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Abstract.Accumulation of the glomerular extracellular matrixAddition of anti-TGF# antibodies (4ug/ml) in the absence of
(ECM) is a pivotal event in the progression from acute glexogenous TG increased ECM degradation (1280.2-fold
merular injury to end-stage renal disease. Although enhancgttsuscontrols,P < 0.05). In contrast, platelet-derived growth
ECM synthesis has been demonstrated to contribute to EGattor, at concentrations up to 10 ng/ml, had no effect on ECM
accumulation, the role of decreased ECM degradation degradation. TGEB completely blocked the conversion of
largely unknown. It was previously shown that glomerulgplasminogen to plasmin and markedly reduced the conversion
ECM degradation is mediated by a plasminogen activatof latent MMP-2 to active MMP-2. TGIB-did not significantly
(PA)/plasmin/matrix metalloproteinase 2 (MMP-2) cascadalter the levels of tissue PA, total MMP-2, or tissue inhibitor of
However, little information is available regarding the factormetalloproteinase-1, but did increase the levels of PA inhibi-
that regulate the activity of this degradative cascade in norntat-1 (1.8-fold,P < 0.05), the major physiologic inhibitor of

or pathologic states. Transforming growth facBir{TGF81) PA. These data document that T@Hs a potent inhibitor of

is shown here to be a potent inhibitor of ECM degradation ByCM degradation by cultured human mesangial cells, and they
cultured human mesangial cells. Using human mesangial callgggest that decreased mesangial matrix degradation, caused
grown on thin films of*#A-labeled Matrigel, dose-dependenby TGF3-mediated decreases in the activity of the PA/plas-
inhibition of ECM degradation in the presence of TBEwas min/MMP-2 cascade, may contribute to the glomerular matrix
observed, reaching-90% inhibition with 0.4 ng/ml TGFH31. accumulation that occurs in progressive renal disease.

Several diverse lines of evidence suggest a pathogenic roleffozal glomerulosclerosis, and Kogp al. (18) and Clouthieet
transforming growth factop (TGF-B) in glomerular extracel- al. (19), who showed that transgenic mice with increased
lular matrix (ECM) accumulation and the subsequent developtasma levels of TGIB developed progressive renal disease.
ment of glomerulosclerosis in progressive renal disease (1-5)The mechanism by which overexpression of T@keads to
For example, increased levels of glomerular T&Rave been ECM accumulation and glomerulosclerosis is unclé&awitro
observed in animals with experimentally induced glomerulatudies have demonstrated the ability of TBFoe increase the
injury (6-9) and in patients with diabetic nephropathy (9,103ynthesis by mesangial and epithelial cells of various ECM
mesangial proliferative glomerulonephritis (GN), or diffuseomponents, including proteoglycans (20,21), collagen types |
proliferative lupus nephritis (11,12). Importantly, administraand 1V (21-23), and fibronectin (22). in vivo studies, Border
tion of antiserum raised against TGF{13) or a naturally and coworkers (12) reported that sustained expression of
occurring inhibitor of TGFB (14) prevented matrix accumu-TGF-B was associated with the development of progressive
lation in the anti-Thy-1 model of GN. Other studies supportingidney fibrosis and marked deposition of collagen types | and
a key role for TGFg in glomerular ECM accumulation includelll. Similarly, Sharmaet al. (24) reported that anti-TGB-
those of Isakat al. (15), who demonstrated that transfection ofntibodies were able to prevent renal hypertrophy and in-
the TGF8 gene into rat kidneys resulted in glomerulosclerosisreased glomerular ECM gene expression in streptozotocin-
Akagi et al. (16), who reported that inhibition of TGB- induced diabetes in mice. Therefore, one mechanism by which
expression by antisense oligonucleotides suppressed ECM BGF-B contributes to glomerulosclerosis seems to be increased
cumulation in anti-Thy-1 GN, Kanadt al. (17), who demon- synthesis of ECM components.
strated increased urinary excretion of T@Hy patients with 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-
oo o il S apent o sy, 4211515 mediatod by a plasminagen actvalor (PAYplasmin
TulanepMedicaI Schoo.l, 1:30 Tuléne ,IAverylue, ?\lew Orleans, LA 7011?;’. Phan:amX metalloproteinase-2 (MMP-2) (gelatlnase'A) cascade.
504-584-2452; Fax: 504-584-2739; E-mail: baricosw@mailhost.tcs.tulane.edu or example, we have shown tha_t ECM degradgtlon by huma_n
1046-6673/1004-0790$03.00/0 (25), rat (26), and mouse (unpubllghed obseryatlons) mesangial
Journal of the American Society of Nephrology cells is dependent on the production of plasmin and, to a lesser
Copyright © 1999 by the American Society of Nephrology extent, active MMP-2. In addition, a number of studies have
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reported decreased PA activity, decreased plasmin activif¥5,000 cells/well) in Waymouth’s medium containing 15% fetal calf
and/or increased levels of PA inhibitor-1 (PAI-1) (the majogerum. Plates were then incubated for 48 h (37°C, 5.0%) @(allow
PA inhibitor) in glomeruli obtained from animals with exper-the mesangial cells to attach to the Matrigel films and to recover from

imentally induced glomerular injuries known to result in meghe plating procedures. After 48 h, the medium was carefully removed
angial matrix accumulation (27-31). 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
Adirectlink between TGFB and the PA/plasmin system has | of serum-free RPMI 1640 (without phenol red) containing 0.2%

also been reported. Border and coworkers demonstrated lbumin hydrolysate, as described previously.

the addition of TGFB to glomeruli isolated from normal rats gy degradation by cultured mesangial cells was measured by the
increased the synthesis of PAI-1 and decreased the activityi@tase of radioactivity into the cell-free culture medium. At the end
PA (29) and that sustained expression of TG#as associated of the incubation period (usually 72 h), the medium from each well
with elevated PAI-1 levels in glomeruli isolated from rats witlwas carefully removed, counted (in a gamma counter), and stored at
a chronic form of anti-Thy-1-induced GN (12). Similar effects-20°C until other biochemical parameters were measweg, (using

of TGF-8 on rat proximal tubular cells were reported byenzyme activity assays, substrate gels, or enzyme-linked immunosor-
Kanalas and Hopfer (32). bent assays [ELISA]), as indicated below. ECM degradation was

Despite the implications of the aforementioned studies, thepgPressed as the mean SEM of the micrograms of Matrigel de-

is little if any direct evidence that TGB-actually decreases graded in the number of determinations indicated (each assayed in
triplicate). Matrigel degradation was calculated from the decay-cor-

glqmerularhECM deg.radauon. In trr:.ls. repofrt, we provide d,lre%cted specific radioactivity of the Matrigel after correction for the
evidence that TGIB1 is a potent inhibitor of ECM degradatlonappropriate controls (Matrigel incubated with cells only, Matrigel

by cultured human mesangial cells. incubated with medium only, and Matrigel incubated with plasmino-
_ gen only), which were included on each 24-well plate.
Materials and Methods

Reagents Quantification of Urokinase PA, Tissue PA,
TGF-81 and platelet-derived growth factor (PDGF) (A/B isoform)PAI-1, MMP-2, and Tissue Inhibitor of
were obtained from Boehringer. Polyclonal antihuman Tg&ntibodies Metalloproteinase-1 by ELISA
prepared in turkeys and polyclonal turkey 1gG (control antibody) and ¢, anitative measurement of urokinase PA (UPA), tissue PA (tPA),
Matrigel were obtained from Collaborative Research. All other chemicaélﬁd PAI-1 was performed as described in our previous report (25)

were reagent grade or higher and were obtained from commercialyy the following volumes of undiluted conditioned medium ob-
sources, as described in our previous reports (25,26). Exogenously aqgﬁped from 25,000 cells grown for 72 h in 5Q0 of RPMI 1640

agents €.9., plasminogen, TG, and PDGF) were prepared immedi-c,naining 0.29 lactalbumin hydrolysate: for uPA, 1@8 for tPA,
ately before use and were dissolved, at the concentrations |nd|cated66nm; for PAI-1, 6 ul. Each sample was measured in duplicate, and
RPMI 1640 containing 0.2% lactalbumin hydrolysate. the amounts of uPA, tPA, and PAI-1 were determined from standard
curves (assayed simultaneously with the samples) after correction for
Mesangial Cell Culture the appropriate blanks (medium obtained from wells containing no
Human mesangial cells, which were a generous gift from Dr. Hangalls). MMP-2 and tissue inhibitor of metalloproteinase-1 (TIMP-1)
Abboud (University of Texas Health Sciences Center, San Antonio, T)otein levels were measured by ELISA, as described previously (34).
were cultured in Waymouth’s medium containing 15% fetal calf serum,
as described by Abboud and coworkers (33). These cells were extRieasurement of Plasmin and MMP-2 Activities
sively characterized as follows. All cells were stellate or spindle-shaped,p|5smin activity in medium obtained from mesangial cells cultured
with irregular cytoplasmic projections. The cells did not exhibit contagf,, Matrigel films, appropriate controls, and plasmin standards was
inhibition and became multilayered if allowed to grow beyond confityetermined using the synthetic fluorometric plasmin substrate me-
ence. Im_munope_roxidase st_aining was positive for desmin, myosir_1, fﬂ'oxysuccinylt- Ala-L-Phet -Lys-7-amido-4-methyl-coumarin, as de-
mentin, fibronectin, and actin and negative for cytokeratin, von Willesq jneq in detail in our previous report (25). Results are expressed as
brand factor, common leukocyte antigen, and DR antigen. The cells ¢ nean+ SEM of nanomoles of 7-amido-4-methyl-coumarin pro-
not express detectable amounts of angiotensin-converting enzyme agfifseq per well per 60-min incubation, corrected for duplicate blanks

ity. The human mesangial cells used in these studies were eWRERL medium added after the stop solution) assayed for each sample.
passages 9 and 15. Mice lacking a functional PAI-1 gene (PAI-1 knoGg miquantitative analysis of MMP-2 activity was performed using

out mice) were obtained from Dr. Thomas Bugge (Childrens Hospitle|atin zymography, as described in our previous reports (25,26).
Cincinnati, OH). PAI-1 null mesangial cells were cultured from glomer-

uli prepared from PAI-1 knockout mice by a combination of sieving an . .
centrifugation (25,26). gtatlstlcal Analysis

The significance of differences between means was compared by

. thet test, withP values of<0.05 considered significant.
Measurement of ECM Degradation by Cultured e tesh, withi= values o considered signitican

Mesangial Cells
ECM degradation was measured as described in detail in QI?EGESUHS S .

previous report (25) and summarized below. Thin film33f-labeled F-p Inhlbltlon of ECM Degradatlon .

Matrigel were produced in 24-well culture plates as described previ-IN our first series of studies, we examined the effects of

ously. Wells containing dried Matrigel films (28g of protein, 20,000 €xogenous TGEB-and PDGF on ECM degradation by cultured

to 25,000 cpm) were washed three times with 1.0 ml of serum-frééiman mesangial cells. As shown in Figure 1A, TGEaused

RPMI 1640, immediately before the addition of mesangial cela marked reduction in ECM degradation. In contrast, PDGF
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(20 ng/ml) had no effect on ECM degradation (Figure 1A). Th 47

effect of TGF# was dose-dependent (0.01 to 1.0 ng/ml), witl *
] *
1 4
Effects of TGF8 and PDGF on Plasmin and
0.1 0.5 1 4

ion with

effects of anti-TGFH8 antibodies on ECM degradation by mes:-
angial cells in the absence of exogenous T&RAs shown in
Figure 2, anti-TGH3 antibodies (4ug/ml) caused a marked
increase in ECM degradation, compared with the same amo
of nonspecific IgG. These data establish that Tgis-a potent

CM degradat
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suggest that endogenous T@Fexhibits a tonic inhibitory
effect on ECM degradation.

antiTGF 3 antibody/ECM
degradation with control IgG)
N

Ratio (E

significant inhibition of ECM degradation occurring at T~

concentrations of 0.05 ng/ml (Figure 1B). Mesangial cells a¥

known to produce TGIB (35). Therefore, we examined the

Gelatinase Activities and TIMP-1 Levels 0-
We have shown that ECM degradation by cultured mesa

gial cells is mediated by plasmin and MMP-2 (25,26). There AntiTGFp antibody conc (ug/ml)

Figure 2. Effects of anti-TGFB antibodies on ECM degradation by
cultured human mesangial cells. Mesangial cells were incubated for

A 120 + 72 h in the presence of 4g/ml anti-TGF# antibodies. Nonspecific
r turkey 1gG (4ng/ml) served as a control. Results are presented as the
g 100 + mean= SEM of four determinations (assayed in triplicatelp &
;g - 80 r 0.05. For more details, see Materials and Methods.
S 1
g5 | .
D g 60+ fore, we examined the effects of TGFand PDGF on the
8 'i - activity of these two proteinases in medium obtained from
= S 40 T mesangial cells that had been incubated with or without BGF-
T r or PDGF for 72 h. As shown in Figure 3, plasmin activity in
w 20 + medium obtained from mesangial cells that had been incubated
* in the absence of TGB-was similar to that reported in our
0- previous study (0.85+ 0.08 nmol/well) (25). In contrast,
TGFB PDGF plasmin activity was undetectable in medium obtained from
5 120 mesangial cells that had been incubated for 72 h in the presence

ECM Degradation
(% control)

100 +

80 T

60 +

40 1

20 1

of 1.0 ng/ml TGFB. 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 TGIB or PDGF. As shown in Figure 4, TGB-
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 T@EHFigure 5). Mesangial cells also
produce MMP-2 inhibitors, called TIMP (36). Therefore, we
also measured the effect of T@Fand PDGF on the levels of
TIMP-1, the major TIMP produced by mesangial cells. Neither
TGF-8 nor PDGF had any effect on TIMP-1 protein levels

*
*
*
0.1 0.2 0.4 1

001 005 : : ;
TGFp conc (ng/ml)

Figure 1.Effects of transforming growth fact@-(TGF-3) and plate- .
let-derived growth factor (PDGF) on extracellular matrix (ECM ffects of TGFg on the Production of tPA, uPA, and

degradation by cultured human mesangial cells. Mesangial cells wi r@‘l'l .

incubated for 72 h in the presence of T@RA ng/ml) or PDGF (10 _ Cultured human mesangial cells produce tPA, uPA, and
ng/ml). Results are presented as the meaSEM of at least four PAI-1 (25,37,38). Using ELISA, we measured the levels of

determinations (assayed in triplicate? % 0.05. For more details, tPA, uPA, and PAI-1 antigens in medium obtained from mes-

see Materials and Methods. angial cells that had been cultured for 72 h in the presence or

(Figure 5). In addition, PDGF (10 ng/ml) had no effect on the
conversion of latent MMP-2 to active MMP-2 (Figure 4).
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0.0 * Figure 4. Gelatin zymography of medium obtained from human
Control TGFB PDGF mesangial cells incubated in the presence of &6+ PDGF. Mes-

Figure 3.Plasmin activity in medium obtained from human mesangi@ndial cells (25,000/well) were incubated for 72 h in the presence of
cells incubated in the presence of T@BF-Mesangial cells were TGF-8 or PDGF. Twenty microliters of cell-free medium was mixed

incubated for 72 h in the presence of 1 ng/ml T@Rr 10 ng/ml With 10 ul of gel sample buffer, and 2l of this mixture was used
PDGF. Plasmin activity was determined using the fluorometric plaf@r zymography. Lane 1, medium from cells incubated in the presence
min substrate methoxysuccinylAla-L-Phet-Lys-7-amido-4-meth- ©f plasminogen and PDGF (10 ng/ml); lane 3, medium from cells
yl-coumarin, as described in detail in our previous report (25). Resulfigubated in the presence of plasminogen and T3g-ng/ml); lane

are expressed as the mean SEM of nanomoles of 7-amido-4- ° mgdlum from cells only (no plasmlnogen); lane 7, medium from
methyl-coumarin produced per well per 60-min incubation, correct&§!!S incubated in the presence of plasminogen (control). Lanes 2, 4,
for duplicate blanks (with medium added after the stop solutioy @nd 8, empty lanes. Molecular weight standards included in the

assayed for each sample? % 0.05. For more details, see Material<O119inal gel cannot be seen in this photograph of the computer-
and Methods. 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
absence of TGIB or PDGF (Figure 6). TGEB had no signif- and Methods.

icant effect on the level of tPA antigen. In contrast, the level of

PAI-1 antigen was increased approximately twofold in the

presence of TGIB. TGF- also increased the level of uPAconditions of our assay, unstimulated cells degrade maximal

(see Discussion). PDGF had no effect on the levels of tPA amounts of ECM, precluding detection of increased ECM

PAI-1 but also increased uPA levels (Figure 6). degradation. Whatever the explanation, it does not invalidate
These data document that T@Hnhibits the degradation of our major observation that TGB-inhibits ECM degradation

ECM by mesangial cells, and they suggest that this effectby cultured mesangial cells.

mediated by increased production of PAI-1, the major physi- Neither TGF8 nor PDGF had any effect on the levels of

ologic inhibitor of PA. This suggestion is supported by preFIMP-1 or total MMP-2 protein (latent plus active) (Figure 5).

liminary studies indicating that TGB-(1 ng/ml) has no effect In addition, PDGF had no effect on the production of active

on ECM degradation by mesangial cells obtained from mice MMP-2 (Figure 4). In the presence of TGF{1 ng/ml), the

which the PAI-1 gene has been disrupted (PAI-1 knockoatount of active MMP-2 (as measured by zymography) was

cells, 3.6x 0.6 ug/well, n = 3; PAI-1 knockout cells with markedly decreased (Figure 4). This observation is in keeping

TGF-8, 3.7 = 0.4 ug/well, n = 6; assayed in triplicate). with our previous observations (25,26) that the conversion of
_ _ latent MMP-2 to active MMP-2 is dependent on the presence
Discussion of plasmin. However, in contrast to our original hypothesis,

Our results indicate that TGB4s a potent inhibitor of ECM which proposed a direct role for plasmin in MMP-2 activation,
degradation by cultured human mesangial cells. This inhibitotlye role of plasmin in the activation of latent MMP-2 may be
effect is mediated by decreases in the conversion of plasmaxplained by a recent study demonstrating that plasmin can
ogen to plasmin (Figure 3), the protease that is primaribctivate a membrane-bound MMP, which in turn could activate
responsible for ECM degradation in this system (25,26). latent MMP-2 (39).
contrast, PDGF has no effect on ECM degradation (Figure 1),Plasmin is a serine proteinase that is produced by the action
despite increasing plasmin levels (Figure 3). We have mwd PA on plasminogen. Because plasminogen is exogenously
explanation for this anomalous effect of PDGF. The PA/plasdded in this system, the decreased plasmin activity observed
min/MMP-2 cascade is a complex pathway. The amount of the presence of TGB-must reflect decreased PA activity.
ECM degradation is determined by the relative amounts of thRiman mesangial cells produce two PA forms (UPA and tPA)
active and inactive forms of each protease and protease inH@5,37,38) and PAI-1 (25,37,38). Therefore, decreased plasmin
itor involved, as well as the time frame in which each of thesgctivity could result from decreased activity of PA, increased
forms is produced. In addition, it is possible that, under th@oduction of PAI-1, or both. As shown in Figure 6, T@F-
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TIMP-1 MMP-2 Figure 6.Effects of TGF8 and PDGF on tissue plasminogen activa-

Fi 5 Eff fTGE d PDGF on MMP-2 and i inhibi tor (tPA), urokinase plasminogen activator (uPA), and plasminogen
igure 5.Effects o Ban on -2 and tissue INhIbIOT y iy o401 inhibitor-1 (PAI-1) antigen production by cultured human

of metalloproteinase 1 (TIMP-1) antigen production by cultured hlt’ﬁesangial cells. tPA, UPA, and PAI-1 antigen levels in medium

man.mesangial cells. MMP'Z and TIMP-1 an.tigen levels in me‘?"“ tained from mesangial cells that had been incubated for 72 h in the
obtained from mesangial cells that had been incubated for 72 h in sence of 1 ng/ml TGB-or 10 ng/ml PDGF were determined by

presence of 1 ng/ml TGB-or 10 ng/ml PDGF were determined byELi!SA. Results are expressed as the meaSEM for eight or more

enzyme-linked immunosorbent assay (ELISA). Results are expresgRtbrminations. P < 0.05. For more details, see Materials and
as the meant SEM for at least four determinations performed ir}\/lethods

duplicate. P < 0.05. For more details, see Materials and Methods.
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