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Abstract

Matrix metalloproteinases (MMPs), a family of proteinases including collagenases, gelatinases,
stromely-sins, matrilysins, and membrane-type MMPs, affect the breakdown and turnover of
extracellular matrix (ECM).Moreover, they are major physiologic determinants of ECM degradation
and turnover in the glomerulus. Renal hypertrophy and abnormal ECM deposition are hallmarks of
diabetic nephropathy (DN), suggesting that altered MMP expression or activation contributes to renal
injury in DN. Herein, we review and summarize recent information supporting a role for MMPs in
the pathogenesis of DN. Specifically, studies describing dysregulated activity of MMPs and/or their
tissue inhibitors in various experimental models of diabetes, including animal models of type 1 or
type 2 diabetes, clinical investigations of human type 1 or type 2 diabetes, and kidney cell culture
studies are reviewed.
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Diabetic nephropathy—general overview

Diabetic nephropathy is stated to be the most common cause of end-stage renal disease in the
United States [1]. Between 20% and 30% of patients with type 1 diabetes mellitus (DM) or
type 2 DM will develop nephropathy [1], and among patients with type 1 DM, diabetic
nephropathy develops in 40-50% of patients with a 20-year history of disease [2]. Among those
individuals who develop renal dysfunction, several risk factors for the development of renal
disease have been identified, including duration of diabetes, age at diagnosis, race, systemic
or glomerular hypertension, poor glycemic control, genetic predisposition to kidney disease,
and dietary composition [1-3]. However, the precise pathogenic mechanisms involved in the
initiation and progression of diabetic nephropathy remain incompletely understood.

The development of diabetic nephropathy has been described as a five-stage process,
progressing from glomerular hyperfiltration and nephromegaly (Stage 1), to glomerular
basement membrane thickening and mesangial expansion (Stage 2), to microalbuminuria and
eventual decline in glomerular filtration rate (Stage 3), to frank proteinuria with severe
hypertension and sequelae of moderate to severe renal insufficiency (Stage 4), to eventual end-
stage renal disease (Stage 5) [4,5]. It has been hypothesized that the early changes in glomerular
basement membrane thickness and content ultimately affect filtration properties of the
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glomerular basement membrane, leading first to increased urinary albumin excretion and
eventually to proteinuria. Similar histological findings are also seen in many rodent models of
diabetic nephropathy. Because enlargement of the kidney mesangium due to extracellular
matrix over-accumulation is a major characteristic of diabetic nephropathy, and because MMPs
produced by the mesangial cell account for up to 70% of extracellular matrix degradation and
turnover in the kidney during normal matrix remodeling, a link between intrarenal
dysregulation of MMP activity and the development of diabetic nephropathy has been
hypothesized. The intent of this review is to summarize available information regarding the
matrix metalloproteinases (MMPs) and their naturally occurring specific inhibitors (TIMPS),
as related to a potential role for these enzymes in the pathogenesis of diabetic renal disease.

Matrix metalloproteinases—a general overview

Matrix metalloproteinases (MMPs) are a family of zinc-dependent proteinases, which together
have the capacity to breakdown all components of the extracellular matrix. Currently, there
are over 20 known mammalian MMPs, which can be subdivided into collagenases (MMP-1,
-8, -13, -18), gelatinases (MMP-2, -9), stromelysins (MMP-3, -10, -11), matrilysins (MMP-7,
-26), the membrane-type MMPs [MT-MMPs; MMP-14 (MT1-MMP), -15 (MT2-MMP), -16
(MT3-MMP), -17 (MT4-MMP), -24 (MT5-MMP), -25 (MT6-MMP)], and “other

MMPs” (MMP-11, -12, -19, -20, -21, -23a, -23b, -27, and -28) [6-8]. Analysis of the structure
of MMPs reveals that they are multidomain proteins, consisting typically of a prodomain, a
catalytic domain, a hinge region, and in the case of collagenases, gelatinases, and MT-MMPs,
a hemopexin domain. Most MMPs are secreted as inactive proMMPs that can be activated by
cleavage of the prodomain by proteinases such as plasmin and MT-MMPs, or by oxidation of
a reactive cysteine within the prodomain [6,7].

MT-MMPs are a unique class of MMPs anchored to the cell surface by transmembrane
domains. MT-MMPs display a broad spectrum of activities, and because of their localization
to the cell surface, they are thought to play a major role in controlling proteolytic events within
the pericellular microenvironment [9]. MT1-MMP (MMP-14), the best studied MT-MMP, can
degrade a variety of extracellular matrix proteins, is capable of activating both proMMP-2 and
proMMP-13 and has been shown to function as a “sheddase” for a variety of surface proteins,
such as CD44 and syndecan-1 [9].

MMPs are of significant biomedical interest because they have been implicated in many
pathologic processes characterized by dysregulated turnover of connective tissue matrices,
such as occurs in rheumatoid and osteoarthritis, periodontal disease, metastatic cancer,
metabolic bone disease, aortic aneurysm and atherosclerosis, sterile corneal ulceration,
dystrophic epidermolysis bullosa, lung damage associated with chronic obstructive pulmonary
disease, and emphysema [10-13]. Because of their powerful degradative capacity, the activity
of MMPs is tightly regulated by a family of tissue inhibitors of metalloproteinases (TIMPs
1-4), as well as other proteinase inhibitors, such as a2-macroglobulin and tissue factor pathway
inhibitor-2 [6,7,14,15]. Numerous studies also suggest a role for proinflammatory cytokines
(several of which have been associated with diabetic nephropathy [16,17]) in the regulation of
MMP expression. Cytokines such as interleukin-1 B, and tumor necrosis factor-o stimulate
MMP production, while factors such as transforming growth factor-p, interleukin-4, corticoid
hormones, and insulin-like growth factors down-regulate MMP synthesis [18,19]. A role for
glucose and for advanced glycation end-products [20] in the regulation of MMP expression
has also been demonstrated in vitro [21-26].

Dysregulation of MMP activity has been implicated in the pathophysiology of several diabetic
co-morbidities, including diabetic retinopathy and chronic non-healing diabetic ulcers
[27-32]. Increased circulating concentrations of MMP-2 have also been noted in pediatric
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patients with type 1 DM who developed microangiopathy over a 5-year interval [33]. Finally,
hyperglycemia-induced upregulation of MMP-2 has been demonstrated in arterial vasculature
in vivo [34], and in various vascular components in vitro, including endothelial cells [22],
macrophages [22], and vascular smooth muscle cells [24]. Consistent with these data, increases
in plasma MMP-2 and MMP-9 concentrations have been observed in patients with type 2 DM
and peripheral arterial disease [35] or acute coronary syndrome [36,37].

More recently, a role for MMPs in the pathophysiology of diabetic nephropathy is also
emerging [38]. In the following sections, we review the literature supporting this hypothesis,
first by presenting some pertinent concepts in regards to MMPs and the kidney. Next, we
discuss available data regarding several individual MMP subclasses and the potential
contribution of each subclass to the pathophysiology of diabetic nephropathy. Finally, details
of those studies, which specifically provide evidence of intrarenal dysregulation of MMPs or
TIMPs in various models of diabetes, are summarized in Table 1.

MMPs and diabetic nephropathy

A number of MMP proteins have been identified throughout the kidney, and a detailed
discussion of current knowledge regarding the expression of specific MMPs and TIMPs in the
nephron of various species has been synthesized and presented elsewhere [39,40]. Data
regarding the immunohistochemical analysis and sub-cellular localization of protein
expression of MMP-2, -3, -9, -10, -11, -14 (MT1-MMP), -15 (MT2-MMP), TIMP-2, and
TIMP-4 in human kidney tissues is also available at www.protein atlas.org [41,42].

MMPs are major determinants of extracellular matrix degradation and turnover in the
glomerulus. Hence, changes in MMP expression or activity can influence intra-renal
extracellular matrix composition [43,44]. Renal hypertrophy (i.e., an increase in kidney
volume) is prognostic of the development of microalbuminuria in type 1 DM [45,46]. In fact,
renal hypertrophy develops early in the course of type 1 DM, is predominant in those
individuals who will develop diabetic nephropathy [45] and is associated with a poor renal
prognosis [45,47,48]. Because abnormal extracellular matrix deposition is the hallmark of
diabetic nephropathy, it is to be expected that altered MMP expression or activation also
contributes to diabetic nephropathy, and specifically to the onset of this characteristic renal
hypertrophy. Dysregulated activity of various growth factors and cytokines also contribute to
the development of renal abnormalities characteristic of diabetic nephropathy [49].
Interestingly, MMPs, beyond their direct role in extracellular matrix turnover, have been shown
to release or activate several growth factors that have been associated with renal hypertrophy,
tubular cell proliferation, and renal scarring and fibrosis, such as pro-transforming growth
factor-B, tumor necrosis factor-a, insulin like growth factors, and heparin-binding-epidermal
growth factor [50-53].

Gelatinases (MMP-2 and MMP-9)

A role for intra-renal gelatinase dysregulation has been demonstrated for several renal
disorders. Intra-renal MMP-2 expression or MMP-2 activity has been shown to be increased
in AL-amyloidosis [54] and in tumor samples of human renal cell carcinoma [55]. Moreover,
Cheng et al. [56] have demonstrated that MMP-2 is both absolutely necessary and sufficient
for inducing the transformation of renal tubular epithelium to the myofibroblastic phenotype,
a critical step heralding the development of renal interstitial fibrosis in many renal diseases,
including diabetic nephropathy [56,57]. In fact, transgenic renal proximal tubular epithelial
over-expression of MMP-2 is sufficient to generate the spectrum of pathologic changes
characteristic of human chronic kidney disease [58].
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Data suggesting a link between MMP-2 dysregulation, specifically, and diabetic nephropathy
also exist but appear contradictory. Rodent models of diabetes reveal decreased expression
and/or proteolytic activity of MMP-2 in renal tissues [59-61], as well as increased activity of
the MMP-2 inhibitor, TIMP-2 [62]. However, both decreases and increases in MMP-2
secretion or enzyme activity have been demonstrated when rodent mesangial cells are cultured
under high glucose culture conditions [23,25]. Human studies, on the other hand, suggest an
increase in MMP-2 action. Active MMP-2 protein and MMP-2 enzyme activity were elevated
(3.8-fold and 6-fold increases, respectively) in protein extracts from human diabetic kidney
tissue samples [63]. An increase in urinary MMP-2 concentrations and/or MMP-2 activity has
also been demonstrated in albuminuric patients with type 1 DM, compared to non-albuminuric
patients or controls [38,64]. Reconciling differences between animal models of diabetes
demonstrating decreased expression and/or proteolytic activity of MMP-2 in renal tissues
[59-61] with findings in humans with diabetes [38,64] demonstrating increased circulating and
excreted concentrations of MMP-2 might be explained by the confounding effects of diabetes
treatment in humans. Specifically, insulin can induce MMP-2 activity in rat glomerular
mesangial cells [65]. (For additional discussion, see Reconciling differences between animal
models and human disease, below.)

In rodents, dysregulation of MMP-9 activity or expression has also been demonstrated in
proteinuric renal diseases, including focal segmental glomerulosclerosis [66] and anti-
glomerular basement membrane glomerulonephritis [67]. Among human proteinuria-
associated renal dysfunction, over-expression of MMP-9 has been demonstrated in cortical
renal biopsies from patients with HIV-associated nephropathy [68]. Kawata et al. [69] have
demonstrated a strong correlation between the immunohistochemical expression of MMP-9 in
renal cell carcinoma specimens and the severity of clinical symptoms.

With respect to diabetes, in the KKAy mouse (a rodent model of type 2 DM), expression of
MMP-9 in the kidneys of mice that developed nephropathy was enhanced when compared to
renal expression of this gelatinase in control animals [70]. In addition, increased urinary
concentrations of MMP-9 have been detected in patients with type 2 DM and diabetic
nephropathy, and the levels of MMP-9 increased in accordance with the degree of albuminuria
(i.e., microalbuminuria < macroalbuminuria) [71,72].

Podocyte injury or apoptosis is recognized as a component of renal disease processes
characterized by failure of the filtration barrier [73]. MMP-2 and MMP-9 are produced by
cultured podocytes and podocyte MMP production in culture can be modified by numerous
growth factors, cytokines, and by high ambient glucose levels [21,74,75]. Recent studies have
demonstrated that hyperglycemia-mediated podocyte apoptosis and podocyte depletion occurs
in mouse models of both type 1 and type 2 DM [76], and podocytopenia is present early in
diabetic patients with both type 1 and type 2 DM [77]. Hypothetically, podocyte density could
be diminished by glomerular basement membrane expansion, secondary to MMP-induced
alterations of extracellular matrix turnover. When coupled with hyperglycemia-induced
podocyte injury and increased podocyte apoptosis, a marked increase in membrane
permeability would result, leading to diabetic albuminuria. Consistent with this hypothesis,
Nakamura et al. [78] detected podocytes in the urinary sediment of diabetic patients with
albuminuria, compared to the absence of podocytes in normoalbuminuric type 1 DM patients
or healthy controls. Plasma concentrations of MMP-9 were significantly correlated with the
number of urinary podocytes in these patients. Together, these observations suggest that
diabetes-associated gelatinase dysregulation may also adversely affect podocyte integrity and
glomerular basement membrane permeability.
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Matrilysin (MMP-7)

Several studies suggest that dysregulation of MMP-7 is associated with renal pathology. Using
immunohisto-chemical analysis, matrilysin protein expression is not detected in healthy human
renal tubular epithelium [79]. However, MMP-7 expression is up-regulated in autosomal
dominant polycystic kidney disease [79,80], renal biopsy samples from hydronephrotic
patients with progressive disease requiring hemodialysis [81] and canine X-linked Alport
syndrome [82]. In addition, MMP-7 appears to play arole in the identification and development
or progression of renal carcinoma [83,84]. Moreover, when examining renal tissue gene
expression association with aging, MMP-7 was among a group of genes significantly up-
regulated in very old kidneys with higher rates of histopathological changes including
glomerulosclerosis, interstitial fibrosis, and tubular atrophy [85]. Together, these studies imply
that either acute or chronic loss of renal function may be related to MMP-7-induced alterations
in extracellular matrix turnover [86].

As noted, glomerular and renal hypertrophy, glomerular basement membrane thickening and
mesangial expansion secondary to overproduction or accumulation of extracellular matrix
proteins are major morphologic features of diabetic nephropathy [17]. In vitro, prolonged
hyperglycemic culture conditions modify the proteolytic activity of MMP-7 secreted by a
variety of cell types [87], including human mesangial cells [26]. MMP-7 is known to degrade
Type IV collagen, small proteoglycans, fibronectin, laminin and entactin, all components of
the glomerular extracellular matrix [86]. Thus, hyperglycemia-induced, dysregulated turnover
of the extracellular matrix by MMP-7 could alter the normal micro-architecture of the
glomerular apparatus. In addition, MMP-7 has been shown to enhance growth factor action.
For instance, rodent and human studies have demonstrated that aberrant renal growth is
preceded by a marked increase in intra-renal insulin-like growth factor (IGF)-1 protein content,
trafficked into the kidney by changes in IGF-binding protein (IGFBP) expression within renal
tissues, rather than from enhanced local IGF-1 production [88]. Specifically, induction of
IGFBP-1, -3 and -5 expression has been demonstrated in early renal hypertrophy in
streptozotocin-treated diabetic rats [89]. Consequently, MMP-7 overproduction within the
kidney parenchyma may result in enhanced degradation of IGFBPs, thus releasing bioactive
or “free” IGFs, leading to an increase in extracellular matrix and expansion of the mesangium.
To date, MMP-7 has been shown to proteolytically degrade IGFBP-3 [90] and IGFBP-5 [91,
92], and cleavage of IGFBPs by MMP-7 has been shown to liberate IGF-11 [92]. Transforming
growth factor-p (TGF-B), a growth factor known to promote renal fibrosis [93,94] is made
more bioavailable through MMP-7 cleavage of decorin, a small proteoglycan commonly
present in the extracellular matrix and which binds TGF-$ [95]. MMP-7 has also been shown
to mediate ectodomain shedding of heparin-binding epidermal growth factor [96], a growth
factor that is upregulated in the diabetic rodent kidney [97]. Together, these data suggest that
MMP-7 activity may contribute, either directly or indirectly, to glomerular basement
membrane thickening and mesangial expansion, events, which precede the onset of diabetic
nephropathy.

Membrane-type MMPs (MT-MMPSs)

Only limited data is available on the role of MT-MMPs in the development of renal pathology.
MMP-14 (MT1-MMP) expression has been assessed in the Goto-Kakizaki rat, a rodent model
of type 2 DM [98], and its expression is enhanced prior to the observation of glomerulosclerosis
and fibrosis [99]. In contrast, in a rat model of long-term diabetic renal disease, MMP-14
expression is decreased in glomerular cells [100]. In humans, renal MMP-24 (MT5-MMP)
expression and production is upregulated in the diabetic kidney [63]. Moreover, MMP-14
(MT1-MMP) is present at a higher concentration in the urine from persons with diabetic
nephropathy compared to a control population [72]. The presence of MMP-14 in urine and its
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up-regulation in the urine of diabetics may reflect one or more processes. MMP-14 has been
shown to exist as a membrane-bound MMP, as well as in multiple soluble forms, the latter
being produced through auto-cleavage, or through other poorly understood mechanisms
[101]. Therefore, increased MMP-14 in urine could reflect increased production or cleavage
of soluble MMP-14 from cells within the nephron, or could reflect loss of cells within the
nephron which express membrane bound MMP-14.

Collagenases and stromelysins

Rodent studies have provided some insight into the potential contribution of the collagenases
or stromelysins to the development of diabetic nephropathy. Renal MMP-3 (stromelysin-1)
MRNA expression is decreased in rats with streptozotocin-induced diabetes [102,103].
Similarly, using in situ hybridization analysis of renal tissues from patients with diabetic
nephropathy to compare those with mild, moderate or severe mesangial expansion, MMP-3
MRNA expression was found to be the highest in those with the mildest histopathology
[104].

Using gelatin microspheres containing the human MMP-1 gene in plasmid DNA, which allows
for the localized transfection and expression of the MMP-1 gene, delivery of the MMP-1 gene
into the renal capsule of mice at the time of streptozotocin injection impeded collagen
accumulation in the kidneys, suggested a prophylactic potential for localized collagenase over-
expression [105]. In contrast, however, immunoreactivity for MMP-8, another collagenase,
was found to be significantly elevated in the urine of patients with diabetic nephropathy,
compared to healthy control individuals, though the tissue origin of this excreted protein is not
known [72].

Tissue inhibitors of metalloproteinases (TIMPS)
TIMP-1 and TIMP-2

TIMP-3

In rodents, gene therapy with hepatocyte growth factor administered to rats with advanced
diabetic nephropathy has been shown to induce regression, putatively by inhibiting TIMP-1
gene expression in renal tissues [106]. In humans, a decrease in circulating concentrations of
both TIMP-1 and TIMP-2 have been demonstrated in patients with type 2 DM and diabetic
nephropathy, compared to diabetes alone or non-diabetes chronic renal failure [107]. In another
study, among 35 type 2 DM patients with diabetic nephropathy, both serum and urine TIMP-1
concentrations increased in association with worsening glomerular lesions [108]. In contrast,
TIMP-1 or TIMP-2 concentrations among younger type 1 DM patients with normal renal
function were unchanged compared with age-matched non-diabetic subjects [38]. Differences
in disease severity or duration, or differences in the pathophysiology of type 1 DM versus type
2 DM may explain these opposing clinical findings.

Data from Qi et al. [109] and data from our own laboratory (Thrailkill, et al. unpublished data)
demonstrate that C57BI/6 mice are nephropathy resistant, in that little renal pathology or
urinary albumin excretion are evident in this inbred mouse model, even after 25 weeks of
untreated diabetes. Because TIMP-3 is expressed at high levels in the normal mouse kidney
[39], we queried the Animal Models of Diabetic Complications Consortium website
(http://lwww.amdcc.org) to determine whether TIMP-3 expression affects the development of
nephropathy in a streptozotocin-induced diabetic mouse model. In contrast to the lack of effect
of diabetes on urinary albumin excretion in wild-type C57BI/6 mice, C57BI/6 mice lacking
functional copies of the Timp3 gene showed elevated levels of urinary albumin excretion
compared to non-diabetic Timp3 null controls, suggesting that elimination of this important
inhibitor of all MMPs is sufficient to allow for diabetes-mediated renal complications in an
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otherwise nephropathy-resistant mouse strain (albumin-to-creatinine ratio:non-diabetic Timp3
null C57BI/6; 54.4 £ 9.1 pg/mg vs. diabetic Timp3 null C57BI/6; 97.3 + 14.9 pg/mg; P = 0.02.
For comparison: albumin-to-creatinine ratios of non-diabetic C57BI/6, 36.4 + 2.6 pg/mg; vs.
diabetic C57BI/6, 39.4 £ 7.0, P = 0.7). Consistent with a role for TIMP-3 in diabetic
nephropathy is the observation that in humans with type 1 DM, gene polymorphisms in Timp3
have been associated with diabetic nephropathy [110].

Reconciling differences between animal models and human disease

Examination of studies summarized in Table 1 highlights potential controversy within this
field. Specifically, in many instances comparison of animal models of diabetes with clinical
investigations in humans provides opposing evidence of increased vs. decreased expression of
a particular subclass of MMPs. Several possible explanations can be offered to reconcile these
differences: (1) Most animal model studies examine MMP protein expression or activity in
“generic” kidney tissues, rather than tissue fractions restricted to components of the glomerular
versus tubular compartments: differential expression of a specific MMP subclass in these two
compartments is plausible and may also explain seemingly contradictory cell culture data; (2)
Animal models examining STZ-induced diabetes (a model for type 1 DM) compared with
genetic models of type 2 DM often provide contradictory results: While diabetic nephropathy
develops in both human disorders, untreated animal models essentially compare the effects of
a systemic insulin deficiency state with a systemic insulin resistant state (i.e.,
hyperinsulinemia); (3) Due to limitations in renal biopsy specimens, most human studies have
instead examined urinary excretion of MMPs/TIMPs as a biomarker of intrarenal pathology;
however, increased urinary concentration of a protein could reflect enhanced intrarenal
production of the protein, increased filtration of the protein, abnormal reabsorption of the
protein, increased tubular shedding of the protein, or indirect measurement of membrane bound
protein due to a loss of cells into the urine; and finally (4) Because clear strain-specific
differences in both the susceptibility to diabetic nephropathy and the accompanying renal
morphological changes have been delineated in rodents [23,109], differing mechanisms may
contribute to the development of diabetic nephropathy in certain rodent models: Furthermore,
how MMP activities are assessed in rodent models of renal disease (e.g. in situ zymography
versus ex vivo zymography) may give contrasting results [111].

MMPs and diabetic nephropathy—Significance

A better understanding of the pathogenesis of diabetic nephropathy is necessary to allow for
the development of more precise and earlier strategies to detect harmful alterations in renal
parenchyma, and to develop and implement more target molecule-specific therapies. Using
cumulative available animal and human data, Remuzzi and Bertani [112] have suggested a
sequence of events that underlie the progression to irreversible renal parenchyma damage and
end stage renal disease, which likely represents a final common pathway of chronic proteinuric
nephropathies, including diabetic nephropathy. In this model, high glomerular capillary
pressure early on in the course of renal damage augments glomerular permeability to proteins
which are then filtered excessively, reaching the lumen of the proximal tubule. Persistent
proteinuria can then result in renal interstitial injury through multiple mechanisms, including,
induction of chemokine expression and intrarenal activation of the complement cascade,
resulting in inflammatory cell infiltration, or induction of tubular cell apoptosis [113]. These
events culminate in a sustained interstitial inflammatory reaction that predates end-stage renal
scarring and correlates significantly with declining renal function. The cycle of injury,
remodeling, and in the end, overproduction and expansion of the extracellular matrix and
basement membranes results in scarring and abnormal healing of the kidney. Intra-renal
abnormalities in MMP production and/or activity in the diabetic kidney may instigate
disruption of the filtration integrity of the glomerular basement membrane. In support of this
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hypothesis: (1) several MMPs and TIMPs have been shown to play a role in renal pathology;
(2) enlargement of the kidney mesangium due to extracellular matrix over-accumulation is a
major characteristic of diabetic nephropathy, preceding the onset of albuminuria; (3) MMPs
produced by the mesangial cell are the major regulators of extracellular matrix turnover in the
kidney during normal extracellular matrix remodeling; and (4) hyperglycemia-mediated
alterations in MMP secretion or activation contribute to the pathophysiology of other diabetic
co-morbidities. The impact and contribution of MMPs or TIMPs to the onset and progression
of diabetic nephropathy may be most critical in the earlier phases of the disease process, at a
time in which enhanced matrix turnover, release of pro-fibrotic growth factors and altered cell
motility may damage the glomerular apparatus and tubular architecture.

A greater understanding of the spatio-temporal contribution of MMPs to the pathogenesis of
diabetic nephropathy will be critical if MMPs are to be targeted therapeutically to prevent and/
or reverse diabetic renal disease. This consideration is addressed in a pivotal study by Zeisberg
etal. [114]. Using arodent model of hereditary kidney disease, it was demonstrated that genetic
ablation of any one of three key MMPs (MMP-2, MMP-3, or MMP-9) involved in the
progression of renal dysfunction led to the compensatory upregulation of other MMPs,
suggesting some redundancy and compensation within this family of proteinases. However,
broad-spectrum pharmacological ablation of MMP enzymatic activity before the onset of
proteinuria was “associated with delayed proteinuria and a marked extension in

survival” [114]. This study also demonstrated that the preservation of glomerular basement
membrane or extracellular matrix integrity before the onset of proteinuria lead to disease
protection, whereas MMP-inhibition in later stages of disease resulted in accelerated
glomerular and interstitial fibrosis [114]. If similar mechanisms are at play in the evolution of
diabetic nephropathy, then very early intervention (prior to the onset of microalbuminuria) or
even prophylaxis with anti-MMP therapies in genetically and metabolically susceptible
individuals with diabetes could prevent or significantly retard the development of diabetic
nephropathy in at-risk individuals.
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