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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.
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atrix metalloproteinases (MMPs) were
Mdiscovered more than 40 years ago

when Gross and Lapiere! identified an
activity that was present during metamorphosis
in tadpoles, which had the ability to degrade
rigid rods of collagen. This activity turned out
to be interstitial collagenase, an enzyme with an
almost singular ability to degrade the collagen
triple helix at neutral pH. Interstitial collag-
enases (MMP-1, -8, -13, -18) are the first mem-
bers of an ever-growing large family of zinc-
requiring enzymes, which also include
gelatinases (MMP-2,-9), stromelysins (MMP-3,-
10), matrilysins (MMP-7, -11,-26), macrophage
elastase (MMP-12), and membrane-type MMPs
(MMP-14 to -17, -24, -25). Those family mem-
bers have dedicated substrate specificities that
allow the MMPs to degrade synergistically all
components of the extracellular matrix (ECM)
in a concerted manner. MMPs thus are involved
in a variety of pathophysiologic processes in
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which tissue remodeling plays a major role
such as embryonic development, angiogenesis,
invasive cell behavior, inflammation, wound
healing, and fibrosis.

However, we have learned that MMP roles are
not just limited to matrix degradation.? MMPs are
involved in proteolytic activation or degradation
of nonmatrix susbstrates including cytokines, che-
mokines, and growth factors. Their regulation
also is complex because it occurs at different
levels including gene transcription, glycosylation,
cell trafficking and secretion, activation of latent
forms, specific inhibition by the tissue inhibitors
of metalloproteases (TIMP), and binding to cell
receptors that concentrate their proteolytic activ-
ity in discrete areas of the cell membrane (Fig.
1). Both the multiplicity of their targets and the
complexity of their regulation account for a
variety of biological effects, which sometimes
could be opposite and make it difficult to pre-
dict the role of MMPs in a given pathophysio-
logic condition. Thus, it is important to realize
that in renal diseases MMP effects may be dif-
ferent and/or opposite during the different
phases 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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Figure 1. Regulation of MMPs at 3 levels: gene tran-
scription, activation of latent proenzyme, and via TIMPs.
TNF, tumor necrosis factor. Reprinted with permission
from Donnelly R, Collinson D], Manning G. Hyperten-
sion, metalloproteinases and target organ damage. | Hy-
pertens. 2003;21:1627-30.4°

MMPs that degrade gelatins (denatured collag-
ens), and basement membrane (BM) compo-
nents, mostly type IV collagen. Glomerular and
tubular BMs are known to play a key role in
induction, progression, and repair of renal dis-
ease because BM damage is a major event in
crescentic glomerulonephritis, Alport’s syn-
drome (AS), and epithelial to mesenchymal
transition (EMT) of epithelial tubular cells. In
addition, MMP-9 can cleave type V collagen,
aggrecan, and elastin,> whereas MMP-2 can de-
grade fibronectin and laminin.

Unlike MMP-2, which mostly is expressed
constitutively, MMP-9 has a restricted pattern of
expression in developmental and adult tissues,’
and is highly regulated by many cytokines and
growth factors. MMP-2 and MMP-9 also differ by
their mode of activation because pro-MMP-2 is

activated at the cell surface by a membrane-
type MMP, whereas the activation of pro-
MMP-9 mostly occurs via plasmin(ogen)-depen-
dent and -independent mechanisms.*

Both MMP-2 and MMP-9 also have the ability
to form proenzyme complexes with their en-
dogenous inhibitors, the TIMPs. TIMP-1 and
TIMP-2 are the main inhibitors of MMP-9 and
MMP-2, respectively.> A greater degree of com-
plexity results from the fact that MMP-2 activa-
tion requires the binding of TIMP-2. However,
TIMP-1 and TIMP-2 functions are not limited to
MMP regulation, but also involve apoptosis and
cell growth-modulating activity independently
of MMP inhibition.®” In addition to TIMPs, a2-
macroglobulin, tissue factor protease inhibi-
tor-2, and thrombospondins® are natural inhib-
itors of gelatinases.

HEADS: ROLE OF
MMPS IN ECM REMODELING

Matrix homeostasis in normal tissues is a bal-
ance between matrix production and degrada-
tion. The excessive matrix accumulation seen
in fibrotic kidney results from a combination of
overproduction of matrix components and de-
fective degradation. This notion is supported by
many observations showing that TIMP-1 and
plasminogen activator inhibitor-1, a potent in-
hibitor of the fibrinolytic cascade, are up-regu-
lated in a diseased kidney. About 30 matrix
proteins have been characterized as substrates
of MMP in vitro. Nonetheless, the dogma that
the main role of the MMPs is to cleave matrix
proteins is still controversial for at least 3 rea-
sons. First, only 2 matrix proteins, collagen type
IV and aggrecan, were shown to be cleaved in
vivo.>!! Second, recent studies using knock-
out mice have painted a different and com-
plex picture of the function of MMPs (and of
the plasminogen/plasmin system as well) in re-
lation to fibrotic lesions in vivo. Except for the
membrane type 1 MMP- deficient mice that de-
velop fibrosis of soft tissues,'? other MMP
knockout mice do not spontaneously develop
tissue fibrosis, although this may be explained
in some cases by redundancy (eg, compensa-
tion by other MMPs).!! Even more, transgenic
mice overexpressing MMP-2 display fibrotic le-
sions.!3 Last but not least, no side effects rela-
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tive to connective tissue were reported in tu-
mor treatment studies using MMP inhibitors.
These results raise the question: can MMP really
help to prevent or resolve fibrosis in pathologic
conditions?

Because gelatinases degrade BM compo-
nents, it initially was suggested that they could
have a deleterious effect in inflammatory glo-
merulonephritis involving lesions of the glo-
merular BM (GBM), but that they could prevent
accumulation of BM material in chronic renal
disease. From a theoretic point of view, gelati-
nases can have opposite effects on the develop-
ment of renal fibrosis and progression of renal
diseases. On the one hand, MMP-9 usually is
considered as an antifibrotic enzyme because it
cleaves type IV collagen and particularly dena-
tured collagens that result from the action of
interstitial collagenases. On the other hand,
MMP-9 also can be viewed as a profibrotic agent
because it activates transforming growth factor
B (TGF-B) and endothelin-1°> and the degrada-
tion of type IV collagen may favor EMT of tu-
bule epithelial cells.'* Furthermore, MMP-2 was
found to be necessary and sufficient to induce
tubular cell EMT in vitro.'> The role of MMP-2
and MMP-9 in renal disease progression in vivo
was investigated recently by using pharmaco-
logic agents and knockout mice.

Role of Gelatinases
in Hypertensive Nephrosclerosis
and Vascular Remodeling

To address the question regarding the role of
gelatinases in hypertensive nephrosclerosis and
vascular remodeling, hypertension and renal
failure were induced by inhibiting nitric oxide
(NO) synthesis in rats.'® After 1 month of hy-
pertension, animals displayed a decrease of re-
nal function (evidenced by increased levels of
plasma creatinine with proteinuria), an exag-
gerated gene and protein expression of TGF-£3,
collagen I and collagen IV within the renal vas-
culature, and an abnormal accumulation of
ECM in glomeruli. These structural and func-
tional alterations were accompanied by in-
creased activities of MMP-2 and MMP-9. The
administration of an angiotensin II (AnglD)-re-
ceptor antagonist immediately decreased colla-
gen I, collagen IV, and TGF- gene and protein

expressions without affecting the activities of
MMP-2 and MMP-9. These cellular alterations
were accompanied by a gradual regression of
glomerulosclerosis and restoration of renal
function; after 1 month of antihypertensive
treatment, all functional and structural parame-
ters of the kidney were normalized.

The mechanism of regression, at least in the
NO model, appears to be dual: inhibition of
collagen synthesis as a result of angiotensin II
type 1 (AT1)-receptor antagonism and activa-
tion of MMP that probably is associated with
the degree of fibrosis independently of AT1
blockade. These results are corroborated by the
observation that in experimental models and
human diseases in which ECM accumulation is
observed, fibrosis most often is accompanied
by a sustained increase in MMP expression. The
up-regulated MMP expression presumably re-
flects cellular compensatory mechanisms aimed
at limiting the rate of matrix accumulation. It is
likely but still not proved that integrins and
other ECM receptors, including the discoidin
domain receptor of collagen, inform the cells
that ECM is accumulating in the cellular micro-
environment, thus triggering a cascade of
events that leads to sustained MMP synthesis
and activity.!”

Because MMP-9 - deficient mice show a mild
renal phenotype characterized by a 12% reduc-
tion in nephron number without renal impair-
ment in the first 6 months of life,'8 we reasoned
that these mice could be used to evaluate how
MMP-9 contributes to the progression of hyper-
tensive nephrosclerosis in vivo. We expected
that MMP-9 deficiency would have no impact
on blood pressure, which is a prerequisite to
investigate the protective effect of MMP-9 on
renal fibrosis irrespective of systemic hemody-
namics. Although the baseline blood pressure
was similar in wild-type and MMP-9~/~ mice,
the increase in blood pressure was significantly
greater in MMP-9~/~ mice treated with NG-ni-
tro-L-arginine methyl ester (I-NAME) (which in-
hibits NO synthase), AngllI, or L-NAME plus salt
(which increases mouse sensitivity to NO inhi-
bition)!® (Fig. 2). In the last 2 models, the sys-
tolic pressure increment was more important in
MMP-9~/~ animals than in the wild-type animals
as early as 3 days, and only knockout animals
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Figure 2. The lack of MMP-9 is accompanied by an
early increase of systolic pressure. Rats were treated with
L-NAME, an inhibitor of NO synthase, or Angll, for 13
and 3 days, respectively. *P < .01 vs control; #P < .01
wild-type vs knockout (original data).

displayed an increment in pulse pressure after
10 days of AnglI infusion.'®

To investigate the blood-pressure effect of
MMP-9 deficiency further, animals were treated
with AnglII (1 pg/kg/min, 10 days) plus 5% NaCl
diet. In wild-type mice, this regimen increased
the carotid artery pressure-diameter relation-
ship significantly (eg, the vessel wall compli-
ance), whereas in MMP-9~/~ mice carotid artery
compliance actually was reduced after Angll
treatment.'” In comparison, compliance of re-
sistance vessels was unaffected by AnglI treat-
ment in either phenotype. Angll induced
MMP-2 and increased carotid media thickness
equally in both phenotypes. However, only
wild-type mice showed MMP-9 induction and
enhanced in situ gelatinase activity on Angll
treatment, and vessels from these mice also
produced more collagen breakdown products
(CITP) than their MMP-9~/~ counterparts. In-
versely, staining for collagen IV was particularly
enhanced in vessels from MMP-9™/~ mice
treated with Angll. These results show that (1)
the onset of Angll-induced hypertension is ac-
companied by increased MMP-9 activity in con-
ductance vessels, concurrent with an increase
in vessel distensibility; (2) absence of MMP-9
activity results in vessel stiffness and increased
pulse pressure; and (3) MMP-9 activation plays
a beneficial role early on hypertension by pre-
serving vessel structure and alleviating blood
pressure increase. This suggests that, at least in
the short term, MMP activation exerts a benefi-

cial effect by counteracting the prohypertensive
stimulus. Of note, hypertension-induced vessel
thickening and medial hypertrophy were similar
in wild-type and knockout animals, indicating that
organization of the vessel wall components,
rather than medial mass, is the primary determi-
nant of compliance. The involvement of MMP-9 in
the reorganization of a collagenous matrix also
was observed in experiments using MMP-9 - defi-
cient aortic smooth muscle cells that showed
decreased migratory activity and reduced ca-
pacity to contract collagen, compared with
wild-type cells.?°

In the setting of long-term NO synthase inhi-
bition, plasminogen activator inhibitor-1 defi-
ciency alone is sufficient to protect against the
structural vascular changes that accompany hy-
pertension.?! Whether this effect is mediated, at
least partly, by overactivation of gelatinases,
particularly MMP-9, remains to be established.

Dual Role of Gelatinases in Progressive
Kidney Disease: Case of Experimental AS

Significant advances were made recently in un-
derstanding the role of MMPs, particularly gela-
tinases, in the progression of renal disease by
using an animal model of AS deficient in the o3
chain of type IV collagen (a3[IV]).!! GBM, a key
component of the bloodiltration system, is
formed through the assembly of type IV colla-
gen with laminins, nidogen, and sulfated pro-
teoglycans. Mutations or deletions involving
a3(dV), a4(dV), or a5(IV) chains of type IV
collagen have been identified as the cause for
AS in human beings, a progressive hereditary
disease associated with deafness. Previous stud-
ies have suggested that abnormal persistence of
al(V) and «2(dV) isoforms instead of a3(IV),
a4(dV), and a5(IV) chains is associated with an
increased susceptibility to proteases.?> How-
ever, studies using mice that are deficient in
both the a3(IV) chain of type IV collagen and
MMP-9 failed to provide evidence for the role of
MMP-9 in the initiation and progression of renal
disease.?

Zeisberg et al'! confirmed that proteolysis of
human as well as mouse Alport BM was en-
hanced significantly compared with normal BM
by MMP-2, MMP-3, and MMP-9. At 4 weeks (eg,
before the onset of proteinuria in the a30V) ™/~
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mice), MMP-2, MMP-3, and MMP-9 levels were
up-regulated significantly in glomeruli, whereas
after 8 weeks of age (when glomerular kidney
disease is established and progresses toward
tubulointerstitial fibrosis), MMP expression
spread from the glomeruli into the tubulointer-
stitial compartment. Genetic ablation of either
MMP-2 or MMP-9, or both MMP-2 and MMP-9,
led to compensatory up-regulation of other
MMPs in the kidney glomerulus, which most
likely accounts for the lack of aggravated phe-
notype in the double-knockout MMP-9~/~ and
a3(dV)/~ mice as compared with the
a3(IV)™/~ mice that express normal levels of
MMP-9.2> To evaluate the impact of type IV
collagen- degrading proteases on the progres-
sion of kidney disease associated with AS, com-
bined pharmacologic inhibitors of MMP-2,
MMP-3, and MMP-9 were administered orally to
the o3(IV)~/~ mice. Pharmacologic ablation of
enzymatic activity before the onset of protein-
uria and GBM structural defects led to signifi-
cant attenuation in the disease progression as-
sociated with delayed proteinuria and markedly
prolonged survival (Fig. 3). In contrast, inhibi-
tion of MMPs after induction of proteinuria led
to the acceleration of disease associated with
extensive interstitial fibrosis and early death.

These important findings suggest that at early
stages MMPs help to break down the GBM,
whereas at later stages they may help to remove
ECM associated with scarring and fibrosis. This
probably may apply to a number of pathologic
conditions.

EMT: A Deleterious Side Effect of
Gelatinase-Induced BM Degradation

The beneficial effect of MMP-9 on renal disease
progression at later stages of AS may represent
only part of the picture. By degrading type IV
collagen, gelatinases also theoretically may ag-
gravate disease progression via EMT, a central
mechanism for diversifying the cells found in
complex tissues. Studies on renal fibrosis in-
deed suggest that a third of all disease-related
fibroblasts originate from tubular epithelia at
the side of injury after unilateral ureteral ob-
struction,?* although this proportion may be
much lower in other pathologic settings. In the
past 5 years, experimental evidence has accu-
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Figure 3. Effect of combined MMP inhibition on the
progression of renal disease in a3(IV)~/~ mice. (A-D) In situ
zymography displayed gelatin-degrading activity in nor-
mal kidney (A), which was increased substantially in kid-
neys of 14-week-old COL4A3 ~/~ mice (B). Incubation
with the MMP-2, MMP-3, or MMP-9—inhibitor cocktail
significantly blocked MMP activities in kidneys from
(C) wild-type mice and (D) kidneys from COL4A3~/~
mice. (E and F) Renal function in «3(/V)~/~ mice. (E)
Urinary protein excretion was measured in 24-hour met-
abolic cage collections. (F) Serum creatinine level was
determined biweekly. The graphs display the progres-
sion of urinary protein excretion and serum creatinine
levels from 4 to 14 weeks of age. In each panel, disease
progression is shown in untreated control mice (black),
in mice that received MMP-inhibitors starting at 5 weeks
of age (red), and in mice that received MMP-inhibitors
starting at 8 weeks of age (green). Reprinted with per-
mission from Zeisberg et al.4¢
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Table 1. Cleavage of Nonmatrix Substrates by MMP-9

In Vitro

In Vivo

Plasminogen — angiostatin

Cytokines (IL-1B, tumor necrosis factor-a, IL-10)
IL-2 receptor (« chain)

CXC-chemokines (/L-8, Gro-a, SDF-1, PF-4)

TGF-B
Insulin, substance P
Big ET-1 — ETT

AB amyloid peptide

al-proteinase inhibitor
Fibrin

B1-crystallin

Stem cell factor

NOTE. Italics denote activation or induction by MMP-9.

mulated in favor of the implication of both
MMP-2 and MMP-9 in this process.

Cheng and Lovett'> showed that active
MMP-2 is absolutely required for EMT induced
by TGF-1. In addition, purified active MMP-2
alone is sufficient to induce EMT in the absence
of exogenous TGF-31. MMP-2 also may mediate
EMT in a paracrine manner through the proteo-
Iytic generation of active TGF-1 peptide.
These results obtained in cell culture were con-
firmed recently by the same group!® in mice
overexpressing constitutively active MMP-2
specifically in the renal proximal tubule. This
MMP-2 expression is sufficient to generate the
entire spectrum of pathologic and functional
changes characteristic of human chronic kid-
ney disease. At the earliest point, MMP-2 leads
to structural alterations in the tubular BM
(TBM), a process that triggers tubular EMT,
with resultant tubular atrophy, fibrosis, and re-
nal failure.

A role for MMP-9 also has been established in
mice with ablation of tissue-type plasminogen
activator, which actually protects the kidney
from developing interstitial fibrosis in obstruc-
tive nephropathy.!* The pathogenic effect of
tissue-type plasminogen activator in this model
primarily depends on its ability to induce
MMP-9 gene expression. Increased MMP-9 dis-
rupts the integrity of tubular BM, which pro-
motes EMT.

A recent study also showed that MMP-3 in-
duced Racl expression, which causes an in-
crease in cellular reactive oxygen species and
promotes EMT.?>

Overall, these data suggest that in conditions
such as unilateral ureter obstruction, in which
EMT seems quantitatively important, gelati-
nases may have the potential to induce EMT
and aggravate the renal disease. In contrast, in
settings in which EMT is low, gelatinases may
slow down renal disease progression by pre-
venting the accumulation of ECM.

TAILS: NONMATRICIAL

EFFECTS OF MMPS: TOWARD NEW
SUBSTRATES AND BIOLOGICAL
ACTIVITIES

In the past few years, it has become clear that
MMP substrates are far from being limited to
ECM components.? The ability of these en-
zymes to cleave biologically active peptides in-
cluding cytokines and chemokines can indeed
override their ECM proteolytic actions in some,
if not many, pathologic conditions. It is beyond
the scope of this article to review all nonmatri-
cial effects of MMPs. We concentrate on gelati-
nases, and particularly MMP-9, to illustrate the
multiplicity of potential substrates and of result-
ing biological activities.

The number of nonmatrix molecules that
may serve as substrates for MMP-9 is increasing
continuously (Table 1). In vitro, MMP-9 was
shown to activate and/or induce interleukin
(IL)-18, tumor necrosis factor-o, IL-8, IL-10,
TGF-£3, and endothelin-1, whereas it cleaves the
IL-2 receptor a chain, several CXC-chemokines,
insulin, substance P, and AB-amyloid peptide.’
More importantly, it was shown that MMP-9
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could degrade in vivo the al-proteinase inhibi-
tor,%° which is a major antagonist of neutrophil
elastase, fibrinogen and fibrin,?” and lens BB1
crystallin.?® MMP-9 also can activate the stem
cell factor in vivo by releasing its soluble form
from the membrane precursor, which triggers
hematopoietic reconstitution after bone mar-
row ablation.?®

Similar to its dual effects on fibrogenesis,
MMP-9 can exert antagonistic effects in renal
inflammation and injury. On one hand, MMP-9
can behave as a proinflammatory mediator and
damage the kidney through activation of proin-
flammatory molecules, as indicated in the pre-
vious paragraph. On the other hand, MMP-9 can
exert opposite anti-inflammatory protective ef-
fects through activation of TGF-3,3° degradation
of IL-18, and cleavage of the IL-2 receptor.
Therefore, MMP-9 effects may vary from one
model/pathologic condition to another, de-
pending on the inflammatory pathways that are
involved.

By using MMP-9 -deficient mice, it was
shown that the absence of MMP-9 protected
mice from experimental autoimmune encepha-
lomyelitis*! and bullous pemphigoid (BP).2%32
Three- to 4-week-old mice were resistant to
autoimmune encephalomyelitis, whereas no
differences in mortality, incidence, mean day of
onset, and mean disease score were observed in
adult MMP-9~/~ versus control mice, suggesting
the action of alternative or compensatory path-
ways by other MMPs. Young MMP-9~/~ mice
showed a significant reduction in infiltrated
neutrophils in comparison with controls,
which may be compatible with the observation
that MMP-9 activates IL-8, a potent neutrophil
chemoattractant. Cleaved o-1-proteinase inhib-
itor, a product of MMP-9 action, also is a potent
chemoattractant for neutrophils. Experimental BP
nicely illustrates the point that despite broad sub-
strate specificity of MMP-9 against ECM substrates
in vitro, specificity in vivo is yet highly restricted,
which may represent a general paradigm for
other MMPs. BP is an immune inflammatory skin
disease that is initiated by deposition of autoan-
tibodies and complement components at the
BM zone. The 180-kd transmembrane hemides-
mosomal protein BP180 (type XVII collagen), a
target of autoantibodies, is cleaved during BP,

and this is accompanied by separation of the
epidermis from the dermis and intense neutro-
phil infiltration. Mice deficient in either MMP-9
or neutrophil elastase (NE) are resistant to blis-
ter formation in response to anti-BP180 antibod-
ies in a mouse model. Disease develops on
complementation of MMP-9~/~ mice with
NE~/~ neutrophils or NE™/~ mice with MMP-
97/~ neutrophils.?® Although MMP-9 has been
shown to cleave BP180 in vitro, only NE de-
grades BP180 and produces dermal-epidermal
separation in vivo. Instead, MMP-9 acts up-
stream to regulate NE activity by inactivating
al-proteinase inhibitor.

Role of MMPs in Crescentic
Glomerulonephritis: Case of
Experimental Anti-GBM Nephritis

By analogy with the results observed in exper-
imental BP, in which the initial lesion affects
the BM, we asked whether MMP-9 deficiency
also could protect mice in the accelerated
model of anti-GBM nephritis. We speculated
that crescent formation would be less in MMP-
97/~ mice because MMP-9 can cleave almost all
GBM components, particularly type IV colla-
gen, and thus favor the issue of fibrin in the
urinary space. Surprisingly, renal failure, pro-
tein loss, and glomerular lesions were more
severe in MMP-9~/~ mice that showed exten-
sive crescent formation with more abundant
fibrin deposits as compared with control
mice.?” The increased severity of the disease
could not be accounted for by increased anti-
body deposition at the GBM, increased macro-
phage infiltration, or changes in IL-13 and IL-10
production by the diseased glomeruli. The
greater extent of fibrin deposits and crescents
in MMP-9™/~ mice led us to identify fibrin as a
novel non-ECM substrate of MMP-9 (Fig. 4).%”
We showed that MMP-9 could degrade fibrino-
gen and fibrin in vitro by using zymography, as
well as fibrin deposits in situ in crescentic glo-
meruli. These results indicate that MMP-9, sim-
ilar to plasmin, contributes to fibrinolytic activ-
ity in this model, thus reducing accumulation of
fibrin, an important mediator of glomerular in-
jury.

In contrast to MMP-9, macrophage met-
alloelastase MMP-12 seems to play a protective
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Figure 4. Fibrinolytic activity of MMP-9. (A) Zymogram performed on fibrin gel. A total of 300 ng, 150 ng, and 50
ng of activated recombinant mouse MMP-9 were loaded on 8% sodium dodecyl sulfate polyacrylamide gels that were
applied to a fibrin gel. Note a lytic band at the expected molecular size for the active form of MMP-9. Its intensity was
proportional to the quantity of MMP-9. Lytic activity was inhibited when 10 ung/mL of recombinant human TIMP1 was
incorporated into the fibrin gel (300 ng plus TIMP1). (B) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of 10 ug fibrinogen and 3 ug fibrin after a 24- or 72-hour incubation, respectively, with 300 ng of activated
recombinant mouse MMP-9 alone or in the presence of a metalloprotease inhibitor (1 mmol/L 1,10-phenanthroline
[Phen.]) or of a plasmin inhibitor (8 U aprotinin [Aprot.]). Note that MMP-9 degraded A« and BB chains of fibrinogen
(compare MMP-9 with control), and that degradation was inhibited by 1,10-phenanthroline (MMP-9 + Phen versus
MMP-9) but not by aprotinin (MMP-9 + Aprot. versus MMP-9). The achain and apolymers of fibrin chains were
preferentially degraded by MMP9 (MMP-9 versus control). Degradation was not inhibited by aprotinin (MMP-9 +
Aprot. versus MMP-9). Reproduced from Journal of Experimental Medicine, 2001, 193:793-802. Copyright 2001
Rockefeller University Press.?”

role in a similar anti-GBM model in the rat.
Crescent formation and macrophage infiltration
were reduced significantly in rats treated with
antirat recombinant MMP-12 antibody, and the
amount of urinary protein also was decreased.??

In human antineutrophil cytoplasmic antibod-
y-associated glomerulonephritis, in which fibrin
deposits often are extensive, MMP-2-, MMP-3-,
MMP-9-, and TIMP-1-positive cells were detected
in crescentic glomeruli, with the number of MMP-
9 - expressing cells per glomerulus correlating to
the percentage of crescentic glomeruli.?* In-
creased glomerular expression of MMP-9, but not
of MMP-2, also has been reported in human im-

munoglobulin A nephropathy, mesangial prolifer-
ative glomerulonephritis, and lupus nephritis.>>
It is clear that all of the substrates of MMPs
have not been discovered yet, and that the
many ways in which these enzymes can influ-
ence complex biological processes is just begin-
ning to be unveiled. It also has become evident
that the ECM degradation products released by
MMPs can have important biological actions, as
previously shown for laminin-5%° and tumsta-
tin.>’ Previous assumptions about the antifi-
brotic role of MMPs in renal disease progression
appear to be overly simplistic. The effect of
these enzymes probably depends on the nature
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and etiologies of the diseases as well. The avail-
ability of double- and tripleeMMP knockout
mice hopefully will provide valuable informa-
tion about which MMP family members to tar-
get for therapeutic interventions.

THERAPEUTIC PERSPECTIVES
AND FUTURE DIRECTIONS

The presence of MMP-2 and MMP-9 in malignant
and metastatic cells generated increased interest
in the 1990s in developing pharmaceutical inhib-
itors. These inhibitors can be divided into 3 cate-
gories: peptidomimetics, nonpeptidomimetics,
and tetracycline derivatives. Peptidomimetics (eg,
Batimastat and Marmistat) contain a sequence
that resembles MMP substrates but are relatively
nonspecific. They have shown limited benefit in
advanced cancer, with intolerance as a result of
joint and muscle pain. The nonpeptidomimetics
(eg, Bay 129566 and Prinomastat) were synthe-
sized to resemble the catalytic pocket of MMPs.
Some of these compounds are more selective for
gelatinases®® and for MMP-3.3° They have been
tested on patients with advanced cancer. Al-
though side effects are not an issue, phase III trials
were stopped because of a lack of efficacy.®
Tetracycline, doxycycline, and chemically modi-
fied tetracyclines all can decrease MMP produc-
tion and activity. Doxycycline has been used suc-
cessfully to prevent periodontitis, a disease in
which the inflammatory cytokines that are elic-
ited by bacteria in the gingival tissues result in
substantial connective-tissue destruction by
MMPs and loss of teeth. 4!

In renal diseases, MMP nonpeptidomimetic in-
hibitors have been used recently in experimental
models of AS and chronic allograft nephropathy.
In AS, MMP inhibitors induced significant attenu-
ation of renal disease when administered at an
early phase before the onset of proteinuria.!! But
if this window of opportunity was lost, MMP
inhibition at the later stages led to significant
acceleration of glomerular and interstitial fibrosis.
Similarly, inhibition of MMPs early after transplan-
tation reduced the development and progression
of chronic allograft nephropathy, but promoted
chronic allograft nephropathy if initiated at later
stages.®2 There is, to our knowledge, no informa-
tion on the effect of MMP inhibitors in acute renal
failure related to tubular cell injury, but interest-

ing lessons may be drawn from their use in stroke.
Earlier studies supported the view that inhibiting
MMP-9 after stroke is neuroprotective.> MMP in-
hibitors ameliorate blood-brain barrier disruption
and reperfusion injury. In contrast, a recent study
suggested that late inhibition of MMP-9 is detri-
mental* because it prevents activation of vascular
endothelial growth factor, which has an impor-
tant role during neurovascular repair after stroke.
Theses findings illustrate that the major chal-
lenge with therapeutic interventions using MMP
inhibitors remains how to accomplish temporal
and spatial control of their activity in a target
organ, tissue, or system. The kidney is no excep-
tion. Given the multiple targets of MMPs, and
their variable implications depending on the stage
and etiology of the nephropathy, it is premature
to predict the therapeutic usefulness of the ma-
trix-degrading enzymes or their inhibitors in hu-
man renal diseases, and particularly in those lead-
ing to renal fibrosis. It seems mandatory to first
identify stage-specific biomarkers and to further
unravel the pathways in which MMPs are in-
volved in a given nephropathy before transferring
the use of MMP inhibitors to the renal patient.

Acknowledgment

The authors would like to thank Christine Vial for
skillful preparation of the manuscript.

REFERENCES

1. Gross J, Lapiere CM. Collagenolytic activity in am-
phibian tissues: a tissue culture assay. Proc Natl Acad
Sci U S A. 1962;48:1014-22.

2. McCawley LJ, Matrisian LM. Matrix metalloprotein-
ases: they’re not just for matrix anymore! Curr Opin
Cell Biol. 2001;13:534-40.

3. Van den Steen PE, Dubois B, Nelissen I, et al. Bio-
chemistry and molecular biology of gelatinase B or
matrix metalloproteinase-9 (MMP-9). Crit Rev Bio-
chem Mol Biol. 2002;37:375-536.

4. Lijnen HR, Silence J, Lemmens G, et al. Regulation of
gelatinase activity in mice with targeted inactivation
of components of the plasminogen/plasmin system.
Thromb Haemost. 1998;79:1171-6.

5. Gomez DE, Alonso DF, Yoshiji H, et al. Tissue inhib-
itors of metalloproteinases: structure, regulation and
biological functions. Eur J Cell Biol. 1997;74:111-22.

6. Guedez L, Stetler-Stevenson WG, Wolff L, et al. In
vitro suppression of programmed cell death of B cells
by tissue inhibitor of metalloproteinase-1. J Clin In-
vest. 1998;102:2002-10.

7. Barasch J, Yang J, Qiao J, et al. Tissue inhibitor of
metalloproteinase-2 stimulates mesenchymal growth



MMPs in kidney disease progression and repair

361

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

and regulates epithelial branching  during
morphogenesis of the rat metanephros. J Clin Invest.
1999;103:1299-307.

Egeblad M, Werb Z. New functions for the matrix
metalloproteinases in cancer progression. Nat Rev
Cancer. 2002;2:161-74.

Fosang AJ, Last K, Maciewicz RA. Aggrecan is de-
graded by matrix metalloproteinases in human arthri-
tis. Evidence that matrix metalloproteinase and aggre-
canase activities can be independent. J Clin Invest.
1996;98:2292-9.

Stickens D, Behonick DJ, Ortega N, et al. Altered endo-
chondral bone development in matrix metalloprotein-
ase 13-deficient mice. Development. 2004;131:5883-95.
Zeisberg M, Khurana M, Rao VH, et al. Stage-specific
action of matrix metalloproteinases influences progres-
sive hereditary kidney disease. PLoS Med. 2006;3:e100.
Holmbeck K, Bianco P, Caterina J, et al. MT1-MMP-
deficient mice develop dwarfism, osteopenia, arthri-
tis, and connective tissue disease due to inadequate
collagen turnover. Cell. 1999;99:81-92.

Cheng S, Pollock AS, Mahimkar R, et al. Matrix met-
alloproteinase 2 and basement membrane integrity: a
unifying mechanism for progressive renal injury.
FASEB J. 2006;20:1898-900.

Yang J, Shultz RW, Mars WM, et al. Disruption of
tissue-type plasminogen activator gene in mice re-
duces renal interstitial fibrosis in obstructive ne-
phropathy. J Clin Invest. 2002;110:1525-38.

Cheng S, Lovett DH. Gelatinase A (MMP-2) is neces-
sary and sufficient for renal tubular cell epithelial-
mesenchymal transformation. Am J Pathol. 2003;162:
1937-49.

Boffa JJ, Lu Y, Placier S, et al. Regression of renal
vascular and glomerular fibrosis: role of angiotensin II
receptor antagonism and matrix metalloproteinases.
J Am Soc Nephrol. 2003;14:1132-44.

Blattner SM, Kretzler M. Integrin-linked kinase in re-
nal disease: connecting cell-matrix interaction to the
cytoskeleton. Curr Opin Nephrol Hypertens. 2005;
14:404-10.

Lelongt B, Ronco P. Role of matrix metalloproteinases
in kidney development and glomerulopathy: lessons
from transgenic mice. Nephrol Dial Transplant.
2002;17 Suppl 9:28-31.

Flamant M, Placier S, Dubroca C, et al. Protective role
of matrix metalloproteinases (MMPs) in early hyper-
tensive remodeling. 2003. Hypertension. In press.
Galis ZS, Johnson C, Godin D, et al. Targeted disrup-
tion of the matrix metalloproteinase-9 gene impairs
smooth muscle cell migration and geometrical arterial
remodeling. Circ Res. 2002;91:852-9.

Kaikita K, Fogo AB, Ma L, et al. Plasminogen activator
inhibitor-1 deficiency prevents hypertension and vas-
cular fibrosis in response to long-term nitric oxide
synthase inhibition. Circulation. 2001;104:839-44.
Kalluri R, Shield CF, Todd P, et al. Isoform switching of
type IV collagen is developmentally arrested in X-
linked Alport syndrome leading to increased suscep-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

tibility ~of renal basement membranes to
endoproteolysis. J Clin Invest. 1997;99:2470-8.
Andrews KL, Betsuyaku T, Rogers S, et al. Gelatinase
B (MMP-9) is not essential in the normal kidney and
does not influence progression of renal disease in a
mouse model of Alport syndrome. Am J Pathol. 2000;
157:303-11.

Iwano M, Plieth D, Danoff TM, et al. Evidence that
fibroblasts derive from epithelium during tissue fibro-
sis. J Clin Invest. 2002;110:341-50.

Radisky DC, Levy DD, Littlepage LE, et al. Raclb and
reactive oxygen species mediate MMP-3-induced EMT
and genomic instability. Nature. 2005;436:123-27.
Liu Z, Zhou X, Shapiro SD, et al. The serpin alphal-
proteinase inhibitor is a critical substrate for gelati-
nase B/MMP-9 in vivo. Cell. 2000;102:647-55.
Lelongt B, Bengatta S, Delauche M, et al. Matrix met-
alloproteinase 9 protects mice from anti-glomerular
basement membrane nephritis through its fibrinolytic
activity. J Exp Med. 2001;193:793-802.

Descamps FJ, Van den Steen PE, Martens E, et al.
Gelatinase B is diabetogenic in acute and chronic
pancreatitis by cleaving insulin. FASEB J. 2003;17:
887-9.

Heissig B, Hattori K, Dias S, et al. Recruitment of stem
and progenitor cells from the bone marrow niche
requires MMP-9 mediated release of kit-ligand. Cell.
2002;109:625-37.

Yu Q, Stamenkovic I. Cell surface-localized matrix
metalloproteinase-9 proteolytically activates TGF-beta
and promotes tumor invasion and angiogenesis.
Genes Dev. 2000;14:163-76.

Dubois B, Masure S, Hurtenbach U, et al. Resistance
of young gelatinase B-deficient mice to experimental
autoimmune encephalomyelitis and necrotizing tail
lesions. J Clin Invest. 1999;104:1507-15.

Liu Z, Shipley JM, Vu TH, et al. Gelatinase B-deficient
mice are resistant to experimental bullous pemphi-
goid. J Exp Med. 1998;188:475-82.

Kaneko Y, Sakatsume M, Xie Y, et al. Macrophage
metalloelastase as a major factor for glomerular injury
in anti-glomerular basement membrane nephritis.
J Immunol. 2003;170:3377-85.

Sanders JS, van Goor H, Hanemaaijer R, et al. Renal
expression of matrix metalloproteinases in human
ANCA-associated glomerulonephritis. Nephrol Dial
Transplant. 2004;19:1412-9.

Urushihara M, Kagami S, Kuhara T, et al. Glomerular
distribution and gelatinolytic activity of matrix metal-
loproteinases in human glomerulonephritis. Nephrol
Dial Transplant. 2002;17:1189-96.

Giannelli G, Falk-Marzillier J, Schiraldi O, et al. Induc-
tion of cell migration by matrix metalloprotease-2
cleavage of laminin-5. Science. 1997;277:225-8.
Hamano Y, Kalluri R. Tumstatin, the NC1 domain of
alpha3 chain of type IV collagen, is an endogenous
inhibitor of pathological angiogenesis and suppresses
tumor growth. Biochem Biophys Res Commun. 2005;
333:292-8.



362

P. Ronco et al

38.

39.

40.

41.

Tamura Y, Watanabe F, Nakatani T, et al. Highly
selective and orally active inhibitors of type IV colla-
genase (MMP-9 and MMP-2): N-sulfonylamino acid
derivatives. ] Med Chem. 1998;41:640-9.
MacPherson 1J, Bayburt EK, Capparelli MP, et al.
Discovery of CGS 27023A, a non-peptidic, potent,
and orally active stromelysin inhibitor that blocks
cartilage degradation in rabbits. ] Med Chem. 1997;
40:2525-32.

Bonomi P. Matrix metalloproteinases and matrix met-
alloproteinase inhibitors in lung cancer. Semin Oncol.
2002;29 Suppl 4:78-86.

Gapski R, Barr JL, Sarment DP, et al. Effect of systemic
matrix metalloproteinase inhibition on periodontal
wound repair: a proof of concept trial. J Periodontol.
2004;75:441-52.

42.

43.

44.

45.

406.

Lutz J, Yao Y, Song E, et al. Inhibition of matrix
metalloproteinases during chronic allograft nephrop-
athy in rats. Transplantation. 2005;79:655-61.
Zlokovic BV. Remodeling after stroke. Nat Med. 2006;
12:390-1.

Zhao BQ, Wang S, Kim HY, et al. Role of matrix
metalloproteinases in delayed cortical responses after
stroke. Nat Med. 2006;12:441-5.

Donnelly R, Collinson DJ, Manning G. Hypertension,
matrix metalloproteinases and target organ damage.
J Hypertens. 2003;21:1627-30.

Zeisberg M, Khurana M, Rao VH, et al. Stage-specific
action of matrix metalloproteinases influences pro-
gressive hereditary kidney disease. Plos Med. 2006;3:
€100. Epub 2006 Mar 7.



	Matrix Metalloproteinases in Kidney Disease Progression and Repair: A Case of Flipping the Coin
	HEADS: ROLE OF MMPS IN ECM REMODELING
	Role of Gelatinases in Hypertensive Nephrosclerosis and Vascular Remodeling
	Dual Role of Gelatinases in Progressive Kidney Disease: Case of Experimental AS
	EMT: A Deleterious Side Effect of Gelatinase-Induced BM Degradation

	TAILS: NONMATRICIAL EFFECTS OF MMPS: TOWARD NEW SUBSTRATES AND BIOLOGICAL ACTIVITIES
	Role of MMPs in Crescentic Glomerulonephritis: Case of Experimental Anti-GBM Nephritis

	THERAPEUTIC PERSPECTIVES AND FUTURE DIRECTIONS
	Acknowledgment
	REFERENCES


