 blocking reagents should be tested
urgently for combined therapies with drugs that act
on the upstream stimuli, to minimize both proteinuria
and local consequences on glomerular structure and
function.
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