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Abstract.Accumulation of the glomerular extracellular matrix
(ECM) is a pivotal event in the progression from acute glo-
merular injury to end-stage renal disease. Although enhanced
ECM synthesis has been demonstrated to contribute to ECM
accumulation, the role of decreased ECM degradation is
largely unknown. It was previously shown that glomerular
ECM degradation is mediated by a plasminogen activator
(PA)/plasmin/matrix metalloproteinase 2 (MMP-2) cascade.
However, little information is available regarding the factors
that regulate the activity of this degradative cascade in normal
or pathologic states. Transforming growth factor-b1 (TGF-b1)
is shown here to be a potent inhibitor of ECM degradation by
cultured human mesangial cells. Using human mesangial cells
grown on thin films of125I-labeled Matrigel, dose-dependent
inhibition of ECM degradation in the presence of TGF-b1 was
observed, reaching.90% inhibition with 0.4 ng/ml TGF-b1.

Addition of anti-TGF-b antibodies (4mg/ml) in the absence of
exogenous TGF-b increased ECM degradation (1.86 0.2-fold
versuscontrols,P , 0.05). In contrast, platelet-derived growth
factor, at concentrations up to 10 ng/ml, had no effect on ECM
degradation. TGF-b completely blocked the conversion of
plasminogen to plasmin and markedly reduced the conversion
of latent MMP-2 to active MMP-2. TGF-b did not significantly
alter the levels of tissue PA, total MMP-2, or tissue inhibitor of
metalloproteinase-1, but did increase the levels of PA inhibi-
tor-1 (1.8-fold,P , 0.05), the major physiologic inhibitor of
PA. These data document that TGF-b is a potent inhibitor of
ECM degradation by cultured human mesangial cells, and they
suggest that decreased mesangial matrix degradation, caused
by TGF-b-mediated decreases in the activity of the PA/plas-
min/MMP-2 cascade, may contribute to the glomerular matrix
accumulation that occurs in progressive renal disease.

Several diverse lines of evidence suggest a pathogenic role for
transforming growth factor-b (TGF-b) in glomerular extracel-
lular matrix (ECM) accumulation and the subsequent develop-
ment of glomerulosclerosis in progressive renal disease (1–5).
For example, increased levels of glomerular TGF-b have been
observed in animals with experimentally induced glomerular
injury (6–9) and in patients with diabetic nephropathy (9,10),
mesangial proliferative glomerulonephritis (GN), or diffuse
proliferative lupus nephritis (11,12). Importantly, administra-
tion of antiserum raised against TGF-b (13) or a naturally
occurring inhibitor of TGF-b (14) prevented matrix accumu-
lation in the anti-Thy-1 model of GN. Other studies supporting
a key role for TGF-b in glomerular ECM accumulation include
those of Isakaet al.(15), who demonstrated that transfection of
the TGF-b gene into rat kidneys resulted in glomerulosclerosis,
Akagi et al. (16), who reported that inhibition of TGF-b
expression by antisense oligonucleotides suppressed ECM ac-
cumulation in anti-Thy-1 GN, Kanaiet al. (17), who demon-
strated increased urinary excretion of TGF-b by patients with

focal glomerulosclerosis, and Koppet al. (18) and Clouthieret
al. (19), who showed that transgenic mice with increased
plasma levels of TGF-b developed progressive renal disease.

The mechanism by which overexpression of TGF-b leads to
ECM accumulation and glomerulosclerosis is unclear.In vitro
studies have demonstrated the ability of TGF-b to increase the
synthesis by mesangial and epithelial cells of various ECM
components, including proteoglycans (20,21), collagen types I
and IV (21–23), and fibronectin (22). Inin vivostudies, Border
and coworkers (12) reported that sustained expression of
TGF-b was associated with the development of progressive
kidney fibrosis and marked deposition of collagen types I and
III. Similarly, Sharmaet al. (24) reported that anti-TGF-b
antibodies were able to prevent renal hypertrophy and in-
creased glomerular ECM gene expression in streptozotocin-
induced diabetes in mice. Therefore, one mechanism by which
TGF-b contributes to glomerulosclerosis seems to be increased
synthesis of ECM components.

Decreased degradation of the ECM could also contribute to
matrix accumulation and glomerulosclerosis. It is now gener-
ally accepted that ECM degradation in glomeruli and glomer-
ular cells is mediated by a plasminogen activator (PA)/plasmin/
matrix metalloproteinase-2 (MMP-2) (gelatinase A) cascade.
For example, we have shown that ECM degradation by human
(25), rat (26), and mouse (unpublished observations) mesangial
cells is dependent on the production of plasmin and, to a lesser
extent, active MMP-2. In addition, a number of studies have
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reported decreased PA activity, decreased plasmin activity,
and/or increased levels of PA inhibitor-1 (PAI-1) (the major
PA inhibitor) in glomeruli obtained from animals with exper-
imentally induced glomerular injuries known to result in mes-
angial matrix accumulation (27–31).

A direct link between TGF-b and the PA/plasmin system has
also been reported. Border and coworkers demonstrated that
the addition of TGF-b to glomeruli isolated from normal rats
increased the synthesis of PAI-1 and decreased the activity of
PA (29) and that sustained expression of TGF-b was associated
with elevated PAI-1 levels in glomeruli isolated from rats with
a chronic form of anti-Thy-1-induced GN (12). Similar effects
of TGF-b on rat proximal tubular cells were reported by
Kanalas and Hopfer (32).

Despite the implications of the aforementioned studies, there
is little if any direct evidence that TGF-b actually decreases
glomerular ECM degradation. In this report, we provide direct
evidence that TGF-b1 is a potent inhibitor of ECM degradation
by cultured human mesangial cells.

Materials and Methods
Reagents

TGF-b1 and platelet-derived growth factor (PDGF) (A/B isoform)
were obtained from Boehringer. Polyclonal antihuman TGF-b antibodies
prepared in turkeys and polyclonal turkey IgG (control antibody) and
Matrigel were obtained from Collaborative Research. All other chemicals
were reagent grade or higher and were obtained from commercial
sources, as described in our previous reports (25,26). Exogenously added
agents (e.g.,plasminogen, TGF-b, and PDGF) were prepared immedi-
ately before use and were dissolved, at the concentrations indicated, in
RPMI 1640 containing 0.2% lactalbumin hydrolysate.

Mesangial Cell Culture
Human mesangial cells, which were a generous gift from Dr. Hanna

Abboud (University of Texas Health Sciences Center, San Antonio, TX),
were cultured in Waymouth’s medium containing 15% fetal calf serum,
as described by Abboud and coworkers (33). These cells were exten-
sively characterized as follows. All cells were stellate or spindle-shaped,
with irregular cytoplasmic projections. The cells did not exhibit contact
inhibition and became multilayered if allowed to grow beyond conflu-
ence. Immunoperoxidase staining was positive for desmin, myosin, vi-
mentin, fibronectin, and actin and negative for cytokeratin, von Wille-
brand factor, common leukocyte antigen, and DR antigen. The cells did
not express detectable amounts of angiotensin-converting enzyme activ-
ity. The human mesangial cells used in these studies were between
passages 9 and 15. Mice lacking a functional PAI-1 gene (PAI-1 knock-
out mice) were obtained from Dr. Thomas Bugge (Childrens Hospital,
Cincinnati, OH). PAI-1 null mesangial cells were cultured from glomer-
uli prepared from PAI-1 knockout mice by a combination of sieving and
centrifugation (25,26).

Measurement of ECM Degradation by Cultured
Mesangial Cells

ECM degradation was measured as described in detail in our
previous report (25) and summarized below. Thin films of125I-labeled
Matrigel were produced in 24-well culture plates as described previ-
ously. Wells containing dried Matrigel films (25mg of protein, 20,000
to 25,000 cpm) were washed three times with 1.0 ml of serum-free
RPMI 1640, immediately before the addition of mesangial cells

(25,000 cells/well) in Waymouth’s medium containing 15% fetal calf
serum. Plates were then incubated for 48 h (37°C, 5.0% CO2) to allow
the mesangial cells to attach to the Matrigel films and to recover from
the plating procedures. After 48 h, the medium was carefully removed
and the cells were washed three times with 1.0 ml of serum-free RPMI
1640 and then incubated, as described above (usually for 72 h), in 500
ml of serum-free RPMI 1640 (without phenol red) containing 0.2%
lactalbumin hydrolysate, as described previously.

ECM degradation by cultured mesangial cells was measured by the
release of radioactivity into the cell-free culture medium. At the end
of the incubation period (usually 72 h), the medium from each well
was carefully removed, counted (in a gamma counter), and stored at
220°C until other biochemical parameters were measured (e.g., using
enzyme activity assays, substrate gels, or enzyme-linked immunosor-
bent assays [ELISA]), as indicated below. ECM degradation was
expressed as the mean6 SEM of the micrograms of Matrigel de-
graded in the number of determinations indicated (each assayed in
triplicate). Matrigel degradation was calculated from the decay-cor-
rected specific radioactivity of the Matrigel after correction for the
appropriate controls (Matrigel incubated with cells only, Matrigel
incubated with medium only, and Matrigel incubated with plasmino-
gen only), which were included on each 24-well plate.

Quantification of Urokinase PA, Tissue PA,
PAI-1, MMP-2, and Tissue Inhibitor of
Metalloproteinase-1 by ELISA

Quantitative measurement of urokinase PA (uPA), tissue PA (tPA),
and PAI-1 was performed as described in our previous report (25),
using the following volumes of undiluted conditioned medium ob-
tained from 25,000 cells grown for 72 h in 500ml of RPMI 1640
containing 0.2% lactalbumin hydrolysate: for uPA, 100ml; for tPA,
60 ml; for PAI-1, 6 ml. Each sample was measured in duplicate, and
the amounts of uPA, tPA, and PAI-1 were determined from standard
curves (assayed simultaneously with the samples) after correction for
the appropriate blanks (medium obtained from wells containing no
cells). MMP-2 and tissue inhibitor of metalloproteinase-1 (TIMP-1)
protein levels were measured by ELISA, as described previously (34).

Measurement of Plasmin and MMP-2 Activities
Plasmin activity in medium obtained from mesangial cells cultured

on Matrigel films, appropriate controls, and plasmin standards was
determined using the synthetic fluorometric plasmin substrate me-
thoxysuccinyl-L-Ala-L-Phe-L-Lys-7-amido-4-methyl-coumarin, as de-
scribed in detail in our previous report (25). Results are expressed as
the mean6 SEM of nanomoles of 7-amido-4-methyl-coumarin pro-
duced per well per 60-min incubation, corrected for duplicate blanks
(with medium added after the stop solution) assayed for each sample.
Semiquantitative analysis of MMP-2 activity was performed using
gelatin zymography, as described in our previous reports (25,26).

Statistical Analysis
The significance of differences between means was compared by

the t test, withP values of,0.05 considered significant.

Results
TGF-b Inhibition of ECM Degradation

In our first series of studies, we examined the effects of
exogenous TGF-b and PDGF on ECM degradation by cultured
human mesangial cells. As shown in Figure 1A, TGF-b caused
a marked reduction in ECM degradation. In contrast, PDGF
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(10 ng/ml) had no effect on ECM degradation (Figure 1A). The
effect of TGF-b was dose-dependent (0.01 to 1.0 ng/ml), with
significant inhibition of ECM degradation occurring at TGF-b
concentrations of 0.05 ng/ml (Figure 1B). Mesangial cells are
known to produce TGF-b (35). Therefore, we examined the
effects of anti-TGF-b antibodies on ECM degradation by mes-
angial cells in the absence of exogenous TGF-b. As shown in
Figure 2, anti-TGF-b antibodies (4mg/ml) caused a marked
increase in ECM degradation, compared with the same amount
of nonspecific IgG. These data establish that TGF-b is a potent
inhibitor of ECM degradation by mesangial cells, and they
suggest that endogenous TGF-b exhibits a tonic inhibitory
effect on ECM degradation.

Effects of TGF-b and PDGF on Plasmin and
Gelatinase Activities and TIMP-1 Levels

We have shown that ECM degradation by cultured mesan-
gial cells is mediated by plasmin and MMP-2 (25,26). There-

fore, we examined the effects of TGF-b and PDGF on the
activity of these two proteinases in medium obtained from
mesangial cells that had been incubated with or without TGF-b
or PDGF for 72 h. As shown in Figure 3, plasmin activity in
medium obtained from mesangial cells that had been incubated
in the absence of TGF-b was similar to that reported in our
previous study (0.856 0.08 nmol/well) (25). In contrast,
plasmin activity was undetectable in medium obtained from
mesangial cells that had been incubated for 72 h in the presence
of 1.0 ng/ml TGF-b. Semiquantitative determination of
MMP-2 activity was performed by zymography of medium
obtained from cells that had been incubated in the presence or
absence of TGF-b or PDGF. As shown in Figure 4, TGF-b
markedly reduced the amount of active MMP-2, as indicated
by the absence of the lower MMP-2 band. However, ELISA
demonstrated the same amount of total MMP-2 protein (latent
plus active) in medium obtained from cells incubated in the
presence or absence of TGF-b (Figure 5). Mesangial cells also
produce MMP-2 inhibitors, called TIMP (36). Therefore, we
also measured the effect of TGF-b and PDGF on the levels of
TIMP-1, the major TIMP produced by mesangial cells. Neither
TGF-b nor PDGF had any effect on TIMP-1 protein levels
(Figure 5). In addition, PDGF (10 ng/ml) had no effect on the
conversion of latent MMP-2 to active MMP-2 (Figure 4).

Effects of TGF-b on the Production of tPA, uPA, and
PAI-1

Cultured human mesangial cells produce tPA, uPA, and
PAI-1 (25,37,38). Using ELISA, we measured the levels of
tPA, uPA, and PAI-1 antigens in medium obtained from mes-
angial cells that had been cultured for 72 h in the presence or

Figure 1.Effects of transforming growth factor-b (TGF-b) and plate-
let-derived growth factor (PDGF) on extracellular matrix (ECM)
degradation by cultured human mesangial cells. Mesangial cells were
incubated for 72 h in the presence of TGF-b (1 ng/ml) or PDGF (10
ng/ml). Results are presented as the mean6 SEM of at least four
determinations (assayed in triplicate). *P , 0.05. For more details,
see Materials and Methods.

Figure 2. Effects of anti-TGF-b antibodies on ECM degradation by
cultured human mesangial cells. Mesangial cells were incubated for
72 h in the presence of 4mg/ml anti-TGF-b antibodies. Nonspecific
turkey IgG (4mg/ml) served as a control. Results are presented as the
mean6 SEM of four determinations (assayed in triplicate). *P ,
0.05. For more details, see Materials and Methods.
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absence of TGF-b or PDGF (Figure 6). TGF-b had no signif-
icant effect on the level of tPA antigen. In contrast, the level of
PAI-1 antigen was increased approximately twofold in the
presence of TGF-b. TGF-b also increased the level of uPA
(see Discussion). PDGF had no effect on the levels of tPA or
PAI-1 but also increased uPA levels (Figure 6).

These data document that TGF-b inhibits the degradation of
ECM by mesangial cells, and they suggest that this effect is
mediated by increased production of PAI-1, the major physi-
ologic inhibitor of PA. This suggestion is supported by pre-
liminary studies indicating that TGF-b (1 ng/ml) has no effect
on ECM degradation by mesangial cells obtained from mice in
which the PAI-1 gene has been disrupted (PAI-1 knockout
cells, 3.66 0.6 mg/well, n 5 3; PAI-1 knockout cells with
TGF-b, 3.7 6 0.4 mg/well, n 5 6; assayed in triplicate).

Discussion
Our results indicate that TGF-b is a potent inhibitor of ECM

degradation by cultured human mesangial cells. This inhibitory
effect is mediated by decreases in the conversion of plasmin-
ogen to plasmin (Figure 3), the protease that is primarily
responsible for ECM degradation in this system (25,26). In
contrast, PDGF has no effect on ECM degradation (Figure 1),
despite increasing plasmin levels (Figure 3). We have no
explanation for this anomalous effect of PDGF. The PA/plas-
min/MMP-2 cascade is a complex pathway. The amount of
ECM degradation is determined by the relative amounts of the
active and inactive forms of each protease and protease inhib-
itor involved, as well as the time frame in which each of these
forms is produced. In addition, it is possible that, under the

conditions of our assay, unstimulated cells degrade maximal
amounts of ECM, precluding detection of increased ECM
degradation. Whatever the explanation, it does not invalidate
our major observation that TGF-b inhibits ECM degradation
by cultured mesangial cells.

Neither TGF-b nor PDGF had any effect on the levels of
TIMP-1 or total MMP-2 protein (latent plus active) (Figure 5).
In addition, PDGF had no effect on the production of active
MMP-2 (Figure 4). In the presence of TGF-b (1 ng/ml), the
amount of active MMP-2 (as measured by zymography) was
markedly decreased (Figure 4). This observation is in keeping
with our previous observations (25,26) that the conversion of
latent MMP-2 to active MMP-2 is dependent on the presence
of plasmin. However, in contrast to our original hypothesis,
which proposed a direct role for plasmin in MMP-2 activation,
the role of plasmin in the activation of latent MMP-2 may be
explained by a recent study demonstrating that plasmin can
activate a membrane-bound MMP, which in turn could activate
latent MMP-2 (39).

Plasmin is a serine proteinase that is produced by the action
of PA on plasminogen. Because plasminogen is exogenously
added in this system, the decreased plasmin activity observed
in the presence of TGF-b must reflect decreased PA activity.
Human mesangial cells produce two PA forms (uPA and tPA)
(25,37,38) and PAI-1 (25,37,38). Therefore, decreased plasmin
activity could result from decreased activity of PA, increased
production of PAI-1, or both. As shown in Figure 6, TGF-b

Figure 3.Plasmin activity in medium obtained from human mesangial
cells incubated in the presence of TGF-b. Mesangial cells were
incubated for 72 h in the presence of 1 ng/ml TGF-b or 10 ng/ml
PDGF. Plasmin activity was determined using the fluorometric plas-
min substrate methoxysuccinyl-L-Ala-L-Phe-L-Lys-7-amido-4-meth-
yl-coumarin, as described in detail in our previous report (25). Results
are expressed as the mean6 SEM of nanomoles of 7-amido-4-
methyl-coumarin produced per well per 60-min incubation, corrected
for duplicate blanks (with medium added after the stop solution)
assayed for each sample. *P , 0.05. For more details, see Materials
and Methods.

Figure 4. Gelatin zymography of medium obtained from human
mesangial cells incubated in the presence of TGF-b or PDGF. Mes-
angial cells (25,000/well) were incubated for 72 h in the presence of
TGF-b or PDGF. Twenty microliters of cell-free medium was mixed
with 10 ml of gel sample buffer, and 20ml of this mixture was used
for zymography. Lane 1, medium from cells incubated in the presence
of plasminogen and PDGF (10 ng/ml); lane 3, medium from cells
incubated in the presence of plasminogen and TGF-b (1 ng/ml); lane
5, medium from cells only (no plasminogen); lane 7, medium from
cells incubated in the presence of plasminogen (control). Lanes 2, 4,
6, and 8, empty lanes. Molecular weight standards included in the
original gel cannot be seen in this photograph of the computer-
generated inverted image. Arrow, active matrix metalloproteinase 2
(MMP-2). There were no significant differences (,10%) in cell
density, as indicated by measurements of DNA content. Results
shown are from a typical experiment. For more details, see Materials
and Methods.
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had no effect on tPA levels. However, the levels of PAI-1, the
major PA inhibitor, were elevated almost twofold by TGF-b
(Figure 6). These data are in good agreement with a previous
study by Tomooka and coworkers (29), who reported increased
PAI-1 production and decreased total PA activity by isolated
rat glomeruli exposed to exogenous TGF-b. The failure of
TGF-b to reduce ECM degradation by mesangial cells ob-
tained from PAI-1 knockout mice also supports this conclu-
sion. Taken together, these data suggest that TGF-b-induced
inhibition of ECM degradation by mesangial cells is mediated
by enhanced production of PAI-1. TGF-b also increased the
levels of uPA, by approximately threefold (Figure 6). How-
ever, the virtual lack of plasmin activity in the presence of
TGF-b, despite the threefold increase in uPA production, sup-
ports our previous suggestion that tPA is the major source of
plasmin in this system (25).

Our data indicate that the prosclerotic actions of TGF-b are
mediated by decreased degradation of ECM components, as
well as increased ECM synthesis (as shown by others). The
identification of TGF-b as a potent inhibitor of ECM degra-
dation by cultured mesangial cells increases our understanding
of the pathogenic mechanisms involved in the development of
glomerulosclerosis and emphasizes the key role of TGF-b in
progressive renal disease.
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