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Matrix Metalloproteinases
in Kidney Disease Progression and
Repair: A Case of Flipping the Coin

Pierre Ronco, MD, PhD, Brigitte Lelongt, PhD, Rémi Piedagnel, PhD, and
Christos Chatziantoniou, PhD

Summary: Matrix metalloproteinases (MMPs) have pleiotropic enzymatic actions that go far
beyond degradation of extracellular matrix. Both the multiplicity of their targets and the
complexity of their regulation account for a variety of biological effects. In renal diseases,
MMP effects may be different and/or opposite during the different phases of the pathology
evolution. The major challenge with future therapeutic interventions using MMP inhibitors
remains how to accomplish temporal and spatial control of their activity without flipping the
coin.
Semin Nephrol 27:352-362 © 2007 Elsevier Inc. All rights reserved.
Keywords: MMP inhibitors, extracellular matrix, hypertensive nephrosclerosis, Alport syn-
drome, crescentic glomerulonephritis
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atrix metalloproteinases (MMPs) were
discovered more than 40 years ago
when Gross and Lapiere1 identified an

ctivity that was present during metamorphosis
n tadpoles, which had the ability to degrade
igid rods of collagen. This activity turned out
o be interstitial collagenase, an enzyme with an
lmost singular ability to degrade the collagen
riple helix at neutral pH. Interstitial collag-
nases (MMP-1, -8, -13, -18) are the first mem-
ers of an ever-growing large family of zinc-
equiring enzymes, which also include
elatinases (MMP-2,-9), stromelysins (MMP-3,-
0), matrilysins (MMP-7, -11,-26), macrophage
lastase (MMP-12), and membrane-type MMPs
MMP-14 to -17, -24, -25). Those family mem-
ers have dedicated substrate specificities that
llow the MMPs to degrade synergistically all
omponents of the extracellular matrix (ECM)
n a concerted manner. MMPs thus are involved
n a variety of pathophysiologic processes in
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hich tissue remodeling plays a major role
uch as embryonic development, angiogenesis,
nvasive cell behavior, inflammation, wound
ealing, and fibrosis.
However, we have learned that MMP roles are

ot just limited to matrix degradation.2 MMPs are
nvolved in proteolytic activation or degradation
f nonmatrix susbstrates including cytokines, che-
okines, and growth factors. Their regulation

lso is complex because it occurs at different
evels including gene transcription, glycosylation,
ell trafficking and secretion, activation of latent
orms, specific inhibition by the tissue inhibitors
f metalloproteases (TIMP), and binding to cell
eceptors that concentrate their proteolytic activ-
ty in discrete areas of the cell membrane (Fig.
). Both the multiplicity of their targets and the
omplexity of their regulation account for a
ariety of biological effects, which sometimes
ould be opposite and make it difficult to pre-
ict the role of MMPs in a given pathophysio-

ogic condition. Thus, it is important to realize
hat in renal diseases MMP effects may be dif-
erent and/or opposite during the different
hases of the pathology evolution.
In this review, we focus on gelatinases
MMP-2, 72 kd; MMP-9, 92 kd), a subfamily of
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MMPs in kidney disease progression and repair 353
MPs that degrade gelatins (denatured collag-
ns), and basement membrane (BM) compo-
ents, mostly type IV collagen. Glomerular and
ubular BMs are known to play a key role in
nduction, progression, and repair of renal dis-
ase because BM damage is a major event in
rescentic glomerulonephritis, Alport’s syn-
rome (AS), and epithelial to mesenchymal
ransition (EMT) of epithelial tubular cells. In
ddition, MMP-9 can cleave type V collagen,
ggrecan, and elastin,3 whereas MMP-2 can de-
rade fibronectin and laminin.

Unlike MMP-2, which mostly is expressed
onstitutively, MMP-9 has a restricted pattern of
xpression in developmental and adult tissues,3

nd is highly regulated by many cytokines and
rowth factors. MMP-2 and MMP-9 also differ by

igure 1. Regulation of MMPs at 3 levels: gene tran-
cription, activation of latent proenzyme, and via TIMPs.
NF, tumor necrosis factor. Reprinted with permission
rom Donnelly R, Collinson DJ, Manning G. Hyperten-
ion, metalloproteinases and target organ damage. J Hy-
ertens. 2003;21:1627-30.45
heir mode of activation because pro–MMP-2 is s
ctivated at the cell surface by a membrane-
ype MMP, whereas the activation of pro–
MP-9 mostly occurs via plasmin(ogen)-depen-
ent and -independent mechanisms.4

Both MMP-2 and MMP-9 also have the ability
o form proenzyme complexes with their en-
ogenous inhibitors, the TIMPs. TIMP-1 and
IMP-2 are the main inhibitors of MMP-9 and
MP-2, respectively.5 A greater degree of com-
lexity results from the fact that MMP-2 activa-
ion requires the binding of TIMP-2. However,
IMP-1 and TIMP-2 functions are not limited to
MP regulation, but also involve apoptosis and

ell growth–modulating activity independently
f MMP inhibition.6,7 In addition to TIMPs, �2-
acroglobulin, tissue factor protease inhibi-

or-2, and thrombospondins8 are natural inhib-
tors of gelatinases.

EADS: ROLE OF
MPS IN ECM REMODELING

atrix homeostasis in normal tissues is a bal-
nce between matrix production and degrada-
ion. The excessive matrix accumulation seen
n fibrotic kidney results from a combination of
verproduction of matrix components and de-
ective degradation. This notion is supported by
any observations showing that TIMP-1 and
lasminogen activator inhibitor-1, a potent in-
ibitor of the fibrinolytic cascade, are up-regu-

ated in a diseased kidney. About 30 matrix
roteins have been characterized as substrates
f MMP in vitro. Nonetheless, the dogma that
he main role of the MMPs is to cleave matrix
roteins is still controversial for at least 3 rea-
ons. First, only 2 matrix proteins, collagen type
V and aggrecan, were shown to be cleaved in
ivo.9-11 Second, recent studies using knock-
ut mice have painted a different and com-
lex picture of the function of MMPs (and of
he plasminogen/plasmin system as well) in re-
ation to fibrotic lesions in vivo. Except for the

embrane type 1 MMP–deficient mice that de-
elop fibrosis of soft tissues,12 other MMP
nockout mice do not spontaneously develop
issue fibrosis, although this may be explained
n some cases by redundancy (eg, compensa-
ion by other MMPs).11 Even more, transgenic
ice overexpressing MMP-2 display fibrotic le-
ions.13 Last but not least, no side effects rela-
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354 P. Ronco et al
ive to connective tissue were reported in tu-
or treatment studies using MMP inhibitors.
hese results raise the question: can MMP really
elp to prevent or resolve fibrosis in pathologic
onditions?

Because gelatinases degrade BM compo-
ents, it initially was suggested that they could
ave a deleterious effect in inflammatory glo-
erulonephritis involving lesions of the glo-
erular BM (GBM), but that they could prevent

ccumulation of BM material in chronic renal
isease. From a theoretic point of view, gelati-
ases can have opposite effects on the develop-
ent of renal fibrosis and progression of renal

iseases. On the one hand, MMP-9 usually is
onsidered as an antifibrotic enzyme because it
leaves type IV collagen and particularly dena-
ured collagens that result from the action of
nterstitial collagenases. On the other hand,

MP-9 also can be viewed as a profibrotic agent
ecause it activates transforming growth factor
(TGF-�) and endothelin-13 and the degrada-

ion of type IV collagen may favor EMT of tu-
ule epithelial cells.14 Furthermore, MMP-2 was
ound to be necessary and sufficient to induce
ubular cell EMT in vitro.15 The role of MMP-2
nd MMP-9 in renal disease progression in vivo
as investigated recently by using pharmaco-

ogic agents and knockout mice.

ole of Gelatinases
n Hypertensive Nephrosclerosis
nd Vascular Remodeling

o address the question regarding the role of
elatinases in hypertensive nephrosclerosis and
ascular remodeling, hypertension and renal
ailure were induced by inhibiting nitric oxide
NO) synthesis in rats.16 After 1 month of hy-
ertension, animals displayed a decrease of re-
al function (evidenced by increased levels of
lasma creatinine with proteinuria), an exag-
erated gene and protein expression of TGF-�,
ollagen I and collagen IV within the renal vas-
ulature, and an abnormal accumulation of
CM in glomeruli. These structural and func-
ional alterations were accompanied by in-
reased activities of MMP-2 and MMP-9. The
dministration of an angiotensin II (AngII)-re-
eptor antagonist immediately decreased colla-

en I, collagen IV, and TGF-� gene and protein a
xpressions without affecting the activities of
MP-2 and MMP-9. These cellular alterations
ere accompanied by a gradual regression of

lomerulosclerosis and restoration of renal
unction; after 1 month of antihypertensive
reatment, all functional and structural parame-
ers of the kidney were normalized.

The mechanism of regression, at least in the
O model, appears to be dual: inhibition of
ollagen synthesis as a result of angiotensin II
ype 1 (AT1)-receptor antagonism and activa-
ion of MMP that probably is associated with
he degree of fibrosis independently of AT1
lockade. These results are corroborated by the
bservation that in experimental models and
uman diseases in which ECM accumulation is
bserved, fibrosis most often is accompanied
y a sustained increase in MMP expression. The
p-regulated MMP expression presumably re-
ects cellular compensatory mechanisms aimed
t limiting the rate of matrix accumulation. It is
ikely but still not proved that integrins and
ther ECM receptors, including the discoidin
omain receptor of collagen, inform the cells
hat ECM is accumulating in the cellular micro-
nvironment, thus triggering a cascade of
vents that leads to sustained MMP synthesis
nd activity.17

Because MMP-9–deficient mice show a mild
enal phenotype characterized by a 12% reduc-
ion in nephron number without renal impair-
ent in the first 6 months of life,18 we reasoned

hat these mice could be used to evaluate how
MP-9 contributes to the progression of hyper-

ensive nephrosclerosis in vivo. We expected
hat MMP-9 deficiency would have no impact
n blood pressure, which is a prerequisite to

nvestigate the protective effect of MMP-9 on
enal fibrosis irrespective of systemic hemody-
amics. Although the baseline blood pressure
as similar in wild-type and MMP-9�/� mice,

he increase in blood pressure was significantly
reater in MMP-9�/� mice treated with NG-ni-
ro-L-arginine methyl ester (L-NAME) (which in-
ibits NO synthase), AngII, or L-NAME plus salt
which increases mouse sensitivity to NO inhi-
ition)19 (Fig. 2). In the last 2 models, the sys-
olic pressure increment was more important in
MP-9�/� animals than in the wild-type animals
s early as 3 days, and only knockout animals
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MMPs in kidney disease progression and repair 355
isplayed an increment in pulse pressure after
0 days of AngII infusion.19

To investigate the blood-pressure effect of
MP-9 deficiency further, animals were treated
ith AngII (1 �g/kg/min, 10 days) plus 5% NaCl
iet. In wild-type mice, this regimen increased
he carotid artery pressure–diameter relation-
hip significantly (eg, the vessel wall compli-
nce), whereas in MMP-9�/� mice carotid artery
ompliance actually was reduced after AngII
reatment.19 In comparison, compliance of re-
istance vessels was unaffected by AngII treat-
ent in either phenotype. AngII induced
MP-2 and increased carotid media thickness

qually in both phenotypes. However, only
ild-type mice showed MMP-9 induction and

nhanced in situ gelatinase activity on AngII
reatment, and vessels from these mice also
roduced more collagen breakdown products
CITP) than their MMP-9�/� counterparts. In-
ersely, staining for collagen IV was particularly
nhanced in vessels from MMP-9�/� mice
reated with AngII. These results show that (1)
he onset of AngII-induced hypertension is ac-
ompanied by increased MMP-9 activity in con-
uctance vessels, concurrent with an increase

n vessel distensibility; (2) absence of MMP-9
ctivity results in vessel stiffness and increased
ulse pressure; and (3) MMP-9 activation plays
beneficial role early on hypertension by pre-

erving vessel structure and alleviating blood
ressure increase. This suggests that, at least in

igure 2. The lack of MMP-9 is accompanied by an
arly increase of systolic pressure. Rats were treated with
-NAME, an inhibitor of NO synthase, or AngII, for 13
nd 3 days, respectively. *P � .01 vs control; #P � .01
ild-type vs knockout (original data).
he short term, MMP activation exerts a benefi- b
ial effect by counteracting the prohypertensive
timulus. Of note, hypertension-induced vessel
hickening and medial hypertrophy were similar
n wild-type and knockout animals, indicating that
rganization of the vessel wall components,
ather than medial mass, is the primary determi-
ant of compliance. The involvement of MMP-9 in
he reorganization of a collagenous matrix also
as observed in experiments using MMP-9–defi-

ient aortic smooth muscle cells that showed
ecreased migratory activity and reduced ca-
acity to contract collagen, compared with
ild-type cells.20

In the setting of long-term NO synthase inhi-
ition, plasminogen activator inhibitor-1 defi-
iency alone is sufficient to protect against the
tructural vascular changes that accompany hy-
ertension.21 Whether this effect is mediated, at

east partly, by overactivation of gelatinases,
articularly MMP-9, remains to be established.

ual Role of Gelatinases in Progressive
idney Disease: Case of Experimental AS

ignificant advances were made recently in un-
erstanding the role of MMPs, particularly gela-
inases, in the progression of renal disease by
sing an animal model of AS deficient in the �3
hain of type IV collagen (�3[IV]).11 GBM, a key
omponent of the blood-filtration system, is
ormed through the assembly of type IV colla-
en with laminins, nidogen, and sulfated pro-
eoglycans. Mutations or deletions involving
3(IV), �4(IV), or �5(IV) chains of type IV
ollagen have been identified as the cause for
S in human beings, a progressive hereditary
isease associated with deafness. Previous stud-

es have suggested that abnormal persistence of
1(IV) and �2(IV) isoforms instead of �3(IV),
4(IV), and �5(IV) chains is associated with an

ncreased susceptibility to proteases.22 How-
ver, studies using mice that are deficient in
oth the �3(IV) chain of type IV collagen and
MP-9 failed to provide evidence for the role of
MP-9 in the initiation and progression of renal
isease.23

Zeisberg et al11 confirmed that proteolysis of
uman as well as mouse Alport BM was en-
anced significantly compared with normal BM
y MMP-2, MMP-3, and MMP-9. At 4 weeks (eg,

efore the onset of proteinuria in the �3(IV)�/�
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356 P. Ronco et al
ice), MMP-2, MMP-3, and MMP-9 levels were
p-regulated significantly in glomeruli, whereas
fter 8 weeks of age (when glomerular kidney
isease is established and progresses toward
ubulointerstitial fibrosis), MMP expression
pread from the glomeruli into the tubulointer-
titial compartment. Genetic ablation of either
MP-2 or MMP-9, or both MMP-2 and MMP-9,

ed to compensatory up-regulation of other
MPs in the kidney glomerulus, which most

ikely accounts for the lack of aggravated phe-
otype in the double-knockout MMP-9�/� and
3(IV)�/� mice as compared with the
3(IV)�/� mice that express normal levels of
MP-9.23 To evaluate the impact of type IV

ollagen–degrading proteases on the progres-
ion of kidney disease associated with AS, com-
ined pharmacologic inhibitors of MMP-2,
MP-3, and MMP-9 were administered orally to

he �3(IV)�/� mice. Pharmacologic ablation of
nzymatic activity before the onset of protein-
ria and GBM structural defects led to signifi-
ant attenuation in the disease progression as-
ociated with delayed proteinuria and markedly
rolonged survival (Fig. 3). In contrast, inhibi-
ion of MMPs after induction of proteinuria led
o the acceleration of disease associated with
xtensive interstitial fibrosis and early death.

These important findings suggest that at early
tages MMPs help to break down the GBM,
hereas at later stages they may help to remove

CM associated with scarring and fibrosis. This
robably may apply to a number of pathologic
onditions.

MT: A Deleterious Side Effect of
elatinase-Induced BM Degradation

he beneficial effect of MMP-9 on renal disease
rogression at later stages of AS may represent
nly part of the picture. By degrading type IV
ollagen, gelatinases also theoretically may ag-
ravate disease progression via EMT, a central
echanism for diversifying the cells found in

omplex tissues. Studies on renal fibrosis in-
eed suggest that a third of all disease-related
broblasts originate from tubular epithelia at
he side of injury after unilateral ureteral ob-
truction,24 although this proportion may be
uch lower in other pathologic settings. In the

ast 5 years, experimental evidence has accu- m
igure 3. Effect of combined MMP inhibition on the
rogression of renal disease in �3(IV)�/� mice. (A–D) In situ
ymography displayed gelatin-degrading activity in nor-
al kidney (A), which was increased substantially in kid-

eys of 14-week-old COL4A3 �/� mice (B). Incubation
ith the MMP-2, MMP-3, or MMP-9–inhibitor cocktail

ignificantly blocked MMP activities in kidneys from
C) wild-type mice and (D) kidneys from COL4A3�/�

ice. (E and F) Renal function in �3(IV)�/� mice. (E)
rinary protein excretion was measured in 24-hour met-
bolic cage collections. (F) Serum creatinine level was
etermined biweekly. The graphs display the progres-
ion of urinary protein excretion and serum creatinine
evels from 4 to 14 weeks of age. In each panel, disease
rogression is shown in untreated control mice (black),

n mice that received MMP-inhibitors starting at 5 weeks
f age (red), and in mice that received MMP-inhibitors
tarting at 8 weeks of age (green). Reprinted with per-

ission from Zeisberg et al.46
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MMPs in kidney disease progression and repair 357
ulated in favor of the implication of both
MP-2 and MMP-9 in this process.
Cheng and Lovett15 showed that active

MP-2 is absolutely required for EMT induced
y TGF-�1. In addition, purified active MMP-2
lone is sufficient to induce EMT in the absence
f exogenous TGF-�1. MMP-2 also may mediate
MT in a paracrine manner through the proteo-

ytic generation of active TGF-�1 peptide.
hese results obtained in cell culture were con-
rmed recently by the same group13 in mice
verexpressing constitutively active MMP-2
pecifically in the renal proximal tubule. This
MP-2 expression is sufficient to generate the

ntire spectrum of pathologic and functional
hanges characteristic of human chronic kid-
ey disease. At the earliest point, MMP-2 leads
o structural alterations in the tubular BM
TBM), a process that triggers tubular EMT,
ith resultant tubular atrophy, fibrosis, and re-
al failure.

A role for MMP-9 also has been established in
ice with ablation of tissue-type plasminogen

ctivator, which actually protects the kidney
rom developing interstitial fibrosis in obstruc-
ive nephropathy.14 The pathogenic effect of
issue-type plasminogen activator in this model
rimarily depends on its ability to induce
MP-9 gene expression. Increased MMP-9 dis-

upts the integrity of tubular BM, which pro-
otes EMT.
A recent study also showed that MMP-3 in-

uced Rac1 expression, which causes an in-
rease in cellular reactive oxygen species and

Table 1. Cleavage of Nonmatrix Substrates by

In Vitro

Plasminogen ¡ angiostatin
Cytokines (IL-1�, tumor necrosis factor-�, IL-10)
IL-2 receptor (� chain)
CXC-chemokines (IL-8, Gro-�, SDF-1, PF-4)
TGF-�
Insulin, substance P
Big ET-1 ¡ ET1
A� amyloid peptide
NOTE. Italics denote activation or induction by MMP-9.
romotes EMT.25 M
Overall, these data suggest that in conditions
uch as unilateral ureter obstruction, in which
MT seems quantitatively important, gelati-
ases may have the potential to induce EMT
nd aggravate the renal disease. In contrast, in
ettings in which EMT is low, gelatinases may
low down renal disease progression by pre-
enting the accumulation of ECM.

AILS: NONMATRICIAL
FFECTS OF MMPS: TOWARD NEW
UBSTRATES AND BIOLOGICAL
CTIVITIES

n the past few years, it has become clear that
MP substrates are far from being limited to

CM components.2 The ability of these en-
ymes to cleave biologically active peptides in-
luding cytokines and chemokines can indeed
verride their ECM proteolytic actions in some,

f not many, pathologic conditions. It is beyond
he scope of this article to review all nonmatri-
ial effects of MMPs. We concentrate on gelati-
ases, and particularly MMP-9, to illustrate the
ultiplicity of potential substrates and of result-

ng biological activities.
The number of nonmatrix molecules that

ay serve as substrates for MMP-9 is increasing
ontinuously (Table 1). In vitro, MMP-9 was
hown to activate and/or induce interleukin
IL)-1�, tumor necrosis factor-�, IL-8, IL-10,
GF-�, and endothelin-1, whereas it cleaves the

L-2 receptor � chain, several CXC-chemokines,
nsulin, substance P, and A�-amyloid peptide.3

P-9

In Vivo

�1-proteinase inhibitor
Fibrin
�1-crystallin
Stem cell factor
MM
ore importantly, it was shown that MMP-9
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358 P. Ronco et al
ould degrade in vivo the �1-proteinase inhibi-
or,26 which is a major antagonist of neutrophil
lastase, fibrinogen and fibrin,27 and lens �B1
rystallin.28 MMP-9 also can activate the stem
ell factor in vivo by releasing its soluble form
rom the membrane precursor, which triggers
ematopoietic reconstitution after bone mar-
ow ablation.29

Similar to its dual effects on fibrogenesis,
MP-9 can exert antagonistic effects in renal

nflammation and injury. On one hand, MMP-9
an behave as a proinflammatory mediator and
amage the kidney through activation of proin-
ammatory molecules, as indicated in the pre-
ious paragraph. On the other hand, MMP-9 can
xert opposite anti-inflammatory protective ef-
ects through activation of TGF-�,30 degradation
f IL-1�, and cleavage of the IL-2 receptor.
herefore, MMP-9 effects may vary from one
odel/pathologic condition to another, de-
ending on the inflammatory pathways that are

nvolved.
By using MMP-9–deficient mice, it was

hown that the absence of MMP-9 protected
ice from experimental autoimmune encepha-

omyelitis31 and bullous pemphigoid (BP).26,32

hree- to 4-week-old mice were resistant to
utoimmune encephalomyelitis, whereas no
ifferences in mortality, incidence, mean day of
nset, and mean disease score were observed in
dult MMP-9�/� versus control mice, suggesting
he action of alternative or compensatory path-
ays by other MMPs. Young MMP-9�/� mice

howed a significant reduction in infiltrated
eutrophils in comparison with controls,
hich may be compatible with the observation

hat MMP-9 activates IL-8, a potent neutrophil
hemoattractant. Cleaved �-1-proteinase inhib-
tor, a product of MMP-9 action, also is a potent
hemoattractant for neutrophils. Experimental BP
icely illustrates the point that despite broad sub-
trate specificity of MMP-9 against ECM substrates
n vitro, specificity in vivo is yet highly restricted,

hich may represent a general paradigm for
ther MMPs. BP is an immune inflammatory skin
isease that is initiated by deposition of autoan-
ibodies and complement components at the
M zone. The 180-kd transmembrane hemides-
osomal protein BP180 (type XVII collagen), a
arget of autoantibodies, is cleaved during BP, a
nd this is accompanied by separation of the
pidermis from the dermis and intense neutro-
hil infiltration. Mice deficient in either MMP-9
r neutrophil elastase (NE) are resistant to blis-
er formation in response to anti-BP180 antibod-
es in a mouse model. Disease develops on
omplementation of MMP-9�/� mice with
E�/� neutrophils or NE�/� mice with MMP-
�/� neutrophils.26 Although MMP-9 has been
hown to cleave BP180 in vitro, only NE de-
rades BP180 and produces dermal-epidermal
eparation in vivo. Instead, MMP-9 acts up-
tream to regulate NE activity by inactivating
1-proteinase inhibitor.

ole of MMPs in Crescentic
lomerulonephritis: Case of
xperimental Anti-GBM Nephritis

y analogy with the results observed in exper-
mental BP, in which the initial lesion affects
he BM, we asked whether MMP-9 deficiency
lso could protect mice in the accelerated
odel of anti-GBM nephritis. We speculated

hat crescent formation would be less in MMP-
�/� mice because MMP-9 can cleave almost all
BM components, particularly type IV colla-
en, and thus favor the issue of fibrin in the
rinary space. Surprisingly, renal failure, pro-
ein loss, and glomerular lesions were more
evere in MMP-9�/� mice that showed exten-
ive crescent formation with more abundant
brin deposits as compared with control
ice.27 The increased severity of the disease

ould not be accounted for by increased anti-
ody deposition at the GBM, increased macro-
hage infiltration, or changes in IL-1� and IL-10
roduction by the diseased glomeruli. The
reater extent of fibrin deposits and crescents
n MMP-9�/� mice led us to identify fibrin as a
ovel non-ECM substrate of MMP-9 (Fig. 4).27

e showed that MMP-9 could degrade fibrino-
en and fibrin in vitro by using zymography, as
ell as fibrin deposits in situ in crescentic glo-
eruli. These results indicate that MMP-9, sim-

lar to plasmin, contributes to fibrinolytic activ-
ty in this model, thus reducing accumulation of
brin, an important mediator of glomerular in-

ury.
In contrast to MMP-9, macrophage met-
lloelastase MMP-12 seems to play a protective
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MMPs in kidney disease progression and repair 359
ole in a similar anti-GBM model in the rat.
rescent formation and macrophage infiltration
ere reduced significantly in rats treated with

ntirat recombinant MMP-12 antibody, and the
mount of urinary protein also was decreased.33

In human antineutrophil cytoplasmic antibod-
–associated glomerulonephritis, in which fibrin
eposits often are extensive, MMP-2-, MMP-3-,
MP-9-, and TIMP-1–positive cells were detected

n crescentic glomeruli, with the number of MMP-
–expressing cells per glomerulus correlating to

he percentage of crescentic glomeruli.34 In-
reased glomerular expression of MMP-9, but not

igure 4. Fibrinolytic activity of MMP-9. (A) Zymogram
g of activated recombinant mouse MMP-9 were loaded
pplied to a fibrin gel. Note a lytic band at the expected
roportional to the quantity of MMP-9. Lytic activity was

ncorporated into the fibrin gel (300 ng plus TIMP1). (B
nalysis of 10 �g fibrinogen and 3 �g fibrin after a 24-
ecombinant mouse MMP-9 alone or in the presence o
Phen.]) or of a plasmin inhibitor (8 U aprotinin [Aprot.])
compare MMP-9 with control), and that degradation w

MP-9) but not by aprotinin (MMP-9 � Aprot. versu
referentially degraded by MMP9 (MMP-9 versus cont
prot. versus MMP-9). Reproduced from Journal of Ex
ockefeller University Press.27
f MMP-2, also has been reported in human im- t
unoglobulin A nephropathy, mesangial prolifer-
tive glomerulonephritis, and lupus nephritis.35

It is clear that all of the substrates of MMPs
ave not been discovered yet, and that the
any ways in which these enzymes can influ-

nce complex biological processes is just begin-
ing to be unveiled. It also has become evident
hat the ECM degradation products released by
MPs can have important biological actions, as
reviously shown for laminin-536 and tumsta-
in.37 Previous assumptions about the antifi-
rotic role of MMPs in renal disease progression
ppear to be overly simplistic. The effect of

rmed on fibrin gel. A total of 300 ng, 150 ng, and 50
sodium dodecyl sulfate polyacrylamide gels that were

ular size for the active form of MMP-9. Its intensity was
ited when 10 �g/mL of recombinant human TIMP1 was
ium dodecyl sulfate-polyacrylamide gel electrophoresis
hour incubation, respectively, with 300 ng of activated
talloprotease inhibitor (1 mmol/L 1,10-phenanthroline
that MMP-9 degraded A� and B� chains of fibrinogen
ibited by 1,10-phenanthroline (MMP-9 � Phen versus

P-9). The achain and apolymers of fibrin chains were
egradation was not inhibited by aprotinin (MMP-9 �
ental Medicine, 2001, 193:793-802. Copyright 2001
perfo
on 8%
molec
inhib
) Sod

or 72-
f a me
. Note
as inh

s MM
rol). D
perim
hese enzymes probably depends on the nature
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360 P. Ronco et al
nd etiologies of the diseases as well. The avail-
bility of double- and triple-MMP knockout
ice hopefully will provide valuable informa-

ion about which MMP family members to tar-
et for therapeutic interventions.

HERAPEUTIC PERSPECTIVES
ND FUTURE DIRECTIONS

he presence of MMP-2 and MMP-9 in malignant
nd metastatic cells generated increased interest
n the 1990s in developing pharmaceutical inhib-
tors. These inhibitors can be divided into 3 cate-
ories: peptidomimetics, nonpeptidomimetics,
nd tetracycline derivatives. Peptidomimetics (eg,
atimastat and Marmistat) contain a sequence
hat resembles MMP substrates but are relatively
onspecific. They have shown limited benefit in
dvanced cancer, with intolerance as a result of
oint and muscle pain. The nonpeptidomimetics
eg, Bay 12-9566 and Prinomastat) were synthe-
ized to resemble the catalytic pocket of MMPs.
ome of these compounds are more selective for
elatinases38 and for MMP-3.39 They have been
ested on patients with advanced cancer. Al-
hough side effects are not an issue, phase III trials
ere stopped because of a lack of efficacy.40

etracycline, doxycycline, and chemically modi-
ed tetracyclines all can decrease MMP produc-
ion and activity. Doxycycline has been used suc-
essfully to prevent periodontitis, a disease in
hich the inflammatory cytokines that are elic-

ted by bacteria in the gingival tissues result in
ubstantial connective-tissue destruction by
MPs and loss of teeth.41

In renal diseases, MMP nonpeptidomimetic in-
ibitors have been used recently in experimental
odels of AS and chronic allograft nephropathy.

n AS, MMP inhibitors induced significant attenu-
tion of renal disease when administered at an
arly phase before the onset of proteinuria.11 But
f this window of opportunity was lost, MMP
nhibition at the later stages led to significant
cceleration of glomerular and interstitial fibrosis.
imilarly, inhibition of MMPs early after transplan-
ation reduced the development and progression
f chronic allograft nephropathy, but promoted
hronic allograft nephropathy if initiated at later
tages.42 There is, to our knowledge, no informa-
ion on the effect of MMP inhibitors in acute renal

ailure related to tubular cell injury, but interest-
ng lessons may be drawn from their use in stroke.
arlier studies supported the view that inhibiting
MP-9 after stroke is neuroprotective.43 MMP in-
ibitors ameliorate blood-brain barrier disruption
nd reperfusion injury. In contrast, a recent study
uggested that late inhibition of MMP-9 is detri-
ental44 because it prevents activation of vascular

ndothelial growth factor, which has an impor-
ant role during neurovascular repair after stroke.

Theses findings illustrate that the major chal-
enge with therapeutic interventions using MMP
nhibitors remains how to accomplish temporal
nd spatial control of their activity in a target
rgan, tissue, or system. The kidney is no excep-
ion. Given the multiple targets of MMPs, and
heir variable implications depending on the stage
nd etiology of the nephropathy, it is premature
o predict the therapeutic usefulness of the ma-
rix-degrading enzymes or their inhibitors in hu-
an renal diseases, and particularly in those lead-

ng to renal fibrosis. It seems mandatory to first
dentify stage-specific biomarkers and to further
nravel the pathways in which MMPs are in-
olved in a given nephropathy before transferring
he use of MMP inhibitors to the renal patient.
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