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Abstract

Expansion and/or disruption of the intraglomerular extracellular matrix is a well recognized phenomenon occurring
during the development of lupus nephritis that may have an
impact on renal immune complex deposition. Little is known,
however, about the structure and composition of the expanded
regions or the mediators of such changes. Increased or altered
synthesis of extracellular matrix (ECM) constituents and/or
their decreased breakdown could potentially play a role,
although the contribution made by each of these factors
remains unknown.

Lupus nephritis is a major contributor to morbidity and mortality in
systemic lupus erythematosus, but little is known about the
pathogenic processes that underlie the progressive decay in renal
function. A common finding in lupus nephritis is thickening of
glomerular basement membranes associated with immune complex
deposition. It has been speculated that alterations in the synthesis
or degradation of membrane components might contribute to such
changes, and thereby to initiation and progression of nephritis
through facilitation of immune complex deposition. Matrix metalloproteinases (MMPs) are enzymes that are intimately involved in the
turnover of major glomerular basement membrane constituents,
including collagen IV and laminins. Alterations in the expression
and activity of MMPs have been described in a number of renal
diseases, suggesting their relevance to the pathogenesis of various
glomerulopathies. The same is true for their natural inhibitors, the
tissue inhibitor of metalloproteinase family. Recent data from our
group have identified an increase in proteolytic activity within the
glomerulus coinciding with the development of proteinuria in the
(NXB×NZW)F1 mouse model of systemic lupus erythematosus.
Here we review current understanding of MMP/tissue inhibitor of
metalloproteinase function within the kidney, and discuss their
possible involvement in the development and progression of lupus
nephritis.

Introduction
Systemic lupus erythematosus (SLE) is a complex autoimmune disease that is characterized by chronic inflammatory
processes involving autoimmunity against multiple organspecific and ubiquitous self-antigens. One commonly affected
organ is the kidney, with the appearance of lupus nephritis
ranging in severity from mild proteinuria to overt nephrotic
syndrome progressing to end-stage renal disease. Although
the molecular mechanisms that underlie the pathogenesis of
nephritis remain largely obscure, disturbances in apoptotic
signalling, phagocytosis and complement function have all
been proposed as factors involved in initiation of autoimmunity and progression of the disease [1,2].

Another common finding in lupus nephropathy is the appearance of electron dense structures (EDSs) within mesangium
or intimately linked to the glomerular capillary membranes, as
seen on electron micrographs. These structures contain
immune complexes with autoantibodies and chromatin
fragments [3,4], and a recent study [5] has demonstrated a
considerable affinity of nucleosomes toward the major matrix
constituents laminin and collagen IV. It is therefore possible
that alterations in the composition of the glomerular ECM may
affect its interaction with immune complexes, thus facilitating
their deposition and subsequent damage to glomerular structures. Indeed, qualitative as well as quantitative alterations in
the makeup of the extracellular membranes of the glomerulus
in lupus nephritis have already been described [6,7]. Candidate
mediators of such changes include enzymes and signalling
substances involved in maintaining the delicate balance
between synthesis and breakdown of the proteins and
proteoglycans that make up the ECM.
Although some studies have provided evidence of increased
levels of expression of collagens and laminins, less is known
about the kinetics of breakdown of these proteins. Turnover
of ECM proteins is largely achieved through the action of
matrix metalloproteinases (MMPs), which represent a major
class of matrix-degrading proteinases. Thus, from its effect on

ADAM = a disintegrin and metalloproteinase; ECM = extracellular matrix; EDS = electron dense structure; MMP = matrix metalloproteinase; PLZF =
promyelocytic leukaemia zinc finger protein; SLE = systemic lupus erythematosus; TIMP = tissue inhibitor of metalloproteinase.
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capillary membranes and mesangial matrix composition, a
putative role emerges for altered glomerular MMP activity in
lupus nephritis. Exploring this possibility, however, is complicated by the many levels of regulation of proteinase activity.
Also, there is an emerging appreciation of considerable
functional divergence of both MMPs and their regulators,
particularly the tissue inhibitors of metalloproteinase (TIMPs).
In this review we outline some of the current knowledge on
MMP expression and regulation within the kidney in lupus
nephritis, including clues gained from studies in other renal
inflammatory diseases.

expression in glomerular endothelial cells [16,17]. The
expression is dramatically increased in various glomerulopathies, probably as a result of proinflammatory signalling
[18,19]. MMP-9 is present at negligible levels in normal
kidney glomeruli, but it is induced during the course of several
renal inflammatory diseases, with mesangial cells and
infiltrating neutrophils being the main sources [20]. Recent
data from our laboratory [21] indicate an increase in glomerular
proteolytic activity at around the onset of proteinuria in a
model of lupus nephritis in (NZB×NZW)F1 mice, with MMP-9
being a major contributor.

Tissue inhibitors of metalloproteinases
Matrix metalloproteinases
MMPs are a group of Zn2+-dependent proteins that are found
in the extracellular milieu of various tissues. Based on
sequence homology and substrate specificities, the MMPs can
be classified into several subgroups including collagenases,
gelatinases, stromelysins, matrilysins and the membrane-type
metalloproteinases. There is considerable overlap in substrate
specificities, and the MMPs appear to be involved in
degradation of abundant ECM components, including laminins,
collagens and fibronectin, but also in the release and turnover
of cytokines and cell surface receptors of adjacent cells [8].
MMP-2 (gelatinase A) and MMP-9 (gelatinase B) constitute
the gelatinases (Figure 1). On account of their propensity to
cleave the major glomerular basement membrane component
collagen IV, they have been particularly implicated in a variety
of acute and chronic kidney diseases, including both immune
and non-immune glomerulopathies, and are therefore the
main focus of this review.
The gelatinases cleave a number of substrates, including
native forms of collagens I, IV, V, VII, X and XI, elastin, laminin,
fibronectin, myelin and the core protein of proteoglycans. (A
comprehensive list of substrates for the various MMPs can be
found in the Overall Lab Web Site [9].) Another metalloproteinase that is notable for its affinity for collagen IV is
MMP-7 (matrilysin 1) [10]. Produced in both the tubular and
glomerular compartment, it was recently described to be
involved in several types of renal diseases with glomerular
involvement, including diabetic nephropathy and X-linked
Alport syndrome [11,12]. In addition to collagen IV, MMP-7 is
a major factor in the turnover of tenascin (an oligomeric glycoprotein that is important for the functioning of the glomerular
filtration barrier) [13] and other basement membrane
components, such as laminin, entactin and proteoglycans, as
well as in activation of several proinflammatory mediators,
including MMP-2 and MMP-9 [14,15]. The relevance of
MMP-7 in SLE has not yet been evaluated, but it remains an
interesting candidate mediator of changes in membrane
composition in lupus nephritis.
MMP-2 is constitutively expressed in mesangial cells, with
some contribution made by the podocytes and little or no
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The many roles of MMPs in vivo require a complex network of
modulation of enzymatic activity. Key regulators are the
TIMPs, of which four subtypes are currently known. The
TIMPs form 1:1 complexes with metalloproteinases, with only
modest variations in affinity toward the different MMPs [22].
The central role played by TIMPs in the regulation of MMP
activity has led to the hypothesis that shifts in the balance
between these two families of proteins could distort the
kinetics of membrane turnover and cause pathological
changes in membrane composition [23,24].
When considering the relevance of TIMP expression in renal
disease, it is important to note that several members of the
TIMP family appear to have functions of pathophysiological
significance that is not directly related to ECM homeostasis/
MMP regulation. One such facet is the apparent involvement
in both pro-apoptotic and anti-apoptotic signalling pathways
[25-27]. Various disturbances in apoptosis and the clearance
of dead cells have been proposed to form a source of
autoreactivity in SLE, which raises the possibility that TIMPs
are involved in regulating apoptotic cell death in the context
of autoimmune disorders.
A full account of the field of TIMP biology is beyond the
scope of this review, and we limit the discussion to
apoptosis-related aspects of their functioning. Whereas the
molecular basis for TIMP-mediated signalling is still poorly
understood, an emerging view is that they interact extensively
with cell surface proteins, thus imposing modulation of
various downstream signalling pathways.
Cell culture studies have reported anti-apoptotic effects of
TIMP-1, some of which rely on its MMP-inhibitory function,
whereas others appear independent of interaction with
MMPs [28-30]. A recent in vitro study conducted in HeLa
cervical cancer cells identified promyelocytic leukaemia zinc
finger protein (PLZF) - a well known transcriptional repressor to be a potential binding partner for TIMP-1 [31]. It was
shown that the addition/over-expression of TIMP-1 reduced
the percentage of apoptotic cells in this system in a PLZFdependant manner. PLZF is expressed in myeloid cells,
ovaries and, at low level, in kidney and lung tissues. The
interaction between TIMP-1 and PLZF is reported to occur

Available online http://arthritis-research.com/content/10/6/229

Figure 1

Schematic structure of MMP-2 and MMP-9. The catalytic site contains three essential zinc ion binding sites. At the zymogen stage, a cysteine
residue within the prodomain interacts with zinc to prevent substrate binding. The haemopexin domain mediates interaction with enzyme
substrates. Specific to the gelatinases is the fibronectin-like domain, which further facilitates substrate binding. MMP, matrix metalloproteinase.

by direct interaction between the two proteins within the
nucleus [31].
The concept of TIMP-1 translocating into the nucleus remains
controversial [32,33], and the functions of TIMP in this
location in vivo remain to be identified. However, as discussed below, several recent studies have reported that
MMPs are present within the nucleus [34], offering new
perspectives on the biological roles played MMPs and
possibly TIMPs as well. For TIMP-2 and TIMP-4, reports have
been partly contradictory, with both pro-apoptotic and antiapoptotic effects being described, and further studies are
awaited to characterize their putative roles in apoptosis and
cell viability. TIMP-3 appears to have pro-apoptotic properties, attributed to the inhibition of both the MMP and ADAM
(a disintegrin and metalloproteinase) families of matrix
metalloproteinases [35]. One possible basis for these
functions is the fact that certain ADAMs and MMPs are
involved in the shedding of a number of cell surface receptors
that are involved in pro-apoptotic and anti-apoptotic signalling
pathways, including tumour necrosis factor receptors [36]
and Fas receptor [37]. Studies conducted in tumor cells have
shown that over-expression of TIMP-3 causes stimulation of
Fas/Fas ligand signalling [38] and results in increased
apoptotic activity. Involvement of TIMPs in the regulation of
death pathways including Fas/Fas ligand is an interesting

finding, because alterations in Fas function appear to be
relevant to autoantibody production and possibly to the
development of nephritis [39].

Challenges and pitfalls in assays of matrix
metalloproteinase activity
Studies of tissue MMPs are complicated by the complexity of
the regulatory network that governs their activity in vivo. A
MMP-9 knockout mouse exhibited no or modest structural/
functional abnormalities, both on a healthy background and in
a model of Alport syndrome [40], which could be explained
by redundancy of the system based on observations of
compensatory upregulation of other MMPs, including MMP-2
[41]. Caution is therefore required when interpreting studies
that are limited to one or a few MMPs, and such findings also
suggest that therapeutic utilization of broad-spectrum
inhibitors of MMP activity might be a more desirable strategy
than more targeted ones, at least in some settings.
Increased gene expression and protein levels of the MMPs
are often found to be accompanied by increases in the levels
of one or more of the TIMPs. It is therefore not obvious what
can be the net result of these opposing stimuli in terms of
ECM turnover. In situ zymography is a technique that allows
localization of active proteinases (including MMPs) within the
tissues, providing valuable information about the net result of
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MMP regulation. It is done by incubating tissue sections with
a fluorescence-marked substrate, which gives a direct visual
impression of local proteinase activity [42].

Matrix metalloproteinase activity in lupus
nephritis and related diseases
Data on metalloproteinase activity in lupus nephritis is limited
to few reports of altered gene expression patterns in murine
and human kidneys [19,20,43]. There have also been reports
of increased circulating levels of several MMPs, notably
MMP-9, in sera from lupus patients [44-47]. Of note, circulating MMP-9 levels have been found to be inversely correlated
to levels of antibodies against double-stranded DNA, which is
commonly used as a marker of SLE disease activity [48]. No
such correlations were observed for MMP-2 or MMP-3
[44,48,49]. The source(s) of serum MMPs probably includes
circulating leucocytes, especially neutrophils and monocytes,
whereas the contribution from the tissues is uncertain. Serum
MMP measurements thus may be of limited value in elucidating
their potential roles in end organ disease, and the organfocused studies suggest different roles for the MMPs within the
various tissue spaces. Nevertheless, increased circulating
levels of MMP-9 have been described in SLE patients with
evidence of neuropsychiatric manifestations [50]. Also, a
recent study [51] identified increased MMP-9 activity in
cerebrospinal fluid from SLE patients, with significantly higher
levels in patients with evidence of central nervous system
involvement. There are reports indicating a central role for
MMPs in increasing permeability of the blood-brain barrier in
inflammatory settings [52], which could be of relevance in SLE.

Matrix metalloproteinases and
glomerulopathies
Owing to overlapping morphological and clinical presentations
of various kinds of inflammatory diseases of the glomerulus,
the results of studies of the involvement of MMP activity in
other renal pathologies should provide valuable guidance in
elucidating the role of these enzymes in lupus nephritis.
Although one might speculate that increased MMP activity is
not detrimental, but rather represents a favourable compensatory response to aberrant matrix synthesis, this appears
unlikely considering the favourable outcome of MMP
inhibition/knockout strategies in other glomerulopathies [53].
Much of the data currently available come from work in
models of antibody-induced nephropathies, such as anti-Thy
1.1 nephritis [54] and passive Heymann’s nephritis [55], and
from non-immune models such as ischemia/reperfusion renal
scarring induced by ureteral ligation [56,57], all of which
trigger inflammatory responses [58] that lead to progressive
tubulointerstitial fibrosis and glomerulosclerosis. A common
theme in these studies is a marked increase in either one or
both of the gelatinases (MMP-2 or MMP-9) [18,19,59,60].
Often an increase in TIMP-1 is observed within the glomeruli,
which (as mentioned above) complicates the interpretation of
results. The finding that gelatinase levels are increased in a
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situation of ECM accumulation might appear paradoxical,
because this would be expected to increase collagen breakdown. A simple explanation is that the increased expression
is a compensatory response to an increase in the synthesis of
matrix components. Although there are reports indicating that
collagen IV increases early in glomerulonephritis [6], others have
found collagen IV expression to appear relatively stable [61].
Preliminary data from our laboratory support the latter in the
case of (NZB×NZW)F1 and MRL/lpr lupus-prone mice
(Tveita A, unpublished data). As stated above, the relative
contribution of increased synthesis and decreased degradation of collagen IV to ECM accumulation remains undetermined. Studies showing that MMP inhibition attenuates ECM
accumulation in rat allograft nephropathy [62], anti-Thy 1.1
nephritis [63] and other experimental inflammatory renal
diseases would suggest that matrix degradation plays at least
some role in this process. As discussed below, there are also
indications that the MMPs confer proliferative stimuli upon
mesangial cells, providing another factor that might explain an
increase in MMP activity in the face of nephritis and matrix
proliferation [64].

Metalloproteinases and mesangial cell
proliferation
The mesangium appears to play a central role in the
development of glomerulonephritis. The contribution made by
mesangial cells to inflammatory diseases of the kidneys is
thought to be twofold: increased proliferation and proinflammatory response; and synthesis of matrix components,
causing ECM accumulation. Mesangial cell culture experiments have implicated MMP-2 as a possible regulator of both
of the above factors. Indeed, inhibition by both pharmacological and ribozyme-mediated approaches have shown
reduction in MMP-2 activity to be associated with transformation of actively proliferating mesangial cells to a state of
quiescence by induction of G0/G1 cell cycle arrest [65].
Treatment of cultured rat mesangial cell with a relatively
unspecific MMP inhibitor caused a decrease in proliferative
activity of up to 75% and evidence of decreased levels of
activation [63]. In addition, MMP inhibitor experiments also
demonstrated a significant increase in the number of apoptotic cells both in anti-Thy 1.1 nephritis and in cultured
mesangial cells, probably mediated through a caspaseindependent pathway [27]. A new aspect of function of MMPs
has emerged from the reports of MMPs being present within
mammalian cell nuclei [66,67]. It was recently shown that
MMP-3 can translocate to the nucleus in vitro, where it was
reported to exert pro-apoptotic functions mediated through its
catalytic domain [34]. The same report showed evidence of
intranuclear MMP-2 and MMP-3 on human liver sections.

Cryptic epitopes and immune complex
deposition
Studies in multiple sclerosis and rheumatoid arthritis have
demonstrated that cleavage of particular collagen fragments
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by MMPs leads to the exposure of highly immunoreactive
epitopes [68,69]. These findings led to the proposition of a
model for the generation of autoantibodies, termed the
‘remnant epitope generate autoimmunity’ (REGA) model
[69,70]. Briefly, the underlying concept is that in an inflammatory context, a local increase in proteolytic activity
generates a large number of substrate fragments for
presentation by activated antigen-presenting cells, including
exposed cryptic antigen epitopes. This leads to both quantitative and qualitative changes in the local antigen repertoire.
Although highly speculative, one could envision a situation in
which dysregulation of MMP activity leads to a quantitative
increase in the exposure of such cryptic epitopes. Furthermore, qualitative alterations in ECM composition could lead
to cleavage of substrates not normally found in this location,
causing the appearance of novel epitopes within the matrix. In
the face of a persisting inflammatory process, such as
evolving lupus nephritis, quantitative and qualitative changes
in antigen repertoire might conceivably increase production
of autoantibodies against matrix structures. Alternatively,
alterations in glomerular membrane composition could favour
the deposition of immune complex-associated structures
such as nucleosomes, thus accelerating the formation of
EDS-like structures within the membranes.
In light of our recent findings of increased MMP activity and
qualitative changes in collagen IV expression within glomeruli
of lupus-prone mice during the development of nephritis, this
scenario provides an attractive model to explain the
relationship between immune complex deposits and renal
dysfunction. In this framework, immune complexes propagate
proinflammatory stimuli to resident and infiltrating cells, either
directly or through complement activation, triggering an
increase in MMP production and activity (Figure 2). In turn,
MMPs mediate changes in glomerular basement membrane
structure, favouring immune complex deposition and
compromising the physical integrity of the membrane.
Central to the pathogenesis of lupus is continuous activation
and proliferation of B-lymphocytes and T-lymphocytes with
specificity for self-structures such as exposed chromatin
fragments. Such structures may also serve as renal targets
for the induced autoimmunity. Encounters with these antigens
initiate proinflammatory signalling cascades, recruiting effector
cells of the innate immune system, including monocytes/
macrophages and neutrophils. As part of this inflammatory
process, several MMPs and TIMPs are secreted by activated
infiltrating cells and by cells intrinsic to the inflamed site,
facilitating penetration into the tissue and structural remodeling as part of the healing process [71]. An inflammatory
reaction invariably causes local cellular decay, serving as a
potential reservoir for exposed self-structures, including
nuclear antigens. Chromatin structures derived from dead
cells are found deposited as EDSs in glomerular membranes
in lupus kidneys, where they co-localize with deposited
autoantibodies [4]. Ingestion of chromatin-containing immune

Figure 2

Conceptual framework for progression of lupus nephritis. An
inflammatory reaction is brought about by complement- or Fc-mediated
responses to autoantibodies in deposited immune complexes or locally
exposed danger signals (such as necrotic chromatin; see text),
triggering release of MMPs from intrinsic and infiltrating cells.
Increased proteolytic degradation of the membrane exposes matrix
components, facilitating binding of autoantibodies to capillary and
mesangial antigens. This maintains the inflammatory reaction and
continued stimulation of matrix degradation, leading to disruption of
glomerular membrane barriers and progression toward end-stage renal
failure. MMP, matrix metalloproteinase.

complexes by infiltrating macrophages could conceivably
upregulate MMP secretion through activation of the Toll-like
receptor 9 signalling pathway [72,73]. Persistently increased
glomerular MMP activity could therefore be the result of an
inflammatory process that is maintained by retained necrotic
or apoptotic cellular debris. In turn, excessive matrix degradation by the MMPs would facilitate the deposition of immune
complexes by compromising the integrity of the glomerular
membranes. In this manner, the combined presence of
autoreactive lymphocytes and an inflammatory process that
exposes the inciting autoantigens allows the translation of a
latent systemic autoreactivity to a focused end organ
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inflammatory disease. Increased MMP activity forms part of a
spectrum of changes at the site of inflammation that ensures
continued engagement of the innate immune system and
progression of local tissue damage.

4.

5.

Conclusion
MMP inhibitory strategies have been tested in animal models
of a number of chronic inflammatory diseases, including
chronic obstructive pulmonary diseases, inflammatory bowel
disease, rheumatoid arthritis and atherosclerosis. The
progress of various such trials was recently reviewed by Hu
and coworkers [53]. For glomerulonephritis, MMP inhibition
has exhibited promising results in rat anti-Thy 1.1 nephritis
[63], but several key parameters in such a strategy remain ill
defined, including the target MMP(s), timing and duration of
intervention, specificity, dosage and delivery system. A more
rigorous understanding of the spectrum of in vivo
biochemical roles played by MMPs/TIMPs might be a
prerequisite for the development and success of such
targeted experimental and pharmacological interventions.

6.

7.

8.
9.
10.

11.

12.

Our knowledge about the role played by MMPs within the
context of lupus nephritis remains sparse and inconclusive.
Studies in murine lupus-prone strains are underway and will
hopefully shed light on this. The evidence that MMPs and
TIMPs might be involved in the regulation of apoptosis
provides further cause to look more closely into the matter of
MMP activity, because disturbances in the clearance of
apoptotic material is thought to be among the central
elements in the development of lupus [74,75]. Also, by
forming a part of the Toll-like receptor mediated response to
danger signals such as necrotic chromatin, increased MMP
activity could be an important factor in initiating end organ
manifestations of an autoimmune response.
Identifying the signalling pathways that are involved in
inducing the observed alterations in MMP expression may
contribute to our understanding of the initiation of kidney
damage in lupus nephritis. Hopefully, this might pave the road
to therapeutic strategies directed at preventing the development of glomerulonephritis and kidney failure in lupus patients.
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