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Abstract
Aims/hypothesis Plasminogen activator inhibitor-1 (PAI-1,
also known as serpin peptidase inhibitor, clade E [nexin,
plasminogen activator inhibitor type 1], member 1
[SERPINE1]) plays a pathogenetic role in renal fibrosis. It
is upregulated in experimental and human diabetic ne-
phropathy. These studies assessed the effect of PAI-1
deficiency and overproduction on renal disease in experi-
mental diabetes.
Materials and methods Diabetes was induced by injection
of streptozotocin in 6-week-old PAI-1-deficient mice,
transgenic mice overexpressing Pai-1 and control mice.

Animals were killed after 24 weeks of diabetes or after
observation alone.
Results Pai-1 mRNA was upregulated in kidneys from
genetically normal mice with diabetes and in non-diabetic
Pai-1 transgenic mice. PAI-1 was not further increased in
kidneys from Pai-1 transgenic mice with diabetes. Diabe-
tes-associated albuminuria and glomerular injury, as well as
renal α-smooth muscle actin production, were ameliorated
in diabetic PAI-1-deficient mice, an amelioration associated
with attenuated increases in renal matrix metallopeptidase-2
expression and activity. Diabetic Pai-1 transgenic mice did
not develop increased albuminuria or glomerular injury, but
the tubulointerstitial area was modestly enhanced. In
addition to the findings in diabetic mice, abnormalities also
developed in 30-week-old PAI-1-deficient and Pai-1 trans-
genic mice without diabetes. PAI-1 deficiency resulted in
increased tubulointerstitial area, TGFB1 protein and
α-smooth muscle actin. Non-diabetic 30-week-old Pai-1
transgenic mice developed similar renal abnormalities and
increased matrix metallopeptidase-2 activity, together with
a modest increase in serum glucose and HbA1c.
Conclusions/interpretation These results demonstrate that
endogenous PAI-1 deficiency protects mice from glomer-
ular injury in longer term diabetes and that endogenous
PAI-1 maintains normal renal interstitial structure in ageing
not associated with diabetes.
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MMP matrix metallopeptidase
PAI-1 plasminogen activator inhibitor-1
Pai-1 TG mice transgenically engineered

to overexpress Pai-1
PAI-1 WT PAI-1 wild-type mice
PBA protein blocking agent
SERPINE1 serpin peptidase inhibitor, clade E

(nexin, plasminogen activator
inhibitor type 1), member 1

α-SMA α-smooth muscle actin

Introduction

Plasminogen activator inhibitor-1 (PAI-1, also known as
serpin peptidase inhibitor, clade E [nexin, plasminogen
activator inhibitor type 1], member 1 [SERPINE1]) is a
serine protease inhibitor that inhibits plasminogen activa-
tion. It regulates fibrinolysis and plasmin-mediated matrix
metallopeptidase (MMP) activation, leading to inhibition of
extracellular matrix (ECM) degradation and potentially to
activation of fibrotic processes [1, 2]. PAI-1 is potentially
profibrogenic and therefore a therapeutic target in fibrotic
renal diseases. While PAI-1 expression is minimal in
normal human kidneys [3, 4], it is induced in kidney
disease associated with fibrosis, including diabetic nephrop-
athy [4, 5]. PAI-1 has been implicated in the progression of
disease within a number of different tissues and organs
including the kidney [6–13].

Diabetic nephropathy is a leading cause of end-stage
renal disease, with significant morbidity and mortality [14].
It is characterised by thickening of glomerular and tubular
basement membranes and accumulation of ECM compo-
nents in the mesangium and tubulointerstitium, leading to
glomerular and tubulointerstitial fibrosis. Stimuli relevant to
diabetic nephropathy induce PAI-1, including glucose [15],
as well as various other relevant stimuli including advanced
glycation end-products [16], reactive oxygen species [17],
angiotensin II [18] and TGFB1 [19]. A role for PAI-1 in
type 2 diabetes and the metabolic syndrome has been
suggested by studies in experimental models. PAI-1-
deficient db/db mice developed less adiposity, hypergly-
caemia and hyperinsulinaemia. [20]. While obesity and
insulin resistance were prevented in PAI-1-deficient mice
on a high-fat diet [21], overexpression of Pai-1 attenuated
obesity in mice fed a high-fat diet [22]. Although less is
known about the role of PAI-1 in the renal complications of
diabetes, progression of diabetic nephropathy is possibly
associated with PAI-1 production and activity [1, 2]. In
patients with diabetes, albuminuria is associated with
increased plasma PAI-1 levels [23, 24]. Intrarenal PAI-1
levels are increased in glomeruli and the interstitium, and

PAI-1 is prominent in fibrotic areas and vessels in
diabetic nephropathy [4, 5]. In experimental diabetic
nephropathy, PAI-1 is increased in streptozotocin-in-
duced diabetes and Otsuka Long-Evans Tokushima Fatty
rats [25]. Moreover, in early streptozotocin-induced
diabetes (4 weeks) PAI-1-deficient mice were protected
from renal changes [26].

The current studies explored the role of PAI-1 in long-
term diabetic nephropathy. Experimental diabetes was
induced by administration of streptozotocin in PAI-1-
deficient mice to determine whether PAI-1 plays a
pathogenetic role both in albuminuria and in glomerular
and tubulointerstitial injury. Diabetes was induced in mice
that had been transgenically engineered to overexpress
Pai-1 (Pai-1 TG mice) to test the hypothesis that these
mice would develop more severe renal injury than
genetically normal mice.

Materials and methods

Experimental mice Mice deficient in Pai-1 (Serpine1
gene) [27] (C57BL/6×129/SvJ, backcrossed once onto a
C57BL/6 background; 75% C57BL/6, 25% 129/SvJ) were
bred in a specific pathogen-free facility (Monash Medical
Centre, Melbourne, VIC, Australia). For ease of under-
standing, mice are described as PAI-1-deficient or PAI-1
wild-type (WT) mice. Mice of the same background (75%
C57BL/6, 25% 129/SvJ) from the backcross were used as
PAI-1 WT controls. Pai-1 TG mice ([11], C57BL/6
background, expressing a murine Serpine1 minigene
under a cytomegalovirus promoter [D. Ginsburg, Howard
Hughes Medical Institute, Ann Arbor, MI, USA]) were
bred at Monash Medical Centre. Genetically normal
C57BL/6 mice were used as the appropriate control mice.
Studies were approved by the animal ethics committees of
the Baker Heart Research Institute (Melbourne, VIC,
Australia) and Monash University, in accordance with
the Principles of Laboratory Animal Care (NIH). After
breeding, animals were housed at the Baker Institute. Mice
were randomised into non-diabetic and diabetic groups.
Diabetes was induced by five daily i.p. streptozotocin
injections (55 mg/kg in citrate buffer; Boehringer-Mannheim,
Mannheim, Germany) [28] in 6-week-old male mice. Low-
dose streptozotocin was used to avoid non-specific strepto-
zotocin toxicity [29]. Only animals with blood glucose levels
>15 mmol/l 2 days after diabetes induction were included in
studies. Control mice received buffer alone. Animals had
unrestricted access to water, with standard mouse chow
(Barastoc, Pakenham, VIC, Australia), and were maintained
on a 12-h light–dark cycle.

For PAI-1-deficient mice, the following groups were
studied: non-diabetic PAI-1 WT mice (PAI-1 WT control
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study group [Ctrl], n=13); diabetic PAI-1 WT mice (PAI-1
WT diabetic study group [DM], n=15); non-diabetic PAI-1-
deficient mice (n=16); and diabetic PAI-1-deficient
(n=14).

For Pai-1 TG mice, the following groups were studied:
non-diabetic C57BL/6 mice (C57BL/6 Ctrl, n=8); diabetic
C57BL/6 mice (C57BL/6 DM, n=10); non-diabetic Pai-1
TG mice (Pai-1 TG Ctrl, n=10); and diabetic Pai-1 TG
mice (Pai-1 TG DM, n=15).

PCR was used to confirm the genotype of all experi-
mental mice. The Serpine1 transgene was detected as
previously described [11]. PAI-1-deficient mice were
genotyped using primers for the wild-type Serpine1 gene,
which is deleted in PAI-1-deficient mice, and the neomycin
resistance gene for the mutant Serpine1 allele [27].
Genotyping results were confirmed by intrarenal PAI-1
RT-PCR. After 24 weeks, animals were anaesthetised by
i.p. pentobarbitone (55 mg/kg; Boehringer Ingelheim,
Artarmon, NSW, Australia). Kidneys were dissected, frozen
and stored at −80°C or in buffered formalin (10%). Blood was
collected, centrifuged and plasma and erythrocytes were
stored at −20°C. HbA1c was determined in erythrocyte
lysates by HPLC (Biorad, Richmond, CA, USA).

Assessment of albuminuria and morphological changes At
weeks 12 and 24, animals were housed in metabolic cages
for 24 h to collect urine for albumin measurement by a
modified radioimmunoassay for measuring rat albumin [30]
using a rabbit anti-mouse albumin antibody ([31]; 1:6,000;

Cappel, Aurora, OH, USA). Plasma urea and creatinine
concentrations were measured by autoanalyser (Beckman,
Fullerton, CA, USA). For renal pathology, 2-μm sections
were stained with periodic acid-Schiff’s reagent. Assess-
ment of glomerular injury was performed semi-quantita-
tively in a masked fashion. At least 40 glomeruli from each
mouse were graded individually as follows: 0, intact
glomerulus; 1, expansion or accumulation of material
positive for periodic acid-Schiff reagent or sclerosis
involving <25% of the glomerular tuft; 2, as for 1, but
involving 25–50% of the glomerulus; 3, as for 1, but involving
50–75% of the glomerulus; 4, as for 1, but involving >75% of
the glomerulus. The index of glomerular injury was calculated
using the following formula: GI ¼ 1� n1ð Þ þ 2� n2ð Þþ
3� n3ð Þ 4� n4ð Þ= n0 þ n1 þ n2 þ n3 þ n4ð Þ, where GI is
glomerular injury and nx = number of glomeruli in each
grade. The cortical interstitial area was assessed by point-
counting, on the basis of 100 points counted on a 1-cm2

eyepiece graticule per field. Twelve high-power fields (×400)
were counted per animal. Each high-power field was
0.076 mm2 and the total area counted per slide was
0.91 mm2. The interstitial area was defined as being equal
to the number of interstitial grid intersections/total number of
intersections.

Immunohistochemistry We used 2-μm paraffin kidney
sections for immunohistochemistry, performed with a
monoclonal mouse anti-human α-smooth muscle actin
(α-SMA, also known as actin, alpha 2, smooth muscle, aorta

Table 1 Functional and structural data from diabetic and control non-diabetic mice in PAI-1-deficient groups

PAI-1 WT Ctrl PAI-1 WT DM PAI-1-deficient Ctrl PAI-1-deficient DM

Plasma glucose (mmol/l) 10.6±0.7 31.9±1.0b 13.7±1.6 32.2±0.7b

HbA1c (%) 3.6±0.3 13.9±0.8b 4.2±0.2 13.0±1.0
Body weight (g) 32.4±0.8 24.5±0.7b 35.9±0.4d 30.1±1.1b,c

Kidney weight/body weight (mg/g) 5.6±0.1 9.6±0.2b 6.8±0.1e 9.6±0.5b

Mean systolic BP at 24 weeks (mmHg) 110±3 100±3a 110±2 112±3

a p<0.05 vs Ctrl; b p<0.001 vs Ctrl; c p<0.001 vs PAI-1 WT DM; d p<0.01 vs WT control; e p<0.001 vs PAI-1 WT control

Table 2 Functional and structural data from diabetic and control non-diabetic mice in Pai-1 TG groups

C57BL/6 Ctrl C57BL/6 DM Pai-1 TG Ctrl Pai-1 TG DM

Plasma glucose (mmol/l) 6.7±0.3 31.8±1.5c 11.0±0.9e 32.3±1.0c

HbA1c (%) 2.7±0.1 13.1±0.7c 4.0±0.5d 12.3±0.7c

Body weight (g) 33.1±0.8 28.5±1.1b 30.0±0.7 24.1±1.1b,f

Kidney weight/body weight (mg/g) 4.5±0.4 9.4±0.9c 6.0±0.2 8.4±0.4a

Mean systolic BP at 24 weeks (mmHg) 101±3 106±2 101±3 102±2

a p<0.05 vs Ctrl; b p<0.01 vs Ctrl; c p<0.001 vs Ctrl; d p<0.05 vs C57 Ctrl; e p<0.01 vs C57 Ctrl; f p<0.05 vs C57 DM
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[ACTA2]) antibody (1:50; Dako, Copenhagen, Denmark) or a
polyclonal rabbit anti-TGFB1 antibody (1:400; Santa Cruz
Biotechnology, Santa Cruz, CA, USA). For α-SMA immu-
nostaining, sections were dewaxed, hydrated and endogenous
peroxidase quenched (3% H2O2/PBS), followed by incuba-
tion for 30 min at room temperature in protein blocking
agent (PBA; Lipshaw-Immunon, Pittsburgh, PA, USA).
Sections were then incubated with the primary antibody
(overnight, 4°C). Sections for TGFB1 were heated, dewaxed,
microwaved (0.01 mol/l citrate buffer, pH 6.0) and incubated
with 3% H2O2/PBA and anti-TGFB1 antibody (1 h, room
temperature). Next we applied biotinylated horse anti-mouse
immunoglobulin (1:250, Vector Laboratories, Burlingame,
CA, USA) for α-SMA and biotinylated goat anti-rabbit
immunoglobulin (1:250, Vector Laboratories) for TGFB1,
followed by the ABC Elite Kit (Vectastain; Vector Labora-
tories). Peroxidase conjugates were visualised using 3,3′-
diaminobenzidine tetrahydrochloride (0.08% H2O2/PBS;
Sigma-Aldrich, Castle Hill, NSW, Australia) and counter-
stained with Mayer’s haematoxylin. Sections were examined
under light microscopy and digitised. To quantitate the
proportional area of staining, 20 views (×400) were
randomly located in the renal cortex (6.2-Video Pro-32;
Optimas, Bedford Park, SA, Australia). TGFB1 was ana-
lysed by separately assessing glomerular, tubular and
interstitial compartments.

Protein extraction and gelatin zymography Protein isola-
tion for MMP2 and MMP9 was performed by heat
extraction [32]. Frozen cortex was lysed in protein
extraction buffer (50 mmol/l Tris-HCl pH 7.6, 0.2 mol/l NaCl,
5 mmol/l CaCl2, 0.02% Brij-35). Lysates were centrifuged
(3,300g, 30 min, 4°C), pellets re-suspended (0.1 mol/l CaCl2),
mixed, heated (60°C, 5 min), chilled, then centrifuged at
16,000 g for 40 min, concentrated by centrifugation filtration
(Microcon YM-10; Millipore, Bedford, MA, USA) and
stored at −80°C. Protein content was determined [33] and
pro- and active MMP2 and MMP9 were analysed by gelatin
zymography [34], using 8% SDS/polyacrylamide gels (SDS-
PAGE) containing 1 mg/ml gelatin (Labchem, Auburn, NSW,
Australia), non-reducing conditions (no boiling or addition of
dithiothreitol or β-mercaptoethanol). Protein (30 μg per lane)
was resolved in Laemmli-buffer (final concentration:
50 mmol/l Tris-HCl, pH 6.5, 10% glycerol, 2% SDS,
0.01% bromophenol blue), gels washed three times (15 min,
room temperature) with renaturing buffer (final concentra-
tion: 50 mmol/l Tris-HCl, pH 7.5, 10 mmol/l CaCl2,
1 μmol/l ZnCl2, 2.5% Triton X-100, 0.02% NaN3) to
remove SDS, incubated with developing buffer (1%
Triton-X, >16 h, 37°C), then stained with Coomassie
Brilliant Blue R-250 (0.5%, 1 h) and destained with
Coomassie Blue solution (10% acetic acid, 40% methanol).
Gelatinase bands were determined using the LabScan

Fig. 1 Albumin excretion rates (a, b) and glomerular injury at 24 weeks
(c) in mice groups as specified. PAI-1 deficiency protected mice from
increasing albuminuria (a) and diminished glomerular histological
changes (c), but Pai-1 TG mice developed similar injury to genetically
normal mice with diabetes. Key: a dashed/dotted line, PAI-1WTCtrl; thin
continuous line, PAI-1 WT DM; bold dashed line, PAI-1-deficient Ctrl;
bold continuous line, PAI-1-deficient DM; b dashed/dotted line, C57BL/6
Ctrl; thin continuous line, C57BL/6 DM; bold dashed line, Pai-1 TG Ctrl;
bold continuous line, Pai-1 TG DM. *p<0.01; ***p<0.001
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Fig. 2 TGFB1 immunostaining in glomeruli in PAI-1-intact and -deficient
mice, genetically normal C57BL/6 mice and Pai-1 TG mice with diabetes
mellitus. The TGFB1 signal was minimal in glomeruli of control kidneys
from genetically intact mice (a–c). TGFB1 was produced in diabetic mice
(d, e) and was present in control non-diabetic PAI-1-deficient (f) and
Pai-1 TG mice (g). In diabetic PAI-1-deficient (h) or Pai-1 TG mice
(i) TGFB1 was not significantly reduced compared with genetically
normal diabetic mice. *p<0.05. b–i Medium power views of
immunoperoxidase staining with haematoxylin counterstain

Fig. 3 Tubulointerstitial changes and TGFB1 in mice. In genetically
normal mice diabetes was associated with a consistent trend to
increased tubulointerstitial area (a), but both PAI-1-deficient and Pai-1
TG non-diabetic 30-week-old mice developed an increased interstitial
area, which was increased even more in the Pai-1 TG DM group.
Tubular (b) and interstitial (c) TGFB1 protein was increased in
genetically normal mice with diabetes and also increased in 30-week-
old PAI-1-deficient and Pai-1 TG mice without diabetes. *p<0.05
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system (Amersham, Castle Hill, NSW, Australia) and
quantified using Photoshop (Adobe, San Jose, CA, USA).

Real-time quantitative RT-PCR Frozen cortical kidney
sections (6–9 mice per group) were lysed (Polytron;
Kinematica, Lucerne, Switzerland) in TRIzol (Invitrogen,
Carlsbad, CA, USA), RNA extracted and the RNA
concentration measured. RNA (3.6 μg) was treated with
RNase-free DNase (Ambion, Austin, TX, USA), and
DNase-treated RNA was used to synthesise cDNA with a
synthesis system (Superscript First Strand; Invitrogen). For
details on primers and probes, see Electronic supplementary
material (ESM) Table 1. TaqMan minor groove binder
probes (Applied Biosystems, Foster City, CA, USA) were

linked to 6-carboxyfluorescein (FAM, 5′ end). Gene
expression was analysed by real-time quantitative RT-PCR
(TaqMan; Applied Biosystems), with 18S ribosomal RNA
expression being assessed (rRNA, 18S rRNA TaqMan
Control Reagent Kit; Applied Biosystems) as a control.
Amplifications used the following time course: 50°C, 2 min
and 10 min at 95°C; and 40 cycles of 94°C, 20 s, 60°C,
1 min. Results are expressed proportional to non-diabetic
(Ctrl) genetically normal mice.

Statistical analysis Data were analysed by ANOVA, fol-
lowed by Tukey’s test for multiple comparisons or by t test.
Data are shown as the mean±SEM.

Fig. 4 Production and expression of α-SMA in mice. α-SMA protein
was minimal in PAI-1 WT mice (a) and C57BL/6 mice (b) without
diabetes (i). Induction of diabetes resulted in increased expression of
α-SMA in both PAI-1 WT (c) and C57BL/6 mice (d). Non-diabetic
30-week-old PAI-1-deficient (e) and Pai-1 TG mice (f) developed
increased expression of α-Sma. Diabetic PAI-1-deficient mice had

reduced α-SMA staining (g) compared with diabetic PAI-1 WT mice
(c), but α-SMA in Pai-1 TG diabetic mice was unchanged (h).
Quantitation of immunostaining (i) and mRNA expression (j) showed
similar findings, although mRNA changes did not at times reach
significance. a–h Medium power views of immunoperoxidase staining
with haematoxylin counterstain. *p<0.05; **p<0.01; ***p<0.001
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Results

Intrarenal Pai-1 gene expression Pai-1 mRNA was
detected in kidneys of genetically normal mice without
diabetes (Ctrl), but no Pai-1 mRNA was present in PAI-1-
deficient mice. Increased renal Pai-1 expression was
observed in both groups of genetically normal diabetic
mice when compared with non-diabetic groups (PAI-1 WT
mice: Ctrl 1.00±0.07, DM 1.27±0.14 arbitrary units [AU],
p<0.05 [WT without DM normalised to 1]; C57BL/6 mice:
Ctrl 1.01±0.07, DM 1.83±0.13 AU, p<0.001 [C57BL/6
without DM normalised to 1]). Non-diabetic and diabetic
Pai-1 TG groups exhibited increased renal Pai-1 expression
(Pai-1 TG Ctrl 1.49±0.11 p<0.01 vs C57BL/6 Ctrl mice,
Pai-1 TG DM 2.09±0.47 vs C57BL/6 Ctrl mice), but Pai-1

mRNA expression was not further increased in kidneys of
Pai-1 TG mice after 24 weeks of diabetes.

Functional and structural data Streptozotocin-induced di-
abetic mice weighed less than non-diabetic mice (Tables 1
and 2). In diabetic mice, PAI-1 deficiency resulted in
somewhat higher body weights and in genetically modified
diabetic mice PAI-1 overproduction resulted in lower
body weights than weights of genetically unmodified
diabetic mice. Diabetes was associated with similar
increases in HbA1c levels in all groups. Systolic blood
pressure was unaffected by diabetes after 24 weeks, with
the exception of diabetic PAI-1 WT mice, which had
reduced systolic blood pressure compared with the non-
diabetic control group. Diabetes resulted in an increase in

Fig. 5 Mmp2 mRNA expres-
sion and MMP2 protein levels
and activity in kidneys. Diabetes
resulted in the induction of renal
Mmp2 mRNA (a) that was cou-
pled with increased pro-MMP2
(b) and active MMP2 (c) mea-
sured by zymography. d Illus-
trative zymograms. PAI-1
deficiency resulted in attenuated
Mmp2 expression and activity.
Non-diabetic Pai-1 TG mice
also exhibited increased Mmp2
mRNA expression and protein
activity. *p<0.05; ** p<0.01;
*** p<0.001
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kidney weight to body weight ratio compared with
control mice in each group. PAI-1-deficient non-diabetic
(Ctrl) mice were heavier and had increased kidney
weight to body weight ratios compared with PAI-1 WT
mice without diabetes, but an altered kidney weight to
body weight ratio was not observed between groups of
diabetic mice. PAI-1 deficiency did not affect metabolic
parameters, but vehicle-injected 30-week-old Pai-1 TG
mice developed higher plasma glucose and HbA1c levels
than C57BL/6 mice (albeit still much lower than seen in
the streptozotocin groups) suggesting that PAI-1 over-
production may, over time, have deleterious effects on
glucose tolerance.

PAI-1 deficiency protects mice from diabetic glomerular
injury and albuminuria The induction of diabetes resulted
in increased urinary albumin excretion at week 12, with a
further increase by week 24 (Fig. 1a,b). Diabetes was
associated with development of glomerular injury, charac-
terised by matrix expansion and occasional glomeruloscle-
rosis in genetically unmodified mice, with a mean
glomerular injury index of approximately 3 (Fig. 1c). PAI-1
WT diabetic mice were protected from the progression of
albuminuria after 12 weeks and developed less glomerular
histological injury, demonstrating that endogenous PAI-1
plays a pathogenetic role in diabetic glomerular injury.
However, PAI-1 overproduction did not result in increased
histological or functional glomerular injury. TGFB1 protein
was detected in glomeruli of diabetic kidneys from
genetically intact mice (Fig. 2a,d,e). In mice with diabetes,
TGFB1 protein was not significantly altered by PAI-1
deficiency or overproduction (Fig. 2h,i). However, in-
creased TGFB1 production was observed in glomeruli of
30-week-old non-diabetic PAI-1 WT and Pai-1 TG mice
(Fig. 2a,f,g) compared with TGFB1 in PAI-1 WT and
C57BL/6 mice, respectively.

Interstitial area and TGFB1 production Tubulointerstitial
lesions in diabetic mice were characterised by tubuloin-
terstitial fibrosis and occasional tubular cell dilatation
and/or atrophy. Non-diabetic mice with either PAI-1
deficiency or PAI-1 overproduction exhibited an increase
in interstitial area (Fig. 3a). Diabetes did not result in a
significant increase in interstitial area in genetically
normal mice, but the interstitial area was increased in
diabetic Pai-1 TG mice compared with diabetic C57BL/6
mice. Assessment of tubulointerstitial TGFB1 staining
revealed similar findings (Fig. 3b,c). In non-diabetic
mice, tubular and interstitial TGFB1 protein was in-
creased both in the absence of PAI-1 and in the context of
PAI-1 overproduction. Diabetes resulted in increased
TGFB1 protein in genetically normal mice, but TGFB1
production was not altered in PAI-1-deficient or Pai-1 TG

mice with diabetes compared with diabetic genetically
normal mice.

Renal cortical immunostaining for α-SMA In non-diabetic
genetically normal mice, immunostaining for α-SMA was
found in the vasculature (Fig. 4a,b). In kidneys from diabetic
genetically normal PAI-1 WT and C57BL/6 mice, α-SMA
was increased in the tubulointerstitium (Fig. 4e,f,i). Com-
pared with diabetic genetically normal mice, α-SMA protein
was reduced in PAI-1-deficient mice with diabetes (Fig. 4g,
i), but unchanged in diabetic Pai-1 TG mice (Fig. 4h).
However, in non-diabetic 30-week-old PAI-1-deficient or
PAI-1 over-producing mice, cortical immunostaining for α-
Sma was increased compared with genetically normal mice
(Fig. 4e,f,i). Changes in α-Sma renal mRNA expression
demonstrated equivalent increases in PAI-1 WT and PAI-1-
deficient mice with diabetes compared with control PAI-1
WT mice, an increase in control PAI-1-deficient mice
compared with PAI-1 WT control mice and no significant
changes in the Pai-1 TG mice (Fig. 4j).

Mmp2 and Mmp9 expression and activity Diabetic renal
disease resulted in increased renal Mmp2 expression
(Fig. 5a) and increases in both pro-MMP2 (Fig. 5b,d) and
active MMP2 protein levels (Fig. 5c,d), assessed by
zymography (Fig. 5d). Compared with PAI-1 WT mice,
diabetic PAI-1-deficient mice demonstrated decreased
Mmp2 mRNA levels and decreased pro- and active
MMP2 protein levels. Diabetic Pai-1 TG mice had MMP2
levels (mRNA and protein) similar to those of diabetic
C57BL/6 mice. While Mmp2 was unchanged in control
PAI-1-deficient mice, in non-diabetic TG mice, there was a
significant increase in Mmp2 gene expression and protein
(pro- and active MMP2) levels. Diabetes was associated
with decreased Mmp9 expression (Fig. 6a) and in C57BL/6
mice with reduced pro-MMP9 (Fig. 6b,d) and active
MMP9 protein (Fig. 6c,d). MMP9 in diabetic PAI-1-
deficient and transgenic mice was similar to genetically
normal diabetic mice and in non-diabetic Pai-1 TG mice
was similar to levels in non-diabetic C57BL/6 mice. Mmp9
mRNA and active MMP9 levels in non-diabetic PAI-1 WT
and PAI-1-deficient mice were similar, but increased levels
of pro-MMP9 levels in PAI-1-deficient mice without
diabetes were observed.

Discussion

It has been hypothesised that PAI-1 plays a profibrotic role
in diabetic nephropathy. The current studies assessed the
role of PAI-1 in longer term diabetes focusing on the effects
of both PAI-1 deficiency and overproduction on diabetic
renal injury. The findings of these studies are: (1) diabetes-
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induced albuminuria and glomerular injury were attenuated
in PAI-1-deficient mice; (2) transgenic overproduction of
PAI-1 did not result in a major increase in glomerular
pathology but did affect the tubulointerstitium; and (3) in
aged mice without diabetes, both PAI-1 deficiency and PAI-1
overproduction resulted in alterations in potential key
markers and mediators of tubulointerstitial disease. While
most, but not all studies have implicated PAI-1 as
pathogenetic in renal disease [6–10, 26, 35], the present
study suggests that PAI-1 plays complex and potentially
divergent roles in normal ageing and in renal pathology.

The pathogenetic effects of endogenous PAI-1 suggest
that PAI-1-dependent pathways play a role in long-term
diabetic renal injury, in particular glomerular injury. The

increased PAI-1 levels observed in diabetic kidneys in the
present study is consistent with earlier findings in rat
models and in diabetic patients [36]. Nicholas et al.
reported that PAI-1-deficient mice were protected from
albuminuria and increased fibronectin and TGFB produc-
tion after only 4 weeks of streptozotocin-induced diabetes
[26]. In our study, the beneficial effect of PAI-1 deficiency
on albuminuria in diabetes was not seen by 12 weeks, but
only at a later time-point (24 weeks). However, we cannot
exclude an additional, but very early effect of PAI-1 on
albuminuria, which was not measured at 4 weeks, as
pathological changes are not observed early in this model.
Glomerular 24-week histological changes were ameliorated
in the absence of PAI-1, but a number of other renal

Fig. 6 Mmp9 mRNA expres-
sion and MMP9 protein levels
and activity in kidneys. Mmp9
mRNA expression (a) was de-
creased in genetically normal
mice and PAI-1-deficient mice
with diabetes. Pro-MMP9 (b)
and active MMP9 (c) levels
were significantly decreased in
C57BL/6 mice with diabetes.
Pro-MMP9 was increased in
PAI-1-deficient mice without
diabetes, and decreased with
diabetes, but in the same mouse
groups active MMP9 levels
were not significantly altered.
Diabetes reduced pro-MMP9
levels in Pai-1 TG mice. d
Illustrative zymograms.
*p<0.05; **p<0.01;
***p<0.001
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parameters, including tubulointerstitial area, TGFB1 and
α-SMA protein were either clearly unaffected or non-
significantly altered in diabetes by PAI-1 deficiency. Trans-
genic overexpression of Pai-1 did not result in increased
renal injury, although the tubulointerstitial area was
increased in Pai-1 TG mice with diabetic renal disease.
This modest effect in Pai-1 TG mice could be attributed to
the lack of a significant increase in renal Pai-1 mRNA in
comparison with genetically normal mice with diabetes,
which already have an increase in Pai-1 mRNA as a result
of diabetes per se. In other models of renal injury, anti-
glomerular basement membrane glomerulonephritis [7] and
fibrosis induced by unilateral ureteric obstruction [10],
intrarenal PAI-1 levels were increased in Pai-1 TG mice,
potentially reflecting the more overt fibrin-dependent [37,
38] and/or inflammatory nature of these lesions.

Most, but not all, studies of the functional role of PAI-1
in experimental renal disease indicate a pathogenetic role
for PAI-1. In experimental crescentic glomerulonephritis,
PAI-1 deficiency protected from (and PAI-1 overproduction
promoted) glomerular injury and renal collagen accumula-
tion [7]. A mutant, non-inhibitory form of PAI-1 protected
rats from glomerulosclerosis in mesangial proliferative
glomerulonephritis [9] and in aldosterone-induced glo-
merular injury endogenous PAI-1 was pathogenetic [8].
However, in another model of glomerulonephritis PAI-1-
deficient mice developed enhanced injury mediated by
increased TGFB1 production [35]. In tubulointerstitial
fibrosis mediated by unilateral ureteric obstruction, PAI-1
deficiency was protective [6], while PAI overproduction
promoted fibrosis [10].

It is important to appreciate that the present studies used
two different background strains as genetically unmodified
mice, in as far as genetic background is relevant to the
development of experimental diabetic nephropathy [29, 39].
For studies in PAI-1-deficient mice, both PAI-1-deficient
mice and PAI-1 WT mice had 25% of the 129/SvJ strain in
their predominantly C57BL/6 (75%) background. PAI-1-
overexpressing mice and controls were on a 100% C57BL/6
background. Measurement of some parameters (albumin-
uria, glomerular injury and tubulointerstitial expansion)
were similar in both genetically unmodified strains, but
other parameters, including the relative increase in Pai-1
gene expression, TGFB1 immunostaining and the reduction
in MMP9 activity with diabetes were higher in the pure
C57BL/6 background. While 129/Sv mice are prone to
glomerulosclerosis after 5/6 nephrectomy, this was associ-
ated with a degree of hypertension [40]. Hypertension is not
a feature of the model employed in the current studies. No
studies in streptozotocin-induced diabetes have been per-
formed using a pure 129/Sv strain [29].

The mechanisms behind the pathogenetic effects of
endogenous PAI-1 in experimental diabetic nephropathy

remain unclear. Diabetic kidneys displayed increased
numbers of α-SMA positive cells. In vivo studies have
suggested links between PAI-1 and α-SMA [6, 10]. In our
study, TGFB1 production, assessed by immunostaining,
was increased in genetically normal mice with diabetes.
While other studies, potentially, have shown a lesser
increase in TGFB1 protein production in experimental
diabetes [26], differences in the streptozotocin dose, timing
of measurements and methods (e.g. semi-quantitation by
western blotting vs assessing area of tissue affected by
immunostaining) may be responsible for these differences.
Although immunostaining suggested reductions in TGFB1
in diabetic PAI-1-deficient mice in glomerular and tubular
compartments, these changes did not reach statistical
significance. However, changes in PAI-1 levels did affect
the expression and activation of MMPs. While increased
MMP activity has the potential to limit ECM accumulation,
which is a feature of diabetic renal disease, increased
MMP2 or MMP9 activity may accelerate epithelial-to-
myofibroblast transition [41, 42]. In the present study,
streptozotocin-induced diabetes led to increased Mmp2
expression and enzymatic activity but to a decrease in
Mmp9 expression and enzymatic activity in renal cortex.
PAI-1-deficient mice with diabetes had less MMP2 activity
(with lower mRNA and pro-MMP2 levels). While effects
on MMP9 were less consistent, diabetes suppressed Mmp9
mRNA and, at least in C57BL/6 mice, suppressed active
MMP9. While in diabetes little effect of PAI-1 deficiency or
overproduction on MMP9 was seen, non-diabetic PAI-1-
deficient mice did have increased MMP9 protein (via
significant increases in pro-MMP9). Collectively, these
results imply that in diabetic nephropathy, MMP2 may be
more important in epithelial-to-myofibroblast transition and
PAI-1 may limit its activity, while falls in MMP9 may be
relevant to ECM accumulation. The importance of epithe-
lial-to-myofibroblast transition in the progression of diabet-
ic nephropathy remains controversial; it appears, however,
to be linked to TGFB1 levels [43].

PAI-1-deficient and Pai-1 TG mice that did not receive
streptozotocin but were left as aged control mice developed
renal abnormalities by 30 weeks. PAI-1-deficient non-
diabetic mice developed increased immunostaining for
TGFB1, increased cortical α-Sma mRNA and protein, as
well as increased interstitial area. While these results were
unexpected given the protection that PAI-1 deficiency
conferred on diabetic mice, aged PAI-1-deficient mice
develop cardiac fibrosis [44], despite being protected from
pathogenetic fibrosis post cardiac ischaemia [12]. PAI-1
participates both as a key effector molecule in fibrotic
processes, including those driven by TGFB1, [45], and
potentially as a negative regulator of TGFB1 [46]. Recent
developments underlining the potential for beneficial and
harmful effects of matrix degradation in renal and vascular
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disease [41, 47, 48], together with varying pro-fibrotic
stimuli in various renal diseases, support a model whereby
PAI-1 may have opposing effects in different situations.
Some mediators, for example α-SMA, were increased in
genetically unmodified PAI-1-deficient mice and reduced in
the presence of diabetes. These findings are not easy to
reconcile, but they may result from the effects of PAI-1
inhibiting interstitial matrix turnover. In the absence of
injurious stimuli, the actions of PAI-1 in stabilising matrix
may contribute to optimal maintenance of tubulointerstitial
integrity. In the diabetic milieu, however, increased PAI-1
expression is pathogenetic and facilitates injury, including
α-SMA production. The current studies emphasise the
potential importance of PAI-1, not only in diabetes but also
in non-diabetic conditions, including ageing.

Non-diabetic Pai-1 TG mice exhibited increased TGFB1
protein levels, increased interstitial area, increased α-SMA
production by immunostaining and increased Mmp2 expres-
sion and activity. These abnormalities were complicated by
the observation that Pai-1 TG mice developed increased
plasma glucose and HbA1c levels. Although modest when
compared with streptozotocin-induced diabetes, these
increases do point towards a role for high PAI-1 levels in
abnormal glucose tolerance. It is not clear whether any of the
renal changes in non-diabetic Pai-1 TG mice were related to
increased glucose. However, some changes were not dissim-
ilar to diabetic C57BL/6 mice, suggesting that the modest
elevation in glucose in non-diabetic Pai-1 TG mice is not in
itself sufficient to account for the renal changes observed.

In conclusion, PAI-1 deficiency ameliorated diabetic renal
injury, demonstrating that endogenous PAI-1 plays a patho-
genetic role in diabetic nephropathy, particularly with respect
to glomerular lesions. In non-diabetic ageing mice, both PAI-
1-deficient and PAI-1-overproducing mice developed abnor-
malities in the tubulointerstitium, pointing towards complex
roles for PAI-1 in the maintenance of renal structure.
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