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In fibrotic renal disease, elevated TGF-β and angiotensin II lead to increased plasminogen activator inhibitor type 1 (PAI-
1). PAI-1 appears to reduce glomerular mesangial matrix turnover by inhibiting plasminogen activators, thereby
decreasing plasmin generation and plasmin-mediated matrix degradation. We hypothesized that therapy with a mutant
human PAI-1 (PAI-1R) that binds to matrix vitronectin but does not inhibit plasminogen activators, would enhance plasmin
generation, increase matrix turnover, and decrease matrix accumulation in experimental glomerulonephritis. Three
experimental groups included normal, untreated disease control, and PAI-1R–treated nephritic rats. Plasmin generation
by isolated day 3 glomeruli was dramatically decreased by 69%, a decrease that was reversed 43% (P < 0.02) by in vivo
PAI-1R treatment. At day 6, animals treated with PAI-1R showed significant reductions in proteinuria (48%, P < 0.02),
glomerular staining for periodic acid–Schiff positive material (33%, P < 0.02), collagen I (28%, P < 0.01), collagen III
(34%, P < 0.01), fibronectin (48%, P < 0.01), and laminin (41%, P < 0.01), and in collagen I (P < 0.01) and fibronectin
mRNA levels (P < 0.02). Treatment did not alter overexpression of TGF-β1 and PAI-1 mRNAs, although TGF-β1 protein
was significantly reduced. These observations strongly support our hypothesis that PAI-1R reduces glomerulosclerosis by
competing with endogenous PAI-1, restoring plasmin generation, inhibiting inflammatory cell infiltration, decreasing local
TGF-β1 concentration, and reducing matrix […]
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Introduction
Fibrotic renal disease is characterized by accumula-
tion of ECM (1, 2). The amount and composition of
matrix depends on a delicate balance between syn-
thetic and degradative pathways. When matrix syn-
thesis and deposition exceed matrix degradation, the
pathological accumulation of matrix leads to fibrot-
ic renal disease (3, 4). While our understanding of
the mechanisms underlying this process has dra-
matically increased in recent years, research has
emphasized processes that increase matrix produc-
tion and therapeutic strategies to block these
processes (5, 6). It is now clear that inhibition of the

normal turnover of matrix also plays an important
role in matrix accumulation.

Evidence supports the notion that the plasmin/
protease system plays an important role in matrix
degradation. Plasmin is generated by cleavage of
plasminogen by either tissue-type plasminogen
activator (t-PA) or urokinase-type plasminogen
activator (u-PA). Plasminogen activator inhibitor
type 1 (PAI-1) is the primary in vivo inhibitor of
both t-PA and u-PA and acts by forming 1:1 pro-
tease-inhibitor complexes that are enzymatically
inactive (7). Plasmin generation is therefore the net
result of the activity of the plasminogen activators
and inhibitors and can be dramatically reduced by
increasing PAI-1 levels.

In vitro studies have suggested that, in addition to
degrading fibrin, plasmin plays an important role in
matrix degradation (4, 8, 9). Plasmin degrades the
matrix proteins fibronectin (10), laminin (10), pro-
teoglycan (11), and type IV collagen (12) as well as fib-
rin and also activates MMPs (13–15), the enzymes
that degrade collagenous proteins.

The importance of this system in normal glomeru-
lar mesangial matrix turnover was clearly shown when
matrix degradation increased fourfold after an mAb
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to PAI-1 was added to human mesangial cells cultured
on radioactive Matrigel (16).

Data supporting the importance of the plasmin/pro-
tease system in disease has increased dramatically in
recent years. Plasminogen knockout mice exhibit
markedly impaired wound healing (17) and increased
fibrosis after lung injury (18). In contrast, PAI-1 knock-
out mice show decreased lung fibrosis after bleomycin
administration, although the cellular response to
bleomycin is similar to that in wild-type mice (19). That
PAI-1 deficiency reduces fibrosis primarily by enhanc-
ing plasmin generation was suggested by experiments
where treatment of PAI-1 null mice with tranexamic
acid, an inhibitor of plasmin formation, reversed the
protective effect of PAI-1 deficiency (19, 20).

While PAI-1 is essentially undetectable in normal
kidney, its mRNA expression and/or protein are
increased in numerous models of glomerulosclerosis
and in many human glomerular diseases (21–27),
implicating it in the fibrotic process. PAI-1 strongly
binds to the vitronectin (Vn) that is laid down at the
site of tissue injury (28), concentrating PAI-1 in the
fibrotic matrix where it can initially inhibit degrada-
tion of the provisional fibrin clot and later inhibit
matrix degradation.

Several key modulators of renal fibrosis induce 
PAI-1. TGF-β increases PAI-1 production by cultured
glomeruli, and overexpression of TGF-β in disease is
associated with increased PAI-1 expression (refs. 29, 30;
reviewed in ref. 31). Angiotensin II upregulates PAI-1
expression by mechanisms both independent of and
dependent on TGF-β (32–36). Therapeutic strategies
aimed at reduction of angiotensin II or TGF-β also
reduce PAI-1 overexpression (3, 23, 30, 37–39).

It is now clear that increases in the trio TGF-β,
angiotensin II, and PAI-1 characterize fibrotic renal
disease. Currently the best available therapies involve
angiotensin blockade with either an angiotensin
II–converting enzyme inhibitor or an angiotensin
receptor antagonist. On the horizon are therapies
(such as Ab’s) that target TGF-β (40–42). Maximizing
doses of these therapies or combining therapies to
enhance efficacy are likely to significantly improve
current regimens. Another useful approach, partic-
ularly in diseases where matrix accumulation occurs
rapidly, may be to specifically target matrix degra-
dation. We have previously shown that t-PA admin-
istration reduces matrix accumulation in anti–thy-1
nephritis (43). The data support the notion that 
t-PA increases plasmin generation, which in turn
enhances matrix degradation.

The goal of the present study was to determine the
therapeutic efficacy of an agent that was expected to
manipulate the action of endogenous PAI-1 and
enhance plasmin generation. A mutant human PAI-1
(PAI-1R) is a dominant-negative mutant (Thr 333 to
Arg, Ala 355 to Arg) that has been shown by in vitro
studies to bind Vn normally but to have no inhibito-
ry activity on any protease (44). We hypothesized that

the mutant PAI-1R, injected into nephritic rats, would
compete with endogenous PAI-1 for Vn binding sites
at the site of injury but would not inhibit PAs, and
therefore would enhance plasmin generation and
increase matrix turnover.

Methods
Animal protocols, study 1: Time course of Vn and endogenous
PAI-1 staining in anti–thy-1 nephritis. Three rats were sac-
rificed at each of eight timepoints from 0 to 28 days
after OX-7 injection. Cortical tissue was stained for Vn
and endogenous rat PAI-1.

Animal protocols, study 2: Time course of disappearance of
PAI-1R from nephritic glomeruli. Colocalization with Vn.
Nine groups of two nephritic rats received intra-
venous PAI-1R injection (1 mg/kg body weight) 24
hours after disease induction. Groups were sacrificed
at each of nine timepoints from 10 minutes to 24
hours after administration. Cortical tissue was used
for dual immunostaining of Vn and PAI-1R.

Animal protocols, study 3: Therapeutic efficacy of PAI-1R.
Ten rats were assigned to each of the following three
groups: normal controls, disease controls, and dis-
eased animals treated with PAI-1R. PAI-1R was
administered intravenously by tail vein injection
twice a day from day 1 (d1) to d5 at a dose of 1
mg/kg body weight. Control rats received an equal
volume of PBS. Animals were placed in metabolic
cages for 24-hour urine collection from d5 to d6 and
were sacrificed at d6.

Animal protocols, study 4: Effect of PAI-1R on normal rats.
Six rats were assigned to either a normal control group
or a normal control group injected with PAI-1R. Dos-
ing and sacrifice were as for Study 3 above.

Materials. Unless otherwise indicated, materials,
chemicals, and culture media were purchased from
Sigma-Aldrich (St. Louis, Missouri, USA). PAI-1R
has been previously described (44) and was purified
as described (45).

Animals. The studies were performed in male
Sprague Dawley rats (160–180 g) obtained from
Charles River (Portage, Michigan, USA). Animal hous-
ing and care were in accordance with the NIH Guide
for Care and Use of Laboratory Animals. Animals were
fed a normal protein diet (22% protein, Teklad, catalog
no. 86 550; Harlan Teklad, Madison, Wisconsin, USA).

Disease induction. Glomerulonephritis was induced
by tail vein injection of the monoclonal anti–thy-1 Ab
OX-7 (1.75 mg/kg body weight) on d0. The OX-7 mAb
was produced by cultured OX-7 cells as described pre-
viously (38). OX-7 binds to a thy-1 epitope on the sur-
face of mesangial cells and causes complement-
dependent cell lysis followed by exuberant matrix
synthesis and deposition. Normal control animals
were injected with the same volume of PBS.

Sacrifice. Animals were anesthetized with isoflurane.
After blood was drawn from the lower abdominal
aorta, the kidney was perfused with 30 ml of cold PBS
and harvested. For histological examination, cortical



Immunofluorescent staining for Vn, endogenous PAI-1, and
PAI-1R. Indirect immunofluorescence was performed
on 3-µm cryostat sections. Polyclonal rabbit anti-
mouse Vn Ab (1:300 dilution, kindly provided by
Emile de Heer, Department of Nephrology and Pathol-
ogy, Leiden University Medical Center, Leiden, The
Netherlands) and rabbit anti–rat PAI-1 Ab (400 µg/ml
dilution; American Diagnostica Inc., Greenwich, Con-
necticut, USA) were used as the primary Ab’s. FITC-
conjugated swine anti-rabbit IgG (DAKO Corp.,
Carpinteria, California, USA) was used as the second-
ary Ab. Intraglomerular deposition of Vn and endoge-
nous PAI-1 in time-course study tissue was semiquan-
titated by scoring 20 randomly selected glomeruli per
section on a 0–4 scale as described above.

For dual immunostaining, a rabbit anti–mouse Vn
Ab (1:300) and a goat anti–human PAI-1 Ab (1:100;
American Diagnostica Inc.) were applied at the same
time and kept at 4°C overnight. TRITC-conjugated
monkey anti-rabbit IgG and FITC-conjugated monkey
anti-goat IgG (each at 1:200 dilution; Jackson
ImmunoResearch Laboratories Inc., West Grove, Penn-
sylvania, USA) were applied as secondary Ab’s at room
temperature for 2 hours. Dual-immunostained sec-
tions were analyzed using a confocal microscope. Con-
trol slides treated with PBS instead of primary Ab’s
showed no staining.

Immunofluorescent staining for matrix proteins and
macrophages. Monoclonal mouse anti-cellular fibro-
nectin extra domain positive (FN-EDA+) (Harlan
Sera-Lab Ltd., Loughborough, United Kingdom),
rabbit anti–mouse laminin (ICN Immunobiologi-
cals, Aurora, Ohio, USA), goat anti–human type I
collagen, and goat anti–human type III collagen
(Southern Biotechnology Associates, Birmingham,
Alabama, USA) were used as the primary Ab’s for
detection of matrix components in glomeruli at d6.

The Journal of Clinical Investigation | August 2003 | Volume 112 | Number 3 381

Figure 2
Time course of disappearance of PAI-1R from
nephritic glomeruli, shown by injected PAI-1R stain-
ing in OX-7–induced nephritic glomeruli at d1. Rep-
resentative photomicrograph of glomeruli from two
rats at each timepoint injected with PAI-1R at 1
mg/kg body weight.

tissue was snap-frozen and fixed in 10% neutral-
buffered formalin. Glomeruli from individual rats were
isolated by graded sieving with 150-, 125-, 106-, and 75-
µm mesh metal sieves as described previously (46).

Plasma levels of active rat PAI-1. Active rat PAI-1 was
measured using a commercially available kit (Molec-
ular Innovations Inc., Southfield, Michigan, USA).

Urinary protein excretion. Rats were housed in meta-
bolic cages on d5, and 24-hour urinary protein excre-
tion was measured by the Bradford method (Bio-Rad
Protein Assay; Bio-Rad Laboratories Inc., Hercules,
California, USA).

Light microscopy. All microscopic exam-
inations were performed in a blinded
fashion on 3-µm sections of paraffin-
embedded tissues stained with periodic
acid–Schiff (PAS). Glomerular matrix
expansion was evaluated as previously
described (47). Briefly, in 30 glomeruli
from each rat, the amount of mesangial
matrix occupying each glomerulus was
scored as 0 (0%), 1 (25%), 2 (50%), 3
(75%) or 4 (100%).

Figure 1
Time course of glomerular Vn (a) and endogenous PAI-1 (b) stain-
ing in OX-7–induced nephritis. Data are from three rats at each
timepoint. NC, normal control.
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FITC-conjugated rat F(ab′)2 anti-mouse IgG (H+l)
(Jackson ImmunoResearch Laboratories Inc.), FITC-
conjugated swine anti-rabbit IgG (DAKO Corp.),
and FITC-conjugated rabbit anti-goat IgG (DAKO
Corp.) were used as the secondary Ab’s. For
immunostaining of fibrinogen/fibrin, FITC-conju-
gated rabbit anti–human fibrinogen/fibrin (DAKO
Corp.) was used directly. For the determination of
monocyte/macrophage infiltration into glomeruli,
FITC-conjugated mouse anti–rat ED-1 Ab (Serotec
Ltd., Oxford, United Kingdom) was used. Intra-
glomerular deposition of these ECM components
was quantified by scoring 20 randomly selected
glomeruli per section on a 0–4 scale as described
above. The number of monocytes/macrophages per
glomerulus was counted in 20 glomeruli selected
randomly per section.

TGF-β1 and fibronectin content in glomeruli. Glomeruli
from individual rats were isolated and resuspended
at 2 × 104 glomeruli/ml in RIPA buffer (50 mM
Tris/HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 0.5%
deoxycholate, 0.1% SDS, and 1 tablet/5 ml protease
inhibitor mix [Complete, mini; Roche Diagnostics
Corp., Indianapolis, Indiana, USA]). Glomeruli were
homogenized two times on ice by sonication. Each
15-second sonication was followed by a 15-second
cool down. After centrifugation at 400 g for 10 min-
utes at 4°C, the supernatant was stored at –70°C
until analysis of glomerular TGF-β1 and fibronectin
content. TGF-β1 content was measured after acid
activation using a commercially available DuoSet
ELISA development system (Quantikine; R&D Sys-
tems Inc., Minneapolis, Minnesota, USA) according
to the manufacturer’s instructions. Fibronectin con-
tent was measured with modified inhibitory ELISA
according to published methods (48).

RNA preparation and Northern hybridization. Total RNA
was extracted immediately from freshly isolated
glomeruli by a guanidinium isothiocyanate method
using Trizol reagent (Invitrogen, Gaithersburg, Mary-
land, USA) according to the manufacturer’s instruc-

tions. Isolated glomeruli from ten
rats were pooled for subsequent
RNA extraction. For Northern
analysis, RNA was denatured and
fractionated by electrophoresis
through 1.0% agarose gel (30

µg/lane) and transferred to a BrightStar-plus nylon
membrane (Ambion Inc., Austin, Texas, USA). Nucleic
acids were immobilized by UV irradiation. Membranes
were prehybridized with ULTRAhyb solution (Ambion
Inc.) and hybridized with DNA probes (1 × 106 cpm/ml)
labeled with 32P-dATP using the Random Primed Stri-
pAble DNA Probe Synthesis and Removal Kit (Ambion
Inc.). The blots were washed in 2× SSC with 0.1% SDS at
42°C for 10 minutes and in 0.1× SSC with 0.1% SDS at
42°C for 20 minutes. DNA probes used were: GAPDH
cDNA, a gift from P. Kondaiah and M.B. Sporn, Dart-
mouth University, Hanover, New Hampshire, USA (49);
TGF-β1 cDNA, kindly provided by H.L. Moses, Vander-
bilt University Cancer Center, Nashville, Tennessee, USA
(50); PAI-1 cDNA, kindly provided by T.D. Gelehrter,
University of Michigan, Ann Arbor, Michigan, USA (51);
FN-EDA+ cDNA, a generous gift from R.O. Hynes,
Massachusetts Institute of Technology, Cambridge,
Massachusetts, USA (52); and type I collagen, kindly
provided by Phillip Gray, University of Utah, Salt Lake
City, Utah, USA (53). Three blots per probe were per-
formed. Autoradiographic films were scanned on a laser
densitometer (Ultrascan XL; Pharmacia LKB Biotech-
nology Inc., Pleasant Hill, California, USA). For quanti-
tative densitometric measurements of Northern blots,
all the signals were normalized to GAPDH levels used
for equal loading.

Figure 3
Colocalization of PAI-1R with Vn. A glomer-
ulus from a d1 animal sacrificed 1 hour
after PAI-1R injection. Staining for (a) rat
Vn (red) and (b) PAI-1R (green). (c) Dou-
ble staining for Vn and PAI-1R. Injected
PAI-1R colocalized with endogenous rat Vn
in the mesangium. Normal control (d) and
disease control (e) rats showed Vn staining
only in glomerulus, and no staining for
human PAI-1 in kidney.

Figure 4
Effects of PAI-1R on 24-hour urinary protein excretion from d5 to
d6. Urinary protein excretion was significantly lower in the PAI-1R–
treated, nephritic group. *P < 0.001 vs. normal control. #P < 0.02
vs. disease control (DC).



[1 – (PAI-1R–treated group mean – normal control
group mean)/(disease control group mean – normal
control group mean)] × 100.

Results

Study 1: Time course of Vn and endogenous PAI-1
staining in anti–thy-1 nephritis

PAI-1 binds to Vn in both plasma and ECM. To
determine when Vn and endogenous PAI-1 would be
present in glomeruli from nephritic rats we did a
time-course study. The results are shown in Figure 1.
Vn staining in glomeruli increases dramatically as
early as 3 hours after anti–thy-1 Ab is injected and
remains elevated throughout the course of disease
(Figure 1a). Endogenously produced PAI-1 deposi-
tion into glomerular ECM increases less rapidly,
showing a small increase at d1 and peaking at d6 of
disease (Figure 1b). We therefore decided to begin
PAI-1R therapy on d1, when Vn is present to which
PAI-1R can bind.

Study 2: Time course of disappearance of PAI-1R
from nephritic glomeruli

Colocalization with Vn. To determine whether injected
PAI-1R was present in nephritic glomeruli, whether it
bound to Vn, and how long it remained, staining was
evaluated on kidney sections from two rats at nine
timepoints after PAI-1R injection (Figure 2). The
staining Ab was specific for human PAI-1 and did not
stain rat PAI-1. No staining was seen in normal con-
trol or nephritic kidney. PAI-1R shows strong
glomerular and tubular staining at 10 minutes after
injection. The tubular staining disappears by 1 hour
after injection, suggesting that at 10 minutes some
PAI-1R is being filtered, while PAI-1R present at 1
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Plasmin activity of isolated glomeruli. Normal and d3
nephritic rats were sacrificed 10 minutes after PAI-1R
(n = 4) or PBS injection (n = 4). Intact glomeruli from
individual rats were isolated as described above.
Total glomerular plasmin activity was measured
using a plasmin-specific chromogenic substrate,
Chromozym PL (Roche Molecular Biochemicals,
Indianapolis, Indiana, USA). This substance is
specifically cleaved by plasmin into a residual pep-
tide and 4-nitroaniline, which can be detected spec-
trophotometrically. Intact glomeruli were suspend-
ed at 2 × 104 glomeruli per ml of 50 mM Tris (pH
8.2) with 0.1% Triton X-100 and sonicated for 15 sec-
onds on ice. After centrifugation at 200 g for 10
minutes at 4°C, 80 µl of glomerular supernatant and
20 µl of 3 mM Chromozym PL and 0.2 µM plas-
minogen (DiaPharma Group Inc., West Chester,
Ohio, USA) were added per well. Absorbance was
measured at 405 nm three times over a 2-hour inter-
val. The increase in absorbance, corresponding to
plasmin activity, was calculated. The standard linear
curve was generated with serial dilutions of porcine
plasmin. Results were expressed as U/108 glomeruli.

Statistics and calculation of percentage reduction in disease
severity. Data are expressed as mean ± SEM. The sig-
nificance of differences in the measured values
between groups was analyzed by the Student t test or
Welch’s t test. P < 0.05 was considered statistically sig-
nificant. The disease-induced increase in a variable
was defined as the mean value for the disease control
group minus the mean value of the normal control
group. The percent reduction in disease severity in a
PAI-1R-treated group was calculated as follows:

Figure 5
Glomerular histology. Representative photomicrographs of glomeruli
from normal control rats (a), disease control rats treated with PBS
(b), and PAI-1R–treated, nephritic rats (c) at d6. (d) Graphic repre-
sentation of PAS staining scores of each group. PAI-1R treatment
resulted in a significant reduction in PAS staining score compared
with disease control rats. *P < 0.001 vs. normal control; #P < 0.02
vs. disease control.

Figure 6
Immunofluorescent staining score for ECM proteins at d6. Glomeru-
lar staining for FN-EDA+ (a), laminin (b), type I collagen (c), and
type III collagen (d) were lower in the PAI-1R–treated, nephritic
group. *P < 0.001 compared with normal control. #P < 0.01 com-
pared with disease control.
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hour is likely bound in the glomeruli. This PAI-1R
remains in nephritic glomeruli for at least 8 hours and
disappears by 12 hours.

The results of dual immunostaining are shown in
Figure 3. Vn stained in red (Figure 3a) and PAI-1R
stained in green (Figure 3b) produced strong yellow
staining (Figure 3c) when viewed with a confocal fil-
ter, indicating that injected PAI-1R was colocalized
with rat Vn. Based on these results, PAI-1R was
administered therapeutically twice a day at a dose of
1 mg/kg body weight.

Study 3: Therapeutic efficacy of PAI-1R

Effects of PAI-1R on plasma levels of active rat PAI-1. Nor-
mal and disease control rats had very similar plasma
levels of active rat PAI-1 (3.32 ± 0.21 and 3.22 ± 0.45
ng/ml, respectively). PAI-1R–treated, nephritic rats
had slightly, though not significantly, elevated PAI-1
levels (4.25 ± 0.35 ng/ml; P = 0.07). These results indi-
cate that PAI-1R injection had little effect on endoge-
nous PAI-1 levels in plasma.

Effects of PAI-1R on urinary protein excretion in anti–thy-1
nephritis. Twenty-four–hour urinary protein excretion
was measured from d5 to d6 (Figure 4). Disease-induced
increases in urinary protein excretion were reduced
47.7% by PAI-1R treatment compared with the disease
control group (39.66 ± 8.61 mg/d vs. 76.42 ± 12.01
mg/d, respectively; P < 0.02).

PAS staining. Representative glomeruli stained with
PAS are shown in Figure 5. The glomeruli from the dis-
ease control rats showed marked accumulation of
ECM expressed as PAS-positive material at d6 (Figure
5b) compared with normal glomeruli (Figure 5a).
Treatment of nephritic rats with the mutant PAI-1

resulted in much less mesangial ECM accumulation in
glomeruli (Figure 5c). Figure 5d shows a graphical rep-
resentation of the mean ± SEM of PAS matrix score for
each group. PAS score increased from 0.45 ± 0.02 in
normal control rats to 2.63 ± 0.22 in disease control
rats as a result of nephritis. PAI-1R treatment
decreased the matrix score significantly (P < 0.02) from
2.63 ± 0.22 in the disease control group to 1.90 ± 0.18.
This is a 33% reduction in the disease-induced increase
in PAS staining score.

Immunofluorescent staining. The results of the semi-
quantitative analysis of immunofluorescent staining
for ECM proteins are shown in Figure 6. Compared
with the disease control group, the staining scores were
significantly lower in the PAI-1R–treated, nephritic
group at d6 for FN-EDA+ (1.20 ± 0.06 vs. 0.96 ± 0.05; 
P < 0.01), laminin (1.23 ± 0.06 vs. 0.63 ± 0.01; P < 0.01),
type I collagen (1.07 ± 0.09 vs. 0.79 ± 0.05; P < 0.01), and
type III collagen (1.17 ± 0.06 vs. 0.98 ± 0.04; P < 0.01).
These represent decreases in disease-induced ECM
accumulation of 48% for FN-EDA+, 41% for laminin,
28% for type I collagen, and 34% for type III collagen.

To evaluate the effect of PAI-1R on fibrinogen/fib-
rin deposition in nephritic glomeruli, direct immuno-
fluorescent staining was performed on d6 tissues (Fig-
ure 7). The staining score for fibrinogen/fibrin was
reduced by 56% in the PAI-1R–treated, nephritic
group compared with disease control (P < 0.001).

Effects of PAI-1R on TGF-β1 and fibronectin content in
glomeruli. Injection of anti–thy-1 Ab resulted in a 2.86-
fold increase in TGF-β1 and a 5.4-fold increase in
fibronectin content of glomeruli isolated at d6 (Fig-
ure 8). TGF-β1 and fibronectin content were reduced
with PAI-1R by 58.6% (P < 0.01) and 63.3% (P < 0.01),
respectively (Figure 8).

Effects of PAI-1R on glomerular mRNA levels of TGF-β1,
PAI-1, fibronectin, and type I collagen in anti–thy-1 nephritis.
As shown in Figure 9 and Figure 10, glomerular mRNA
analysis revealed a fivefold increase in TGF-β1 mRNA
expression and dramatic increases in PAI-1, FN-EDA+,
and type I collagen mRNA expression in disease control
rats compared with normal control rats. PAI-1R admin-
istration significantly reduced the levels of FN-EDA+
and type I collagen mRNAs, by 11% (P < 0.02) and 31%
(P < 0.01), respectively, but did not affect the overex-
pression of TGF-β1 and PAI-1 mRNAs.

Figure 7
Immunofluorescent staining for glomerular fibrinogen/fibrin at d6.
Representative photomicrograph of a normal rat (a), a disease con-
trol (b), and a PAI-1R–treated, nephritic rat (c). Graphic represen-
tation of fibrinogen/fibrin staining scores for each group (d). 
PAI-1R treatment resulted in a significant reduction in glomerular
fibrin deposition compared with disease control rats. *P < 0.001
vs. normal control; #P < 0.001 vs. disease control.

Figure 8
Effects of PAI-1R on TGF-β1 and fibronectin (FN) content in
glomeruli at d6. The glomerular content of total TGF-β1 (a) and
fibronectin (b) was significantly lower in the PAI-1R–treated group.
*P < 0.001 vs. normal control; #P < 0.01 vs. disease control.



Effect of PAI-1R on plasmin activity of glomeruli in
anti–thy-1 nephritis. As shown in Figure 11, d3
nephritic glomeruli exhibited a dramatic decrease in
plasmin activity compared with normal rat glomer-
uli (17.39 ± 3.83 vs. 54.65 ± 2.99 U/108 glomeruli,
respectively; P < 0.001). The disease-induced de-
crease in glomerular plasmin activity was signifi-
cantly reversed by PAI-1R treatment (treated, dis-
eased, 33.36 ± 2.41 U/108 glomeruli vs. untreated,
diseased, 17.39 ± 3.83 U/108 glomeruli; P < 0.02).

Effects of PAI-1R on monocyte/macrophage infiltration in
anti–thy-1 nephritis. The number of monocytes/
macrophages was determined in kidney sections from
all rats in each group (Figure 12). Nephritic glomeruli
from disease control rats contained higher numbers
of monocytes/macrophages than did glomeruli from
normal control rats (12.1 ± 1.2 vs. 1.8 ± 0.1; P < 0.001).
The average number of monocytes/macrophages per
glomerular cross section in nephritic rats treated with
PAI-1R was 46% lower than that in disease controls
(7.3 ± 1.5 vs. 12.1 ± 1.2; P < 0.02).

Study 4: Effect of PAI-1R on normal rats

To detect effects of PAI-1R injection in normal rats, six
PAI-1R–treated and six PBS-treated normal rats were
injected and sacrificed as in Study 3. Levels of active
rat PAI-1 in plasma, urinary protein excretion, stain-
ing for PAS+ material and specific matrix components,
ED-1+ cells in glomeruli and TGF-β1 and fibronectin
content in glomeruli, and collagen I and TGF-β1 mRNA
levels were very similar in untreated and PAI-1R–
injected normal rats. No comparisons reached statis-
tical significance. In contrast, PAI-1 mRNA levels were
59% higher (0.24 ± 0.02 vs. 0.15 ± 0.01) and fibronectin
mRNA levels were 76% higher (0.26 ± 0.05 vs. 0.15 ± 0.01)
in rats injected with PAI-1R than in control rats. To
look at this more closely, Northern blots were rerun
with disease control group RNA from Study 3 and
RNA from Study 4. It was seen that disease caused very
large increases in PAI-1 and fibronectin mRNA,
while injection of PAI-1R into normal rats produced
very small but significant increases that were only
5.4% and 7.4% of the disease-induced increases seen
for PAI-1 and fibronectin, respectively. Although we

cannot be certain, the similarity between the PAI-1R–
injected and PBS-injected normal rats for most
measures suggests that PAI-1R injection has little
effect in normal rats.

Discussion
The protein Vn is a multifunctional glycoprotein
found in plasma, platelets, and ECM of many normal
tissues (54), particularly during wound healing in the
vessel wall and the skin (55). In anti–thy-1 nephritis,
Vn deposition occurs in the glomerular mesangium.
The time course of Vn staining shown in Figure 1 indi-
cates that Vn deposition is strongly increased as early
as 3 hours after glomerular injury begins. In plasma
and the ECM, PAI-1 is associated with Vn, which sta-
bilizes PAI-1 in its active conformation and converts it
to an efficient inhibitor of thrombin (56–58). It is also
thought that Vn serves to localize PAI-1 to the ECM
where it regulates local proteolytic activity (59). In
anti–thy-1 nephritis, endogenous PAI-1 is strongly
induced as well, but its deposition into glomerular
ECM increases more slowly than that of Vn.

Physiologically, when native PAI-1 binds to a pro-
tease such as u-PA or t-PA, protease cleavage of the
PAI-1 reactive center loop induces a rapid conforma-
tional change in PAI-1 that results in an approxi-
mately 250-fold reduction in PAI-1 affinity for Vn.
The loss of affinity for Vn results in rapid reparti-
tioning of the PAI-1/protease complex from Vn in the
ECM to the clearance receptor, leading to subsequent
endocytosis and degradation of the complex (60–62).
As the PAI-1/protease complex is removed, the Vn mol-
ecule becomes available to bind another PAI-1 mole-
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Figure 9
Effects of PAI-1R treatment on glomerular mRNA expression in
anti–thy-1 nephritis at d6. Representative Northern blot is shown.

Figure 10
Relative glomerular mRNA expression of TGF-β1, PAI-1,
fibronectin, and type I collagen. Glomerular mRNA levels of
fibronectin and type I collagen were significantly reduced at d6, but
the overexpression of TGF-β1 and PAI-1 was not changed in the
PAI-1R–treated group. *P < 0.001 vs. normal control; #P < 0.02 vs.
disease control; ‡P < 0.01 vs. disease control.
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cule. The noninhibitory PAI-1R used in these studies
has the same affinity for Vn as native PAI-1 but has no
inhibitory activity toward any protease (44). It also
does not lose its affinity for Vn (44) following protease
binding and cleavage and therefore would be expected
to bind to Vn longer than native PAI-1.

Immunostaining studies showed colocalization of
PAI-1R and Vn and persistence of PAI-1R in nephritic
rat glomeruli, suggesting that the injected PAI-1R is
targeted to Vn within the nephritic glomerulus where
it should effectively compete with endogenous native
PAI-1 for binding sites on Vn. While there, PAI-1R par-
tially reverses the disease-induced decrease in glomeru-
lar plasmin activity (Figure 11). Although not proven
here, it is likely that this increased plasmin leads to
enhanced degradation of the pathological ECM.
Indeed, among the therapeutic consequences of 
PAI-1R treatment were significant decreases in PAS-
positive material (Figure 5) and in the specific matrix
proteins FN-EDA+, laminin, type I collagen, and type
III collagen (Figure 6), and decreases in fibrinogen/fib-
rin accumulation (Figure 7).

However, several findings suggest that PAI-1R acts
by mechanisms in addition to enhancing matrix
degradation. PAI-1R treatment reduced overexpres-
sion of FN-EDA+ mRNA, type I collagen mRNA,
glomerular TGF-β1 content, and glomerular fibro-
nectin content (Figure 8). These results would not be
expected if the sole action of PAI-1R were to increase
ECM turnover. Indeed, previous work from this lab-
oratory showed that t-PA treatment of anti–thy-1
nephritis only reduced ECM protein accumulation
with no effect on mRNA or protein levels (43).

A possible mechanism by which PAI-1R reduces the
severity of anti–thy-1 nephritis may be reduction of
inflammatory cell migration into the glomerulus.
Inflammatory cells characterize many experimental
and human renal diseases (63–65) and are thought to
contribute to disease by releasing numerous factors,
including TGF-β, PDGF, bFGF, and IL-6 (65). The
PAI-1/Vn binding site localizes to the first 50 residues

of Vn, a region that also contains the Arg-Gly-Asp
(RGD) cell-attachment site used by a number of cell
types for adhesion and migration (66). Therefore,
independent of its antiproteolytic activity, PAI-1 may
block cell adhesion and migration for the time it is
bound to Vn, an idea supported by the finding that
PAI-1 null mice show enhanced smooth muscle cell
migration (67). The noninhibitory mutant PAI-1R
does not lose its affinity for Vn and therefore would
be expected to block cell migration even in the pres-
ence of proteases, a finding shown in vitro (44, 67). In
the present study, monocyte/macrophage infiltration
was reduced by 46% in PAI-1R–treated, nephritic rats
(Figure 12). Fewer inflammatory cells should reduce
TGF-β, and we found that glomerular TGF-β1 con-
tent was reduced by 59% compared with disease con-
trol glomeruli (Figure 8).

Another mechanism by which PAI-1R treatment
may reduce glomerular TGF-β concentration was sug-
gested by a recent study of Schoppet et al. in which
matrix Vn was shown to have high affinity for TGF-β
(68). Although TGF-β binding to Vn did not alter
TGF-β receptor binding or signal transduction, the
observation that Vn has high affinity for TGF-β sug-
gests that TGF-β binding to Vn could increase the
local concentration of TGF-β at the cell-ECM inter-
face and thereby influence its functions. The peptide
sequence of Vn directly involved in TGF-β binding
overlaps binding sites for PAI-1 and u-PA receptor (66,
68, 69). Interestingly, in studies in vitro, PAI-1 and
TGF-β competed for Vn binding sites and PAI-1 was
able to release bound TGF-β from Vn in a concentra-
tion-dependent manner (68). This raises the possibil-
ity that PAI-1R binding to Vn may increase TGF-β
clearance at the cell-ECM interface by effectively com-
peting with TGF-β for Vn binding sites, decreasing
glomerular TGF-β concentration. Since TGF-β
induces both fibronectin and collagen, a decrease in
TGF-β protein might lead to decreases in fibronectin
and collagen mRNA, as we observed.

TGF-β is a potent inducer of PAI-1 production,
therefore PAI-1 mRNA expression should also have
been reduced if TGF-β protein is reduced. This did

Figure 11
Effects of PAI-1R on the glomerular plasmin activity of nephritic rats
at d3. Kidneys were removed 10 minutes after PBS or PAI-1R injec-
tion (1 mg/kg body weight). Nephritic glomeruli had decreased
plasmin activity, which was elevated by in vivo presacrifice injection
of PAI-1R (n = 4 rats per group). *P < 0.01 vs. normal control; 
#P < 0.02 vs. disease control.

Figure 12
Number of monocytes/macrophages infiltrating glomeruli in
anti–thy-1 nephritis at d6. PAI-1R treatment resulted in a signifi-
cant reduction in monocyte/macrophage infiltration compared
with disease control rats. *P < 0.001 vs. normal control; #P < 0.02
vs. disease control.



not happen, suggesting a feedback loop in which
interference with the action of native PAI-1 leads to
enhanced PAI-1 mRNA production.

The present study demonstrates that PAI-1R, a
mutant human protein, is targeted to Vn in nephrit-
ic glomeruli where it is likely to remain longer than
native PAI-1. While there, PAI-1R significantly
reduces pathological ECM accumulation by a com-
bination of mechanisms including competing with
endogenous native PAI-1 for Vn binding sites, restor-
ing plasmin generation, inhibiting inflammatory cell
infiltration, and decreasing local TGF-β1 concentra-
tion. We conclude that this human mutant PAI-1,
and other therapeutic agents aimed at enhancing
degradation of pathological ECM, may have impor-
tant clinical application.
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